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Abstract

Multi-robot systems (MRS) offer many performancedfés over single robots for tasks that can
be completed by one robot. They offer potentialurelancies to the system to improve
robustness and allow tasks to be completed inlparalhese benefits, however, can be quickly
offset by losses in productivity from diminishingturns caused by interference between robots
and communication problems. This dissertation kbpesl and evaluated MRS control
architectures to solve the dynamic multi-robot aotaous routing problem. Dynamic multi-
robot autonomous routing requires robots to corepdetrip from their initial location at the time
of task allocation to an assigned destination. fiwmary concern for the control architectures
was how well the communication requirements andalveystem performance scaled as the
number of robots in the MRS got larger. The priynaretrics for evaluation of the controller
were the effective robot usage rate and the bartbwishge.

This dissertation evaluated several different apghes to solving dynamic multi-robot
autonomous routing. The first three methods wexgell off of common MRS coordination
approaches from previous research. These threeot@mchitectures with distributed control
without communication (a swarm-like method), disited control with communication, and
centralized control. An additional architecturesveleveloped to solve the problem in a way that
scales better as the number of robots increaseis dichitecture, mixed mode autonomy,
combines the strengths of distributed control wetmmunication and centralized control. Like
distributed control with communication, mixed modeitonomy’'s performance degrades
gracefully with communication failures and is napendent on a single controller. Like
centralized control, there is oversight from a cantontroller to ensure repeatable high
performance of the system. Each of the controltter than distributed control without
communication is based on building world modelddgilitate coordination of the routes. A
second variant of mixed mode autonomy was develdpediow robots to share parts of their
world models with their peers when their modelseniacomplete or outdated.

The system performance was evaluated for three gheaapplications that represent different
cases of dynamic multi-robot autonomous routinghese example applications were the
automation of open pit mines, container terminafsj warehouses. The effective robot usage
rates for mixed mode autonomy were generally sicanittly higher than the other controllers
with a higher numbers of robots. The bandwidthgesavas also much lower. These
performance trends were also observed across aramge of operating conditions for dynamic
multi-robot autonomous routing.

The original contributions from this work were tlievelopment of a new MRS control
architecture, development of system model for tgpachic multi-robot autonomous routing
problem, and identification of the tradeoffs for MRdesign for the dynamic multi-robot
autonomous routing problem.
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Chapter 1 — Introduction

Autonomous robots are increasingly used as muibtresystems (MRS). MRS tasks can be
grouped into two types — parallel tasks that cardrapleted by single robot and coupled tasks
that require multiple robots to complets].[ Common parallel tasks for multi-robot systems
include transportation, search, and mapping. Badjot can usually complete their task
independently of the rest of the robot team, bourdmation between the robots is often required.
The MRS must allocate tasks to individual robotsl drandle resource conflicts to ensure
additional robots add to the total tasks perforimgdhe system. Coupled tasks typically involve
cooperative manipulation (like the box moving pesh) or formation control (flocking, etcZ)|
These tasks cannot be completed by single robdtse work in this dissertation focuses on
parallel tasks, specifically autonomous coordinaiading for transportation.

The parallel operation of the robots protects tysesn against the failure of single robot and
increases the speed at which a set of tasks caacdmmplished. For MRS, the best case
scenario is that N robots complete the tasks in dfiithe time taken by a single robot. The
advantages of multiple robots are often not fubglized due to issues with coordination and
control. Most of the existing work in this aredasused on optimal task allocation. If the plans
developed in optimal task allocation can be folldwie system should maximize the efficiency
of the system. This task allocation work is a gadrting point for efficient multi-robot
systems, but two issues arise in many practicaeBys that can significantly reduce the system
efficiency — highly dynamic or uncertain operatiognditions and dynamic task generation.
Since optimal allocations are made based on cuamshiprojected system states, highly dynamic
operating conditions can prevent the tasks fromgexecuted as planned. In these cases, two
sets of options are available — replanning the tklcation or accepting possible suboptimal
task execution. In many practical systems replagms not an option due to communication
bandwidth limitations or other constraints. Dynartask generation also limits the effectiveness
of optimal allocation algorithms. Kalyanasundarand Pruhs have shown that online
assignment at the lower bound has a performanee times as inefficient as optimal allocation
[3]. To address these situations when optimal téiskation does not sufficiently address the
multi-robot system control problem, a method fompmving task execution is needed. This
work focused on the development of a control frawrdwor the execution and coordination of
tasks in an uncertain environment with limited commngation.

This chapter defines the key issues involved wadbrdination of robot teams for autonomous
transportation, states the multi-robot coordinataase study problem — dynamic multi-robot
autonomous routing; presents the example applitaticautomation of open pit mines, container
terminals, and warehouse; establishes the origioatributions of this work; and presents an
overview of the rest of the document.

1.1 Challenges for Multi-Robot Coordination in Large Scale Teams

Scalability of control algorithms and communicationust be addressed to successfully
implement a large scale autonomous multi-robotesgst As the total number of robots grows
the system will eventually reach a point of dimimiggy return due to congestion related conflicts,
insufficient bandwidth, or message latency. Oneéhef primary assumptions that much of the
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previous work in this area makes is that all comication is ideal. There are no limitations
placed on the communication range or data ratealinchnsmitted data is successfully received.
This is highly unrealistic in most real environmentAs the number of robots increase the
limitations on communication can become significantWith ideal communications the
bandwidth requirements scale linearly with the namitif robots for most control types. In real
networks, message retransmission can increase dahewidth needed even more. This
bandwidth requirement can quickly grow even larggen a mesh network topology is used,
since many of the messages will need to be rebasadd_atency also becomes an issue as the
number of robots and thus messages increase. widrls addresses this issue by with a new
method of multi-robot control — Mixed Mode AutonorfiyiMA).

1.2 Problem Statement

A wide variety of multi-robot control problems cae used to study the scalability of MRE.
These control problems typically involve three patt allocation, planning, and execution.
Allocation is the assignment of tasks to each robRbbots can either be committed to a task
until completion or the tasks can be dynamicallyssigned as the system state changes. Much
of the work done in multi-robot control is on op@intask allocation. Planning is the
development of a sequence of operations to compheteassigned tasks. Execution is the
implementation of the plan. The emphasis of thaskws to improve the planning and execution
of multi-robot control tasks in uncertain envirommtge Dynamic Autonomous Multi-Robot
Routing is used as the case study problem fomibrk.

Dynamic Multi-Robot Autonomous Routing

The multi-robot task is to complete a trip fromodot’s location at the time of task allocation to
an assigned destination while following specifieohits on speed and separation distance
between robots. Each of the robots is assignessanation by online assignment. The system
must plan and execute a route to get the robdstdastination. A route is found for each robot
when a destination is allocated to a robot. Theaeds reevaluated at each intersection where a
potential turn could be made. The uncertaintigslired in each robot’s execution of their route
causes changes in the system state that may makarét efficient to change the route. After a
robot reaches its destination, it is assigned amnadlestination. Figure 1-1 shows a typical task
for a single robot in a simplified environment. I'Ris robot 1's current location in the
environment. “D1” is robot 1's destination. Thask is to travel from R1 to D1. The route is
highlighted. At each intersection (marked a, bg,cand e), the route is reevaluated. The route
will not change unless there is a clear reductiothe potential congestion. Congestion is when
too many robots are in one area to maintain tharaéipn distances without pausing any of the
robots.
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Figure 1-1. Example Dynamic Multi-Robot Autonomdrguting Task

Dynamic multi-robot autonomous routing seeks teasadhe routing problem to attempt to
maximize the system throughput/ minimize traveledmvith a dynamic system and environment
with communication constraints.

Multi-Robot Environment

The multi-robot environment can be represented @estwork of roads. The network of roads is
a set of vertices connected by road segments.rotht motion is constrained to be along road
segments. When robots are on the same road seghesnmust maintain a safe minimum

separation distance. The road segments are dinatt{a two-lane road would have two road
segments in opposite directions connecting theugrtices). Robots capabilities are defined by
their maximum velocity, sensor characteristics, emghmunication settings.

For this work, the environments are a uniform twoehsional grid. Two parameters define the
grid — grid shape and bottleneck width. Grid shapine ratio of the lengths of road segments.
Bottleneck width is the minimum number of vertiggsghe narrowest point in the environment.
A narrow bottleneck is a possible congestion painthe environment. Figure 1-2 shows an
example environment. The simulations of the dyramilti-robot autonomous routing problem

are run for different numbers of robots for eachiemment and communication settings.
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Figure 12. Example Environme
Communication Considerations

The simulations to evaluate controllers to solve ttynamic mul-robot autonomousrouting
problem do not assume ideal comncations. Both packet errors and communicatiomtat
can have a significant impact on controller perfamce. A stochastic model of t
communication network is used to calcu packet error rates (PER) as a function of dista
network parameters, drenvironment properties. Channel availabilitalso modeled to incluc
the latency effects. The communication model ésented in detail in Chaptel

Formal Definition of the Dynamic Mu-Robot Autonomous Routing Problem

This section presentsdlformal mathematical definition of the control plem and the relate
metrics of evaluation. Dynamic multi-robot autonomous routing is a general formulatiér
many of the routing problems in previous rese[4][5][ 6][ 7].

Multi-Robot System

The multitobot system (MRS) is made up of N robots. Robloas a maximum velocity ;.
Each robot has a set of sensors to detect objeaither robots in its path. These sensors



modeled to have a false positive error rate of Eobots are required to maintain a separation
distance F when they are on the same road netwbrkbot’s current position isif,y).
Road Network

The road network is made up of segments conneatse} of vertices. The road network can be
represented as a weighted adjacency matrix W. 1 W{Yis the distance from vertex 1 to vertex
2. If W(v1, v) is infinity it means that there is no connectlmetween the two vertices. For this
work, the vertices are distributed over a uniforuiage grid. In the bottlenecked environment
not all of the vertices are connected. This gdization simplifies the calculations for the
simulations, which allows the simulations to be pteted more quickly. The road networks are
described by three parameters — network size, drappe, and bottleneck width. The network
size, M, is the number of vertices along one sidéh@ square. The grid shape, g, is the ratio of
the segment lengths in the x and y directions. Wb#leneck width, b, is the number of
segments wide the narrowest portion of the netwdrkese parameters allow the road network
used in simulations to represent the environmefniseoexample applications.

Task Assignment

The robots’ task is to complete trips to their gged destinations. An unassigned task is T(v), a
trip to vertex v. An assigned task is T(v, i),ri@ to vertex v assigned to robot i. The tasks are
allocated by online assignment. The spatial distion of the tasks is set by the coupling, C
The coupling is the standard distribution of thstalices of the tasks from the task center. The
two task centers are located in the center of thposite quadrants of the road network.
Consecutive tasks are distributed around opposslie centers. A low coupling value represents
tasks that are tightly grouped. Tasks with coupMalues approaching infinity are effectively
uniformly distributed throughout the road networkhe time to complete a task is t(T(v, i)).

Routes

When a robot is assigned a task, it needs a roone its current location, its previous task(V),
and its current task, T(v). Within the road netkvanany possible routes to the assigned
destination can be found. THepossible route for robot i i$€S, v1, v2, ..., T(v, i)). Sisthe
start of the route — the current location of theato The travel cost of the route j is DXr For
the nominal case, the travel cost is the lengtthefroute. The selected route for robot i SR
vl, v2, ..., T(v, ).

Communication

Most of the control systems used in this work m@tysharing information between robots and a
central controller and/or their peers. A modelaofealistic wireless communication system is
used for the simulations. The primary two effactduded in the model are the Packet Error
Rate (PER) and the wireless communication chanwaladility. This allows the controller
simulations to include the effects of dropping peiskof information and the latency in
communication. The network parameters are data(Bd:.), transmit power (, and packet
overhead rate (O). The message length, L is spdoithe controller. The full communication
model is presented in Chapter 4.



Metrics

A set of metrics are used to measure the perforenafthe system to compare the different
controllers used for dynamic multi-robot autonomeasting. Effective Usage Rate (U) is a
measure of how efficiently a robot completes a.tdsks the ratio of the ideal time to complete a
task to the actual time the task took to complétbe controller goal is to push this number for
the system as close to one as possible.

The primary controller goal is for the MRS to coetel as many tasks as possible during a given
interval in time. The measure of controller pemfi@ance is the MRS effective usage ratg,lJ

Safe operation is also a critical aspect of MRSqgoerance. The system tracks the number of
near misses (NM). These are instances when betpl#mning and sensing failed to prevent two
(or more) robots from coming within the minimum aggtion distance.

# $ %

#$ Z

Bandwidth Used (Beg is @ measure of how much of the capacity of trarmunication network
is used.

&+ -

Many other variables and metrics are tracked arutatled with the simulation to illustrate why
there are differences between different controléerd parameters. These metrics are presented
in Chapters 4 and 5.

1.3 Example Applications

By varying the environment and robot parametersynpenssible applications can be represented
as dynamic multi-robot autonomous routing problemSome example applications include
automated warehouses, container terminal automati@hopen pit mining.

Automated Warehouses
Warehouse automation is a potential applicationriatti-robot systems. Robots can be used to

move goods throughout the warehouse. Using raimikl improve the rate at which orders are
processed and shipments are unloaded while redtitengumber of people required to run the
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warehouse. Several companies have already staotetbvelop robot systems to automate
warehouse{][9]. Figure 1-3 shows an example of warehouse tagkarehouse automation can
be represented as a dynamic multi-robot autonomousing problem. The warehouse
environment can be characterized as a uniform gitld no bottleneck. The tasks are usually
tightly coupled at one end (loading dock) and Idpseupled at the other (shelves/storage area).
The number of robots using in a MRS for warehoustraation could be quite large —
potentially reaching or exceeding 500 robots.
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Figure 1-3. Warehouse tasks for MRS automation
Container Terminals

Loading and unloading cargo containers onto traim$ ships can be automated by making the
container terminal transport vehicles autonomadentainer terminal systems already have well
developed dispatchers systems that are optimalear optimal for task allocation with the
transport vehicles. Solving the dynamic multi-rblaotonomous routing problem is a way to
handle the uncertainties and improve the executiothese tasks with an autonomous MRS.
The typical container terminal tasks are shown igufe 1-4. The container terminal can be
represented as a uniform grid with a narrow botibén The tasks are tightly coupled on the ship
or train end and loosely coupled in the contaiterage yard.
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Figure 1-4. Container terminal environment anétdas
Open Pit Mines

Driving haul trucks in open pit mines is both damges and dull, making it a potential
application for robots. The tasks for an opennuite are shown in Figure 1-5. Automation of
open pit mines can be seen as an extension of ythendc multi-robot autonomous routing
problem. The environment is a uniform grid withnarrow bottleneck. Unlike the other
environments the narrow section is much longere Esks are usually tightly coupled on both
ends. The simulations used in this work do noedlly model an environment like this;
however, the results from this work can be scatedapproximate the open pit mine style
environments. This scaling is presented in Chater
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Figure 1-5. Open pit mine environment and tasks

1.4 Control Approaches for Dynamic Multi-Robot Autonomous Routing

There were five control architectures studied fug tlynamic multi-robot autonomous routing
problem. They were centralized control, distrildut®ntrol without communication, distributed
control with communication, mixed mode autonomyd anixed mode autonomy with model
updates. The first three represent the typicat@pes from previous MRS research. The two
forms of mixed mode autonomy are new architectdoescoordination of MRS. These
controllers are summarized briefly here and aresvesd in detail in Chapter 3.

Distributed Control without Communication

This is the simplest controller used. It is basedthe emergent behaviors seen in swarm
robotics. All of the control is based on sensoputs. Distributed control without
communication is the lower baseline of performafiocehe system.

Distributed Control with Communication

Distributed control with communication is a moreusture distributed control architecture. It is
based on the robots each maintaining a world moiditle states of all of the robots in the MRS.
Each robot shares its information so the othertoban update their world models.



Centralized Control

Centralized control uses a single controller tordowate the actions of the entire MRS. All of
the robots send status updates to the centralatlentr The centralized controller maintains a
world model and sends commands to the robots.

Mixed Mode Autonomy

Mixed mode autonomy is the new controller developadthis dissertation. It combines a
distributed controller with oversight from a cetizad controller. Each of the robots shares
information with each other and the centralizedtcgler to maintain world models. The robots
each make their own control decisions and shargeths part of their updates. The centralized
controller then determines if it can find a be#telution. If it can it sends a command to override
the robot. Mixed mode autonomy also includes a mamication management system to
prioritize communication to reduce bandwidth usag®lixed mode autonomy with model
updates allows robots to share parts of their wortlels other than their own information to
help keep the other robots in the MRS current.

1.5 Contribution to the Field from this Dissertation

This dissertation presents a new multi-robot cdrarohitecture that was developed to scale well
for large scale multi-robot systems. This noveh#ecture, mixed mode autonomy, combines
elements of centralized and distributed controlathieve high performance and reduce the
communication requirement per robot. The redua@dnounication requirements are key to the
scalability of the control architecture for largeulti-robot systems.

The performance of the mixed mode autonomy ardbitecwas evaluated by solving the
dynamic multi-robot autonomous routing problem. eTperformance was compared to
implementations of more traditional centralized adhidtributed multi-robot system control
architectures. To assess the performance of Midede Autonomy and the other controllers,
dynamic multi-robot autonomous routing was simulatgth large scale multi-robot systems.
To ensure a meaningful evaluation, the simulatiogsded to include enough of the real effects
to approximate the real world performance. ThehHayel effects needed to be incorporated
while abstracting less significant details to kebp simulations computationally manageable.
The robot mobility and motion control is represenés incremental movements on fixed paths
(the roads). The sensors for collision avoidanee smplified to false positive and false
negative rates. These simplifications keep thaukition simple enough to run many iterations
while preserving the effects that influence mutipot control at a high level.

For multi-robot control, the reliability of the iofmation shared through wireless communication
can have a significant impact on the performanténfortunately, many multi-robot system
control simulation assume ideal (or near ideal) momications (no packet losses or latency).
One of the key differences between this work andcchmaf the preceding work is that the
simulation models include a realistic model of bp#tket loss and latency of messages.

The results of the comparison of the multi-robottool architectures for dynamic multi-robot
autonomous routing can be used to make recommendadbout the appropriate controllers for
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different applications or scenarios. The applaadican be represented by a set of environment,
task distribution, and communication parameterfie $imulation parameters used are close to
several warehouse automation and container termmoddmation problems. With some
extensions the simulation parameters can alsolggssipresent open pit mining problems.

1.5 Outline of the Rest of this Document
The remainder of this dissertation is structuretbsws.

Chapter 2 — Literature Review summarizes the backgt on previous work in this area and the
underlying theories used as a foundation to thigwo

Chapter 3 — Coordination and Control Strategiesqmts the control architectures used for
solution of dynamic multi-robot autonomous routing.

Chapter 4 — Multi-Robot Simulation Model presente tmathematical equations used to
represent the problem domain, robot behaviors cantrollers for the Monte Carlo simulations.
Chapter 5 — Simulation Results and Discussion shthessimulation results for the three
example applications.

Chapter 6 — Conclusions and Recommendations farr&work discusses the key findings of
the work and recommendations for how to best castih
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Chapter 2 — Literature Review

The literature review focuses on methods of coatitim, work done to solve problems similar
to dynamic multi-robot autonomous routing, commatian for multi-robot systems, and an
overview of the example application problems.

Methods of coordination presents the ways multbtatystems can be made to work together.
The multi-robot coordination section discussestii@ aspects of the problem — task allocation
and task execution. The methods of coordinatienganerally divided between centralized and
distributed control. These control approachestlaeebasis of the traditional methods that the
novel control architecture developed for this wddkwhich mixed mode autonomy is compared.

The work done to solve problems like the dynamicltimnabot autonomous routing is
summarized. Much of this work focuses on allocatd the robots within the MRS. The work
for this dissertation is to improve the task exsguin dynamic multi-robot autonomous routing.

The communication section presents the underlyorgepts of RF propagation and modulation
needed to model the wireless communication neededigport coordination. The justification
for the assumptions used for the communication nsgeesented.

The three example problems are automation of opénmmes, automation of container
terminals, and automation of warehouses. The egitpdns are explained and past work towards
automation of these problems are summarized.

2.1 Motivation for this Work

Multi-robot systems (MRS) are becoming increasinghmmon. To effectively achieve the
desired tasks proper coordination of the MRS iegsary. The reasons for coordination include
resource allocation, conflict elimination or red@u, achieving goals that require more than one
robot, and improving efficiencylD]. For the dynamic multi-robot autonomous routprgblem
eliminating or resolving conflicts and improvingdiefency are most relevant. Conflicts can be
reduced by routing the robots away from potentaigestion. Less congestion and improved
use of the communication bandwidth can improve dkerall efficiency of the MRS. The
primary problems that need to be address in desfigncontroller for an MRS are development
of scalable control laws with limited communicatibandwidth, evaluation of effect of time
delays for the controller, and to generalize thetidler for complex systems and environments
[11]. The mixed mode autonomy MRS control architeztatroduced in this work improves the
scalability of the bandwidth requirements over mahyhe traditional methods of coordination
discussed in the next section. The communicatiodahused for this work makes it possible to
simulate and evaluate the effect of the commurdoatielays in real systems. Networked
robotics is one of the major emerging areas in eoapre roboticsI2]. This area of research
builds off of the earlier work on swarms (multi-aitsystems many without communication) and
sensor network4P]. The previous research in multi-robot systentidated the need for more
scalable control architectures and more realisticukation for evaluation. The rest of this
literature review presents the methods/architestuuged for coordination of MRS, the
algorithms for routing multiple robots (the speciMRS coordination problem for this work), an
overview of the communication modeling, and an arption of the example applications.
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2.2 Methods of Coordination

This section describes the ways robots can be neaderk with each other for a common goal.
It presents the key dimensions of classificationtfie approaches to control of multiple robots.
The tasks for a MRS are one of two types — singi®t tasks or multiple robot tasky.[ Single
robot tasks can be completed by one robot, indepenaf other robots. Multiple robot tasks
require cooperation between robots to completetdsk. The tasks for dynamic multi-robot
autonomous routing are single robot tasks. The akshis literature review concentrates on
methods of coordination that are relevant for mgbot tasks.

Parker does a good job classifying the differemtrapches to control of MRS. They are broadly
grouped into two categories swarm systems andtintally cooperative system@][ Swarm
systems are generally homogenous robots with sinyés. The cooperative behavior emerges
from these simple rules. For this work distributeahtrol without communication is an example
of a swarm based control approach. The intentipraoperative systems are further broken
down into four categories — centralized, hierarahidecentralized, and hybri@][ Centralized
control has a single node that is responsible lionfathe decisions. The centralized control is
one of the five architectures studied in this woikierarchical control divides the system into
sub-groups. Control decisions are passed dowrughrdhe ranks. This method was not
included in this work because the problem did neguire that level of complexity.
Decentralized control gives each of the individuabots the decision making responsibility.
Distributed control with communication is the dettalized controller in this work. Hybrid
controllers are mixes of the other different apphms. The mixed mode autonomy architectures
are a centralized-decentralized hybrid. Commuitnats either implicit or explicit. More
information does not necessarily add to performd@te This is key to the design of mixed
mode autonomy — use communication when it is litelizave more benefit.

An alternative taxonomy of cooperative multi-rolsystems is presented by Nardi et ai3][
MRS are grouped as aware or unaware. Aware cobper®RS would be intentionally
coordinated. Coordination of unaware MRS is anrgem® behavior of the system since each
robot lacks any knowledge of the other robots. Pewvaooperative MRS can be strongly,
weakly, or not coordinated. The strongly coordalaMRS can be strongly centralized, weakly
centralized, or distributed. The systems are dészribed based on their communication — direct
or indirect, team composition, system architectamg] team size. Indirect communication is
based on sensor readings and interaction in a comgngironment (stigmergy). The team
composition is heterogeneous or homogenous. Tétemyarchitecture in this taxonomy refers
to whether the system is reactive or deliberatiVhe team size is the number of robots. For this
work the MRS are homogenous with a total numbepbbts up to 500. The distributed control
without communication architecture has indirect omication and is an unaware MRS. All of
the other control architectures in this work hawea communication. Distributed control with
communication is a distributed MRS with strong cboation. Centralized control is a strongly
centralized, strongly coordinated MRS. The mixeddm autonomy architectures are weakly
centralized strongly coordinated MRS.

In addition to classifying the MRS, the tasks canclassified. Gerkey and Mataric presented
one of the most used classificatiord$. [ They define three axes describing task allocator
robots within the MRS. Robots are either singktéST) or multi-task (MT). This part of the
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taxonomy describes how many tasks a robot is asgighone time. Each of the tasks is either
single robot (SR) or multi-robot (MR). This des®@$ whether one robot can complete one task
or if more than one robot is necessary to com@etmgle task. Assignment of the tasks is either
instantaneous assignment (IA) or time-extendedyassent. Instantaneous assignment means
the task is allocated once. Time-extended assighroan reallocate tasks to optimize the
assignments. Dynamic multi-robot autonomous rguigna ST-SR-IA problem. This task type
is equivalent to the optimal assignment problem RPAL]. Their review of the research
suggests that a centralized approach is better Wieenumber of robots is 200 or less for OAP,
but centralized methods do not scale well as thebau of robots gets large. Much of the
existing research for this type of problem focupdamarily on the task allocation methods to
solve OAP. The computational and communicatiorisctis the task allocation have been well
studied and the general trends for the common taatbre types are knownl4]. For
architectures to solve problems that use instaotaeassignment the task allocation
computation and communication requirements scatle the number of robots. The work in this
dissertation focuses on the execution of the STI/ASRyle problems instead of task allocation.
Many of the methods used for allocation of tasksyéver, can be used for the task execution
problem as well.

Another taxonomy of cooperative robotic systemg fita the task execution problem well
focuses on the knowledge available to the robots @mmunication. Gustafson and Matson
break MRS down along three axes — robot knowledgbpt communication, and goal
knowledge 15]. Robot knowledge refers to the information thatontroller has about its state
and its peers’ states. The three levels are Istatle information (self knowledge only),
neighborhood state information, and global staferination. Robot communication can be
implicit (stigmergy), broadcast, or directed. G&abwledge can also be described as intention
and is organized into three levels similar to rokabwledge. Distributed control without
communication has only local state information, \waanly its own goal, and relies on implicit
communication. Distributed control with communioat has neighborhood state and goal
knowledge with broadcast communication. Centrdlizentrol has a single controller with
global state and goal information. All communioatis directed to the central controller or from
the central controller to the robot receiving a amend. Mixed mode autonomy is a hybrid — the
robots operate at levels like distributed contrathwcommunication, but there is a central
controller like with centralized control.

MRS can also be classified by the level of autonaithe robots. Control of a MRS is divided
into four parts — supervision and execution, camation, planning, and task allocatioh6].
Each of these parts can assigned one of threesl@fedutonomy — none (human controlled),
operational autonomy (centralized control), andigiesal autonomy (each robot makes owns
plan). For some of the parts the decision makarglee blended between central control and the
robot [L7]. For autonomous MRS, the four parts of contrah de assigned to five levels of
autonomy 16]. Level 1 is fully centralized control for all ga. Level 5 is fully distributed
control of the MRS for all parts. The three intedrate levels divide the control of the MRS
between a centralized controller and the individu@bots. For this work, the distributed
controllers (with or without communication) woulé b level 5 MRS. The centralized controller
would be a level 2 (the robots have some decisiakimy ability as part of the execution or the
plan). The levels of autonomy were one of the sdbehind the creation of mixed mode
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autonomy. One of the goals of mixed mode autonamy to create a control architecture that
could adjust the level of autonomy for the MRS toprove the efficiency of the control.
Nominally, the mixed mode autonomy controllers vebbé a level 3 since most of the decisions
can be made by the robots, but a centralized désrtroan still be part of the overall MRS
control.

One of the primary issues with control and coortiamaof MRS is the scalability as the number
of robots gets largeldB]. Most any of the control approaches in literattor single robot tasks
will work for small MRS, but as the numbers getgkar the computation and communication
requirements can become very difficult to reachr fost MRS, the Law of Marginal Return
from economics will apply — adding additional worke(robots) results in less and less
productivity of each workerl®]. This means that there is a point at which agldin additional
robot will actually drop the total productivity. h& goal of the controller design and evaluation
in this work is to push this point of diminishingturn to as high a number of robots as possible.
For all of the methods of coordination, there ave tritical points for the system performance —
the point at which the productivity of individuallrots starts to drop and the point at which the
total system productivity starts to decreakd.[ There are two primary factors that influence th
productivity of a robot in a MRS — the amount ofenfierence between the robots and the
availability of communication. The interferenceusually directly related to the number of
robots in the same area. The communication avkiyais related to the amount of information
that needs to be shared, the overhead of the cormatiom protocol, and the available
bandwidth. The simulations for this work used eli&nt environments and task parameters to
create different levels of interference and differeommunication overhead to change the
communication availability.

Many of the coordination methods for task allocatemd task execution are based on auctions.
For task allocation, robots place bids on theirt coscomplete the task. The lowest bidder is
assigned the task. For task execution, robotemicksources (roads, entrance to an intersection,
etc.). The highest bidder is awarded access toetbmurce. The bids are usually based on how
important the resource is to the robot to complie&r task. MURDOCH is one of the better
known auction-based task allocation metho2@.[ One agent announces a task, the robots
evaluate how well they could do the task, submdirthoid, the auction closes, and then the
auctioneer awards the task. If tasks are not beamgpleted, they can be re-auctioned. When
the execution is highly uncertain (noisy sensirgg tobots are better off committing to a task
instead switching task2f]. Similar architectures have been applied folouese access for
execution of tasks such as multi-robot routiBl [The challenge for auction-based methods is
the communication requirements grow large as thaban of robots that can bid gets large.
When there are as many tasks or resources as yrot@tsumber of messages is proportional to
the square of the number of robots. Some bid g@gdien methods can reduce the bandwidth
requirements some, but they remain high. Unrediatdmmunication can also significantly
reduce the optimality of the system since the aunegr might miss the bidder that is most
beneficial to the system performance.

Negotiation is a coordination method for MRS cohtitwat is similar to auctions. Robots

propose task assignments or resource usage armthierobots in the MRS respond to their
proposals 22]. Neighboring robots can accept or reject thé iast is the only robot for the
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task/resource or if it is the agent with the higHa=mnefit for the task/resource. Only one robot
can accept the task or resource. The robot preoebdn all of its neighbors accept the task or
resource. Like auctions, negotiation has commuieicdandwidth challenges when the number
of robots or tasks gets large.

Another form of negotiation for coordination of MRSplan merging23]. Each robot develops
a detailed plan of which tasks they will attempttmnplete and how they would complete them.
The robots share these plans with the rest of tRSMThe rest of the MRS analyzes the plsnf
and then has a chance to address the potentidleprslzaused by the plan — conflict in task
allocation or resource usage and inefficient plafise feedback from the plans is for the robot to
change the plan by inserting a waiting period, rithsg additional steps or tasks, deleting part of
the plan, or completely replanning. Like many otlaiction or negotiation methods of
coordinated MRS the communication requirements atcsoale well as the number of robots or
complexity of the plans grows large.

Coordination communication requirements can be awgd by robots modeling the state of the
other robots in the MRS. By anticipating the cohttecisions other robots might, a robot can
plan accordingly. This kind of coordination hasbeused successfully in environments like
RoboCup (robot soccerq]. The coordination can be implicit or expliciln the implicit case
the robot uses its sensors to predict the statéheofother robots. The explicit coordination
involves communication of state information betweaebhots. Combining the implicit and
explicit estimation of the other robots’ states agnificantly improve the reliability of the
coordination p5]. For this work, the distributed control with camnication and mixed mode
autonomy incorporated the sharing of information koild world models to keep the
communication requirements lower than the auctionegotiation methods.

Coordination can be handled by breaking the MRSrdmto subgroups. These subgroups can
be static or dynamic. Scerri compared three hsereal MRS control architectures for large
scale systems with 100 or more rob@s]] The methods (Machinetta and Teamwork, Centibots
Dispatching, and Cooperative Mediation) comparedewad! highly structured with top-down
guidance (no swarms) and all divided the MRS up istnaller sections. Machinetta and
Teamwork is hierarchical control scheme based andidg the MRS into subgroups and
modeling the state of each of the robots to recamm@e of the communication. Centibots
Dispatching selects a managers (dispatchers) otlieofeam. MRS goals are assigned to the
managers. Each robot reports to one or more marntagget assignments. Cooperative
mediation relies on robots mediating a solution vresource conflicts arise. The mediators are
effectively a localized central controller. One tbk common observations across the three
methods was that communication was far more ofmatiig factor than computation. The
problems with these methods were with communicdborthe hierarchical methods (Machinetta
and Teamwork and Centibots Dispatching) to sucafgsfet information to the robots in
subgroups and with unpredictable emergent behauoc®operative mediation. Mixed mode
autonomy was designed to reduce these kinds oflggnsh By avoiding subgroups the
communication latency problems were reduced sinegsages are direct. Oversight by a single
central controller prevents the problems with uemated emergent behaviors.
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2.3 Dynamic Multi-Robot Autonomous Routing

This section details the methods for solving protdesimilar to dynamic multi-robot
autonomous routing. Attention is paid to the infation requirements of each method and
whether the method can be done centrally and/drlalised. Multi-robot routing is the process
of planning and executing paths to get a team bbt® from their current locations to their
destinations. Each of the methods typically esghbk a set of traffic safety rules to protect the
robots. The normal rules include things like stfbowing distances, only one robot in an
intersection at a time, no passing, and speeddlifjt These rules are the constraints on the
planned paths and execution of the routes. Thengunethods will attempt to maximize the
system performance. The system performance idlysiefined in terms of the time required
for the robots to travel to their destinations. eTime to travel the paths is function of the
distance traveled, time required to handle thetgatdes, and any latency due to the controller
[7]. The ideal case is for the robots to drive thertest distance possible at the maximum speed,
however, as the number of robots increase this igete difficult to achieve. The routing
problem can be divided into three levels — stratetgictical, and operation&7]. The strategic

is the planning of routes. The tactical is follagiithe rules of the road. Operational is the
lowest level where the actual commands are giveheaobot. Most of these methods focus on
the strategic and tactical levels. Dynamic mutet autonomous routing is similar to the
problem posed by the MAGIC 2010 competition, bua aignificantly larger scale of MR&]).
The methods are divided into centralized and digted approaches.

Centralized control relies on a single controllernhake all of the routing decisions. Central
control does not have as many variations as thehiited controllers since there are only so
many ways to structure a top-down controller. Mahyhe early attempts at routing robots in a
MRS were centralized6]. Since the work was all largely in simulatiohet practical
considerations of communication scaling were notsadered in many of these works. Many of
the centralized approaches build off of the traddil single robot routing algorithms like
Dijkstra’s Algorithm or A* [29]. They add costs associated with highly usedsa@adoads that
are likely to be needed by other robots. For tregt forms of centralized control, the robots are
essentially distributed sensors and actuators dndf ahe intelligence is in the centralized
controller. The communication for these methodpires status updates from all of the robots
and commands from the centralized controller. friege complex the environment, the more
frequently messages will be required to be serite Bandwidth requirements increase linearly
with the number of robots.

Many of the centralized approaches combine tasicalion with the routing problem to come up
with optimally efficient solutions. This is analmgs to the Multiple Travel Salesperson problem.
In most real world application of this combined aggzh, the optimality constraints are relaxed
to reflect the errors in modeling and sensing, camigation failures, and the time constraints
involved with finding the optimal solutior3(]. These methods have similar communication
requirements to other centralized routing algorghrdout are more computationally intensive.
Lim and Wang compared the difference in systentiefiicy between integrated assignment and
routing (one-stage) separate assignment and ro(tiwagrstage) for the Multi-Depot Vehicle
Routing Problem (MDVRP)J1]. They found that the one-stage approach did,veslbecially
with 200 plus destinations (sinks).
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SiPaMoP (Simultaneous Path and Motion Planningpnsther one of the combined task
allocation and routing algorithms$2]. The issues SiPaMoP addresses are that shpa#st
algorithms do not account for the number of robotgigestion and bottlenecks are not managed,
and collision avoidance is inefficient. The gaoalte find the shortest time path for each of the
robots to reach their destination. The time isa@ased if there is another robot is likely to reach
the same spot within a certain time differende The paths are adjusted to find a shorter time
path or adjust the speed of the robot to keep sofboin reaching an intersection witfA of each
other. The authors implemented SiPaMoP with arakméd controller and four robots. The
core routing algorithms for this work used by afl the control architectures except the
distributed control without communication are insgi by the framework of this routing
algorithm. For larger scale systems, the authsexl tAnt Colony Optimization (ACO) with
similar routing concepts to find route solution33]] This was near optimal, but rather
computationally intensive.

Many of the newer variants of centralized contma actually hierarchical control with decision
making locally centralized. The MRS is dividedargubgroups with a leader that acts as the
centralized controller. This can reduce the compation requirements and computational
complexity by dividing the routing problem up. Blems can arise however if tasks cannot be
contained within a sub-region of the environme®ne example of a locally centralized method
uses sharing of world models to plan paths in sugag B4]. Each robot generates a path (a set
of trajectories) for itself and all of the othebuwis in its subgroup and shares that with the group
The robot with the best scoring plan is choserhaddader and directs the implementation of the
plan by the group. This method can work well aglas the subgroup size is relatively small
since the information requirements will group witie square of the number of robots in a
subgroup.

Most of the existing centralized control approachies MRS coordination either neglect
communication costs and constraints or assume aletargraph35]. These considerations can
have a strongly negative impact on the performamicéhe centralized routing algorithms.
Distributed control gives the route decision makioghe individual robots. Distributed routing
has the benefit that it does not have a singletpwifiailure that will cause the system to stop
functioning. Failure of one of the individual rdbowill degrade the overall performance, but
will not completely stop the system. Distributediting can be highly structured like centralized
control or rely on behavior emerging from simpléesu The emergent behaviors are typical of
swarm type systems.

The swarm-based routing methods rely on simplesrelecuted by each of the robots. Most of
the communication and coordination is implicit. tAe lowest level control of the swarms are
based solely on the sensor inputs. These low-leethods rely on sensing other robots and
tracking common landmarks6¢]. Other methods use simple communication likecbaa or
beacon emulation3[/]. These methods have been shown to have low catipu and
communication costs and are robust to disturbamcédse system, but are not efficient systems
compared to the potential performance of delibeeaslystems38]. The lower efficiency means
that the MRS needs more robots to accomplish theesi@asks. For some applications, the
robustness is considered to be enough of benefidetavorth this cost. Because of the less
generally lower efficiency of swarm systems they aot necessarily appropriate for the kind of
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applications targeted by dynamic multi-robot autooas routing (automation of open pit mines,
automation of container terminals, and automatiowarehouses).

The more structured distributed routing methodsbaseed on communication and closely mirror
the techniques used for distributed coordinationMi®S. The distributed routing methods
include auctions, plan merging, and shared worldefs

Auction based routing algorithms reduces the comaation requirements by reducing much of
the information to be shared to solve the routingbfem to bids. The auction methods are
suboptimal, but can achieve results that are ng@mal in many instances. Bids are for access
to a resource (road segment, entrance to an iotemseetc.). Unlike with task allocation where
the bids are based on the cost, the bids are lms#te reward the robot gets if it has access to
the resourced9. Thus the more important the resource is to detigm of the robot’s task the
higher the bid. The communication requirementdestiaearly with the number of robots for
auction-based routing. The bigger communicatioallehge can be latency when multiple
resources require a bid at nearly the same time.

Plan merging for multi-robot routing allows eaclbobto plan their route. They then share their
routes and then negotiate on the conflicts betwleemoutes. In most cases the number of steps
included in the plan is limited to keep the comneatipn bandwidth requirements low(]. The

plan merging algorithms are a way to arbitrate tomflicts between robot plans. The
communication requirements are low unless excemmwihe plans get more detailed or the
environments becomes more congested which leadstte conflicts in the plans.

Another distributed routing method is to share warlodels between the robots in the MRS.
The concept is that if all of the robots have l&rgee same information they can make decisions
that maximize the group performance (utility) irzsteof just their performance. Instead of
auctioning or negotiating for access to resourt@sots understand when resources they would
like to use are more important for overall MRS parfance for another robot in the system.
These methods can build models based on commuomnciatiormation, sensing, and prediction
of the next step. The routing methods used fas thork with the exception of distributed
control without communication use world model shgras a basis of the coordination of their
routes.

One of these methods makes a set of rules foraimes and the robots try to plan routes that
follow the rules and prevent the other robots frbaving to break the rules to complete their
routes f1]. The rules include items like one robot per iséetion, maintain safe following
distance, keep to the left, and communicate whealing a rule to avoid an obstacle. The
information sharing does not have to be done as#mee rate for all of the robots in the MRS.
Asynchronous information sharing is used to keepstystem from waiting for information from
computationally slower robotgl?]. The robots share their information when itesaay instead

of at fixed time intervals. This allows the robdts all have the most current information
possible. Mixed mode autonomy uses asynchronomsmcmication, but for reduction of
communication requirements instead of differenoesoimputation time.
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2.4 Example Applications

This dissertation looks at dynamic multi-robot andmous routing for three example application
— automation of open pit mines, container termiratsl warehouses. These application domains
each represent a different set of conditions faragiyic multi-robot autonomous routing.

Open Pit Mines

Automation of open pit mines is a significant geélthe mining industry. Labor costs and
availability are high in many of the remote mintesif3]. It is also a dull and dangerous job.
The work is high repetitive and, due to the scdl¢he haul trucks, accidents involving other
mine site vehicles can be deadly. Automation eflthul trucks can potentially reduce the labor
costs and improve the safety and reliability of #ystem. Many of the technologies for
autonomous vehicles are already incorporated inte roperation for tracking a safety. Many of
the trucks and shovels already include GPS to tmadikidual vehicles44]. Work has already
been done to implement some collision avoidancedels on mine equipmend$]. Modern
dispatching systems for open pit mines resemblectrdralized control systems typical of
autonomous MRS with humans providing the high-ledetision making 46]. Part of the
reason for the work in this dissertation is to deiee is the dispatcher style systems used in the
application domains can be used as the basis chudonomous centralized controller for
automation of the applications. For the open pmanthe primary interest is how well the
systems would scale for large MRS.

Container Terminals

Container terminal automation has been studiedjdiite a while 47]. Many of the early MRS
control domains simulated where container termioalsimilar environments. The MARTHA
project was one of the early works in this aré€].[ A single site can have several hundred
Automated Guided Vehicles (AGV). Like with the opgit mine, one of the primary concerns is
with the scaling of the system. One of the apgneadaken in simulation work so far has been
to divide the group of AGV into platoond§]. The simulation results were good for the size o
systems in the simulation, but the upper limit @ snight prevent the method from working for
larger container terminals. Another recent metimedrporates maintenance scheduling into the
problem to improve the reliabilitydp]. There overall method was centralized and wonkexy
well for the 30 or less AGV in simulation, but aganay not scale very well.

Warehouses

Warehouse automation could potentially reduce s of handling goods and improve the
overall efficiency $Q]. Kiva is an example of a commercially availablestem for automation

of pick, pack, and ship8]. The Kiva System solution is for new designsaafrehouses — they
have shown good results and have been adoptechbgnber of major companies. However, it
would also be useful to be able to automate exjstiarehouses. In these cases the problem can
be expressed as dynamic multi-robot autonomousngputBased on the number of different
items or orders processed daily in a warehousentimeber of robots required could be large.
Centralized control approaches that mirror a tradl dispatcher have been studiéd][ They
showed that the dispatcher policies improved peréorce over less structured approaches.
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Chapter 3 — Coordination and Control Strategies

Control of multi-robot systems (MRS) can be dividestween a centralized controller and the
individual robots. This section presents seveifiér@nt control strategies for dynamic multi-
robot autonomous routing. The strategies represamimon approaches to multi-robot control
and a novel architecture developed as part ofwbik. The approaches described in this chapter
are centralized control, distributed control (waethd without communication), and Mixed Mode
Autonomy. The goal of Mixed Mode Autonomy is tckeaadvantage of the strengths of
traditional centralized and distributed methodslg/minimizing the difficulties. Each of the
strategies was evaluated by simulation.

The control of the MRS is divided into four parts tlynamic multi-robot autonomous routing —
route planning, route execution, communication ngan@ent, and world modeling. The route
planning and execution should allow each robotth their destinations in a minimum travel
time while ensuring sufficient separation betweehots and avoiding collisions. Ideally the
collisions are prevented primarily by routing tomage congestion, but a basic control scheme is
needed to handle avoiding obstacles and failuresmgestion management. The control in this
model does not include motion control to follow thath planned. This level of detall is
abstracted to focus on the performance of high |leamntrol and system coordination.
Communication management determines which messidgesobots send to the centralized
controller or their neighboring robots and how ofte send them. The world models are the
robots’ and central controller's representatiortha environment and other robots. It is used to
plan routes and communication.

This chapter describes how each of the controhersdles these parts of MRS control. The
details of the controller implementations are diégd in Chapter 4 as part of the simulation
models.

3.1 Control Requirements

Typical MRS control applications need to addres& tlocation, planning, and execution. For
the dynamic multi-robot autonomous routing probkeidied in this work, the task allocation is

handled by online assignment for all of the comgrsl The next task is assigned to the next
available robot. The task planning selects a rdatethe robots to reach their destinations.
These routes should minimize the travel time byicgth the congestion (number of robots on
the same road section). The plans are updatedchtiatersection to reflect the current MRS

operating conditions. The task execution compl#tegplanned route while maintaining the safe
separation distance between the robots. The plengot implemented exactly due to velocity
variations and uncertainties or errors in the model

Multi-Robot System Capabilities

The multi-robot system (MRS) is made up of a setraifots and for some of the control
architectures a centralized controller. For althe controllers, the robots have a common set of
capabilities. The robots are represented as oaog@y single point — abstracting much of the
lower level effects. The robots in the MRS forsthwork are homogeneous to simplify
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simulations. Nothing in any of the control arcbitees, however, precludes heterogeneous
robots. Each robot can sense its position in ther@mment. For real robots, this would be a
localization sensor like GPS or an inertial naviatsystem. Each robot is also equipped with
sensors to detect objects in its path. With rgatesns, this would be LIDAR, RADAR, or
computer vision sensors to detect obstacles or etimts. To account for the effects of real
sensors, the model of the sensors includes apalsiéive rate (percent of the time a robot detects
an object in the path of the sensor whether omeeasent or not). All of the robots travel at the
same speed. Robots can be equipped with a wiralessmunication system to share
information with other robots or a central conteoll A summary of the parameters describing
the robot capabilities is shown in Table 3-1.

Table 3-1. Robot Capabilities

Capability Parameter Description

Mobility Speed

Maximum distance at which
obstacle can be detected
Percent of measurements that
False Positive Rate incorrectly indicate an obstacle
is present within threshold
Percent of measurements that

Sensor Range

Sensing for Collision Avoidance

False Negative Rate fail to detect an obstacle that|is
present within threshold
Sensing for Localization Localization Accuracy Erio position measuremen
Carrier frequency of wirelegs
Frequency
system

Set by transmission power |—
distance a signal can be sent
Available bandwidth to send
messages

Communication System Communication Range

Communication Data Rate

Multi-Robot Task Environment

The robots in the MRS operate on a network of roedssisting of road segments and
intersections. All robots must remain on the raad follow basic driving rules — yield to traffic
in an intersection, obey speed limits, and mainséagafe following distance from a robot on the
same section of road. The road environments afiorom grids for this work (other
environments are less connected, but more compo#dly complex to simulate). Two primary
parameters shape the environment — the grid padtaiirnthe bottleneck size. The grid shape is
the ratio of the length of the segments in thergdlion to the length of the segments in the x
direction. The bottleneck is the width (humberadd segments) of the narrowest section of the
grid. An example environment and the environmepgaameters are shown in Figure 3-1.
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Figure 3-1. MultiRobot Task Environme
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Task Allocation

The robot tasks are to complete trips to destinati@gntersections) in the road network. N
destinations are assigned to the robots afterribagh their current destination. All allocatior
online assignment the next destination is assigned to the next availeobot. This is not &
optimal allocation of robots, but can be shown &thre-competitive (worse by less thar
factor of three) I]. This allocation scheme is common for many applicetj especially one
where the tasks are not known in advance. Usidipem@assignment also allows this work
focus on improving the performance of the robotdeviney plan and execute the ta

Controller Structure

Each controller includes a world model, a routenpk&x, a route execution and collisi
avoidance controller, and a communication managemsgatem. The world model is
representation of the task environment that costdire information the robots olentral
controller use such as the map/graph of the roadank, their own location, the location
other robots, and the current task information.e Toute planner selects a path to complete
tasks for dynamic multiebot autonomous routing. Theute execution and collision avoidar
controller calculates the velocity of the robofadow the path and handles the sensing to de
and avoid obstacles and other robots. The commatioic management system determi
which messages to send and hfrequently to send them. These parts are dividsd/den ¢
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centralized controller and the individual robot&ach of the control methods represents a
different division of these responsibilities. Tlwentrol methods used for this work are
distributed control without communication, centzalli control, distributed control with
communication, mixed mode autonomy, and mixed naadenomy with model updates.

3.2 Distributed Control with No Communication

Distributed control with no communication is a stgygic controller. All coordination is
handled by interactions with a common environme®énsors on the robot are the basis on all
control. The coordination is an emergent behathat is a result of the simple behaviors of each
robot. Distributed control with no communicatiathe lower bound for task performance. All
of the other control architectures should perfoettdy with the additional information available
to the controllers through the communication system

World Model
Each robot has a priori information on the netwofkoads. They know their current location
and the destination they are trying to reach. rbi®ts have no knowledge of their peers except

for what they can sense. The robot world modgbt(kg each robot) is shown in Table 3-2.

Table 3-2. Robot i World Model for Distributed Gool without Communication

| Position robot i | Closest objecttoi | Destination | xNmtersection

Route Planning

Distributed control with no communication has tira@est route planning since the robots have
no knowledge of any other robots and all of theoiimfation used to plan the route is static.

Dijkstra’s algorithm is used to find the set of glest paths between each pair of nodes in the
network of roads. Since the network is static, algorithm is only run once and the result is

stored on each robot. The robot selects from #&tefishortest paths from its current location

and its destination. When more than one path adable the selection is made randomly from

the set of paths. Dijkstra’s Algorithm in summaxzbelow.

For each node in the road network, k=1 —-m

1. Set the value for distance to the nogded, all other d =

2. Mark all nodes as unvisited

3. Set Kk, the initial node, as the current node

4. Calculate tentative distances to the unvisitedcatjanodes to the current node

5. If the tentative distance for a node is less tham ¢urrent value, replace it with the
tentative distance. Store the current node aantecedent for that node.

6. Once the tentative distance to all the adjacentesao the current node have been

calculated mark the current node as visited
7. If all nodes have been visited the algorithm iselo®therwise, visit the unvisited node
with the shortest distance.
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8. The antecedents are used to generate the pathdretive initial node k and all of the
other nodes.

Route Execution and Collision Avoidance

At each time interval of the control algorithm, trabot velocity and heading is set. First, the
robot checks its collision avoidance sensorst detects a robot within the separation distarice, i
will pause (set velocity to zero) for that timeantal. If nothing is detected, the robot sets its
velocity to its maximum velocity Vand moves towards the next vertex on its route R.
Integrated over time this algorithm to set veloégyfunctionally equivalent to slowing down to
maintain the separation distance. In real systehis,is the approach that would be taken;
however, it is much simpler to use the binary vi&yo¢zero or max) for simulations. The
velocity for robot i is

If 1, 4 51 56
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where (%v.i, Ynv,i) IS location of the next vertex of robot i;,(%) is the current location of robot |,
and g is the standard robot speed.

Communication Management

Since the robots do no communicate, they do no¢ laay communication management system.
A real system would likely still include the abylito communicate to the whole system to pause
the system in an emergency.

Summary

Distributed control without communication is thenpiest of the four controllers simulated for
this work. Due to the mostly open loop nature loé ttontrol, distributed control without
communication would not likely be used for anylod applications suggested with this work. It,
however, establishes the lower baseline of perfaoador control of a MRS with the dynamic
multi-robot autonomous routing problem, since anfoimation added to a well designed
controller should improve the performance. A graptummary of how distributed control
without communication would work is shown in Figl®. The shortest paths are precalculated
with Dijkstra’s Algorithm and stored in memory oacah robot.
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Figure 3-2. Distributed Control without Communioat
3.3 Centralized Control

Centralized control is one of the more common aagines to multi-robot control. The central
controller makes all of the decisions about rodsaping and communication. Effectively the
multi-robot system becomes a distributed set o§@enwith one controller. This can be efficient
for optimal control of the system, but the MRS hasingle point of failure with the centralized
controller.

World Model

The central controller maintains a model of the plate multi-robot system that includes the
location or every robot, the assigned tasks foheabot, and all the planned routes. The model
is updated through communication with each of thigots. Discrepancies between the model
and the real state of the system happen when coratiom failures occur. The world model
for the centralized controller is summarized in [Eak 3.
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Table 3-3. World Model for Centralized Controller

Robot 1 | Position | Next Vertex| Destination| Needs Command| Last Commang
1 1 1 Command 1 | Queue 1 | Received 1
I
Robot i Positioni| Next VertexDestination| Needs Command| Last Commang
[ [ Commandi | Queuei Received i
I
Robot N | Position | Next Vertex| Destination| Needs Command| Last Commang
N N N Command N | Queue N | Received N

Route Planning

The route for each robot is planned by the cerdoaltroller based on the information in the
world model. The route planner is based on DigstiAlgorithm in a similar method to the
distributed controller without communication. Thaw distances in the weighted adjacency
matrix are replaced with travel times. For roagmsents with no other robots present, the travel
time is just the maximum velocity multiplied by tdestance. When more than one robot is on a
segment or the proposed route would cause two sdlbobccupy the same segment, the travel
time is the nominal time plus the pause time reglito maintain the safe separation distance.
Thus the robots are assigned paths that are likehe less congested so they are more likely to
be able to maintain their maximum velocity. Thetneg algorithm for robot i is summarized
below.

1. Dijkstra’s Algorithm is performed at the initialigan of the system as is described in
section 3.2.
2. Find the paths that start h steps from the in{takrent) node. These are the candidate
paths.
3. Assign the shortest path cost from Dijkstra’s Alon as the base cost for the candidate
paths.
4. Calculate the cost of the path from the currententadthe start of each of the candidate
paths
a. The nominal cost of these paths is found from igks Algorithm
b. The cost is increased by the estimated possibleysléb robots on or possibly on
segments during the time the robot would completepiath
5. Add the costs from steps 3 and 4 to get the costo candidate path
6. Select the lowest cost path

A new route is calculated whenever a new tasksgyasd to a robot. The centralized controller
checks the robots’ routes when the robot is cleseampleting a road segment (nearing an
intersection) to verify that the route is one of tbwest cost paths and a command is added to
the message queue. The central controller serdsotite information to the robots in the order
the routes are added to the queue.

The robots wait at the intersection until they regeconfirmation of their route, which is
normally sent to the robot before it reaches thergection. Normally, there will not be any

27



delays, but message failures or message latency tleeMRS has a large numbers of robots
may cause the robot to be idle while it waits fan@ssage.

Route Execution and Collision Avoidance

The route execution and collision avoidance is lhth much the same way as with distributed
control with no communication. At each controltene interval the velocity is set to; Vh the
direction of the next vertex or to zero if the rolmtoo close to a robot ahead of it on the road
segment. The robots should receive their nextexedf their route before they reach an
intersection. The exceptions are when the comnmaessage from the central controller fails
(dropped packet) or when the network is saturatetithe central controller is not able to send
the message. Robots wait at an intersection timéteives a command. The velocity of robot i
is
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where (%vi, Ynv,i) IS location of the next vertex of robot i;,(%) is the current location of robot |,
and \4g is the standard robot speeds (X yn,) is updated when the vertex is reached and a new
command has been received.

Communication Management

Each robot sends the central controller regularatgglof its position on the network of roads.
These updates are scheduled to occur at each bentnterval (ten times per segment of road
for uninterrupted travel). When a robot’s estindatene of arrival at an intersection is within
three controller time intervals, the central colérochecks that robot’'s route and adds a
corresponding command message to the central densanessage queue. Messages from the
central controller are sent FIFO. The central caler messages are a higher priority on the
communication network than the robot messages. rdlhet status updates also include the next
vertex on the robots route. This information i®didy the central controller to confirm the
commands it has sent to the robots. If a robat¥s nertex does not match the one sent by the
central controller, the central controller knowsttlthe previous command message failed and
adds the command to the message queue to be miitmols Table 3-4 shows a list of the
messages sent by the central controller and ingdialitbbots for centralized control.
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Table 3-4. Messages for Centralized Control

Central Message

Robot address | Retransmitflag | Time Stamp \ Next Werte

Robot i Message

Robot i address Location i Receive time of laNiext Vertex i
command

Figure 3-3 shows the realistic bounds on the in&diom requirements as a function of the
number of robots for centralized control. The miation requirement is based on the number of
messages that the robots and centralized contsdlet. During the nominal time a robot travels
a segment of road, they send ten status updatée cé&ntralized controller must send one
command for each segment. The upper bound assuB#ésfailure rate for commands from the
central controller. This means that 5% of thesassages will need to be retransmitted. Both
limits assume that the robots are completing tagkisout pausing due to congestion. Pauses
would increase the time required to complete a sEgment and thus reduce the frequency that
commands would need to be sent. The status uptegsages are sent at a constant rate and are
unaffected by how the tasks are completed. Thectfe bandwidth is the rate data can be sent
after packet overhead is subtracted from the wseetmmmunication channel’s total bandwidth.
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Figure 3-3. Realistic Bounds for Information Regments for Centralized Control

Summary

Centralized control relies on a single controltemtake all of the high level (planning) decision
for the MRS. Communication from the robots allaWwe central controller to keep track of the
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state of the MRS. This information is used to pthe routes of the robots to minimize
congestion while keeping the route lengths neair thhénimum. A graphic summary of how
centralized control works is shown in Figure 3-Zhe shaded commands are done by the
centralized controller. All of the others are cdeted by the robots.
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Figure 3-4. Centralized Control

3.4 Distributed Control with Communication

Distributed control with communication makes eantividual robot responsible for its own
route planning. Unlike the distributed control d@sed in section 3.2, each robot has knowledge
of its peers within the MRS. The system no longas a single point of failure like with
centralized control, but it loses some of the predility of having one controller handle all the
decision making.

World Model
Each robot keeps a model of the MRS with informatatout the location and goals of each
robot. This model is updated through peer-to-m@enmunication within the MRS. With the

distributed world models, the MRS now maintains iMledent world models (one kept by each
robot), instead of one central model. Dropped ptckause the models to differ. For robots that
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are far apart (the ones more likely to not rece@ivaessage due to a dropped packet), this is less
of a problem since distant robots will not have meéfect on their planning. In MRS with a
high number of robots, latency of the messagesdcbale a small effect on the model. Since
the robots are constrained to remain on a road segreach robot can model approximately
where other robots are without information updatesil the time a robot would reach an
intersection. At this time, with the informatiobaut the final vertex in the robot’s path,
probable paths can be calculated. This allowsrdimt to take into account the possible
locations of the robot that it has not received sagses from recently, but over estimates the
likelihood that that robot will cause congestiomhe world model of robot i is summarized in
Table 3-5. Each of the N robots keeps a moddiigform.

Table 3-5. World Model kept by Robot i for Distuied Control

Robot 1 Position 1 Next Vertex 1|  Destination 1 Ladptiate Received 1
I
Robot i (own| Position i Next Vertex i Destination i Distance toclosest
information) obstacle
I
Robot N Position N Next Vertex N  Destination N Lbakidate Received N

Route Planning

Distributed control with communication uses the samoute planning algorithm as the
centralized controller. This algorithm is descdha section 3.3. The difference is that each
robot plans its own path and uses the informatioitsiown world model. When communication
is reliable or few robots are near each other theimg with the modified Dijkra’s Algorithm
will end up being nearly identical to with the aehtcontroller. Since each robot plan their own
route, they do not need to ever wait for a commaefdre entering an intersection.

Route Execution and Collision Avoidance
The route execution and collision avoidance isdgrdhe same as with the other controllers.
Each robot sets its velocity to W the direction of the next vertex or zero ifadot is detected

within the safe separation distance each time ¢inéral loop runs. The velocity for robot i is
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where (%vi, Ynv,i) IS location of the next vertex of robot i;,(%) is the current location of robot |,
and g is the standard robot speed. (X Y, iS updated by each robot when it reaches an
intersection.

Communication Management

Each robot sends its status updates each timeotiiteotter runs. Nominally this is ten times
during the time to travel a road segment. The t®bway not have actually travelled that far due
to pauses to maintain the safe separation distaflois. update rate is a tradeoff between keeping
up accurate models and the bandwidth required.leT26 is a listing of the messages sent by
the robots. Each of the robots sends the sameage$s its peers.

Table 3-6. Messages for Distributed Control

Robot i Message

Robot i address | Location i | Destination i | Next Veiite

Figure 3-5 shows the information requirements afurection of the number of robots for
distributed control with communication. During theminal time a robot travels a segment of
road, they send ten status updates to the othetsiolbSince the update time is fixed and no
failed messages are retransmitted the informagguirement is constant for a given number of
robots.
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Figure 3-5. Information Requirements for DistrigditControl with Communication
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Summary

With distributed control with communication, eaabot makes all of its own control decisions.
Peer-to-peer communication allows each robot tontaai a model of the current state of the
MRS. The robots use these models to plan routes/éod congestion to solve the dynamic
multi-robot autonomous routing problem. A grapblionmary of how distributed control with
communication would work is shown in Figure 3-6.
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Figure 3-6. Distributed Control with Communication

3.5 Mixed Mode Autonomy

Mixed mode autonomy was developed to take advartéglee benefits of centralized control
and distributed control with communication. Mixewde autonomy gives each robot the same
responsibilities as they have with distributed coinvith a central presence. Route planning is
handled locally by individual robots, but is supsed by a central controller. This eliminates
the dependency of the system on the central céetrohile still having most of the benefits of
centralized control.

World Model

Each robot maintains a world model based on pepetw communication as they did with
distributed control with communication. A centaantroller uses these same messages to also
maintain a world model. These models track theerurlocations, next vertices, and final
vertices for each robot in the MRS. The centratlvanodel also includes how likely the
information in its model is as current (robot stifi the same road segment) and whether the next
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vertex is a new command. The model data is coreiideurrent if the robot i would still be on
the same road segment if it traveled at the avespged since the time the message was
received. The change in next vertex value is usedetermine whether the central controller
should check routes. The models are summarizédhites 3-7 and 3-8.

Table 3-7. World Model kept by Robot i for Mixeddde Autonomy

Robot 1 Position 1 Next Vertex 1|  Destination 1 Ladptiate Received 1
I
Robot i (own| Position i Next Vertex i Destination i Distance toclosest
information) obstacle
I
Robot N Position N Next Vertex N  Destination N Lakidate Received N

Table 3-8. World Model for Centralized Controlfer Mixed Mode Autonomy

Robot | Model | Position | Next Destination | Unchecked| Needs Command| Last
1 Update| 1 Vertex | 1 Route 1 Command | Queue 1 | Command
Time 1 1 1 Received
1
I
Robot | Model | Position | Next Destination | Unchecked| Needs Command| Last
[ Update| i Vertex | i Route i Command | Queue i Command
Time i i i Received i
I
Robot | Model | Position | Next Destination | Unchecked| Needs Command| Last
N Update| N Vertex | N Route N Command | Queue N | Command
Time N N Received
N N

Route Planning

As with distributed control with communication, reck mode autonomy allows each robot to
plan its own route using a modified Dijkstra’s Atgbm that is described in section 3.3 with the
information in their world models. The differendetween mixed mode autonomy and
distributed control with communication is that anttal controller also calculates a route for the
robot based on the information shared. 52

The centralized controller uses the same algoritemthe individual robots, but with more
information. If the central controller calculagbetter route, it will send a command message to
the robot. If the routes are the same or equitvatee central controller will do nothing. This
gives the robots the independence of distributedrobwith the oversight of a central controller.
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Route Execution and Collision Avoidance

The route execution and collision avoidance isdbrghe same as with the other controllers.
Each robot sets its velocity tg ¥ the direction of their next vertex or zero ifagher robot is
detected within the safe separation distance. vElaity for robot i is
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where (%vi, Ynv,i) IS location of the next vertex of robot i;,(%) is the current location of robot |,
and g is the standard robot speed. (X ynv,) iS updated by each robot when it reaches an
intersection. The next vertex is calculated byitttevidual robots, but can be overridden by the
central controller when it finds a better solutioBecause the robots use routes they calculate
themselves as the default, there is no dependemdbeocentral controller command message
like there is with centralized control.

Communication Management

Each of the robots sends status updates over tmenaaication network. Both the central
controller and the other robots can receive thesesages. The robot status updates include their
position on the road network, their next plannedese and their task assignment. The messages
for mixed mode autonomy are listed in Table 3-9.

Table 3-9. Messages for Mixed Mode Autonomy

Robot i Message

Robot i address | Location i | Destination i | Next Veiite

Central Message

Robot address | Retransmitflag | Time Stamp | Next Werte

The robot status messages are not sent at a cbirg&wal — the update rate is based on how
likely their information will affect any other robie route planning or that the message would
fail to be received by the central controller. Tleninal lower update rate is one third of what is
used with the other controllers. As the numbemeighboring robots increase or when the
distance to the central controller gets large (eawshigher packet error rate), the update rate is
increased. A robot is considered to be close if ivithin six road segments. Robots are
considered far from the central controller when tloeninal packet error rate increases beyond
5%. The update rate used by the robot is the gredtthe two. The equation for the status
message update rate is
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where ¢ world model estimate of the distance between rolzotd j, dap is the world model
estimate of the distance between robot i and tleesacpoint for the central controller, and the
nominal update rate is the minimum rate status agessare sent.

The realistic bounds of information requirementsrfixed mode autonomy are shown in Figure
3-7. The lower limit assumes robots send messagdse nominal update rate and the central
controller does not send any route commands. Pperubound assumes that all of the robots
send status updates at the maximum rate and thaff #3é routes need to be corrected. Typical
operation assumes that each of the robots is aitbgse to another robot or is far from the access
point for the central controller and that 5% of tbates need to be corrected.
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Figure 3-7. Information Requirements for Mixed Modigtonomy

Summary

Mixed mode autonomy combines centralized and Bistieid control methods into a single multi-
robot control architecture. Mixed mode autonomstribbutes the decision making across the
robots, while maintaining a central control pregenmcthe system. A graphic summary of how
mixed mode autonomy would work is shown in Figut&. 3The fully shaded tasks are done by
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the central controller. The partially shaded tasiesdone by both the central controller and the
robots. The rest of the tasks are done by thetsobo

Each Communication Each Controller Time Step

Time Ste|
————=T----- | e e e ey 1
1 !
I Read MRead " I
Il Location essage | |, Set Velocity| |
[ and Update ; |
Sensor 1 . at Heading
[ Comman . Continue at |
| 1 Entering
L 2 3 T | > Current 1
I ntersection Headin :
[ Send Send I 9 |
I| Message | | Command :: Check I
| v Il Sensors for Robot or\_ !
: | I Obstacles o Obstacle :
1 Other on Patl
I
: Read ﬁiﬁz 1 : Command C?\llcel&ate Robots :
I .
1| Messages . Received Heading :
: ¥ I '
. 1 !
: Update F'gggcr:tgifk 1 Pause I
|| world path | " Use Own (Set v=0) :
I
: Models (Dijkstra) ||, Path Info I
: v ) I :
: I
1| Determine Update Update Graph . Add New |}
I
I| Robots Graph |, Near Used for Route | SFE:E?t/eC::;TePCe;r | Pathinfoto |i
I Aboutto P Used for |, Intersection Selection from (Dilkstra) Status |l
Il Enter Route | World Model I Message |!
I Intersectin Selectiol |1 I
I I

Figure 3-8. Mixed Mode Autonomy

3.6 Mixed Mode Autonomy with Model Updates

Mixed mode autonomy with model updates is an exbtensf mixed mode autonomy. In
addition to the normal status updates, the centmatroller and robots can also send messages to
update their world models if they are out of date.

World Model

The world models are the same as with the basedm@le autonomy. The difference is that
each robot and the central controller all keepkti@owhen their information is out of date. The
goal of the updates is to improve the route plagmwhile keeping the communication bandwidth
generally lower than the distributed and centralizentrollers. Information in the model is old
when the robot would no longer be on the same reeginent. The world models are
summarized in Table 3-10 and 3-11.
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Table 3-10. World Model kept by Robot i for Mixétbde Autonomy with Model Updates

Robot 1 Position 1 Next Destination 1| Last UpdateData Current
Vertex 1 Received 1 Flag 1
I
Robot i (own| Position i Next Destination i | Distance to
information) Vertex i closest obstacle
I
Robot N Position N Next Destination N| Last Updatg Data Current
Vertex N Received N Flag N

Table 3-11. World Model for Centralized Controlfer Mixed Mode Autonomy with Model
Updates

Robot | Model | Position | Next Destination | Unchecked| Needs Command | Data
1 Update| 1 Vertex | 1 Route 1 Command | Queue 1 | Current
Time 1 1 1 Flag 1
[
Robot | Model | Position | Next Destination | Unchecked| Needs Command | Data
i Update| i Vertex | i Route i Command | Queue i Current
Time i i i Flagi
[
Robot | Model | Position | Next Destination | Unchecked| Needs Command | Data
N Update| N Vertex | N Route N Command | Queue N | Current
Time N N Flag N
N

Route Planning

The route planning algorithm is the same for badhiations of mixed mode autonomy. The
difference is that the robots and central contraien share additional updates to keep the world
models up to date.

Route Execution and Collision Avoidance

Both variations of mixed mode autonomy use the sauge execution and collision avoidance
behaviors.

Communication Management

In addition to the status updates, the robots amdral controller can send information about
other robots. These messages include the sanrenation as the status updates (position, task
assignment, and next vertex) as well as the tingertibot or central controller received the
message. Updates are requested when informatmurt abrobot is out of date and the robot is
possibly close enough to influence routing. Fa thbots, these messages allow the world
models to be updated when neighboring robots hamemunication obstructions between them.
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For the central controller, the messages allow ugdate its world model when robots move out
of reliable communication range by getting inforiraatfrom its neighbors who are closer to the
central controller. The messages sent with mixederautonomy are shown in Table 3-12.

Table 3-12. Messages for Mixed Mode Autonomy Witbdel Updates

Robot i Message

Robot i address | Location i | Destination i | Next Veiite
Central Command Message
Robot address Retransmit flag Time Stamp Next Werte

Update Message — sent by robot or central controller

Update
from ID

Robot
info ID

Location i

Destination i

Next Vertex i

The realistic bounds of information requirementsrfixed mode autonomy are shown in Figure
3-9. The lower limit assumes robots send messag#se nominal update rate and the central
controller does not send any route commands. Pperubound assumes that all of the robots
send status updates at the maximum rate, 5% aftltes need to be corrected, and 5% of the
robot models require an update. Typical operatigsumes that each of the robots is either close
to another robot or is far from the access pointtie central controller, 5% of the routes need to
be corrected, and 5% of the robot models need tapdated. The upper bound for this case is
the highest of all of the controllers, but is uelikto ever occur.
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Figure 3-9. Information Requirements for Mixed Modigtonomy with Model Updates
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Summary

Mixed mode autonomy with model updates builds étihe mixed mode autonomy architecture.
The model update requests and neighbor statusegphbalp keep the robot and central controller
world models current when communication is notedigble. A graphic summary of how mixed
mode autonomy with model updates would work is showFigure 3-10.
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Figure 3-10. Mixed Mode Autonomy with Model Update

3.7 Comparison of the Multi-Robot Controllers

This section summarizes the key similarities arfédinces of the four controllers used to solve
the dynamic multi-robot autonomous routing probleBach of the controllers uses largely the
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same methods to execute their routes and avoigsiools. The primary differences are with the
way route decisions are made and how communicatiblandle world model updates is done.

Table 3-13 lists how each of the major componehtsdti-robot control is divided between a

centralized controller and the individual robots &l of the controllers.

Table 3-13. Summary of the Multi-Robot Control eds

Method Central Controller Robot Communication
Distributed None Plan route based oMNone
Control without road network, Avoid
Communication collisions based on
sensor data
Centralized Plan routes Avoid collisions based Central — Commands
Control Track location off on sensor data for segments of route
all robots Robots - Update df
Confirm route position, commands
execution received
Distributed None Plan routes Robots - Update qf
Control with Track location off position, commands
Communication all robots received
Avoid  collisions
based on sensor
data
Mixed  Mode Track location of Plan routes Robots — Update qaf
Autonomy all robots Track location off position, commands
Check routes all robots received
planned by robots Avoid  collisions| Central — Commands
Send and confirm based on sensoifor segments of route
routes when it finds data (when better)
better one
Mixed  Mode Track location of Plan routes Robots — Update qaf
Autonomy with all robots Track location off position, commands
Model Updates Check routes all robots received
planned by robots Avoid  collisions| Central — Commands
Send and confirm based on sensoifor segments of route
routes when it finds  data (when better)
better one Update information Both/Either — Status
Update information on their peers updates
on robots

Figure 3-11 compares the communication boundsdoh ®f the control methods. The effective
bandwidth requirement is the amount of data thatheatransmitted on the wireless channel after
the packet overhead is subtracted. The effectaedWwidth on these plots is for the high
overhead case. The information requirements &needll below the effective bandwidth for the
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low overhead case. All of the methods assume Sf%an@mission of commands. The lower
bounds are the minimum for the minimum number ofsages that would be sent if the tasks
were all completed in their minimum time. The r&adks would likely take longer due to the
time required to handle congestion and false pasi#iensor readings. This would reduce the
number of commands that need to be sent for theateamnd mixed mode autonomy controllers.
The upper bounds for central control and mixed mad®nomy are the same. Mixed mode
autonomy, however, will very rarely require all ife commands to be sent like centralized
control. The lower bounds for the both kinds okead mode autonomy are the same.
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Figure 3-11. Information Requirements for DynaiMiglti-Robot Autonomous Routing

Figure 3-12 compares the typical operation of ezfcthe controllers. Both centralized control

and distributed control with communication exceleel éffective bandwidth in the high overhead
case. The difference is that latency in the cérmtwenmand messages will result in idle robots
instead of incomplete information for route plarqiwith the distributed control. The mixed

mode autonomy methods both have plenty of availaatelwidth for operation.
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Figure 3-12. Typical Information Requirements Bymamic Multi-Robot Autonomous Routing

Figure 3-13 shows the realistic worst case inforomatequirements for the different controllers
as a function of the number of robots. This gregpfor over one controller time interval. The
worst case is when all of the robots that requicmmmand to update their route need it at the
same time. The mixed mode autonomy controlleramassthat 5% of the routes found by the
robot will need correction by the central controlleThis is an indicator of how likely the
controller will have latency problems.
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Chapter 4 — Multi-Robot Simulation Model

To evaluate the different multi-robot controllersegented in Chapter 3, several sets of
simulations of the dynamic multi-robot autonomowsiting problem were run. For these
simulations, a detailed model of the problem doreavironment was needed. The simulation
model includes the multi-robot environment, a wases communication system, the robot
capabilities, and the multi-robot controllers. Tlsenulations log data to evaluate the
performance of the controllers. Monte Carlo sirtiakais used to find the average performance
for a set of operating conditions. Due to the égampimber of simulations required for Monte
Carlo simulation and the size of the models fogéanumbers of robots, the simulations were
simplified to reduce computation time. The goabkw@ preserve the behavior and effects related
to each controller, while reducing the time to aath simulation.

The multi-robot environment for dynamic multi-rokanitonomous routing is a network of roads.
Robots are constrained to travel on roads. Forgieeral formulation of the multi-robot
controllers, the road networks can be any arbitgraph with vertices located at any 3-D point.
To reduce the complexity of simulating the enviremts for this work, they are two-
dimensional uniform grids. Changes in elevatiarease the difficulty of modeling the wireless
communication system and would require significantiore different environments to be
simulated to ensure that the performance measuasdnat specific to the environments tested.
The uniform grid simplifies all of the distance aahtions in the model, which reduces the
simulation run time by almost two thirds. Thesaeyalizations of the environment are strictly
for ease of simulation and not limitations of tleatoller.

The communication model estimates the likelihocat tinansmitted messages will be received
and models the message latency (wireless commiomcethannel usage). The model is based
off of values from empirical models of wireless gommication systems that operate in typical
environments for the example applications (warebBowitomation, container terminal
automation, and open pit mine automation). To rhtuelikelihood that a message is received
the packet error rate (PER) is calculated. The FER function of the signal to noise ratio
(SNR) and the encoding method used by the traresmitThe received signal strength model
includes the path loss, shadowing, and fading tffec Several different communication
configurations can be modeled to determine thetditimns and costs associated with each
method and determine the appropriate method fané&ral scheme. The model uses the mean
signal strength and the standard deviations ofstbe (shadowing) and fast (fading) effects to
calculate the value of the received signal strerfBt8S). These statistics describe the typical
signal and are used to calculate a signal strewgiire at the receiver. The signal strength is
used to get SNR and then packet error rate (PPER models the probability that a transmitted
packet is received. In addition to determining thiee messages are successfully received, the
communication model simulates the timing of the sages. Latency in the messages can have
significant impact on the multi-robot controller rimance — particularly the command
messages. Only one message can be sent at artithe wireless communication channel. The
communication time period for the simulator is tte required to send one message. A
simulation message queue is used to mimic the grafra real wireless network. Messages are
sent one at a time from the queue and the PERdslate for each message to determine which
receivers actually got the information.
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The robot capability model is limited to the rolmoobility and sensing. The specifics of things
like motion control and planning are abstracteébtus the work on the high level control. The
robots are treated as a point with a maximum sp@elda sensor range. The robot heading is
limited by the requirement that the robots remaritee roads.

Each of the different controllers discussed in Gaiaf is modeled for the simulations. These
controllers are distributed control without comnuation, centralized control, distributed control
with communication, mixed mode autonomy, and mixsatde autonomy with model updates.
The controller functions include world modeling,ute planning, route execution, collision
avoidance, and communication management. Eadmeofdntrollers is a different split of these
functions between a centralized controller and rmdmlistributed across the multi-robot system.

The performance data for each individual simulai®ifogged so that the trends can be found.
For most of the variables of interest only the ltotar averages and standard deviations are
logged because the data storage requirements Wweualtme quite large for the simulations with
a large number of robots. The evaluation critema used to assess the effectiveness of the
controllers for dynamic multi-robot autonomous iogtand the communication costs over a
range of operating conditions. The simulation itssare also used to predict performance for
the example applications and recommend an apptemamtroller for each.

The full code for implementation of the simulatiohthe five controllers (distributed control
with no communication, centralized control, distitéd control with communication, mixed
mode autonomy, and mixed mode autonomy with mopléates) is included in the Appendix.

4.1 Simulation Structure

The simulations are to evaluate the different apgines to control for dynamic multi-robot

autonomous routing across a variety of system awit@ment parameters. To diminish the
effects of specific initial conditions or task d¥lonte Carlo simulations are used. Simulation of
the controllers is divided into two parts — simidat of the robot motion and control and

simulation of the wireless communication system.

Simulation Loop

Each of the five controllers implemented uses thmes loop structure for simulation. The

initialization and motion parts of the loop are tame for all of the controllers. Each of the
controllers has different control and communicatgorithms. The simulation loop structure is
shown in Figure 4-1. Initialization sets up theltiwbot environment and parameters for a set
of Monte Carlo simulations. Control plans and &semutes and calculates the motion of the
robot for the simulation time step. Motion updaties position of the robots in the simulation

based on the robot motion calculated in control #mel current collision avoidance sensor
readings. Communication selects the messages teebe by the robots and any central
controller, simulates the wireless transmission] ampdates the world models for the next
iteration of the simulator.
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Initialization
Load environment
Set parameters
Initialize performance metric variables

A 4

Control
Route selection
Calculate dx and dy
Update control performance metrics

A

A 4

Motion
Check sensors
Update position
Update motion performance metrics

A 4

Communication
Load new messages into message queue(s
Simulate transmission of messages
Update world models with new information
Update communication metrics

Figure 4-1. Simulation Loop
Simulation Timing

The simulations are each 2000 seconds long. Baséue environment size and robot speed, the
average robot should complete 25 tasks (trips ivieo intersections) under ideal conditions
in this time. The simulations operate at a fixiaget step between updates. The time step is set
so that the simulation will update the motion andhmunication of the robots at least ten times
per road segment. The simulation update time us tine distance between two orthogonal
vertices divided by the robot velocity divided nt This was found to be a good balance
between simulation resolution and simulation ruetim The simulation results were not
significantly different (task completion times, athusage rates, bandwidth usage, etc. converged
to the same value) with a higher rate of updatestha runtime was linearly related with the
number of updates.
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4.2 Simulation Parameters

To assess the controllers for the typical operatioigditions of the three example applications,
the simulation were run over a range of environmletdsk, and communication parameters. All
of the parameters were scaled relative to the enment size. A set of simulations is 20 trials
for the same parameter values. Twenty was thenmuimi number of simulations required to see
statistically significant differences in the Mon€arlo simulation results. The parameters
changed are the multi-robot environment, task dagplcommunication range, message
overhead, and the number of robots. The envirotsreme characterized based on the grid shape
and the bottleneck width. The task coupling déssihow tightly grouped the tasks are about
the two task centers in the environment. The comaation range is set based on the transmit
power of the wireless communication system. Thesage overhead is the part of a packet
other than the actual content of the message (hgaa#dresses, checksums, etc.). The number
of robots is varied from one to 500. The one ratasde was a baseline to verify that all of the
controllers were using the right set of values.e Parameters for the Monte Carlo simulations
are summarized in Table 4-1.

Table 4-1. Simulation Parameters

Parameter Class Values Description

Control Type Control| Distributed without| These are the different multi-robpt
Comm., Centralized, controllers implemented. Mixed mode
Distributed with| autonomy is the new control
Comm., Mixed Mode architecture developed as part of this
Autonomy, Mixed| work.

Mode Autonomy with
Model Updates

Number of Robots Robot| 1, 10, 20, 50, 100, 200,The performance was evaluated |to
300, 400, 500 determine how well the MRS scaléd
with increasing size of the group.

Grid Shape Env. [1,2,4 This is connection pattern for the
environment — higher numbers are
sparser environments.

Bottleneck Env. |4, full The width of the restriction (narrowest

part) of the environment. Creates [an
area of congestion when it is small.

Task Coupling (pair) Task | Uniform-Uniform, Standard deviation (in environment
Uniform-5,  Uniform-| segment lengths) of the distribution |of
2.5, 5-5,5-2.5, 2.5-2.5| tasks about the two task centers in the
environment. The lower the number the
tighter the coupling of the tasks.

Overhead Comm| 48, 240 Bits per message required other than the
message. The higher the overhead|the
lower the effective bandwidth.

Communication RangeComm. | 15, 45 (distance fromThe range at which 90% of the
task center to accesdransmitted signals will have a PER [of
point plus 10) 0.
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4.3 Multi-Robot Environment

The multi-robot environment is the task domain dgnamic multi-robot autonomous routing
and can be modeled as a network of roads. The feaslynamic multi-robot autonomous
routing is for a robot to travel to an assigneckrisection. The robots are constrained to travel
only on the roads. The network is made up of aoféntersections and lanes of roads. The
intersections are represented as vertices andaties lare segments connecting the vertices. A
vertex list describes the location of each intdisacof the road segments. A weighted
adjacency matrix stores the information about thienection of the vertices. The environments
are divided into four quadrants. A task centdogated in the center of the second and fourth
guadrants (one and three would be equivalent). Vdréex assignments for the robots are
normally distributed about the task centers. Th&igmed intersections for the robots (tasks)
alternate between the two centers. Three parasnaterused to generate the environments —
number of vertices, grid shape, and the bottlenddkh. The number of vertices is fixed for all
of the environments that were used for the simamatifor this work. The grid shape is the ratio
of the horizontal and vertical segment lengths.e Bbttleneck is the number of vertices wide at
the narrowest part of the environment. The higer grid shape value the more sparsely
connected the network. Figure 4-2a shows a smamele of an environment and the
equivalent vertex list. Figure 4-2b shows the eeljgy matrix for this example. The
environments simulated include many more verticges segments. For the more general case,
when the vertices are not placed on a uniform dhd,adjacency matrix could be weighted to
account for the different costs (distance, trawedet etc.) of each connection between the
vertices.

Intersection | X | y

1 0[O0

° ° X 2 1] 0

Q—> 3 210

Tl Tz 3 4 5 2 5T
5 410

6 0|1

Qs @ ® 9 @y ’ 111
8 2|1

9 31

10 411

Pz Pz P Qs 11 o[ 2
12 1] 2

13 2| 2

e o ® ® ® 14 312
16 17 18 19 20 15 a2
16 0] 3

L 17 1] 3

21 7w Om Om 9 18 2 3
y 19 33
20 413

21 0| 4

22 1] 4

23 2| 4

24 3[4

25 4] 4

Figure 4-2a. Example Environment and the CorredipgnVertex List
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Figure 4-2b. Corresponding Adjacency Matrix fog tkExample Environment

4.4 Robot Capabilities

For the dynamic multi-robot autonomous routing feal the robot model includes two parts —
mobility and sensing. For this work, the robote Aomogeneous. This is for simplicity of
running lots of simulations, not a limitation ofetlcontrollers implemented. Each of the
controllers can account for robot differences as @itheir world models and route planning.

The x and y locations and the velocity in the x grdirections of the robots are stored in arrays.
The robots have a maximum velocity V and are camsd to remain on the roads. The velocity
was set so that each robot could complete 25 aedeamiss (the trip between one task center and
the other) during the simulation. This was enougbks during each simulation to get
meaningful averages for the metrics of performdonceach robot and the MRS as a whole. For
simplicity of simulation, the robots travel at thenaximum velocity or pause rather than
modulate their velocity. Since the environmena isniform orthogonal grid, the robots move a
fixed distance in the x or y direction at each upd# the simulation. The step size is

Y CY

where t is the simulation update rate. The steps areydwn the x or y direction since the
roads align with the x and y axes.
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The robots have a simulated sensor suite to déteqiresence of objects or other robots in their
path. These sensors have a range half of a rapdese long. The multi-robot controllers all
attempt to maintain a separation distance betweleots. The sensor suite is used to verify this
distance. Each of the sensors has a false posuitee False positives for objects at the
separation distance or less are the most likelgresith the sensors and effectively add the
variability in the robot velocities to the simulati (the robots have a 100% - FP% chance of
moving during a given update of the simulation). If ttedot senses an object in its path
within the separation distance, it will not moveidg that time step. A uniform random number
generator is used to determine if a false posigvesgistered by the sensors. If the random
number is less than the false positive rate, thes@ereading is a false positive. The path
obstruction state is

4LZ[# 14
zJ H

\LZJIK 1\
ZJ W

where a PO of one indicates that an obstructigasent, r is a uniform random number, d is the
distance to the closest robot on the same segrardts is the minimum separation distance.
The robot position array is used to find d. Ifatber robot is on the segment d is set to infinity.

4.5 Wireless Communication

To accurately assess the performance of the cterBoh realistic model of the wireless
communication systems is required. Dropped andydel messages reduce the information
available to the controllers. The central con&odnd robots update their world models based on
the messages sent through wireless communicatibtany of the controllers simulated in
literature make overly optimistic assumptions abthé communication performance. The
wireless communication model must reflect the paekeors and latency of real networks since
the controllers will function differently if theyadnot receive some of the messages or receive the
messages late. Two different communication scesadare used for the controllers —
communication between transmitter-receiver paigtaoeadcast communication.

Packet Error Rate

Packet error rate (PER) is the percent chance ahatceiver would fail to get a transmitted
message correctly. The receivers are the othetsamnd/or the centralized controller. PER is a
function of the signal to noise ratio (SNR) and plaeket encoding method. The received signal
strength is made up of the line-of-sight componglots reflected and scattered terms. The
distance between the transmitter and receiver&)igts the average signal strength at a location,
but the value for a specific signal varies from #verage based on the standard deviation terms
due to reflection and scattering.

The line-of-sight path loss is inversely relatedhe distance raised to an exponent. In the ideal

model the exponent is 2. In most realistic modetésexponent (empirically determined) ranges
from 2.4 to 4. The equation for line of sight phibs is
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Z11 7] 1, .WHC ~ > —
1

where PL(d) is the path atgl d is the distance between the transmitter aneive; and p is the
path lost exponent.

The mean received signal strength is the transinpi@ver plus the transmitter antenna gain
minus the line of sight path loss. The receiveghai will also include components from the
scattered and reflected signals. These signatibatibns are characterized statistically based on
a standard deviation with zero mean.

Scattering effects are often modeled as many teflez Reflections are product of geometry
and material properties of the reflective surfaé@r this work these effects are represented as
mean-zero normally-distributed variations in thetaince dependent mean signal strength. The
values of the standard deviation terms for scaigeand reflections and the path loss exponent
are based on averages from several empirical madeistworks that operate in environments
similar to the example applications. The refletttmd scattering components are

K a,C#a Wc H
d a,C#a Wc H

where N(=1, u=0) is a number from a normal distribution hwitero mean and standard
deviation of one, | is the coefficient for reflection standard dewati and s is the coefficient
for scattering standard deviation.
Ultimately, the received signal strength (RSS) is

Kdd Z ;Z];d;K
where Ris the power transmitted in dB, PL is the patls)&is the scattering term, and R is the
reflection term. The signal strength is a caladaat a specific time by substituting numbers
from the statistical distributions for the scattgriand reflection terms. The signal to noise ratio
(SNR) is

d#K Kdd;Z .

where the thermal noise Pn is

Z WHCA fL.WC%C ,Cg CWHHH

where F is the noise factor, k is the Boltzmanmastant, § is the temperature, andyBs the
noise bandwidth.
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From the calculation of signal strength at one tiamel place the packet error rate (PER) is
estimated. The PER is a function of signal strieragtd the modulation method used. From the
PER the model determines if individual packetsvarior fail using a uniform random number
compared to PER. Binary Phase Shift Key (BPSKpdmg was assumed. This is a common
method for many of the spread spectrum networks #ra often used in the kind of
environments of the example applications. The ggudor bit error rate (BER) is

. . I'm g

where the Q-function is the tail probability of thermal distribution and DR is the data rate.
SNR is in dB for this form of the equation.

The equation for PER is

ZIK W; W;gK no
where FL is the frame length in bits.
Wireless Communication Range/Coverage

The average PER is a function of the distancestninpower, message length, and packet
encoding. Figures 4.3 and 4.4 are maps of thedayHER values for an example environment
with the transmitter at the center of the environm@5, 25). Figure 4.3 is the longer range
communication distance. Figure 4.4 is the shar@ge communication distance. The 90%
worst case scenarios are for signals that areeatvtrst 10% once reflection and scattering are
added. The areas in blue are the lowest PER (gessdikely to fail). The areas in red are

lower PER (messages more likely to fail). The Isimealues are still above 10%, meaning most
of the messages are likely to be received at angt po the environment. Realistically, a

wireless communication system would be unlikelyb® used if the PER values were much
above 10% at the desired range.
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Message Latency

Message latency is represented with a model ofwtineless communication channel usage.
Only one message can be sent on the wireless rettoa time. To simulate the wireless
communication channel usage, two message queuessate The central controller and the
robots each load messages into a queue. Whertevehannel is idle, a message is selected to
be transmitted from these queues. The centraf@tert queue is given priority over the robot
gueue. These queues allow the simulations to atdouthe timing of message transmissions.

When a message is transmitted, the simulator etesliisthe message was successfully received.
The PER value for the relevant transmitter-receipair is compared to a uniform random
number. If the random number is greater than tBR,Rhe message is successfully transmitted
and the information in the message is availabléh® controller to use. When the random
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number is lower than PER, the message fails. Tégsage will not be retransmitted unless it is
reloaded into the message queue. The message gqtragture is not the way the wireless
communication network actually sends messageis. alivay to simulate the channel usage. The
gueues are used to simulate both peer-to-peer evatldast communications. The central
controller messages are evaluated to determintgeitdrget robot received the messages. The
robot messages can be evaluated to see if theateaftroller received the message and/or if the
other robots got the message.

4.6 Multi-Robot Controllers

This portion of the model implements the multi-robontrollers for both the robots and a central
controller (if present in the system). The partshe controllers include world models, route
planning, route execution and collision avoidanaad communication management. The
controllers are simulated as part of the motiorplodhe general structure for the controllers is
in Figure 4-5. The rest of this section descrittesimplementation for the simulations of the
controllers (distributed control without communiocat, centralized control, distributed control

with communication, mixed mode autonomy, and mixextie autonomy with model updates.

New Messages
New Sensor Readings

World Model
Robot or centralized control representation of
environment
Updated from internal state information, sensor,
data, and communication

v

Route Planning
Select path to destination
Avoid congestion/reduce need to pause to avoig
collisions
Dijkstra’s Shortest Path Algorithm based

v

Route Execution and Collision Avoidance
Calculate heading and velocity of the robot toarr dx and dy outputs to robot

out planned path motion model
Uses sensor data to determine if it is safe footrolp

to take next step on the path

Communication Management
Selects message(s) to send Message_ queue t_o _
Determines frequency to send message — communication simulation

Formats message into packet for transmission qver model
wireless network

Figure 4-5. General Structure for the Controllen@ation
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World Models

The world models are the robots’ and central cdletrs representations of the environment in
which they operate and the robots in the MRS. Wbdd models are based on three sources of
information — internal state information (what tiedot or central controller knows about its own
state), sensor data, and communication. The rplaiener uses the information in the world
model combined with the map of the network of roadsselect the robot's paths. The
distributed controllers keep N world models — ooe dach of the N robots. The centralized
controller keeps one model of the entire MRS. Titieed mode autonomy controllers keep the
N world models for each robot and a world modeltfe centralized controller.

There are two types of data in the world model ealmn and robot state information and task
information. For the robot world models, this da&n also be divided into a robot’'s own
information and information about its peers in MES.

The sensor data for the robots is position and ealmgan obstacle. The robots track this
information for all of the controllers. The simtda gets the location data from the motion
update part of the loop. The simulated sensor dataes from the distance calculations (also
used for communication simulation) with a falseipes rate (2%).

The location information is generated by the motipdate loop. Robots can directly sense their
own location in the environment. For all of theatollers except the distributed control without
communication, robot share updates of their locatio The distributed controller with
communication and local robot controller for mixewde autonomy give position updates to
their peers. The centralized controller gets pmsitipdates from all of the robots.

The world models keep track of the task informatimn the robots. The primary task

information is the next intersection on the robqi&h and the assigned destination. All of the
robots know their own task information for all dfet controllers. The centralized controller
knows the next intersection and destination forraltlots since it responsible for making both
decisions. For distributed controllers, the robmése a list of tasks a priori. The centralized
controllers send tasks as part of the commands.

Communication updates share information betweemratbbots or the centralized controller.
They are different for each controller. Distribditeontrol without communication does not get
any updates over communication — it is completelyssr based. The rest of the controller use a
set of messages to share information to build wortdlels at the robot or centralized controller
level.

The information included in the world models, tlreise of the information, and the part of the
simulation used to generate the data is summanz&dble 4-2
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Table 4-2a. World Models Summary — Own Information

Cont_rol Position Next , Destination Obstacle State Needs . Next
Architecture Intersection Intersection
. Oown route . . | Distance to
Location sensor . Pre-assigned Sensor reading. .
o calculation intersection
Distributed  Control .
. Distance .
with No Dijkstra calculations in Distance
Communication -| Motion Update J€S Simulation : calculations in
solution of road| ...~ Motion Update :
Robot Model Loop Initialization . Motion Update
network Loop/Simulated
" Loop
False Positive
. Own route . . | Distance to
Location sensor . Pre-assigned Sensor reading. :
calculation intersection
Distributed  Control Dijkstra Distance .
. . . . . | Distance
with  Communication . solution of road| . . calculations in ) .
Motion Update .| Simulation : calculations in
— Robot Model network  with| ~.. .~ " Motion Update :
Loop Initialization . Motion Update
other robot Loop/Simulated
) . " Loop
information False Positive
Centralized Control +
Central Control| NA
Model
. Oown route . . | Distance to
Location sensor . Pre-assigned Sensor reading. .
calculation intersection
Mixed Mode Dijkstra Distance Distance
Autonomy Control — . solution of road| . . calculations in : .
Motion Update .| Simulation : calculations in
Robot Model network with| ~.. ~."" _ Motion Update :
Loop Initialization . Motion Update
other robot Loop/Simulated
. . " Loop
information False Positive
Mixed Mode
Autonomy Control —| NA
Central Control
Model
. Oown route . . | Distance to
Location sensor . Pre-assigned Sensor reading. .
. calculation intersection
Mixed Mode Dijkstra Distance
Autonomy - Control sollution of road calculations in Distance
with Model Updates Motion Update .| Simulation : calculations in
network  with| ~.. """ Motion Update .
— Robot Model Loop Initialization . Motion Update
other robot Loop/Simulated
) . " Loop
information False Positive
Mixed Mode
Autonomy  Control
with Model Updates NA
— Central Control
Model

Table 4-2b. World Models Summary — Other Robot fmfation

Data
Cont_rol Position Next , Destination L_deate Current/ New Route
Architecture Intersection time Needs
Update
Distributed Control
with No | NA

Communication —
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Robot Model

Robot Would robot
o . Robot route| Robot route
Distributed  Control| location . 1 Update reach
. L solutions /| solutions / . .
with  Communication| sensors Message intersection | NA
Update Update . oo .
— Robot Model Update Time in time since
Messages Messages
Messages last update
Comm. Comm. Comm. Time when| Distance to
simulation simulation simulation message intersection NA
of message of message of message queue is| at update
queue gueue queue read time <V t
Robot Would robot| Use location
location Central . Update reach data to find
Assigned by . . ) :
Sensors route Message intersection | if Robot is
. central . Y .
Update solution Time in time since| close to
) o

Centralized Control Messages o last update | intersection?

Central Control S ollution of

Model Comm. Time when| Distance to
g . road . . , . Set flag to
simulation Simulation | message intersection

network e . calculate
message . Initialization | queue is| at update

with  other . new route
queue read time<V t

robot

information
ROth Robot route| Robot route Would robot Flag set
location . . Update reach

solutions /| solutions / . . when robot
Sensors Message intersection

. Update Update . L . calculates

Mixed Mode | Update Messages | Messages Time in time since new route

Autonomy Control —| Messages 9 9 last update

Robot Model Comm. Comm. Comm. Time when| Distance to| Comm.
simulation Simulation | simulation message intersection | simulation
of message of messagg of message queue is| at update| of message
queue queue queue read time<V t | queue
Robot Robot or| Robot or Would robot

: Flag set
location central route| central route| Update reach
. | . . when robot

Mixed Mode | SENSOrs solutions /| solutions / I\/I_essage intersection calculates
Update Update Update Time in time since

Autonomy Control —| new route
Messages Messages Messages last update

Central Control - .

Model Comm. Comm. Comm. Time when| Distance to| Comm.
simulation Simulation | simulation message intersection | simulation
of message of message of message queue is| at update| of message
queue gqueue queue read time<V t | queue

Would robot
Robqt Robot route| Robot route reach . Flag set
location : . Update intersection
SeNSOrs solutions /| solutions / Message in time since when robot

Mixed Mode Update Update . 9 calculates
Update Time last update

Autonomy  Control Messages Messages .| new route

) Messages Set flag if

with Model Updateg

— Robot Model - Ol.d
Comm. Comm. Comm. Time when| Distance to| Comm.
simulation Simulation | simulation message intersection | simulation
of message of message of message queue is| at update| of message
queue gqueue queue read time<V t | queue

Mixed Mode | Robot Robot or| Robot or Would robot| Flag set

: Update
Autonomy  Control| location central route| central route reach when robot
) . . Message . .
with Model Updateg sensors solutions /| solutions / Time intersection | calculates
— Central Control Update Update Update in time since| new route
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Model Messages Messages Messages last update
Set flag if
old
Comm. Comm. Comm. Time when| Distance to| Comm.
simulation Simulation | simulation message intersection | simulation
of message of message of message queue is| at update| of message
queue gqueue queue read time <V t | queue

Route Planning

Route planning is the selection of a path to naeigfae robot from its current position to its final
destination in the environment. The goal of eamliter planning is to maximize the effective
usage rate of the MRS. In other words, the robltaild spend as much of their time as possible
working to finish a task (travel to a destinatiovi}hout doing work that does not help finish the
task. Each of the route planners are based onsttajk Shortest Path Algorithsg. A
standard implementation of Dijkstra from David @leiwas used as the basis of the algorithm
used for the simulation®$§]. This implementation of Dijkstra was used tovsolor the shortest
path(s) between all nodes in the environment ganothe start of the simulations. The robots
using distributed control without communication diglis solution to directly select a path to
their destination. The other controllers make sijients to the Dijkstra’s solution to account
for potential congestion when selecting a pathe fduting algorithm is the same for all of the
controllers with communication — the differencenighe way the controllers get the information
for the world models. The algorithm starts witlke fijkstra’s solution for the environment. The
controller identifies all of the possible paths th@bot could take h steps from its next
intersection (the intersection the robot is trawglto). The base cost of these paths is the
Dikstra’s shortest distance from the end of thépdthe path cost is the base cost plus h plus the
penalties for potential delays due to other rolmsighe path. The penalty is the delay time (or
equivalent distance traveled) for the pauses tmatrébot might have to make to maintain the
separation distance weighted by the likelihood thay delay will occur. The router thus favors
paths that have fewer robots on them and remairt.skor the controllers in this work the two-
step paths were considered. The potential corayesias found by identifying all the robots that
could be on the two-step path during the time theter would be executed using the world model
(the robot’'s model for distributed control or mixedode autonomy, the central model for
centralized control). If the two-step path is twe shortest path for a robot that may cause a
pause, the penalty is given full weight. If theotatep path is not on the shortest path for a robot
they may cause a pause, the penalty is given hatihkz The weight is not zero because the
robot could still end up on that path as part®biivn congestion avoidance.

Route Execution and Collision Avoidance

Route execution and collision avoidance is the pathe controller that carries out the planned
route while keeping the robots a safe distance dvaay other robots. This part of the controller
functions in the same way for all of the multi-rolmontrollers. The robots each calculate their
own heading and velocity based on the next intimeon their path. The simulator handles
this as a x and vy since the robots are constrained to the roadshnéuie parallel to the x or y
axes. If the collision avoidance sensor returmalae less than the separation distance (the robot
ahead on the road segment is too close or the rsertaoned a false positive)x and vy are set

to zero to pause the robot to allow the other rdboget far enough away so the robots can
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maintain a safe separation distance. Thkeand y values are the changes in location in the
motion update loop.

Communication Management

Communication management is the selection of wmwssages to send over the wireless
network and how frequently to send them. The ngessare used to update the world models
that are used to do route planning. The variougroblers use three different kinds of messages
— robot status updates, central controller commaads world model updates. Table 4.3
summarizes the messages and update rates forfférewli controllers.

Table 4-3. Controller Messages and Update Rates

Update Rate
Robot/Centralized (per  nominal
Controller Message :
Controller segment  time
per robot)
Distributed Control with
None

No Communication

Status update — location, commaJnﬁl_

Centralized Control Robot - . . . 0

receive time, next intersection

Centralized Control Central Comman_d . robot, - next Vertex’1+retransmissions

retransmit, time stamp

Distributed Control with Status update — location, destinati()ri

o Robot . X 0

Communication next intersection
3+ (frequency
increases based adn

Mixed Mode Autonomy Status update — location, commandumber of

Robot o . . . .

Control receive time, next intersection neighboring robots
distance to central
controller)

Mixed Mode Autonomy Command - robot, next vertek,

Central L '‘As needed

Control retransmit, time stamp
3+ (frequency
increases based agn

Mixed Mode Autonomy Statl_Js u_pdate - !ocatlon,_ commalndu_mber _ of

; receive time, next intersection neighboring robots

Control with Model| Robot di |

Undates istance to centra

P controller)

Model update — source ID, robot infodOn request when
ID, location, destination, next vertex info available

Command - robot, next vertex,

L As needed
retransmit, time stamp
Model update — source ID, robot infdOn request whe
ID, location, destination, next vertex info available T

Mixed Mode Autonomy
Control  with Model| Central
Updates

The messages are loaded into a simulation messages qith a transmit send order number.
The transmit send order number is a uniform randamber between zero and one. Command
message send order numbers are between zero andl@gsages are sent in ascending order.
This simulates a wireless protocol arbitration sebdo select packet order. Command messages
are given generally higher priority, but are noagnteed to be transmitted first.
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4.7 Evaluation of Controllers

Monte Carlo simulations are used to assess thempeahce of each of the multi-robot control
architectures.  Simulations are run for a variety emvironments and cases within the
environments to determine the efficiency of thetoaler and the communication. Multiple
trials are run for each environment and case duleet@tatistical nature of some of the properties
in the model (especially initial conditions and commication).

Simulation Data
For each iteration of the simulations, data wagdaolgabout the performance of the MRS and the
communication use. This data was used to evah@tewell the controller performed across the

range of parameters. The data logged is listadbile 4-4.

Table 4-4. Simulation Data Logged

Per robot/ L
Data Class Data Per MRS Description
Distance traveled Robot Total motion by each robot
Intervals paused Robot Times the robot did not move for
any reason
Robot Usage Times the robot did not move
Intervals paused - Nog : .
icati obot because it was waiting on |a
communication command
Number of tasks (trips) completed
Tasks completed Robot by a robot
. List of the destinations the robpt
Task Task list Robot travel to
Task distances Robot Ideal distance for the task
. . Actual time required for the tasks
Task completion times Robot to be completed for each robot
Number of times each robot|s
- collision avoidance sensor detected
L False Positives Robot an object inside the separatipn
Collision . ;
. distance in error
Avoidance

Number of times each robot caused
Near Misses Robot a near collision due to failure of
the sensor to detect another robot

Number of messages each robot
Messages Sent Robot and the centralized controller
transmits over the wireless netwark

Robot & | Number of messages sent that

Communication Messages Failed

MRS failed to be received
. Messages in the queue that neyer
Missed Messages MRS get sent
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Metrics

A set of metrics was calculated from the data logige each set of the simulations. The metrics
were divided into two classes — system efficienag aommunication. The system efficiency
metrics are used to evaluate the effectivenessiefcontrollers at completing the MRS tasks.
The communication metrics are used to evaluatedia¢ive cost of the controllers. The primary
metrics are described in Table 4-5. The secondwatyics are used to explain why the system
performed the way it did and are summarized in &4db6.

Table 4-5. Performance Metrics

Metric Class Metric Description
Usage rate is the percent of the
time the robots are working to
Average robot usage rate complete the task instead pf
System Efficiency handling congestion or sensor
errors
L | Variability of the robot usage rate
Standard deviation of robot usage rate across the MRS
Total number of messages
Messages sent - Robot transmitted by each robot
. otal number of commands sent py
Messages sent — Centralized Controlle he centralized controller
Total number of messages sent|by
Messages failed - Robot the robot that failed to reach the
intended target
Average fraction of the robots that
. did not receive peer-to-peer
Messages failed percentage - Robot updates (distributed and mixéd
mode autonomy only)
Messages  failed — Centralizeﬁ}Otall number of commands sent by
Controller e centralized _controller that
failed to reach the intended robot
Communication . - Bits of content contained in all the
Total information sent messages transmitted
Total information received Bits of content received by MRS
. I Variability across iterations of the
Information sent standard deviation simulation for information sent
. Total bits of the communication
Total bandwidth usage channel used to send the messages
Variability of the bandwidth used
Bandwidth usage standard deviation | across the iterations of the
simulation
. Fraction of the communication
Percent bandwidth usage channel used to send the messages
Messages that failed to be sent
Missed messages during the control interval they
were generated
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Table 4-6. Secondary Metrics

Metric Class

Metric

Description

Robot
rates

inactivity

Robot total inactivity rate

Inverse of robot usage rate,
of the other inactivity rates su
to this number

Inactive — sensor false positive

Fraction of the time the robot
not moving

Inactive — pause to handle congestion

Fraction of the time the robot
waiting for a robot to get out @
the separation distance

Inactive — Effective pause due to long
route to avoid congestion

Fraction of time added to tas
jdyy taking longer routes to avo
congested areas of
environment

Fraction of the time the robot

Task descriptions

M

S

S

—n

KS
d
ne

S

Inactive — pause due to wait fpnot moving because it has not
command received a command (centralize
control only)
Average number of road
Average task length segments per task (nominally
should be constant across

simulations)

Standard deviation of the task length

tasks

Average number of tasks completed

Average number of tasks (trif
to a destination) per robot

Variability of the length of the

DS

Standard deviation of the number
task completed

Variability in the number o
dbsks completed by each rok
(essentially how equally was tk

f
ot
e

work load shared)
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Chapter 5 — Simulation Results and Discussion

Chapter three presented the control architectuoesthis work. Chapter four detailed the
implementation of the controller for simulation.hi chapter presents the results of the Monte
Carlo simulations of the multi-robot controllersdaa comparison of the performance of the
controllers. The presentation of results is foduse the three scenarios that best represent the
three example applications.

5.1 Simulation Parameters and Analysis

The simulations were run for a number of combinaiof parameters that represent a wide
range of potential applications. These simulatiomere used to evaluate the relative
performance of the coordination approaches as uihabar of robots in the MRS got larger and
to identify the sensitivity of the MRS performartoethe parameters.

The simulation parameters are used to approxinhatentany applications where dynamic multi-

robot autonomous routing could be used. The pasmmevere environment bottleneck width,

environment connection pattern, communication ramgenmunication overhead, and the task
coupling. The simulation were run for the tradib control approaches — distributed control
without communication, distributed control with comanication, and centralized control and the
two methods developed as part of this work — mixedle autonomy and mixed mode autonomy
with model updates.

Bottleneck Width

The bottleneck is a narrow section of the task remvnent. It limits the number of possible
paths between the two task centers. The reduatiggossible paths between the task centers
leads to more congestion. This would be an enwment that could be divided into two parts
with only a small number of roads connected the hatves. In the applications, an example
would be the haul road connecting a mine pit tordst of the open pit mine. The simulation
environments either have a bottleneck width of fmuare open (no restriction).

Connection Pattern

The connection pattern is the how the road sectionsiect the nodes (potential destinations for
dynamic autonomous multi-robot routing). There tree patterns —1 X 1, 1 X 2, and 1 X 4.
The higher the second number in the pattern, thee mparsely connected the nodes. More
sparsely connected nodes raise the average tiaffil on each road which increases the
opportunities for congestion. In real applicatioas]l X 1 pattern would be like urban driving
(lots of cross streets/parallel routes to reachstrae destination) and a 1 X 4 pattern would be
like rural or suburban driving (long sections ofintarrupted roads, many destinations with a
single way in or out).
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Communication Range

The communication range is the distance the wisetegnal can be reliably transmitted. All
messages are sent directly (no repeaters) so shihe range that a robot can share its
information. In a short range system, informatisrmost effectively shared with immediate
neighbors. A long range system allows most of thbots to receive any information
transmitted. Communication range is defined asdib&ance from the transmitter at which the
Packet Error Rate (PER) increases to 10% (90% pmskecessfully received). The ranges for
simulation are a radius of 15 (short range) orldbg range) road segment lengths.

Communication Overhead

The communication overhead is the bits added tachei other than the data required for control
of the MRS. This can be two kinds of informatiorihe communication protocol information
(origin address, destinations address, packethemrgtor checking, etc.) or information that is
not part of the coordination, but may be usefuh@ MRS (robot fuel levels, maintenance status,
etc.). A low value allows more coordination inf@ation to be shared with the available
bandwidth. The overhead values are 48 or 24(pbkitsnessage.

Task Coupling

Task coupling is the standard deviations of théribistion of the dynamic multi-robot routing
destinations about the two task centers in therenment. Task coupling describes how close
the destinations are to each other. The closerdé#stinations the more likely there will be
congestion near the task centers. A value ofityfiepresents a uniform distribution — all of the
intersections have an equal probability of beirdgatination for a robot. The lower the number
the more closely grouped the destinations will bae task coupling pairs (one value for each of
the two task centers) used for simulation were, -5, -2.5, 5-5, 5-2.5, and 2.5-2.5. The
units for task coupling are the radius in the nundieoad segments.

Controllers

The first three controllers simulated represent m@st common approaches to multi-robot
coordination. Distributed control without commuation is a stigmergic controller. It was used
as the baseline for performance of all of the ail@rs during the development and
implementation. All of the controllers should merh better with the additional information
provided by communication. If they did not it wassign that the controller needed to be
reworked. Centralized control treats the robds Histributed sensors and actuators — all of the
decision making for coordination is handled byrage controller in the system. As long as the
communication is reliable and there is sufficieah@width the centralized control performance
should be high. Distributed control with communica allows each robot to make its own
decisions about coordination with the rest of thR34 It is more robust to communication
failure, but can be less predictable.

The mixed mode autonomy controllers were develdpel@verage the strengths of centralized
and distributed control with communication and tale well as the number of robots in the
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MRS grew large. Mixed mode autonomy is a distelducontroller with centralized controller
oversight of the MRS. Each robot makes coordimatecisions based on information shared
with its peers. This means that the system dodsfaib with a communication failure
(performance may be lowered however). A centrdligentroller monitors the coordination in
the MRS and can override the individual robot deais if a better solution exists. This provides
the predictability and higher performance of cdigeal control. The improved scaling comes
from the sharing information at a variable rateréduce the bandwidth requirements. Mixed
mode autonomy with model updates adds an additkindl of message to the system — a world
model update for other robots in the MRS. Thesssages are sent to improve quality of the
information the robots or centralized controllevé&an their world models when they are not
getting the information directly. This is espelyialaluable is situations where robots have an
obstructed line-of-sight or are far from the cehnt@ntroller. For the simulations in this work,
there were no obstructions so a robot’'s commuminatailures were mostly due to distance.
This meant that most of the additional messagds miked mode autonomy with model updates
were sent to the centralized controller to updEteniodel of robots far its access point.

Analysis Methods

The two classes of metrics used to assess the MiRBrmance were system efficiency and
communication. The metrics were explained in d@taChapter 4. The controller goals were to
achieve a high effective robot usage rate and sweleas the number of robots in the MRS got
large. Effective robot usage rate is the percdnthe time the robots in the system are
contributing to task completion and is a measuréhefsystem efficiency. The effective robot
usage rate can be compared directly between eatheofontrollers for a set of simulation
parameters. A controller is scales well if theeefive robot usage rate decreases slowly as the
number of robots increase and the bandwidth usagains under the available limit.

Two levels of comparison of data sets were usedheMdata is observed informally to be
different, the difference is suggested by the da#hen the difference is statistically significant
the difference is shown. Twenty iterations (or @)owere used for each of the standard
parameter combinations. For most of the data #ets was enough to clearly show the
differences. For some of the non-standard paramatel control implementations that were run
with fewer iterations, the differences are suggedveit there are not enough data points to show
the statistical significance of the difference. e$t non-standard sets are discussed as part of the
future work section in Chapter 6.

The mixed mode autonomy with model updates resuksnot displayed on the plots for the
majority of the simulations because the differeremesso small compared to the standard mixed
mode autonomy control. The simulation conditiorsrtbt sufficiently stress communication to
see the benefit of the model updates. Sectiom5tfiis chapter discusses the results of the two
levels of mixed mode autonomy in more detail.

5.2 Motivation for Mixed Mode Autonomy

The initial simulations of the more traditional ¢en approaches demonstrated the utility of a
control architecture like mixed mode autonomy. TEfiective robot usage rate for centralized
control drops off sharply once the bandwidth limare reached. This is due to the latency in
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transmission of messages, especially the contrebages. Figure 5-1 shows the effective robot
usage rate for centralized control for the high wd overhead values. The blue points are low
overhead communication and the green are high eadrcommunication. This plot is for the
non-bottlenecked environment with the 1 X 4 grichrwection pattern. The MRS reaches the 1
Mbps bandwidth limit around 400 robots in the higherhead case. The saturation of the
wireless network clearly causes degradation in MRS performance. At 500 robots, this
difference in effective robot usage rate does petrslarge; however, a 1% difference amounts
to an effective decrease of 5 robots. In enviramsievith a bottleneck, the effective robot usage
rates are much lower and the differences are exatgge

Figure 5-1. Effective Robot Usage Rate for CertealiControl with High and Low Overhead

The distributed controller with communication secadelittle better with respect to the bandwidth
limits, but still reaches the limit near 500 robatsthe high overhead case. The performance,
however, is significantly lower than the centratizeontroller. A comparison of the effective
robot usage rates for distributed control with cammation, distributed control without
communication, and centralized control is show iguFe 5-2. This plot is for a bottlenecked
environment with a 1 X 2 connection grid, a longhga signal with low overhead
communication, and coupled tasks. The red poirdsfar centralized control, blue are for
distributed with communication control, and grees for distributed control without
communication (the baseline case). As the numbjerobots increase, the performance
difference between centralized control and distedwontrol with communication grows. Both
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are better than distributed control without comneation. Based on the relative slopes of the
effective robot usage rate, these trends wouldimoatas robot group sizes got even larger.

Figure 5-2. Effective Robot Usage Rate for Certteal Control and Distributed Control with
Communication

To maintain or improve the performance of the MR&Stpthe current limits in group size,

significant reductions in the amount of informatidransmitted is required. Traditional

distributed control with communication does notuesl the bandwidth requirements enough to
allow the group size to increase much and resaltsloss in performance. Further reductions in
the bandwidth for distributed control with commuation (by updating robot status less
frequently) would allow more robots, but reduces pgerformance much more. Mixed mode
autonomy was designed to perform as well as oebdtian other controllers with bandwidth

requirements that are lower than even the disetbwaontrol with communication. The rest of
this chapter presents the results for three exarapfdications of the dynamic multi-robot

autonomous routing problem.

5.3 Example Applications

Many multi-robot applications can be representediyasgamic multi-robot autonomous routing
problems. The parameters presented in sectiodesdribe the application environments, tasks,
and communication settings. The simulations ofadyic multi-robot routing and the control
architectures were run for a wide range of the patars, but the data is presented for three
specific combinations that best represent threta@fmost likely applications. The applications
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are automation of open pit mines, container terlgjnand warehouses. Each of these
applications has the potential to require many hethdand possibly thousands) of robots or
autonomous systems per site. Table 5-1 lists énanpeter settings for each of the applications.
The applications are described in more detail dred dimulation results are presented in the
following sections.

Table 5-1. Simulation Parameter Settings for thaniple Applications

Open Pit Mine Container Terminal Warehouse
Bottlenecked or Open  Bottlenecked Bottlenecked Open
Grid connection 1 X 1 1X2 1X4
pattern
Task coupling 25-25 5-25 -2.5
Communication range Long Long Short
Communication High Low Low
overhead

5.4 Open Pit Mine
Application

Open pit mines are commonly used to extract masesiach as coal, diamonds, granite, marble,
or metal ores (copper, iron, nickel, gold, etcThe concentration of the metals can range from a
few tenths of a percent to 1 or 2 ppm for gold.lafge hole is dug in the ground to remove the
overburden (material covering the ore). This ouedken is moved to another spot on the mine
site for storage. The ore is then removed by trar#t transported over the haul road(s) to an
area to be crushed and loaded for transportati@mather site to process the ore to separate the
wanted material from the rest. Each site can ohelmany different kinds of machines such as
crushers, loaders, haul trucks, road maintenandecles, etc. The dynamic multi-robot
autonomous routing problem is for specifically ainating the haul trucks as they travel
between the pit and the crushers. An example g@iemine is show in Figure 5-3. This
particular mine site is to extract diamonds. Fegh#4 shows the functional layout of an open pit
mine. An example task for the dynamic multi-rolotonomous routing problem in the mine
site is highlighted in green.

For simulation, the dynamic multi-robot autonomauositing problem can be described as a
loosely constrained (1 X 1 connection pattern) emrment with a bottleneck, with tightly
coupled tasks, a long range communication systewh,aahigh communication overhead. The
bottleneck in the environment is the haul road.isi® one connection between the pit and the
crusher/loading area. The 1 X 1 grid connectiottepa is used since the haul trucks can move
fairly freely through the mine pit and crushinglioay areas. For safety reasons the
communication system must cover the entire mireesitthe long range communication is used.
The messages would include information other thighthe data needed for routing, such as fuel
levels, engine status, etc. so the overhead ratégls The destinations (tasks) are tightly
grouped about the areas where material is loadddualmaded so the tightest coupling is used
for both tasks (2.5-2.5).
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Figure 5-3. Example Open Pit Mine Layo&4] (Alexander Stapanov. Wikipedia. [Online].
http://en.wikipedia.org/wiki/File:Udachnaya_pipe@PUsed under fair use guidelines,

2011)
Overburden
Storage
Mine Pit ‘
Haul Roa
i

Figure 5-4. Open Pit Mine Layout
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Simulation Results

The dynamic multi-robot autonomous routing probleras simulated for the open pit mine
parameters at least twenty times for each of theralbers. This section presents the metrics
derived from the data logged for each simulation.

The effective robot usage rate tracks how effidyetite MRS operates for the given parameters
for the environment, tasks, and communication. @&tfective robot usage rate for each of the
controllers for the open pit mine problem is showrFigure 5-5. Table 5-2 lists the rate of
decrease of the effective robot usage rate for @adhe controllers. The rate of decrease is
calculated by fitting the data for higher numberrobots to a line. For the open pit mine
problem, the effective robot usage rate is cleligpher for mixed mode autonomy than the other
controllers for all numbers of robots over 100. eTiate of decrease is also lower for mixed
mode autonomy. This lower rate of decrease meaaisthe difference in performance will
continue to grow larger as the number of robotshm MRS increases. Centralized control
performs poorly in these conditions — with some hars of robots it is equivalent to distributed
control without communication, the baseline for fpgnance. The high communication
overhead and the latency of messages it causée iparameter most responsible for the low
effective usage rate since the robots will waitdommand messages. Distributed control with
communication is generally better than centralizedtrol for the open pit mine, but does not
perform as well as mixed mode autonomy.

Figure 5-5. Effective Robot Usage Rates for Eachtf@ller for the Open Pit Mine Problem
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Table 5-2. Rate of Decrease of Effective Robot ddagte for the Open Pit Mine Problem

Controller Rate of Decrease of Effective Robot Usag
Rate (% / additional robot)

Distributed Control without Communication 0.0146

Distributed Control with Communication 0.0135
Centralized Control 0.0179
Mixed Mode Autonomy 0.0119

The standard deviation of the effective robot usage is a measure of how evenly the load is
spread across the robots in the MRS. A low vale@ams that all of the robots are completing
their tasks with similar levels of efficiency. Agh value means some robots are much more
efficient. If the variability is high, it will mag& performance more unpredictable since some
robots will contribute much less to completing #&t of tasks for the MRS. Figure 5-6 shows
the standard deviation of the effective robot usage for each controller for the open pit mine
problem. The variation increases with the numldeobots due to the increased complexity of
the problem. Centralized control is the most cstesit, as is expected since every routing
decision is made with fairly complete knowledgetlné system. Mixed mode autonomy is a
little more consistent than distributed controllwitommunication with a high number of robots.
This demonstrates part of the value of central fighat. Distributed control without
communication is the most variable due to the faetrobots do not share any information and
control is only handled by sensing.

Figure 5-6. Standard Deviation of the EffectivdbBbUsage Rates for Each Controller for the
Open Pit Mine Problem
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The other significant aspect of performance andlabday is the bandwidth usage
(communication costs). The available bandwidthalbof the simulations was 1 Mbps. Figure
5-7 shows the average bandwidth usage for eacheotdntrollers for the automated open pit
mine. Even with the highest effective robot usegfe, mixed mode autonomy has the lowest
bandwidth usage. Mixed mode autonomy could saal@ver 900 robots before the bandwidth
limits would be reached. Centralized control atistributed control with communication,
however, are already reaching their limit at oropef500 robots. Centralized control saturates
the wireless communication system at 400 robotshferopen pit mine. This means that not all
of the messages that the controllers intend to sandbe transmitted. Distributed control with
communication reaches the 1 Mbps limit a littledsef 500 robots. This, however, has less
impact on performance than with centralized controlfhe robots are required to receive
command messages before they enter an intersetich means that unsent commands lead to
idled robots. Unsent status updates slowly degthdequality of the information used for
routing. This means that the performance drop balimore gradual for distributed control with
communication or mixed mode autonomy that are epeddent on the centralized controller.

Figure 5-7. Bandwidth Usage for Each of the Cdlre for the Open Pit Mine

Reaching the bandwidth limit at over any communmacainterval causes messages to not be sent
during that interval. The command messages tleatmassed are still sent, but at a later time.
This is the source of latency in any of the comérsl Robot status updates that are not sent are
replaced with newer update messages since it dignake sense to send information that is not
current. Figure 5-8 shows the missed messagesafdr controller. Each missed message is an
instance of a command sent late or a status upldatevas not sent. None of the controllers
experience missed messages before 400 robots.
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Figure 5-8. Missed Messages for Each of the Cheatsofor the Open Pit Mine

The bandwidth is used by the robots to send stapdate messages and the centralized
controller to send command messages. Figure B@sihe number of messages sent by the
robots for each of the controllers for the autordab@en pit mine. Figure 5-10 shows the
number of messages sent by the centralized comtifoll each of the controllers. The number of
update messages sent per robot with centralizedrotoand distributed control with
communication are constant until the bandwidth tétion is reached. Mixed mode autonomy
gradually increases to a fairly steady rate stgréiround 100 robots. The update message rate is
a function of the number of robots in the vicinitiythe robot and how far the robot is from the
central controller. Distributed control with commecation does not have any command
messages from the central controller. The comnraedsages are a small part of the total
bandwidth use for mixed mode autonomy. The totahlmer of command messages set by
centralized control does not drop as the numbeolwdts increase since all of the messages must
be sent. The number of messages actually increa#ée at 500 robots since commands start to
make up a larger percentage of the total messadeshweads to a higher number of
retransmitted commands due to communication falure
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Figure 5-9. Messages Sent per Robot for Eacheo€Ctimtrollers for the Open Pit Mine

Figure 5-10. Messages Sent by the CentralizedrGltertfor Each of the Controllers for the
Open Pit Mine
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The remainder of this section examines the seitgitof the performance to the parameters
selected to represent the open pit mine problerhis & to show how likely the appropriate
controller for the open pit mine problem might charas a parameter changes. The parameters
examined are task coupling, communication, andrenment settings.

The task coupling is how tightly grouped the tagks to one point in the environment. The
assumption for the open pit mine was that the taske tightly coupled at both the mine pit and
the crusher/loading area (2.5-2.5 task coupling)jfferent methods of mine operation could
impact this assumption. For example a site cauttude many sites where trucks could pick up
material, which would lead to a more uniform taslugling on the pit side. Figure 5-11a-c
shows the sensitivity of the MRS performance totési& coupling for the different controllers.

All of the controllers show that the more tightlgupled the tasks the lower the effective robot
usage rate. The case used for the open pit mite imost tightly coupled (yellow plot, lowest
curve). In all cases mixed mode autonomy contraintains a higher effective robot usage rate
than the other controllers. The rate of declinéh@snumber of robots increase is still lower for
all task coupling values for mixed mode autonomyvadl. The differences in effective robot
usage rate are fairly consistent across each ofatues for task coupling.

Figure 5-11a. Effective Robot Usage Rates forribigted Control with Communication for the
Open Pit Mine Problem with Varying Task Coupling
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Figure 5-11b. Effective Robot Usage Rates for @dimed Control for the Open Pit Mine
Problem with Varying Task Coupling

Figure 5-11c. Effective Robot Usage Rates for Mik&ode Autonomy for the Open Pit Mine
Problem with Varying Task Coupling
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Communication settings are a function of the wssl@rotocol used for the communication
system and some assumptions about the communicaeguirements other than to solve the
dynamic multi-robot autonomous routing problem.r e open pit mine, the assumption is that
there will be high overhead to account for updateelated to routing. These updates might
include things like fuel level, engine health, raadface conditions, etc. The other assumption
is that a wireless communication should cover th#iree environment (long range
communication). Figure 5-12a-c shows the sengttiaf the MRS performance to the
communication settings (range and overhead) fodiffierent controllers.

The communication settings do not have much eféectthe effective robot usage rate for
decentralized control with communication or mixedda autonomy for the open pit mine
problem. Centralized control was only used withgaange communication — when robots
traveled to tasks far from the central controllee high packet error rate led to long delays
before commands or updates could be received. [€dido effective robot usage rates that
dropped below 50% which is well below what wouldfbasible in most any application. The
increased overhead drops the effective robot usstgewith centralized control at all numbers of
robots. The difference grows with the number diots. Centralized control with low overhead
performs almost as well as mixed mode autonomyduBiag the latency which reduces the idle
time for the robots by allowing the command messagebe sent during the interval they are
generated and proving more time to retransmitdatiemmand messages.

Figure 5-12a. Effective Robot Usage Rates forribigted Control with Communication for the
Open Pit Mine Problem with Varying Communicatiorittgs
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Figure 5-12b. Effective Robot Usage Rates for @dimed Control for the Open Pit Mine
Problem with Varying Communication Settings

Figure 5-12c. Effective Robot Usage Rates for Mik&ode Autonomy for the Open Pit Mine
Problem with Varying Communication Settings
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The environment parameters are shaped by the aoniston the robot travel in the dynamic

multi-robot autonomous routing problem. The twmstoaints are the scarcity of the road

connections (grid connection pattern) and the preser absence of a restriction between the
two task centers (bottleneck). The open pit mingblem assumes that the robots can travel
freely within the pit and crusher/loading areas{(1 connection pattern) and that the haul road
is a bottleneck. Figure 5-13 shows the sensitioitghe MRS performance to the environment
parameters (bottleneck width and grid connectidtepd for the different controllers.

For all the controllers, the presence or absendbeobottleneck has the most impact to reduce
the effective robot usage rate for the open pitenproblem. Reducing the connectivity of the
environments also reduces the effective robot usages. The base case (1 X 1 with a
bottleneck) is in blue and is nearly the same aslttX 4 without a bottleneck case (yellow).
Mixed mode autonomy has the highest effective raisaige rate for all cases except for the 1 X
4 connection pattern with a bottleneck (distributedtrol with communication is better) which
was by far the toughest environment for dynamictiarabot autonomous routing. The rate of
decline of the effective robot usage rate is lofeerall but that one case. This was a function of
penalties assigned in the router for potential estign on the possible paths. When the
penalties were turned down a little the differebeéveen controllers reversed for the 1 X 4 with
bottleneck case. It however, only modestly imptbibe performance of the mixed mode
autonomy for this case at a significant expensaltof the other cases.

Figure 5-13a. Effective Robot Usage Rates forribisted Control with Communication for the
Open Pit Mine Problem with Varying Environmental&taeters
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Figure 5-13b. Effective Robot Usage Rates for @dimed Control for the Open Pit Mine
Problem with Varying Environmental Parameters

Figure 5-13c. Effective Robot Usage Rates for Mik&ode Autonomy for the Open Pit Mine
Problem with Varying Environmental Parameters
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5.5 Container Terminal
Application

Container terminals are where boats, trains, ongdaare loaded and unloaded with cargo
containers. A cargo container is a standard sstedl box 8 X 8’ by 20 or larger used to
transport goods. Most non-bulk cargo transporteddwide is moved in containers. Container
terminals include a storage yard where the contaiage kept between when they are unloaded
and loaded. An example of a container terminahiswn in Figure 5-14. The typical functional
layout of a container terminal is shown in Figur&® The dynamic multi-robot autonomous
routing problem is to transport a container from lkbading berths to the container yard

For simulation the dynamic multi-robot autonomouwasiting problem can be described as a
moderately constrained (1 X 2 connection pattermjirenment with a bottleneck, with tightly
and moderately coupled tasks, a long range commatioirc system, and a low communication
overhead. The bottleneck in the environment isitiberchange area. This is one connection
between the loading berths and the container ydige 1 X 2 grid connection pattern is used
since the robots can move through the containet gad loading berths with some restrictions.
For safety reasons the communication system musdrdbe entire terminal site so the long
range communication is used. The messages woypditnarily focused on the dynamic multi-
robot autonomous routing problem so the overheé&al immlow. The destinations (tasks) are
tightly grouped about the loading berths since mapts would be used to unload one ship or
train and moderately grouped about the containet gmce there is likely to be more variability
in where the open space is to store a container.thiese reasons, the container terminal uses 5-
2.5 task coupling.

Figure 5-14. Example of a Container Termirid] [(Missy Schmidt. Wikipedia. [Online].
http://en.wikipedia.org/wiki/File:Norfolk Internathal_Terminal.jpgUsed under fair use
guidelines, 2011.)
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Figure 5-15. Container Terminal Layout
Simulation Results

The dynamic multi-robot autonomous routing problemss simulated for automated container
terminal parameters at least twenty times for ezciine controllers. This section presents the
metrics derived from the data logged for each satnorh.

The effective robot usage rate estimates the effay of the MRS for each of the controllers for
the automated container terminal problem and isveha Figure 5-16. Table 5-3 lists the rate of
decrease of the effective robot usage rate for eatife controllers.

For the automated container terminal problem, ffeceve robot usage rate is highest for mixed
mode autonomy and centralized control. For moshber of robots the effective robot usage
rate for mixed mode autonomy is slightly higher,t lbis difference is not statistically
significant. Both are clearly better than disttdxi control with communication. The use of
communication has a larger impact in this case thigmthe open pit mine. Distributed control
without communication drops to 80% effective robeage at 500 robots, a difference of almost
12% from the next poorest performing controllerheTdifference with the open pit mine was
only 3.5% to the best performing controller.

The rate of decrease is lowest for centralizedroband mixed mode autonomy. This lower rate
of decrease means that the difference in performaiit continue to grow larger as the number
of robots in the MRS increases. The rate of desereeould get sharper for centralized control
when the bandwidth for the communication systemsagurated at around 1100 robots.
Distributed control with communication has a fagtate of decrease in effective robot usage
rate. Distributed control without communicatiorealdy performs poorly compared to any of the
other controllers and that difference will only getrse as the MRS gets larger. The simulation
results suggest that distributed control withoutmownication will reach the point of
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diminishing return as soon as 600 robots (in otlwerds more robots would not add any
additional tasks completed by the MRS).

Figure 5-16. Effective Robot Usage Rates for Eachtroller for the Container Terminal
Problem

Table 5-3. Rate of Decrease of Effective Robot ddRgte for the Automated Container
Terminal Problem

Controller Rate of Decrease of Effective Robot Usayg
Rate (% / additional robot)

Distributed Control without Communication 0.1116

Distributed Control with Communication 0.0216

Centralized Control 0.0173

Mixed Mode Autonomy 0.0189

The standard deviation of the effective robot usage is a measure of how evenly the load is
spread across the robots in the MRS. Figure Bhbws the standard deviation of the effective
robot usage rate for each controller for the autechaontainer terminal problem.

Centralized control has the most consistent effectobot usage rate with higher number of

robots when the variability starts to increasedtrof the controllers. Mixed mode autonomy
lags behind centralized control, but is better thistributed control with communication starting
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at 300 robots. As would be expected based onaWweeffective robot usage rate, distributed
control without communication has a much higheralality in performance.

Figure 5-17. Standard Deviation of the Effectiv@bBt Usage Rates for Each Controller for the
Container Terminal Problem

Bandwidth usage is the other significant aspecp@fformance and scalability for dynamic
multi-robot autonomous routing. It, however, ig ag big a factor for the automated container
terminal problem since none of the controllers hetie available bandwidth limit of 1 Mbps.
Figure 5-18 shows the average bandwidth usagedch ef the controllers for the automated
container terminal problem. Centralized contras flae highest bandwidth usage followed by
distributed control with communication. Mixed moaeonomy has the lowest bandwidth usage
of the controllers with communication. If the bandth trends were carried out centralized
control could scale to 1100 robots, distributedtedrnwith communication to 1400 robots, and
mixed mode autonomy to 2700 robots before the battdiimits were reached. It is likely that
the MRS would reach a point where the system waoldbe able to accommodate the number
of robots while maintaining the separation distafureall them before it reached the upper limit
for mixed mode autonomy. An analysis of the enwmnent suggests that for typical combination
of tasks as many as 6 robots would have to be om e@d segment — the upper limit with the
separation distance is 5.
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Figure 5-18. Bandwidth Usage for Each of the Gallgrs for the Container Terminal

The bandwidth is used by the robots to send stapdate messages and the centralized
controller to send command messages. Figure :xd@sthe number of messages sent by the
robots for each of the controllers for the automdatentainer terminal. Figure 5-20 shows the
number of messages sent by the centralized castifoll each of the controllers.

The number of update messages sent per robot eittratized control and distributed control
with communication are constant since the bandwidtitations are never exceeded. Mixed
mode autonomy gradually increases to a fairly steade starting around 200 robots. The
update message rate is a function of the numbexbaits in the vicinity of the robot and how far
the robot is from the central controller. Distrid control with communication does not have
any command messages from the central controllae command messages are a small part of
the total bandwidth use for mixed mode autonomy, gignificant contributor to the higher
effective robot usage rates. The total numberoofirmand messages set by centralized control
drops as the number of robots increases sinceftbetiee robot usage drops with increasing
number of robots. This is due to the fact thatrtfteots complete few tasks and thus enter fewer
intersections where they would need commands wineeffective robot usage rate is lower.
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Figure 5-19. Messages Sent per Robot for Eacheo€bntrollers for the Container Terminal

Figure 5-20. Messages Sent by the CentralizedrGltertfor Each of the Controllers for the
Container Terminal
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The remainder of this section examines the seitgitof the performance to the parameters
selected to represent the automated containernalmroblem. This is to show how likely the
appropriate controller for the automated contataaninal problem might change as a parameter
changes. The parameters examined are task couptingnunication, and environment settings.

The task coupling is how tightly grouped the tagks to one point in the environment. The
assumption for the automated container terminal tivas the tasks were tightly coupled at the
loading berth and moderate coupled at containet {&42.5 task coupling). Different methods

of container terminal operation could impact theswamption. For example the containers could
be stored anywhere in the container yard, whichlevtead to a more uniform task coupling for

that half of the tasks. Figure 5-21a-c shows #resiivity of the MRS performance to the task
coupling for the different controllers.

All of the controllers show that the more tightlgupled the tasks the lower the effective robot
usage rate. The case used for the automated wcent@rminal is the second most tightly
coupled (magenta plot). The same performance drétd each of the tightly and moderately
grouped task coupling pairs across all of the athetts — mixed mode autonomy and centralized
control perform the best — roughly 1 % better thigtributed control with communication for
higher number of robots. However, when one oftédsés is uniformly distributed mixed mode
autonomy is has a higher effective robot usagethate centralized control. These same trends
also hold for the rate of decline of the effectiebot usage rate.

Figure 5-21a. Effective Robot Usage Rates forribigted Control with Communication for the
Container Terminal Problem with Varying Task Coungli
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Figure 5-21b. Effective Robot Usage Rates for dimed Control for the Container Terminal
Problem with Varying Task Coupling

Figure 5-21c. Effective Robot Usage Rates for Mikode Autonomy for the Container
Terminal Problem with Varying Task Coupling
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The communication settings are a function of theel@ss protocol used for the communication
system and some assumptions about the communicaeguirements other than to solve the
dynamic multi-robot autonomous routing problem. r Bee automated container terminal, the
assumption is that the messages will be almosteintabout routing (low overhead). The other
assumption is that a wireless communication shgolkr the entire environment (long range
communication). Figure 5-22a-c shows the sengitiaf the MRS performance to the

communication settings (range and overhead) for difilerent controllers. The automated

container terminal parameters (low overhead, |lamgye) are the blue plot on the graphs.

The communication settings do not have much eféectthe effective robot usage rate for
decentralized control with communication or mixedda autonomy for the automated container
terminal problem. For mixed mode autonomy, thess & small improvement for the low

overhead, long range case. Centralized controliclwhvas only used with long range

communication, had lower effective robot usage sratgth the high overhead case. The
difference grows with the number of robots. Unlikethe nominal case for the automated
container terminal, centralized control with highethead performs more poorly than mixed
mode autonomy. The others trends for the nomiredecare consistent for the other
communication setting and controllers.

Figure 5-22a. Effective Robot Usage Rates forribigsted Control with Communication for the
Container Terminal Problem with Varying CommunioatSettings
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Figure 5-22b. Effective Robot Usage Rates for @adimed Control for the Container Terminal
Problem with Varying Communication Settings

Figure 5-22c. Effective Robot Usage Rates for Mik&ode Autonomy for the Container
Terminal Problem with Varying Communication Setsng
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The environment parameters are shaped by the aontstion the robot travel for the dynamic

multi-robot autonomous routing problem. The auttadacontainer terminal problem assumes
that the robots can move somewhat freely in enwiremt (1 X 2 connection pattern) and that the
interchange area is a bottleneck. The storage igaailganized in rows which restricts travel

some in one direction which is why the 1 X 2 paites used. Figure 5-23a-c shows the
sensitivity of the MRS performance to the environmparameters (bottleneck width and grid

connection pattern) for the different controllefie base case (1 X 2 with a bottleneck) for the
automated container terminal is in red.

For all the controllers, the presence or absendbeobottleneck has the most impact to reduce
the effective robot usage rate for the open pitenproblem. Reducing the connectivity of the
environments also reduces the effective robot uszigs.

Mixed mode autonomy and centralized control perfeimilarly for most environments except
for the sparsest environments with or without atleoeck (1 X 4 connection pattern) when
mixed mode autonomy is better. For the sparseatament with a bottleneck, distributed
control with communication is the best. The otleentrollers outperform it for all other
environments.

Figure 5-23a. Effective Robot Usage Rates forribisted Control with Communication for the
Container Terminal Problem with Varying Environmedrfarameters

94



Figure 5-23b. Effective Robot Usage Rates for dimed Control for the Container Terminal
Problem with Varying Environmental Parameters

Figure 5-23c. Effective Robot Usage Rates for Mik&ode Autonomy for the Container
Terminal Problem with Varying Environmental Paraenst
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5.6 Automated Warehouse
Application

Automated warehouses use robots to pickup itenma ffte storage areas and bring them to a
packing station so they can be shipped. Items meedher taken from storage to the shipping
area to be packed for shipment or incoming itemedrte sorted and moved to storage in the
warehouse. An example warehouse is show in Figud. A layout for an automated
warehouse is shown in Figure 5-25. The dynamicimaibot autonomous routing problem is
the transport items between the shipping and gpdipea to the storage area or vice versa.

For simulation, the dynamic multi-robot autonomauositing problem can be described as a
highly constrained (1 X 4 connection pattern) emwinent without a bottleneck, with tightly and
uniformly coupled tasks, a short range communicatystem, and a low communication
overhead. There is no bottleneck since the rotetsmove freely from the shipping and sorting
area to the storage area. The 1 X 4 pattern @ sisee most warehouses are organized in long
rows with limited areas to cross between rows. Themunication system is primarily to
coordinate with nearby robots so short range conication is used. Since centralized control is
not used with short range communication, the loagge case was used as an additional
comparison for that controller. The messages wbelgrimarily focused on the dynamic multi-
robot autonomous routing problem so the overheé&al immlow. The destinations (tasks) are
tightly grouped about the shipping and sorting argace many robots could be used to pack a
shipment and uniformly grouped about the storageesitems could be stored anywhere with
that area. For these reasons, the container takoses (5000)-2.5 task coupling.

Figure 5-24. Example Warehou&$] (Green Logistics. (2011) Wikipedia. [Online].
http://en.wikipedia.org/wiki/File:Warehouse _md1d,jtsed under fair use guidelines,
2011.)
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Figure 5-25. Automated Warehouse Layout
Simulation Results

The dynamic multi-robot autonomous routing probkas simulated for automated warehouse
parameters at least twenty times for each of theralbers. This section presents the metrics
derived from the data logged for each simulation.

The effective robot usage rate estimates the effey of the MRS for each of the controllers for
the automated warehouse problem and is shown uréig-26. The effective robot usage rate
for the automated warehouse problem with long rasgyemunication is shown in Figure 5-27.
Table 5-4 lists the rate of decrease of the effeatbbot usage rate for each of the controllers.

For the automated warehouse problem, mixed modenanty clearly outperforms the
distributed controllers.  Distributed control witbommunication barely does better than
distributed control without communication. Withnp range communication, mixed mode
autonomy performs about the same as with shorterangimunication. Centralized control is a
little worse than mixed mode autonomy, but is lyettan distributed control.

The rate of decrease of effective robot usage isatewest for mixed mode autonomy. This
lower rate of decrease means that the differengeeiformance will continue to grow larger as
the number of robots in the MRS increases. The odt decrease would get sharper for
centralized control when the bandwidth for the camioation system is saturated at around
1100 robots. Although distributed control with aoemication performs similarly to distributed

control without communication, it will maintain nmeof its performance as the MRS gets larger.
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Figure 5-26. Effective Robot Usage Rates for Eachtroller for the Automated Warehouse
Problem

Figure 5-27. Effective Robot Usage Rates for Eachtf@ller for the Automated Warehouse
Problem with Long Range Communication
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Table 5-4. Rate of Decrease of Effective Robot lddagte for the Automated Warehouse

Problem

Controller

Rate of Decrease of Effective Robot Usag
Rate (% / additional robot)

Distributed Control without Communication 0.0088
Distributed Control with Communication 0.0076
Centralized Control 0.0079*
Mixed Mode Autonomy 0.0058

* for long range communication instead of shortgan

The standard deviation of the effective robot usage is a measure of how evenly the load is
spread across the robots in the MRS. Figure Sh2®/s the standard deviation of the effective

robot usage rate for each controller for the autechavarehouse problem.

Mixed mode autonomy has much lower variation ire&if’e robot usage rate for all numbers of

robots. As with their overall performance, distitiédd control with and without communication
are more variable and largely indistinguishablenfreach other.

Figure 5-28. Standard Deviation of the EffectivabBt Usage Rates for Each Controller for the

Warehouse Problem
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Bandwidth usage is the other significant aspegearsformance and scalability for the automated
warehouse. It is not as big a factor for the aatieth warehouse problem since none of the
controllers reach the available bandwidth limit ofMbps. Figure 5-29 shows the average
bandwidth usage for each of the controllers forahmated warehouse problem for short range
communication (distributed control with communiocatiand mixed mode autonomy). Figure 5-

30 shows the bandwidth usage for the long range ttzt includes centralized control. The

bandwidth usages for distributed control and mirsatle autonomy are basically identical for

the short and long range cases.

The bandwidth usage is largely the same as witlatibemated container terminal for each of the
controllers except mixed mode autonomy, which reguimore bandwidth for the automated
warehouse. Centralized control has the highesiei@ith usage followed by distributed control
with communication. Mixed mode autonomy has thedst bandwidth usage of the controllers
with communication. If the bandwidth trends weaeried out centralized control could scale to
1100 robots, distributed control with communicattonl400 robots, and mixed mode autonomy
to 2500 robots before the bandwidth limits werehed. It is likely that the MRS would reach a
point where the system would not be able to accodateo the number of robots while
maintaining the separation distance for all therioteeit reached the upper limit for mixed mode
autonomy. An analysis of the environment for thomate warehouse problem suggests that
for typical combination of tasks as many as 8 relwbuld have to be on each road segment —
the upper limit with the separation distance is Bae increase in number of robots over the
automated container terminal is due to the spasseniethe environment.

Figure 5-29. Bandwidth Usage for Each of the Gallgrs for the Automated Warehouse
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Figure 5-30. Bandwidth Usage for Each of the Galldrs for the Automated Warehouse with
Long Range Communication

The bandwidth is used by the robots to send stapdate messages and the centralized
controller to send command messages. Figure F8tvs the number of messages sent per
robot for each of the controllers for the automatedehouse. Figure 5-32 shows the number of
command messages sent by the centralized contfotleach controller.

The number of update messages sent per robot veitibdted control with communication is
constant since the bandwidth limitations are nex@eeded. The number of updates for mixed
mode autonomy gradually increases as the numbm®bots increases. The update message rate
is a function of the number of robots in the vitirf the robot and how far the robot is from the
central controller. Mixed mode autonomy uses magpeate messages with the automated
warehouse than the automated container terminalusecof the additional congestion caused by
the sparser environment.

Distributed control with communication does not éany command messages from the central
controller. The command messages are a smalbpd#ne total bandwidth use for mixed mode
autonomy, but a significant contributor to the agleffective robot usage rates. There is a high
variability in how many times each robot receivesoenmand with mixed mode autonomy. The
ranges for an individual iteration of 500 robote &om zero to 45 with an average of about five.
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Figure 5-31. Messages Sent per Robot for Eacheo€bntrollers for the Warehouse

Figure 5-32. Messages Sent by the CentralizedrGltertfor Each of the Controllers for the
Warehouse
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The rest of this section examines the sensitivitthe performance to the parameters selected to
represent the automated warehouse problem. Thi® ishow how likely the appropriate
controller for the automated warehouse problem tnajfange as a parameter changes. The
parameters examined are task coupling, communitaitd environment settings.

The task coupling is how tightly grouped the tagks to one point in the environment. The
assumption for the automated warehouse was thaashke were tightly coupled at the shipping
and sorting area and uniformly coupled at storagm §5000-2.5 task coupling). Different
methods of warehouse operation could impact tresraption. For example the most common
items could be stored nearer to the shipping amtihgoarea which would lead to a moderate
task coupling for that half of the tasks. Figur&3a-b shows the sensitivity of the MRS
performance to the task coupling for the differemtrollers.

All of the controllers show that the more tightlgupled the tasks the lower the effective robot
usage rate. The case used for the automated weel®the uniform and tightly coupled case
(red plot).

The same performance trends hold each of the tagiling pairs for both of the controllers —
mixed mode autonomy outperforms distributed conteath communication, especially for

higher numbers of robots. For the sparse envirommagth the automated warehouse, the
difference between tight and moderate couplingdioe of the two tasks was small for both
controllers.

Figure 5-33a. Effective Robot Usage Rates forribigted Control with Communication for the
Warehouse Problem with Varying Task Coupling
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Figure 5-33b. Effective Robot Usage Rates for Mik&ode Autonomy for the Warehouse
Problem with Varying Task Coupling

The communication settings are a function of theel@ss protocol used for the communication
system and some assumptions about the communicaenrements other than to solve the
dynamic multi-robot autonomous routing problem. r Rbe automated warehouse, the
assumption is that the messages will be almosteinabout routing (low overhead). The other
assumption is that a wireless communication coutdttion with a shorter range communication.
Figure 5-34a-b shows the sensitivity of the MRSfgenance to the communication settings
(range and overhead) for the different controllefihe automated warehouse parameters (low
overhead, short range) are the red plot on thehgrap

The communication settings do not have much eféectthe effective robot usage rate for
decentralized control with communication or mixedda autonomy for the automated
warehouse problem for most cases. For mixed matEnamy there was a drop in effective
robot usage rate for the high overhead, short raage that was consistent for all of the numbers
of robots. This suggests that increasing the paleketh for the messages for mixed mode
autonomy has a negative impact for this environmaedttask coupling.

104



Figure 5-34a. Effective Robot Usage Rates forribigsted Control with Communication for the
Warehouse Problem with Varying Communication Sg#in

Figure 5-34b. Effective Robot Usage Rates for Mik&ode Autonomy for the Warehouse
Problem with Varying Communication Settings
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The environment parameters are shaped by the aontstion the robot travel for the dynamic
multi-robot autonomous routing problem. The auttadavarehouse problem assumes that the
robot motion is restricted in one direction of &hin the environment (1 X 4 connection pattern)
and that there is no bottleneck. The storage igreeganized in long rows which restrict travel
some in one direction which is why the 1 X 4 pattés used. Figure 5-35a-b shows the
sensitivity of the MRS performance to the environinparameters (bottleneck width and grid
connection pattern) for the different controllefie base case (1 X 4 without a bottleneck) for
the automated container terminal is in yellow.

For both of the controllers, the environment hagimless effect on the effective robot usage rate
for the automated warehouse than with the otheretxammple applications. This is mostly due to
half of the tasks being uniformly coupled. Whenthbtasks are uniformly distributed the
environmental effects are even smaller. There gsaalual degradation in performance as the
environments add a bottleneck and get sparser.lolWes performance is most noticeable with 1
X 4 with a bottleneck environment, which is the mdsficult environment for all of the
applications. Mixed mode autonomy has higher é&ffecrobot usage rates for each of the
environmental parameters sets than distributed-@onith communication.

Figure 5-35a. Effective Robot Usage Rates forribigted Control with Communication for the
Warehouse Problem with Varying Environmental Patanse

106



Figure 5-35b. Effective Robot Usage Rates for Mik&ode Autonomy for the Warehouse
Problem with Varying Environmental Parameters
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5.7 Mixed Mode Autonomy with Model Updates

Mixed mode autonomy with model updates does ndbparsignificantly better than the normal
mixed mode autonomy control for the situations dataed as part of this work. The effective
robot usage rate and bandwidth usage are comparetid automated warehouse problem in
Figures 5-36 and 5-37. The differences are smadl mot statistically significant. This
application is actually the set of conditions witie largest difference between the two variants
of mixed mode autonomy. Mixed mode autonomy awesapout 25 update messages per robot
across the entire range of the number of robotBnoAt all (90+%) of these updates are to the
centralized controller when the robots are far froentralized controller. This is true for all of
the short range communication cases. In the lange communication cases, there are almost
no updates sent at all (one or two per robot). ida#lg, the simulation conditions do not stress
the communication enough to see significant diffeee in between normal mixed mode
autonomy and mixed mode autonomy with model updaBsnges to the simulation that would
test this better are discussed in the Future Weckian in the Chapter 6.

Figure 5-36. Comparison of Effective Robot UsageeR#&or Mixed Mode Autonomy with and
without Model Updates for the Automated Warehousdbm
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Figure 5-37. Comparison of Bandwidth Usage for Mikdode Autonomy with and without
Model Updates for the Automated Warehouse Problem

5.7 Communication Update Rate

As part of the original development of the contnllseveral different update rates were
considered for the centralized and distributed rodlets. The status update rate for the
simulation results presented in this chapter wastiees per road segment. The bandwidth
requirements for this update rate are much higheecéntralized control and distributed control
with communication. Lower update rates were aiswkted in a few cases to examine the
effect of the update rate. The simulations werefan the open pit mine conditions with six and
eight status updates per road segment. Figure $hd&s the effective robot usage rate for
mixed mode autonomy and centralized control wittaip rates of ten (standard), eight, and six.
Figure 5-39 shows the bandwidth usage for thesescabigure 5-40 shows the effective robot
usage rate for mixed mode autonomy and distribatedrol with communication with update
rates of ten (standard), eight, and six. Figudl5hows the bandwidth usage for these cases.
The performance for lower update rates is worsa tine standard update rate. When the
bandwidth usage is similar for mixed mode auton@mg centralized or distributed control with
communication, the performance differences are éger than in the normal case.
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Figure 5-38. Effective Robot Usage Rate for Mikédde Autonomy and Centralized Control
with Update Rates of 10, 8, and 6 per road segment

Figure 5-39. Comparison of Bandwidth Usage for Mik¢ode Autonomy and Centralized
Control with Update Rates of 10, 8, and 6 per re@agment
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Figure 5-40. Effective Robot Usage Rate for Mikédde Autonomy and Centralized Control
with Update Rates of 10, 8, and 6 per road segment

Figure 5-41. Comparison of Bandwidth Usage for Mik¢ode Autonomy and Centralized
Control with Update Rates of 10, 8, and 6 per re@agiment
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Chapter 6 — Conclusions and Recommendations for
Future Work

Mixed mode autonomy showed significant improvemémgserformance for the dynamic multi-
robot autonomous routing problem for the three gdampplications — open pit mine, automated
container terminal, and automated warehouse wherpared to the traditional centralized or
distributed control architectures. Mixed mode aotoy also had the benefits of a slower
decline in the effective robot usage rate as thembmr of robots increased and reduced
bandwidth requirements for all numbers of robothis helps the MRS scale to larger group
sizes for the dynamic multi-robot autonomous raypnoblem.

This chapter discusses the recommendations foexhmple applications, presents some MRS
design guidelines based on the simulations, ma@smwmendations on how best to continue this
work, and states the primary contributions of thask to the state of the art.

6.1 Recommendations for the Example Applications

Out of all of the various combinations of simulatiparameters, three were used to represent
example applications for dynamic multi-robot autermas routing. The three applications were

automation of open pit mines, container terminaled warehouses. The results of the

simulations for these applications were presentecChapter 5. This section discusses the
recommendations based on the simulation results.

Overall mixed mode autonomy had higher effectivbotousage rates for most all sets of
parameters. For lower numbers of robots, the nadetiiccontrol did not have much impact on
performance. This reflects much of the previouskaaone for problems similar to dynamic
multi-robot autonomous routing. Mixed mode autogprhowever, still has the benefit of
requiring less bandwidth even with low numbersatfats.

Open Pit Mine

The open pit mine was represented as tightly cautdsks in a fully connected environment
with a bottleneck using long range communicatiothviiigh overhead. Mixed mode autonomy
gave the best overall performance in terms of &ffegobot usage rate and bandwidth usage for
the open pit mine. The high overhead for this [@obh limited the effectiveness of both
centralized control and distributed control withmoaunication with higher numbers of robots.
The rate of decrease of the effective robot usage as the number of robots increased was
much lower for mixed mode autonomy. The primargdfge of centralized control for the open
pit mine was lower variability of the effective mtbusage rate compared to the other controllers.
The available bandwidth was fully used for cenmedi control and distributed control with
communication for the higher number of robots. sTleads to missed messages that reduce the
MRS performance.

The results of the simulations also identify tretid® influence the design of the automated open
pit mine system. System performance for all of ¢batrollers is improved when the coupling
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between tasks is reduced. For the open pit mime would mean spreading out the areas in the
pit where the trucks load up ore and having mudtiplushers or areas to unload into the crusher.
This decoupling of tasks would be especially hdl@s the number of robots in the MRS
increases.

The communication settings for the system haveallsmpact on the effective robot usage rates
for decentralized control with communication anckea mode autonomy. The total differences
in performance were at most 0.2%. This suggesis rifany different hardware and protocol

combinations would work similarly for the open piine with these controllers. Centralized

control, however, did not work acceptably with ghange communication. The effective robot
usage rates were low enough that the simulationshort range communication and centralized
control were aborted (lower than 50% in severalesathat were run). Increasing the

communication overhead also reduced the effectiidetrusage rate. With low enough overhead
the centralized controller got almost as good pédormance as mixed mode autonomy.

The road configurations (environment) also imphetgerformance of the MRS. Any bottleneck
between the two task centers (the pit and crusdrahé open pit mine) significantly reduces the
effective robot usage rate for all controllers. nBgnic multi-robot autonomous routing problems
would benefit from eliminating any bottlenecks. rRbe open pit mine, however, this is not
really possible — all mines will have a limited noen of haul roads out of the pit. The cost
associated with building more roads would be tgghhio realistically expand this part of the
road network. There is a smaller reduction in@ff® robot usage rate as the environments get
more sparsely connected. Basically as the numbelifierent routes to the task destination
decrease, the congestion is increased which redbeexffective robot usage rate. This suggests
that, for open pit mine site, designs there isearcbenefit to a road network that maintains
multiple options to get between two points wherssilile. Realistically, this should be feasible
at both the pit and crusher/unloading areas.

Across the range of possible configurations ofdpen pit mine version of the dynamic multi-

robot autonomous routing problem, mixed mode autonis still consistently the most efficient

controller for the system. Improvements in theigie®f the mine site, communication system,
and task configuration can make a 2-4% improvermetite effective robot usage rate, even with
the bottleneck (haul road) included in the system.

Automated Container Terminal

The automated container terminal was representea rasderately sparse environment with a
bottleneck, one tightly coupled task and one mddgracoupled task with long range
communication and low overhead. Over the rangdb@humber of robots simulated, there was
little difference in the effective robot usage rastween mixed mode autonomy and centralized
control for the automated container terminal. Wadtv overhead all of the controllers are well
under the available bandwidth limit at 500 robdtewever, mixed mode autonomy is more
likely to scale well as the MRS grows even largee tb the lower bandwidth requirements. The
variation of the effective robot usage rates amelofor centralized control that the other
controllers. The selection of a controller for @#wgtomated container would depend on which
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was more important to the specific installationanthwidth usage or consistency in performance
for all robots across the MRS.

The simulation results show how trends in perforoeacan be used to refine the system design
for the automated container terminal. The moréthlygcoupled the tasks for the automated
container terminal, the lower the effective robeage rate. These effects are most noticeable
with the higher number of robots in the MRS. Hoe automated container terminal, spreading
out the storage locations throughout the contajaed would reduce the coupling of one of the
tasks. This could improve the effective robot @seafe by as much as 1 to 2% at 500 robots.
The task coupling on the loading berth side is @iatd change since it is set by the number of
ships trying to load or unload at any given time.

The communication settings have a marginal impadthe effective robot usage rate for mixed
mode autonomy and distributed control with commatian for the numbers of robots in MRS
for the simulations. This means that a wide raofjbardware and communication protocols
could be used to get the kind of results predit¢tgedhe simulations. Centralized control was
only useful for the long range communication — #ffective robot usage rate was lower than
50% in some cases with short range communicatitmcreasing the overhead dropped the
effective usage rate significantly. The nominaecéor the automated container terminal was for
the low overhead case. The results suggest thatwbrhead for the system would need to stay
low for centralized control to remain a viable optito mixed mode autonomy. This means that
the update messages could not contain much otler tthe routing information need for the
dynamic multi-robot autonomous routing problem. obher words, the system could not add
much about maintenance, local environment condifi@ic. and stay competitive with mixed
mode autonomy.

The influence of the environmental parameters lierautomated container terminal was similar
to the open pit mine. Bottlenecks and sparser ection patterns decreased the effective robot
usage rate. For the automated container terminateasing the connectivity in either the
loading berth or the container yard would yieldvaai improvement in efficiency. Reducing the
bottleneck at the interchange area would havegetampact and may be feasible in a number of
container terminals.

Mixed mode autonomy and centralized control arén vidible for automate container terminals
under the conditions simulated. They are a smghrovement over the distributed control with
communication. Based on the trends, mixed modenaaty would be more appropriate if the
MRS were to grow much beyond the 500 robots thattiva highest number of robots simulated.
Some modifications to the environment and taskigondtion could improve the effective robot
usage rate by as much as 3% to 4%.

Automated Warehouse
The automated warehouse was represented as a lgpaosmected environment with no
bottleneck, a tightly coupled task and a uniformdystributed task with short range

communication and low overhead. The automated voarse was the one example application
with short range communications. The use of staorje communication eliminated centralized
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control as an option since the effective robot esades were so low when the communication
range was decreased. There were too many packes between the centralized controller and
the robots. Due to the dependency on successfuorirission and reception of messages to
work, centralized control will not work well wherommunication is not reliable. To fully
evaluate the automated warehouse problem witthaltontrollers, the long range case was also
examined.

For short range communication in the automated Rearee environment, mixed mode

autonomy was much more effective. In the long eecgmmunication case, centralized control
was still lagged mixed mode autonomy in performang8ence the performance of mixed mode
autonomy was the same with short or long range aamigation, it does not make sense to use
centralized control since it will require more povier the long range communication and there
will not be any performance benefit.

The results from the simulations can be used taongthe design of automated warehouses.
Like for the open pit mine and the container temthithe more tightly coupled the tasks the

lower the effective robot usage rate. The efféowever, is not quite as strong. For the

automated warehouse, performance will be reducteifask coupling for the storage area does
not remain uniform. It is unlikely that the tasbupling of the shipping and sorting area can be
loosened all that much due to restrictions on lbnigghings in and out of the warehouse.

The communication parameters have more effect smilalited control with communication and
mixed mode autonomy for the automated warehouse whith the other two applications. For
mixed mode autonomy there is a small decreasef@ttafe robot usage rate that is constant
across all numbers of robots for short range comecation with high overhead. The
performance of mixed mode autonomy with all of tltleer communication settings is basically
the same. This means that the system performaikcélvif a communication protocol with
high overhead is chosen or the update messagesiensignificantly more information than just
the information required for routing.

The environmental parameters affect performancenuth the same way for the automated
warehouse as the other two applications. Addibgtdeneck or reducing the connectivity of the
environment reduces the effective robot usage raBystem performance would fall if a
bottleneck were added between the shipping anthgaatea and the storage area. This can be
avoided for most warehouse layouts. There woulddrae benefit to the effective robot usage
rate from increasing the number of lanes acrossaWws (increased connections in environment),
but this is not practical for most warehouse sitigs significant reduces the effective storage
area in the warehouse.

Mixed mode autonomy performs much better for theomated warehouse than distributed

control with communication and beats the perforneaoiccentralized control even with shorter

range communication. The performance with thempatars used for the automated warehouse
is nearly the best that can reasonably expecteld thi¢ practical constraints of warehouse

design.
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6.2 System Design Recommendations

Dynamic multi-robot autonomous routing could beduas part of many applications other than
the three discussed in this work. Overall thereewiel4 different combinations of simulations
parameters used to simulate the controllers toestbie dynamic multi-robot autonomous routing
problem. This section outlines the overall perfante trends for design of systems and
selections of controllers for the MRS. The trefaishe four groups of parameters (control type,
environment, task coupling, and communication)pesented.

Controller Trends

The five controllers for the dynamic multi-robottamomous routing problem simulated for this
work were distributed control without communicatiahstributed control with communication,

centralized control, mixed mode autonomy and mireadde autonomy with model updates.
Over the range of conditions simulated there was ancstatistically significant difference

between mixed mode autonomy and mixed mode autongthymodel updates.

Distributed control without communication was tlosver baseline case for the dynamic multi-
robot autonomous routing problem. In every casdriduted control without communication

had the lowest effective robot usage rate for ldts or more. With a lower number of robots
it was, at best, equivalent to the worst performwogtroller. This shows that the information
provided to the other controllers successfully ioyad the system performance.

Mixed mode autonomy was the top performing corgraibor almost all of the combinations of
parameters. It had high effective robot usagesrdtev bandwidth requirements, a low rate of
decrease of the effective robot usage rate as tR& Mcreases in size, and low sensitivity to
communication overhead or range changes. Due doptloritization of the messages from
individual robot and the distributed nature for these of the controller, the total number of
messages sent by the robots and central contnsllenuch lower than for any of the other
controllers with communication. This results inchdower bandwidth usage for mixed mode
autonomy.

When the communication overhead is low, centralizedtrol can compete with mixed mode
autonomy over the range of the numbers of robatailsited. The effective robot usage rates
almost the same or just slightly lower for centradl control in these cases. Centralized control
has the benefit of a lower standard deviation andffective robot usage rate. This means that
the robot performance is more consistent acros$R8 and that the work load is spread more
evenly for centralized control.

Distributed control with communication does not amatthe performance of mixed mode
autonomy in any of the cases except for the spam®dronment with a bottleneck. The
performance in this environment is the poorestalbof the controllers. Some optimization of
the controller settings might eliminate this beneistributed control with communication also
has the highest standard deviation of effectiveoralsage rate of the controllers other than
distributed control without communication. Mixedode autonomy outperforms distributed
control with communication because it has the seoméroller as its base, but adds the oversight
of the central controller.
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Environment Trends

The environmental parameters have a strong effecthe effective robot usage rates as the
number of robots in the MRS increases. Any bo#tbn(constrictions between the two task
centers) in the environment leads to significaopdn the effective robot usage rate. This effect
is especially large as the number of robots in@ga£ssentially, the bottleneck creates a point
where all of the robots in the environment mustspakich increases the congestion in the MRS.
Some of this congestion can be managed by the ailan, but there are limits to the
improvement. The performance drop caused by debettk is increased as the environments
get less connected. For the toughest environmaehtX 4 connection pattern with a bottleneck,
the performance difference with the next hardesirenment can be 4% to 10%. The drop with
this environment is worst with centralized contr@yverall, reducing the connection level drops
the system performance, but the effect is muchlsmahen there is no bottleneck.

For a given application, it is beneficial to elirate restrictions that lead to bottlenecks and to
keep the environment as connected as possibleicaligs a system design should try to give

robots as many options for routes as possible.thdf tasks are more spread through the
environment this becomes less important for théegyslesign since the loss in performance will
be lower.

Task Coupling Trends

The biggest difference in tasks comes between mmifodistributed tasks and tasks that are
tightly or moderately coupled. The effective rolosage rates are much higher when at least one
of the tasks is uniformly distributed. Making theupling of one of the tasks from moderate
instead of tight causes a small drop in the effectobot usage rate. More tightly coupled tasks
create opportunities for more congestion at thke tamter, because more robots will need to in
that area. With a low number of robots, the tirtlest the robots will need to be at the task
center can be staggered to avoid congestion. i§tassentially what happens after the first few
tasks as the robots pause to maintain the separdistance. This is why there is not much
variation in performance for task coupling with lmnumber of robots. As the number of
robots gets higher, it is no long possible to effety space out the robots.

When possible, the tasks for dynamic multi-robdbaamous routing should be as decoupled as
possible. This reduces the probability of congestvithin the environment. This is especially
important for environments that are less conneoteldave a bottleneck. In some applications,
the desire to spread out the tasks will be balaveitid the desire to keep the average task
distance short. For example if the most shippeistare kept close to shipping and sorting area
in the automated warehouse, it will decrease tleeame task length, but make the tasks tightly
coupled. For any combination of parameters, thgllebe a point at which the total number of
tasks the system can complete can be increasedikingnthe tasks longer since that could help
reduce some of the congestion.
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Communication Trends

The bandwidth usages for each of the controllersevi@rly steady across the communication
parameters that were simulated. Centralized cbmtith short range communication was the
exception due to high packet error rates whichtded high rate of retransmission of commands.
Ultimately, the extremely low effective robot usagées for centralized control with short range
communication kept this from being a viable conéotonfiguration.

Communication parameters matter far more for céméch control than any of the other
controllers. High communication overhead dropséfiective robot usage rate. This due to the
combination of high bandwidth usage (a high nundfenessages per robot with long messages)
and a strict dependence on robot receiving commbefitse they can proceed to the next step on
their route. When the network is saturated, itodtices latency to sending the commands which
causes robots to idle until they receive the messag

Mixed mode autonomy and distributed control witmeounication offer more flexibility in the
configuration of communication systems. Centralizentrol will require a low overhead, long
range system to work appropriately. All of the wohers clearly benefit from communication
when compared to distributed control without comoation.

6.3 Future Work

This section suggests ways the best ways to cantimis work that build off of mixed mode

autonomy, the MRS control architecture developethis work and the simulation models for
the example applications. Future work on mixed enadtonomy can be divided into five areas
— other communication scenarios, controller optation, effects of uncertainty, improved

environments and parameters for example applicgtiand integration with task allocation

algorithms.

Other Communication Scenarios

The communication models used for the simulatioasewealistic, but represent a small portion
of the possible communication scenarios for theadyis multi-robot autonomous routing
problem. All of the wireless communication nodesthe simulations had a clear line-of-sight,
were homogenous, and could only transmit one ahe. t Each of these assumptions simplified
the number of iterations and parameters sets netedsidhulate the controllers, but it could be
useful to test the controllers in situations withde assumptions. Adding communication
obstructions to block some of the line-of-sight wbbe useful to test mixed mode autonomy
with model updates. This version of mixed modeoaoimy sends peer status messages to
update the world models of the central controlleother robots when they are not getting the
information they need directly. The communicatgamulations did not have enough situations
where a robot or the central controller did notutagy get a normal status update message from
the nearby robots. A communication obstruction Midae added to the environments used for
the simulations. An example of what this kind nfieonment would be is shown in Figure 6-1.
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Figure 6-1. Alternative Environment for Restric@dmmunication

Another likely scenario for many applications ofndyic multi-robot routing would be
heterogeneous communication settings. Some of etteamples of this include different
communication hardware on different robots or tleat@lized controller, variability in the
performance of the hardware (manufacturing tolezanetc.), and damaged hardware. For
mixed mode autonomy with model updates, the damagedmunication hardware case is
particularly interesting. One kind of damage wolbi&lto the antenna, which could significantly
reduce the communication range. This would testahility of mixed mode autonomy with
model updates to keep neighboring robots’ and éméralized controller’'s world models current.

The last of the three communication scenarios alow multiple robots to transmit at the same
time. This would only apply for the short rangeses since the long range communication
covers virtually the entire environment. The eamment could be divided into cells in a mesh
network. This change increases the chances of coneation failure, but increases the

available bandwidth by a factor equal to the nundde@ommunication cells in the environment.

Controller Optimization

The controller settings were iterated during depelent to until things worked well. None of
the settings were optimized for MRS performancée €ontroller settings include the number of
steps ahead considered for the route selectiompéhalties assigned for probable congestion, the
separation distance between robots, the contriftex intervals, and the update time intervals.
The same settings were used for each of the ctergol In addition to varying the application
parameters, such as grid connection pattern, bettle task coupling, communication overhead,
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and communication range, the controller settingsiccdbe changed during the simulations as
well. Initially, the simulations would be usedrtwre fully understand the effect of the settings
on the MRS performance (effective robot usage ta@dwidth usage, etc.). A second set of
simulations could then be used to determine settingt were close to optimal.

The current controllers look two steps ahead durnogte planning (with the exception of
distributed control without communication that oniges sensor information). This was a
balance between controller performance and comipuotdt costs of the controller (and thus
simulations). With the current level of uncertgi{2% sensor false positive rate), the controller
could predict with reasonable accuracy the posdduations of all of the robots in their world
models as much as three or four steps ahead bfereredictions become worthless. As the
uncertainty increases, it becomes harder to maésetipredictions. As the number of steps
ahead considered for route planning increase, €malfy assigned for congestion in the later
steps would need to be reduced to account for ¢beedsed chance that congestion will actually
occur.

During controller development, it was observed that penalties for potential congestion had a
significant impact on how the systems performeal.pdrticular when the values were too high,
the robots took routes that were considerably subval. For the most connected
environments, the longer routes actually helpedrawg performance compared to the delays
involved with handling congestion. The problem wath less connected environments — the
longer routes usually took longer than waiting flee congestion to clear. When the penalties
were too low, the systems performed like the disted controller without communication.

The separation distance is partially a controledtisg and partially an application parameter. It
is the minimum distance required between robothysieally, it would relate to the stopping

distance of the robot and the sensor ranges. HRhentontroller standpoint, it also sets how
many robots can be on the same road segment metivork and an upper limit (theoretical and
practical) on the number of robots an MRS can liavan environment or application.

The controller update intervals determine how fedly the robot sends messages to the
centralized controller and/or its peers in the MRGSurrently the update interval is set so that
there are ten communication periods during the tanebot would travel a road segment.
Robots using distributed control with communicatiamd centralized control send an update
each communication period. Robots with mixed madéonomy used information about
distance to neighboring robots and location inehgironment to determine how frequently to
update their status. Ten communication periodsrpad segment was a tradeoff between
bandwidth usage and keeping the world models currgvith anything much lower, the world
models were not accurate enough to plan routes well With higher update rates, the
available bandwidth was not sufficient for decelitesl control with communication or
centralized control. Ten times per road segmenbighe optimal update rate — it, however, is a
good starting point to determine the best ratee dptimal rate will also depend on the assumed
level for uncertainty of robot execution of thesutes.
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Effects of Uncertainty

Uncertainty was introduced to the system throughftlise positives for the obstacle detection
sensor. One of the areas that would be interestigxplore would be to examine the effects of
increasing the uncertainty in the execution of tasks. For the standard cases that were
presented in Chapter 5, the false positive rate 29as Several sets were run for the standard
parameters with a 5% false positive rate and agstmmally higher velocity (so robots would
travel the same average velocity for the standasg @and the higher false positive case). Figure
6-2 shows the effective robot usage rates for mmede autonomy and centralized control for
the open pit mine problem with 2% and 5% false fpasirates. The effective robot usage rates
declined at faster with the higher false positia¢es especially for centralized control. Not
enough iterations were run to show the effects it statistical significance, but they suggest
that the reduction in performance was lower for edixmode autonomy than the other
controllers. Centralized control particularly seshto have a difficult time with the increased
uncertainty. More iterations would need to be femadditional values of false positive rate to
reach firm conclusions, but the preliminary ressliggest that mixed mode autonomy could be
particularly advantageous as the uncertainty imtr@xecution increases. Trials or the standard
parameters should be run for false positive rataging from one to fifteen percent.

Figure 6-2. Effective Robot Usage Rates for Mikéolde Autonomy and Centralized Control
for the Open Pit Mine Problem and Sensor Falsetiredtates of 2% and 5%
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Improved Environments and Parameters for Exampldiégtions

The simulations were run for generic environmemésks, and communications that could
represent a wide range of dynamic multi-robot aaboeous routing problems. The combinations
approximate most of the conditions of interest fixely applications and identified the
performance trends for the parameters, but wereetofior any specific application. A possible
next step would be to design simulations specdiceial instances of the example applications.
One parameter that could be explored for all ofégheample applications is the robot velocity.
This would affect the relationship update rates haddwidth usage. Specific communication
hardware and protocols could be selected rather ahatracting some of that detail to capture
the general trends.

For the open pit mine, application specific pararsetvould mean changing the environment to
more accurately reflect the configuration of theulheoad(s) and differences in the grid

connection patterns between the pit and crusheifigaarea. A more advanced simulation
might also include elevation changes between theamil crusher/loading area. This would
capture the real environment well, but would be potationally intensive to simulate well. The

task coupling and communication parameters coukkebéo approximate a real open pit mine.

The automated container terminal parameter that Eecurately represents the real application
is the task coupling at the loading berth. Therithstion would be wide along the ship, but

almost zero perpendicular to it. There would dsomultiple loading berths, instead of one
single task center. The ratio of the size of thatainer yard to the size of the loading berths
should be higher than one. For many containeriteisithe ratio is closer to three or four.

The automated warehouse parameters are the closgsh to the real application. The
environment and task coupling were reasonable appations to typical warehouses. The
primary difference that could be tested is the gmes of communication obstructions due to the
rows of shelves in the environment. This wouldtipatarly be interesting with mixed mode
autonomy with model updates.

Integration with Task Allocation Algorithms

One of the central assumptions of the simulatioas wnline assignment for all of the dynamic
multi-robot autonomous routing tasks. This is splimal, but simplified the simulations and

helps emphasize how coordinated control of the MRSId improve the execution of tasks.

Much of the previous research in coordinated comfrdIRS is on optimal task allocation. One

of the next steps for mixed mode autonomy is to lwom it with an optimal task assignment

algorithm (or with several different algorithmsThe overall effective robot usage rates should
be higher with optimal allocation so the effectstloé execution part of control will be more

subtle.

6.4 Contributions

This section summarizes the unique contributionghisf dissertation. There were three primary
areas of contribution to the state of art — devalept of a new MRS control architecture,
development of a system model for the dynamic mmalibt autonomous routing problem, and
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identification of the tradeoffs for MRS design fine dynamic multi-robot autonomous routing
problem.
MRS Control Architecture

Mixed mode autonomy is a novel MRS control archiee that reduces the communication

requirements, improves the performance in manysdas, and scales better for large numbers
of robots in an MRS than the traditional contraldor the dynamic multi-robot autonomous

routing problem. It was developed to trade off ble@efits of centralized and distributed control
of MRS. Unlike previous MRS control architecturesixed mode autonomy is a distributed

controller with a centralized controller. The rtdbaan operate fully independently, but the
centralized controller can override any robot deaisf it finds a better solution.

The communication reduction is achieved by usirgvilorld models kept by individual robots to
determine the usefulness of sending their statdateg. The robots increase their status update
rate when they are either far from the centralizedtroller or when they have neighboring
robots. The rate is increased when robots arédar the centralized controller to ensure it is
kept current because packet errors get more ligelpnger distances. Robots are defined as
neighbors when their information might impact tbate selection for a robot.

The increase in the effective robot usage ratemicied mode autonomy can be attributed to the
independence from the centralized controller, thersight from the centralized controller, and
the reduced communication requirements. Unlikehveentralized control the robots are not
dependent on receiving commands from the centdhlkioatroller to proceed with the next step
in a task. This reduces the idle time for the tebmaused by failled command messages and
latency in sending messages. Distributed contrath weommunication also has this
independence, but occasionally makes route desiswithout information the centralized
control would have. This offsets the gains madepbge independence from the centralized
controller. With higher numbers of robots the gaim effective robot usage rate are because the
communication network is not saturated as easilgeadralized control or distributed control
with communication.

The reduced communication requirements and indegrerad from the centralized control
improve the scalability of the system for mixed maodutonomy. The communication
requirements are lower for both the robots andctdrdral controller. The robots send messages
at a lower rate most of the time. The highest tgpdate for mixed mode autonomy is the
standard rate for the centralized control and ithsted control with communication. The
centralized controller only sends commands wheh ¢benmand is an improvement over the
robot’s plan. The lower number of messages measre mobots can be in the MRS before the
network saturates. The independence from the alem@d controller means that even if the
network were to saturate the effective robot usatgewould drop more slowly than for the other
controllers.

Systems Model for Dynamic Multi-Robot AutonomougiRg

A model for dynamic multi-robot autonomous routimgs developed. The biggest improvement
over prior models was to include a realist simolatof wireless communication between the
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robots and centralized controller. Most of thewdation work on MRS control makes optimistic
or unrealistic assumptions about communication. ciMuwf the work assumes ideal
communication — none of the messages sent by dlileerobots or centralized controllers ever
fail. This is unlikely to be the case in any rapplication, and has major consequences for the
performance of any control architecture that depeoil communication to share information
throughout the MRS. The solution was to incluaketailed model of wireless communication at
the core of the system.

The communication model was based off of typicarapng environments and protocols for the
example applications. Ultimately, the packet errate (PER) was calculated for every
transmitter-receiver pair. The PER calculationsluded the path loss effects, reflection,
scattering, the encoding method, and the lengthepacket. The only simplifying assumptions
were that the communication conditions were constanughout the environment and that there
were no elevation changes. This meant that simuktaccurate reflect how the controllers
would work in a real communication environment.

The remainder of the simulation model was fairlyitar to most of the others used in this kind
of research. The focus of the simulation was tigh kevel functionality of the MRS, not the
detailed operation of individual robots. The rabatere homogenous even though none of the
controllers required this — it reduced the numUeitevations of the Monte Carlo simulation to
converge. The road network is reduced to a unifgrh to reduce the time for the simulations
to run. The robots were treated as a point.

Tradeoff Analysis for MRS Design with Dynamic MRItibot Autonomous Routing

Several clear trends were identified from the satiah results regarding control architecture
selection and the effect of system parameters erMRS performance for the dynamic multi-
robot autonomous routing problem. These trendsuseéul for designing the configurations of
the MRS, environment, and communication systemafoiapplication. Some careful planning
based on these tradeoff relationships can imprhogetfective robot usage rate by a few percent.
This is a large difference, especially for largalsdMRS. The tradeoffs were discussed in detalil
in section 6.2. The primary trends were: mixed enadtonomy used less bandwidth and had
higher effective robot usage rates; bottleneckthen environment reduced the effective robot
usage rate; less connected environments has |offemtiee robot usage rates; increasing the
coupling of tasks reduced the effective robot usafe; and effective robot usage rate dropped
dramatically when the bandwidth limitations arectezd.
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Appendix: Matlab Code for the Simulations

Distributed Control without Communication

tic

% Main simulation parameters

num_missions = 25;
totaltime = 0;
% load an environment

% Set of new environments

env_index = 101;
env = 'C:\multirobot

model\Environments\env_1x1_x=51y=49bottle=4xupper=2

DA = 50;
AP_location = [26 26];

% env_index = 102;
% env = 'C:\multirobot

model\Environments\env_1x1_x=51y=49bottle=51xupper=

% DA = 50;

% AP_location = [26 26];
%

% env_index = 103;

% env = 'C:\multirobot

model\Environments\env_1x2_x=51y=49bottle=4xupper=2

% DA = 50;

% AP_location = [26 26];
%

% env_index = 104;

% env = 'C:\multirobot

model\Environments\env_1x2_x=51y=49bottle=51xupper=

% DA = 50;

% AP_location = [26 26];
%

% env_index = 105;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=4xupper=2

% DA = 50;

% AP_location = [26 26];
%

% env_index = 106;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=51xupper=

% DA = 50;

% AP_location = [26 26];
%

% env_index = 201;

% env = 'C:\multirobot

model\Environments\env_1x1_x=75y=75bottle=4xupper=4

% DA = 75;
% AP_location =[38 38];

8yupper=25.mat'

S51yupper=2.mat’

8yupper=25.mat’,

51yupper=2.mat’,

8yupper=25.mat’;

S51yupper=2.mat’

Oyupper=37.mat’,
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%

% env_index = 202;

% env = 'C:\multirobot
model\Environments\env_1x1_x=75y=75bottle=75xupper=
% orig_cent = topnode;

% dest_cent = bottomnode;

% DA = 75;

% AP_location = [38 38];

%

% env_index = 203;

% env = 'C:\multirobot

model\Environments\env_1x2 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 204;

% env = 'C:\multirobot
model\Environments\env_1x2_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 205;

% env = 'C:\multirobot

model\Environments\env_1x4 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 206;

% env = 'C:\multirobot

model\Environments\env_1x4 x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 301;

% env = 'C:\multirobot

model\Environments\env_1x1_ x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 302;

% env = 'C:\multirobot

modelEnvironments\env_1x1 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 303;

% env = 'C:\multirobot
model\Environments\env_1x2_x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 304;

% env = 'C:\multirobot
model\Environments\env_1x2_x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

75yupper=2.mat’,;

Oyupper=37.mat’;

75yupper=2.mat’,;

Oyupper=37.mat',

75yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’,
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% env_index = 305;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 306;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

load(env);

orig_cent = topnode;

dest_cent = bottomnode;

% Controller Information control_type is a flag set
% controller is in use for the simulation
% type 1 is the baseline - fully decentralized, sti

=53yupper=49.mat’;

er=101yupper=2.mat’,

to record which

gmergic approach

% type 2 is decentralized control with communicatio n (DCC)
% type 3 is centralized control
% type 4 is ???
% type 5 is sliding autonomy/ETA Control
control_type = 1;
sim_length = 2000; %DA/vel * num_missions;
vel = DA*num_missions/sim_length;
scale = DA/100;
% sim_length = sim_length / 100;
% Sensor parameters
fp = 0.02; % Fraction of sensor readings that are false positi ve
fn =0.02; % Fraction of sensor readings that are false negati ve
for N =[500 200 100 50 20 10 1] %1000
low_t = tril(true(N),-1);
pop = ones(N, 1, 'single' );
pop(1:N*fp) = 0;
pop(N-N*fn+1:N) = 100;
for thresh =[0.4 0.1] * scale
% for overhead = [48 240] % will remove for no comm cases
% Communication Parameters - none, this is nocomm ¢ ase
% Simulation Timing
[dt dt_type] = min([thresh/vel/2.4 1/ve 1/20]);
delta = vel * dt;
for coupling =[10000 10000 10000 10 10 5; 10000 10 5 1055;]*
scale
couple_orig = coupling(1);
couple_dest = coupling(2); % task coupling - possible values of
10,000, 10, 5

% Distribution about the center of origination

scaled_cdf_orig = assign_matrix(orig_ce
ytotal, connected);

% Distribution about the center of origination

nt, couple_orig, xtotal,
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scaled_cdf dest = assign_matrix(dest_ce
ytotal, connected);

nt, couple_dest, xtotal,

for iter=1:1

clearvars -except fp fn pop scale num_missions totaltime DA
sim_length iter N thresh vel couple_orig couple _dest WAM2bottle connected d
dest_cent  orig_cent nodes env_index env x_node xlower xtotal xupper y_node
ylower ytotal yupper low_t scaled_cdf orig scaled_cdf_dest control_type
data_rate overhead total_length message_time  AP_location tstep update_time  dt
dt type delta ;

% Simulation Variables

tie = rand(N, 1);

dist = zeros(N, N);

dist_list = zeros(1, N*2/2-N/2);

rand_fp_fn = zeros(N, N, 'single’ );

seed_index = zeros(N, 1);

sense_dist = dist;

nearmiss = zeros(N, 1, int32" );

false_obstacle = zeros(N, 1, int32" );

bias = randn(N, N) * 0.1;
sensitivity = randn(N, N)*.01 + 1;

for j=1:N
rand_fp_fn(j, :) = pop(ceil(N *
end

% Simulation Data (results logging)

distance_traveled = zeros(1, N);
paused = zeros(1, N,

nopause = zeros(1, N,

missions = ones(1, N,

rand(N,1)));

% Assume maximum missions is 100 (for now)

mission_dist = zeros(200, N,
mission_list = zeros(200, N,
mission_time = zeros(200, N);
orig = zeros(1, N,

dest = zeros(1, N,
next_vertex = zeros(1, N,

for n=1:N
raw_assign = rand(1);
orig(n) = find(scaled_cdf_orig

raw_assign = rand(1);
dest(n) = find(scaled_cdf dest

'int32'
int32" );
int32" );
'int32'
'int32'
int32" );
int32" );
int32" );

while dest(n) == orig(n)

raw_assign = rand(1);
dest(n) = find(scaled_cdf d
end

);
);

> raw_assign, 1);

> raw_assign, 1);

est > raw_assign, 1);
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candidates = find(WAM2(:, orig( n))" % faster to search

by column!
dlist = d(dest(n), candidates);
pathlength = min(dlist);

onpath = candidates(dlist == pa thlength);
next_vertex(n) = onpath(ceil(ra nd * length(onpath)));
end

mission_start = orig;

mission_dist(1, :) = abs(x_node(ori g) - x_node(dest)) +
abs(y_node(orig) - y_node(dest));

mission_list(1, :) = dest;

dx = delta * (x_node(next_vertex) - X_node(orig));
dy = delta * (y_node(next_vertex) - y_node(orig));

X = x_node(orig);
y =y_node(orig);

path_travel = zeros(N, 1);
for time = 0:dt:sim_length

% must include file in Path of C:\Program
dist_list = pdist([x y], ‘euclidean’ );
dist = dist * O;
dist(low_t) = dist_list;
dist = dist + dist’;

sense_dist = dist .* sensitivit y + bias;

% State update (in loop)
for n=1N
% Check if robot n is currently at a vertex
if abs(x_node(next_vertex(n)) - x(n)) +
abs(y_node(next_vertex(n)) - y(n)) <= delta/2
path_travel(n) = path_t ravel(n) + 1;
% Robot n has reached a vertex, check if vertex
the
% final goal for a mission
if next_vertex(n) == dest(n)
% End of mission reached, assign new mission,
% increment mission counter
orig(n) = dest(n);
if mod(missions(n),2) == 0
while dest(n) == orig(n)

raw_assign = rand(1);
dest(n) = f ind(scaled_cdf_dest >
raw_assign, 1);
end
else

while dest(n) == orig(n)
raw_assign =rand(1);
dest(n) = f ind(scaled_cdf_orig >

raw_assign, 1);
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end
end
mission_time(missio
missions(n) = missi
mission_dist(missio
abs(x_node(orig(n)) - x_node(dest(n))) + abs(y_node
y_node(dest(n)));
mission_list(missio
end
candidates = find(WAM2(
faster to search by column!
dlist = d(dest(n), cand
pathlength = min(dlist)
onpath = candidates(dli

ns(n), n) = time;

ons(n) + 1;

ns(n), n) =

(orig(n)) -

ns(n), n) = dest(n);

., hext_vertex(n)))"; %
idates);

:st == pathlength);

% Set position to current next_vertex since we're

there
x(n) = x_node(next_vert
y(n) = y_node(next_vert
% set next step on path to dest
next_vertex(n) = onpath
length(onpath)));

% Set movement towards dest

dx(n) = delta * (x_node
dy(n) = delta * (y_node
end

% Check for conflicts

ex(n));
ex(n));

(ceil(rand *

(next_vertex(n)) - x(n));
(next_vertex(n)) - y(n));

%conflicts = find(dist(:,n)<=thresh); % this is the

distance that should be replaced with noisy sensor
conflicts = find(sense_dist
the distance that should be replaced with noisy sen
num_conflicts = length(conf
stp = 1,
sensor_fp = rand(1);
if sensor_fp<=fp
false_obstacle(n) = fal
stp = 0;
elseif
sensor_fn = rand(1);
n_goal = next_vertex(n)
if sensor_fn<=1fn
nearmiss(n) = nearm
else

num_conflicts > 1

for k = conflicts'
dist n_to_next_
x_node(n_goal)) + abs(y(n)- y_node(n_goal));

data!
(:,n)<=thresh);
sor data!
licts);

% this is

se_obstacle(n) + 1;

iss(n) + 1;

pt = abs(x(n) -

if ((next_vertex(k) ==n_goal ) && (k

~=n))

% check to see if k is closer to goal

than n
dist k to n

x_node(n_goal)) + abs(y(k)-y_node(n_goal));

ext_pt = abs(x(k) -

if (dist_n_to_next_pt >=

dist_ k to_next_pt)

% check for tie
if (dist_n_to_next pt==

dist_k_to_next_pt && tie(n) < tie(k) )
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else

stp =0;
break
end
end
end
end
end
end
% Update x and y based on dx, dy, and conflict stat
if stp==1
x(n) = x(n) + dx(n);
y(n) =y(n) + dy(n);
distance_traveled(n) = distance_traveled(n) +
delta;
nopause(n) = nopause(n) +1;
else
paused(n) = paused(n) + 1;
end
end
end
nam_var = [ ‘control=' numz2str(control_type) 'N="" num2str(N)
‘env="" numz2str(env_index) 'thresh=" numa2str(thresh) 'len="
numa2str(sim_length) ‘couple_orig=" num2str(couple_orig) ‘couple_dest="'
num2str(couple_dest) 'iter=" num2str(iter)];

looptime = toc - totaltime

totaltime = toc;

mission_time = mission_time - [zero s(1, N);
mission_time(1:199, 3)];

mission_time = max(mission_time, 0)

save([ 'C:\multirobot model\Logs\sim-' nam_var ‘mat" ],
'‘bias' , 'sensitivity' , fpr, 'In" , 'DA', 'sim_length' , 'nearmiss'
‘false_obstacle’ , 'num_missions' , ‘looptime' , 'AP_location' , ‘N,
‘candidates' , ‘conflicts’ , ‘control_type' , 'couple_dest' , ‘couple_orig' ,
'delta’ , 'dest’ , ‘'dest_cent , 'dist" | ‘'distance_traveled' , dlist' , dtt
'dt type' , ‘'dx' , 'dy" , ‘env' , ‘env_index' , ‘iter , 'missions’ , 'next vertex'
'nopause’ , 'num_conflicts' , ‘'onpath’ , ‘'orig" , ‘orig_cent , 'path_travel' ,
'pathlength’ , 'paused’ , ‘'raw_assign' , 'scaled_cdf dest' , 'scaled_cdf orig'
'sim_length' , 'thresh’ | ‘'tie" , ‘'time' , ‘'vel' , X' , 'y, 'mission_dist' ,
'mission_list' , 'mission_start' , 'mission_time' );

end
end
end

end
toc
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Distributed Control with Communication

tic
% Main simulation parameters

num_missions = 25;
totaltime = 0;

% load an environment

% Set of new environments

env_index = 5555;

env = 'C:\multirobot
model\Environments\env_x=7y=7bottle=7xupper=7yupper
DA =8§;

topnode = 9;

bottomnode = 41;

AP_location = [4 4];

% env_index = 101;

% env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

% env_index = 102;

% env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 103;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

%

% env_index = 104;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 105;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=4xupper=2
% DA =50;

% AP_location = [26 26];

%

% env_index = 106;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=51xupper=
% DA =50;

% AP_location = [26 26];

%

% env_index = 201;

=6.mat' ;

8yupper=25.mat’,

51yupper=2.mat’,

8yupper=25.mat’,

S51yupper=2.mat’

8yupper=25.mat’,

51yupper=2.mat’,
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% env = 'C:\multirobot

modelEnvironments\env_1x1_ x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 202;

% env = 'C:\multirobot
model\Environments\env_1x1_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 203;

% env = 'C:\multirobot
model\Environments\env_1x2_x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 204;

% env = 'C:\multirobot
model\Environments\env_1x2_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 205;

% env = 'C:\multirobot

modelEnvironments\env_1x4 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 206;

% env = 'C:\multirobot

model\Environments\env_1x4 x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 301;

% env = 'C:\multirobot

model\Environments\env_1x1 x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 302;

% env = 'C:\multirobot

model\Environments\env_1x1_ x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 303;

% env = 'C:\multirobot

model\Environments\env_1x2_ x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 304;

% env = 'C:\multirobot

model\Environments\env_1x2 x=101y=101bottle=101xupp
% DA = 100;

Oyupper=37.mat’;

75yupper=2.mat',;

Oyupper=37.mat',

75yupper=2.mat’;

Oyupper=37.mat’;

75yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’,

=53yupper=49.mat’;

er=101yupper=2.mat’;
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% AP_location = [51 51];

%

% env_index = 305;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=4xupper =53yupper=49.mat’;
% DA = 100;

% AP_location = [51 51];

%

% env_index = 306;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=101xupp er=101yupper=2.mat’
% DA = 100;

% AP_location = [51 51];

load(env);
orig_cent = topnode;
dest_cent = bottomnode;

% Controller Information control_type is a flag set to record which
% controller is in use for the simulation

% type 1 is the baseline - fully decentralized, sti gmergic approach
% type 2 is decentralized control with communicatio n (DCC)

% type 3 is centralized control

% type 4 is ???

% type 5 is sliding autonomy/ETA Control
control_type = 2;

sim_length = 2000; %DA/vel * num_missions;

vel = DA*num_missions/sim_length;

scale = DA/100;

sim_length = sim_length/100; % Run shorter simulation to test stuff

% Sensor parameters
fp = 0.02; % Fraction of sensor readings that are false positi ve
fn =0.02; % Fraction of sensor readings that are false negati ve

% Communication Model for 2.4 GHz

F=6; %6dB

k = 1.38e-23; % JIK

T0=290; %K

B =22e6; %Hz

Pn =10 *1logl10 ((F + 1) *k * TO * B * 1000); % dBm
% assume unity gains on antennas for now

PL_dO = 40; % dB

do = scale; % m
loss_exp = 3.0;
dev=29; % dB typical value for log-normal shadowing with o pen terrain

Bn = 22e6; % Hz
R =1e6; % bps
Bn_R=Bn/R; % Bn/R

for N=20 %[500 200 100 50 20 10 1]
low_t = tril(true(N+1),-1);
AP =N +1;
for thresh = 0.4 * scale %][0.4 0.1] * scale
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for comm_set = [240; -7.75] %[48 48 240 240; -1.25 -7.75 -0.5 -71%
replaced overhead with comm parameters (overhead an d Pt)
overhead = comm_set(1);
Pt = comm_set(2);
% Communication Parameters
data_rate = 1e6; % bits per second
data_length = 48; % bits
total_length = data_length + overhead,;
FL = total_length;
message_time = total_length / data_rate ;% seconds
update_time = message_time * 1000;

% Simulation Timing
[dt dt_type] = min([thresh/vel/2.4 1/ve 1/20]);
delta = vel * dt;

for coupling =[12.5; 12.5;] * scale %[10000 10000 10000 12.5

12.5 6.25; 10000 12.5 6.25 12.5 6.25 6.25;] * scale

couple_orig = coupling(1);

couple_dest = coupling(2); % task coupling - possible values
of 10,000, 10, 5

% Distribution about the center of origination

scaled_cdf_orig = assign_matrix(ori g_cent, couple_orig,

xtotal, ytotal, connected);

% Distribution about the center of origination
scaled_cdf dest = assign_matrix(des t_cent, couple_dest,
xtotal, ytotal, connected);

for iter=1:1
clearvars -except comm_set Pt AP data _rate  data_length
total_length message_time Pt F k TO B Pn PL_dO dO loss_exp dev Bn_R FL fp fn
scale num_missions totaltime DA sim_length  iter N thresh vel couple_orig

couple_dest WAM2bottle connected d dest cent orig_cent nodes env_index env
x_node xlower xtotal xupper y node vylower ytotal yupper low_t scaled_cdf orig
scaled_cdf dest control_type data_rate  overhead total _length message_time
AP_location tstep update_time dt dt type delta ;

% Simulation Variables
tdynamic = 0;
tupdate = 0;
tie = rand(N, 1);
dist = zeros(N+1, N+1);

% dist_list = zeros(1, N*2/2-N/2 );

sense_dist = dist;

message_queue = zeros(N+1, 4); % Pt, X, Yy, VX, Vy, row
corresponds to transmitter/robot

message_queue(:, 1) = 10; % Queue starts empty

central_model = zeros(N+1, 4); % Time updated,
robot_status

local_model = zeros(N+1, 4, N+1 );

nearmiss = zeros(1, N, int32" );

false_obstacle = zeros(1, N, int32" );
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bias = randn(N+1, N+1) * 0.1;
sensitivity = randn(N+1, N+1)*,

% Simulation Data (results logging)

msg_sent = zeros(N+1, N+1,
bandwidth_used = 0;

messages_failed = zeros(N+1, N+

missed = 0;

distance_traveled = zeros(1, N)
paused = zeros(1, N,
pause_nocomm = zeros(1, N,
nopause = zeros(1, N,
missions = ones(1, N,
mission_dist = zeros(200, N,
mission_list = zeros(200, N,
mission_time = zeros(200, N);
orig = zeros(1, N,

dest = zeros(1, N,

next_vertex = zeros(1, N,
sent_vertex = zeros(1, N,
next_vertex_buffer = zeros(1, N
cmd_buffer = zeros(2, N,
cmd_buffer_send = 1,
cmd_buffer_store = 1;
cmd_flag = zeros(1, N,
TX_time = zeros(N, 1);
RX_time = zeros(N, 1);

01 +1;
int32" );
1, 'int32" );
int32" ); '
int32" );
int32" );
int32" );
int32" );
int32" );
int32" );
int32" );
int32" );
int32" );
, int32" );
int32" );
int8" );

% Initial task assignments

for n=1:N
raw_assign = rand(1);
orig(n) = find(scaled_cdf o

raw_assign = rand(1);
dest(n) = find(scaled_cdf d

rig > raw_assign, 1);

est > raw_assign, 1);

while dest(n) == orig(n)

raw_assign = rand(1);
dest(n) = find(scaled_c
end

candidates = find(WAM2(;, o
search by column!
dlist = d(dest(n), candidat
pathlength = min(dlist);
onpath = candidates(dlist =
next_vertex(n) = onpath(cei
end

sent_vertex = next_vertex;
next_vertex_ buffer = next_verte
prev_vertex = orig;

mission_start = orig;

df _dest > raw_assign, 1);

rig(n)))"; % faster to

es);

= pathlength);
I(rand * length(onpath)));
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mission_dist(1, :) = abs(x_node (orig) - x_node(dest)) +
abs(y_node(orig) - y_node(dest));
mission_list(1, :) = dest;

dx = delta * (x_node(next_verte X) - X_node(orig));
dy = delta * (y_node(next_verte X) - y_node(orig));
X = [x_node(orig); AP_location( 1]

y = [y_node(orig); AP_location( 2l

dist_list = pdist([x y], ‘euclidean’ );

dist = dist * O;

dist(low_t) = dist_list;
dist = dist + dist’;

% Initital PRR calculation for all robots and AP

PL=PL_dO + 10 * loss_exp *

log2(dist/d0)/3.3219280948873622 + randn(N+1, N+1) * dev;
SNR =Pt - PL - Pn;
Pe = 0.5%erfc(sqrt(10.~(SNR/10) *Bn_R));

PRR = (1 - Pe)."FL;
PRR_AP = PRR(AP, 1:N);
path_travel = zeros(N, 1);
for time = 0:message_time:sim_length
% load cmd_buffer to message_queue

if (message_queue(AP, 1) == 10 && cmd_buffer_send ~=
cmd_buffer_store)

% test_cond = [time

single(cmd_buffer(1, cmd_buffer_send)) x(cmd_buffer (1, cmd_buffer_send))
y(cmd_buffer(1, cmd_buffer_send)) single(x_node(nex t vertex(cmd_buffer(1,
cmd_buffer_send)))) single(y_node(next_vertex(cmd_b uffer(l,
cmd_buffer_send)))) single(cmd_buffer(2, cmd_buffer _send))/100]

message_queue(AP, 1) = rand(1) * 0.1; % Give
central control messages higher priority on network

message_queue(AP, 2) = cmd_buffer(1,
cmd_buffer_send);

message_queue(AP, 3) = cmd_buffer(2,

cmd_buffer_send);
if cmd_buffer_send ==
cmd_buffer_send =1
else
cmd_buffer_send =c¢ md_buffer_send + 1;
end
end

% Message communication simulation
[val message_index] = min(m essage_queue(:,1));
% calculate the packet reception rate for the link
between the robot
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% (message_index) and the access point
if (val<10)
bandwidth_used = bandwi dth_used + total_length;
% Update local model and track communication
success/failure

condit = PRR(:, message _index) > rand(N+1, 1);

local_model(message_ind ex, 1, condit) = time;

local_model(message_ind ex, 2, condit) =
message_queue(message_index, 2);

local_model(message_ind ex, 3, condit) =
message_queue(message_index, 3);

local_model(message_ind ex, 4, condit) =

message_queue(message_index, 4);

% How should message success and failure be
tracked for multipoint

% communiction?

msg_sent(:, message_ind ex) = msg_sent(;,
message_index) + int32(condit); % track percentage of bandwidth used
successfully
messages_failed(:, mess age_index) =
messages_failed(:, message_index) + int32(not(condi t));
message_queue(message | ndex, 1) = 10;
end

if time >= tdynamic-message_time/2

tdynamic = tdynamic + d t;  %time + dt;
dist_list = pdist([x y] , 'euclidean’ ); % version
if not
%modified
dist = dist * 0;
dist(low_t) = dist_list ;
dist = dist + dist';
% Communication propagation model
PL=PL_dO + 10 *loss_ exp *
log2(dist/d0)/3.3219280948873622 + randn(N+1, N+1) * dev;
SNR =Pt - PL - Pn;
Pe = 0.5%erfc(sqrt(10.” (SNR/10)*Bn_R));

PRR = (1 - Pe)."FL;
PRR_AP = PRR(AP, 1:N);
sense_dist = dist .* se nsitivity + bias;

% State update (in loop)
for n=1N
Stp =1;
% Check if robot n is currently at a vertex
if abs(x_node(next_vertex(n)) - x(n)) +
abs(y_node(next_vertex(n)) - y(n)) <= delta/2
path_travel(n) = path_travel(n) + 1;
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vertex the
mission,
orig(n) =d
raw
des

find(scaled_cdf dest > raw_assign, 1);

% Robot n has reached a vertex, check if

% final goal for a mission
if next_vertex(n) == dest(n)
% End of mission reached, assign new

% increment mission counter
est(n);
if mod(missions(n),2) ==
while dest(n) == orig(n)
_assign = rand(1);

t(n) =

end
else
while dest(n) == orig(n)

raw _assign = rand(1);
des t(n) =
find(scaled_cdf_orig > raw_assign, 1);
end
end
mission_tim e(missions(n), n) = time;
missions(n) = missions(n) + 1;
mission_dis t(missions(n), n) =
abs(x_node(orig(n)) - x_node(dest(n))) + abs(y_node (orig(n)) -
y_node(dest(n)));
mission_lis t(missions(n), n) =
dest(n);
end
candidates = fi nd(WAM2(:,
next_vertex(n)))'; % faster to search by column!
% dlist =
zeros(size(candidates));
% idx = 1;
% fori=
candidates
%
dlist(idx) = d(i, dest(n));
% idx =
idx + 1;
% end
dlist = d(dest( n), candidates);
pathlength = mi n(dlist);

onpath = candid

since we're there
x(n) = x_node(n
y(n) =y_node(n

prev_vertex(n)
next_vertex(n)

length(onpath)));

dx(n) = delta *
x(n));

dy(n) = delta *
y(n));

ates(dlist == pathlength);
% Set position to current next_vertex

ext_vertex(n));
ext_vertex(n));
% set next step on path to dest
= next_vertex(n);
= onpath(ceil(rand *

% Set movement towards dest
(x_node(next_vertex(n)) -

(y_node(next_vertex(n)) -
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end

% Check for conflicts
%conflicts = find(dist(:,n)<=thresh); % this

is the distance that should be replaced with noisy

conflicts = find(se

% this is the distance that should be replaced with

num_conflicts = len
sensor_fp = rand(1)

sensor data!
nse_dist(1:N,n)<=thresh);
noisy sensor datal!
gth(conflicts);

if sensor_fp<=fp

false_obstacle(

stp=0;

elseif

sensor_fn =ran
n_goal = next_v

nearmiss(n)
dist n_
Xx_node(n_goal)) + abs(y(n)- y_node(n_goal));
&& (gq~=n))
to goal than n
dis
- x_node(n_goal)) + abs(y(q)-y_node(n_goal));

dist_q_to_next_pt)

dist_q_to_next_pt && tie(n) < tie(q) )

end

n) = false_obstacle(n) +

num_conflicts > 1
d(1);
ertex(n);
if sensor_fn<=1fn
= nearmiss(n) + 1;

else
for q = conflicts'
to_next_pt = abs(x(n) -
if ( (next_vertex(q) ==n_goal)
% check to see if q is closer
t g_to_next pt=abs(x(q)
if (dist_n_to_next pt>=
% check for tie
if (dist_ n_to next pt==
else
stp = 0;
break
end
end
end
end
end

% Update x and y based on dx, dy, and

conflict state

if stp==1
x(n) = x(n) +d x(n);
y(n)=y(n) +d y(n);
distance_travel ed(n) =
distance_traveled(n) + delta;
nopause(n) = no pause(n) + 1;
else
paused(n) = pau sed(n) + 1;
end

end
end

if time >= tupdate-message_time/2

tupdate = tupdate + upd
missed = missed + sum(m

ate_time;
essage_queue(;,1) ~= 10);
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dist_to_next_vertex = a bs(x_node(next_vertex) -
X(1:N)) + abs(y_node(next_vertex) - y(1:N));

message_queue(1:N, 1) = rand(N, 1);

message_queue(1:N, 2) = dist_to_next_vertex;

message_queue(1:N, 3) = prev_vertex’

message_queue(1:N, 4) = next_vertex'’;

end
end
nam_var = [ ‘control=' numa2str(control_type) 'N='

num2str(N)  'env='" numa2str(env_index) 'thresh=" num2str(thresh) 'len='
num2str(sim_length) ‘couple_orig="' numz2str(couple_orig) '‘couple_dest="'
num2str(couple_dest) '‘overhead=" num2str(overhead) 'Pt="  num2str(Pt) iter="

numa2str(iter)];
looptime = toc - totaltime
totaltime = toc;

mission_time = mission_time - [ zeros(1, N);
mission_time(1:199, 1)];

mission_time = max(mission_time , 0);

save([ 'C:\multirobot model\Logs\sim-' nam_var ‘mat" ],
'overhead' , 'Pt' , 'message time' , 'missed’ , 'msg_sent AP' , 'msg_sent_robot'
'messages_failed_AP' , 'messages_failed_robot' , 'bias’ , 'sensitivity' , 'fp'
'fn" , 'DA' , 'sim_length’ , 'nearmiss' , 'false_obstacle' , 'num_missions'
'looptime’ , 'AP_location’ , 'N' , ‘candidates’ , ‘conflicts’ , ‘control_type'
‘couple_dest' , ‘couple_orig' , 'delta’ , 'dest" , ‘'dest cent , dist"
'distance_traveled' , 'dlist’ , dtt , ‘'dt_type’ , ‘dx' , ‘'dy' , ‘env' ,
‘env_index' , 'iter' , 'missions’ | 'next_vertex' , 'nopause’ , 'num_conflicts'
‘onpath® , ‘'orig" , ‘orig_cent' , 'path_travel' , 'pathlength’ , 'paused' ,
'‘pause_nocomm' , ‘raw_assign' , 'scaled_cdf dest' , 'scaled_cdf orig' ,
'sim_length' , ‘thresh’ | ‘vel' , X' , 'y , 'mission_dist , 'mission_list' ,
'mission_start' , 'mission_time' );

end
end
end
end

end
toc
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Centralized Control

tic
% Main simulation parameters

% Changed 6-6-10 to do all communication on a per d
increments of message time

num_missions = 25;
totaltime = 0;
% load an environment

% Set of new environments

env_index = 101;

env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=4xupper=2
DA =50;

AP_location = [26 26];

% env_index = 102;

% env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 103;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

%

% env_index = 104;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 105;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

%

% env_index = 106;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 201;

% env = 'C:\multirobot

modelEnvironments\env_1x1_ x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

t basis instead of by

8yupper=25.mat'

51yupper=2.mat’;

8yupper=25.mat’;

51yupper=2.mat’,

8yupper=25.mat’;

51yupper=2.mat’;

Oyupper=37.mat’;
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%

% env_index = 202;

% env = 'C:\multirobot
model\Environments\env_1x1_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 203;

% env = 'C:\multirobot

model\Environments\env_1x2 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 204;

% env = 'C:\multirobot
model\Environments\env_1x2_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 205;

% env = 'C:\multirobot

modelEnvironments\env_1x4 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 206;

% env = 'C:\multirobot

model\Environments\env_1x4 x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 301;

% env = 'C:\multirobot

model\Environments\env_1x1 x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 302;

% env = 'C:\multirobot

model\Environments\env_1x1 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 303;

% env = 'C:\multirobot

modelEnvironments\env_1x2_ x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 304;

% env = 'C:\multirobot

model\Environments\env_1x2 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 305;

75yupper=2.mat’,;

Oyupper=37.mat’;

75yupper=2.mat’;

Oyupper=37.mat’;

75yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’;
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% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=4xupper =53yupper=49.mat’;
% DA = 100;

% AP_location = [51 51];

%

% env_index = 306;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=101xupp er=101yupper=2.mat’
% DA = 100;

% AP_location = [51 51];

load(env);
orig_cent = topnode;
dest_cent = bottomnode;

% Controller Information control_type is a flag set to record which
% controller is in use for the simulation

% type 1 is the baseline - fully decentralized, sti gmergic approach
% type 2 is decentralized control with communicatio n (DCC)

% type 3 is centralized control

% type 4 is ???

% type 5 is sliding autonomy/ETA Control
control_type = 3;

sim_length = 2000; %DA/vel * num_missions;
vel = DA*num_missions/sim_length;

scale = DA/100;

sim_length = sim_length/50; % comment this line out for full simulation

% Sensor parameters
fp = 0.02; % Fraction of sensor readings that are false positi ve
fn =0.02; % Fraction of sensor readings that are false negati ve

% Communication Model for 2.4 GHz

F=6; %6dB

k =1.38e-23; % J/IK

T0=290; %K

B = 22e6; % Hz

Pn =10 *logl10 ((F + 1) *k * TO * B * 1000); % dBm
% assume unity gains on antennas for now

PL_dO = 40; % dB

do = scale; % m
loss_exp = 3.0;
dev =9; % dB typical value for log-normal shadowing with o pen terrain

Bn = 22e6; % Hz
R =1e6; % bps
Bn_R =Bn/R; % Bn/R

for N=500 %[500 400 300 200 100 50 20 10 1]
low_t = tril(true(N+1),-1);

AP =N+ 1;
thresh = 0.4 * scale; %[0.4 0.1] * scale
for comm_set = [48; 3.7] %[48 240; 3.7 5]% replaced overhead with comm

parameters (overhead and Pt)
overhead = comm_set(1);
Pt = comm_set(2);
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% Communication Parameters
data_rate = 1e6; % bits per second
data_length = 48; % bits
total_length = data_length + overhead;
FL = total_length;
message_time = total_length / data_rate; % seconds

% Simulation Timing
[dt dt_type] = min([thresh/vel/2.4 1/vel/10 DB
delta = vel * dt;
update_time = dt;

for coupling = [10; 10] * scale %[10000 10000 10000 10 10 5; 10000 10

5105 5;] * scale

couple_orig = coupling(1);

couple_dest = coupling(2); % task coupling - possible values of
10,000, 10, 5

% Distribution about the center of origination
scaled_cdf_orig = assign_ma trix(orig_cent,

couple_orig, xtotal, ytotal, connected);

% Distribution about the center of origination

scaled_cdf_dest = assign_ma trix(dest_cent,
couple_dest, xtotal, ytotal, connected);

% Load distributions to prevent license problem wit h statistics
toolkit
%
% if couple_orig == 10000 * scale
% scaled_cdf_orig = scaled_cdf_orig 1;
% elseif couple_orig == 10 * scale
% scaled_cdf _orig = scaled_cdf_orig 2;
% else
% scaled_cdf _orig = scaled_cdf_orig 3;
% end
%
% if couple_dest == 10000 * scale
% scaled_cdf dest = scaled_cdf dest 1,
% elseif couple_dest == 10 * scale
% scaled_cdf dest = scaled_cdf dest 2;
% else
% scaled_cdf dest = scaled_cdf dest 3;
% end

for iter=1:1

clearvars -except  scaled_cdf origl scaled_cdf_orig2

scaled_cdf orig3 scaled_cdf destl scaled_cdf dest2 scaled_cdf dest3 reach
comm_set Pt AP data _rate  data_length total_length message time Pt F k TO B Pn
PL_dO dO loss_exp dev Bn_R FL fp fn scale num_missions totaltime DA
sim_length iter N thresh vel couple_orig couple_dest  WAM2bottle  connected d
dest cent orig_cent nodes env_index env x_node xlower xtotal xupper y_node
ylower ytotal yupper low t scaled_cdf orig scaled_cdf dest control_type
data_rate  overhead total _length message_time AP_location tstep update_time  dt

dt type delta ;

% Simulation Variables
tdynamic = 0;
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tupdate = 0;
tie = rand(N, 1);
dist = zeros(N+1, N+1);

sense_dist = dist;
message_queue = zeros(N+1, 4);
corresponds to transmitter/robot
message_queue(;, 1) = 10;
central_model = zeros(N, 4);

nearmiss = zeros(1, N,
false_obstacle = zeros(1, N,

bias = randn(N+1, N+1) * 0.1;
sensitivity = randn(N+1, N+1)*.01 +

% Pt, X, Yy, VX, vy, row

% Queue starts empty
% Time updated, robot_status

int32" );
int32" );

1;

% Simulation Data (results logging)

msg_sent_AP = 0;

msg_sent_robot = zeros(1, N,
bandwidth_used = 0;
messages_failed AP = 0;
messages_failed_robot = zeros(1, N,
missed = 0;

distance_traveled = zeros(1, N);
paused = zeros(1, N,
pause_nocomm = zeros(1, N,
nopause = zeros(1, N,

missions = ones(1, N,
mission_dist = zeros(200, N,
mission_list = zeros(200, N,
mission_time = zeros(200, N);

int32" );

'int32" );

int32" );
int32" );
int32" );
int32" );
int32" );
int32" );

orig = zeros(1, N, int32" );
dest = zeros(1, N, int32" );

next_vertex = zeros(1, N,
cmd_buffer = zeros(2, N,
cmd_buffer_send = 1;
cmd_buffer_store = 1;
cmd_flag = zeros(1, N,

int32" );
int32" );

int8" );

% TX_time = zeros(N, 1);
% RX_time = zeros(N, 1);

sent_time = zeros(N, 1);
sent_route_flag = zeros(N, 1);
n_list = (1:1:N);

central_model(:, 2) = 1;
from next vertex

% Initial task assignments
for n=1:N

raw_assign = rand(1);

orig(n) = find(scaled_cdf_orig

raw_assign = rand(1);
dest(n) = find(scaled_cdf dest

% all robots start full segment away

> raw_assign, 1);

> raw_assign, 1);
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while dest(n) == orig(n)

raw_assign = rand(1);
dest(n) = find(scaled_cdf d
end

candidates = find(WAM2(:, orig(
by column!
dlist = d(dest(n), candidates);
pathlength = min(dlist);
onpath = candidates(dlist == pa
next_vertex(n) = onpath(ceil(ra
end

cmd_vertex = next_vertex;

set of next vertices
next_vertex_buffer = next_vertex;
prev_vertex = orig;

mission_start = orig;

mission_dist(1, :) = abs(x_node(ori
abs(y_node(orig) - y_node(dest));

mission_list(1, :) = dest;

dx = delta * (x_node(next_vertex) -
dy = delta * (y_node(next_vertex) -

x = [x_node(orig); AP_location(1)];
y = [y_node(orig); AP_location(2)];

dist_list = pdist([x y],
dist = dist * O;
dist(low_t) = dist_list;
dist = dist + dist’;

PL_AP =PL_dO + 10 * loss_exp * log
1:N)/d0)/3.3219280948873622 + randn(1, N)*dev;

SNR_AP = Pt- PL_AP - Pn;

est > raw_assign, 1);

n)))’; % faster to search

thlength);
nd * length(onpath)));

% initialize command set as first

g) - x_node(dest)) +

Xx_node(orig));
y_node(orig));

‘euclidean’ );

2(dist(AP,

%Pe_AP = Q(sqrt(2*10.~(SNR_AP/10)*Bn_R));

Pe_AP = 0.5%erfc(sqrt(10.A(SNR_AP/1

PRR_AP = (1 - Pe_AP).AFL;

path_travel = zeros(N, 1);

for time = 0:dt:sim_length

0)*Bn_R));

% calculate list of robots that need to be routed

% robot needs route if it is with distance of next vertex

and the next vertex buffer is still the
% next vertex
needs_route = (central_model(:,
central_model(;, 3) == central_model(;, 4));

num_to_route = sum(needs_route)
mess_per_dt = min(floor(dt/ mes

N);

2) <3.25*delta &
% 0.1 value is placeholder

sage_time)-num_to_route,
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% route the robots

% resend failed route messages for sent_route_flag &
needs_route & central model has been updated since command was sent
resend_route = needs_route & (c entral_model(;,1) >=
sent_time & sent_route_flag); % central model

% calculate new routes

needs_new_list = n_list(needs_r oute & ~resend_route)’;
%n_list(needs_route)";
if (~isempty(needs_new_list))
for curr_rob = needs_new_list
if next_vertex(curr_rob) == dest(curr_rob)

% End of mission reached, assign new mission,
% increment mission counter

orig(curr_rob) = de st(curr_rob);
if mod(missions(curr_rob),2) ==

while dest(curr_rob) == orig(curr_rob)

raw_assign =rand(1);
dest(curr_r ob) = find(scaled_cdf dest
> raw_assign, 1);
end
else
while dest(curr_rob) == orig(curr_rob)
raw_assign = rand(1);
dest(curr_r ob) = find(scaled_cdf orig
> raw_assign, 1);
end
end
mission_time(missio ns(curr_rob), curr_rob) =
time;
missions(curr_rob) = missions(curr_rob) + 1;
mission_dist(missio ns(curr_rob), curr_rob) =
abs(x_node(orig(curr_rob)) - x_node(dest(curr_rob)) )+
abs(y_node(orig(curr_rob)) - y_node(dest(curr_rob)) );
mission_list(missio ns(curr_rob), curr_rob) =
dest(curr_rob);
end
% replaced unique with part of that code
curr_vertices = sort(ce ntral_model([1:curr_rob-1

curr_rob+1:N],4));

if ~isempty(curr_vertices)

cv_db = diff(curr_v ertices);

numelcv = N-1;

cv_ind=cv._db~=0 ;

cv_ind(numelcv) = 1 ;

curr_vertices = cur r_vertices(cv_ind);
end

candidates = find(WAM2( Y

next_vertex(curr_rob))); % faster to search by column!
% form path sets
cp_stepl = candidates(c andidates ~=

prev_vertex(curr_rob));
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if sum(cp_stepl == dest(curr_rob)) == % if any
of the first steps in possible paths is the destina tion - go there and no
need to check paths
%cmd_buffer(:, cmd_buffer_store) = [curr_rob;
dest(curr_rob);];

cmd_vertex(curr_rob ) = dest(curr_rob);
else
path_set = zeros(2, length(cp_step1)*3);
path_index = 0;
for j= 1l:size(cp_stepl)
poss_step = fin d(WAM2(:,cp_stepl()));
cp_step2 = poss _step(poss_step ~=

next_vertex(curr_rob));
for g = 1l:length(cp_step2)

path_index = path_index + 1;
path_set(1, path_index) =
cp_stepl(j);
path_set(2, path_index) =
cp_step2(g);
end
end
path_set = path_set (:, L:path_index);
dlist_raw = d(dest( curr_rob),

path_set(2,:))+2;
dlist = dlist_raw;
for p = l:size(path_set, 2)
%[step_on_path can_reach_path] =
find(d(path_set(:, p), :) <= 2);

can_reach_path = [reach(path_set(1,
p)).can_reach_path'; reach(path_set(2, p)).can_reac h_path'];
%potential_conflicts =
intersect(central_model([1:curr_rob-1 curr_rob+1:N] ,4), can_reach_path); %
replace curr_rob (z only) with N+1 for centralized router
%potential _conflicts =
curr_vertices(ismember(curr_vertices, can_reach_pat h));

% this method is much faster for low N,
about the same for N=500
cv_indexed = fa Ise(length(curr_vertices),
1);
for crp = l:length(can_reach_path)
cv_indexed = (curr_vertices ==
can_reach_path(crp)) | cv_indexed;

end
potential_confl icts =
curr_vertices(cv_indexed);
off _base = cent ral_model(curr_rob, 2) +
1; % replace with own location information - distance to reach first point on

possible next path
if isempty(potential_conflicts) ~= 1
for u = potential_conflicts'

check_c ond = central_model(:, 4)
==u; % index to the robot where the conflict is

cm =ce ntral_model(check_cond,
2);

d1 =d( u, path_set(1,p));
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offset_
cm);

offset_
(d(u, path_set(2,p)) + cm);

path_set(1,p)) + d(path_set(1,p), dest(check cond))
+ 1)) * max([thresh - abs(offset_dist1) thresh - ab
zeros(size(offset_dist1))], [1, 2); % penalty is re
unlikely to visit that node on its path

dest _ch

d2 =d(
dest_check);

d3 =d(

penl = thresh - abs(offset_distl);
pen2 = thresh - abs(offset_dist2);

penalty = (1 ./ (d1 + d2 - d3 + 1)) * max(max(penl,

reduced if the robot is unlikely to visit that node
penalty

1)) * max(thresh - min(abs(offset_dist1), abs(offse

reduced if the robot is unlikely to visit that node

path_set(1,p)) + d(path_set(1,p), dest(check cond))
+ 1)) * max([thresh - abs(offset_dist1) thresh - ab
zeros(size(offset_distl))], [], 2); % penalty is re
unlikely to visit that node on its path

dlist(p

end

end

end

distl = off _base - (d1 +

dist2 = off_base + 1 -
%penalty = (1 ./ (d(u,

- d(u, dest(check_cond))

s(offset_dist2)

duced if the robot is

eck = dest(check _cond);
path_set(1,p),

u, dest_check);
%

%

%
pen2),0); % penalty is

on its path
=(1./(d1+d2-d3+
t_dist2)),0); % penalty is
on its path

%penalty = (1 ./ (d(u,
- d(u, dest(check_cond))
s(offset_dist2)
duced if the robot is

) = dlist(p) + penalty;

% path selection

pathlength = min(dl
onpath = path_set(1

ist);
, dlist == pathlength);

% set next step on path to dest
%cmd_buffer(;, cmd_buffer_store) = [curr_rob;

onpath(randi(length(onpath)));];
cmd_vertex(curr_rob
onpath(randi(length(onpath)));

end
end
end

rx_cmd = PRR_AP >rand(1, N) &
msg_sent_AP = msg_sent_AP + sum
fail_cmd = needs_route' & ~rx_c
messages_failed AP = messages_f
next_vertex_buffer(rx_cmd) = cm
sent_time(needs_route) = time;
sent_route_flag = needs_route;

):

needs_route’;

(rx_cmd);

md,;

ailed_AP + sum(fail_cmd);
d_vertex(rx_cmd);

% determine robots that transmit during this dt

[sorted rows] = sortrows(messag

e_queue);
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last_in_queue = find(sorted(;,1 )==10,1) - 1;
if last_in_queue >0

valid_queue = rows(sorted(: ,1)<10);

valid_queue = valid_queue(1 ‘min(mess_per_dt,
last_in_queue));

send_ok = PRR_AP(valid_queu e)>rand(1,
min(mess_per_dt, last_in_queue));

sent_queue = valid_queue(se nd_ok);

failed_queue = valid_queue( ~send_ok);

message_queue(valid_queue, 1) = 10; % clear queue -

message was sent

messages_failed_robot(faile d_queue) =
messages_failed_robot(failed_queue) + 1;

msg_sent_robot(sent_queue) =
msg_sent_robot(sent_queue) + 1;

% update central model
central_model(sent_queue, 1 ) = time;

central_model(sent_queue, 2 4) =
message_queue(sent_queue, 2:4);

end

dist_list = pdist([x y], ‘euclidean’ ); % version if not
%modified

dist = dist * O;

dist(low_t) = dist_list;

dist = dist + dist’;
% Communication propagation model

PL_AP =PL_dO + 10 * loss_exp * log2(dist(AP,

1:N)/d0)/3.3219280948873622 + randn(1, N)*dev;
SNR_AP = Pt- PL_AP - Pn;
%Pe_AP = Q(sqrt(2*10.A(SNR_AP/10)*Bn_R));
Pe_AP = 0.5%erfc(sqrt(10.~(SNR_ AP/10)*Bn_R));
PRR_AP = (1 - Pe_AP)."FL;

sense_dist = dist .* sensitivit y + bias;

% State update (in loop)
for n=1:N
stp = 1,
% Check if robot n is currently at a vertex
if (abs(x_node(next_vertex(n)) - x(n)) +
abs(y_node(next_vertex(n)) - y(n))) <= delta/2
% Check if next command has been received
if next_vertex_buffer(n) ~= next_vertex(n)

-1
% Set position to current next_vertex since
we're there
x(n) = x_node(next_ vertex(n));
y(n) =y_node(next_ vertex(n));
% Increment segment count
path_travel(n) = pa th_travel(n) + 1;

% was
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% Set vertex
prev_vertex(n) = ne xt_vertex(n);
next_vertex(n) = ne xt_vertex_buffer(n);
%
next_vertex_buffer(n) = -1;

dx(n) = delta * (x_ node(next_vertex(n)) -
x(n));
dy(n) = delta * (y_ node(next_vertex(n)) -
y(n));
else
stp = -1;
end
end
% Check for conflicts
%conflicts = find(dist(:,n)<=thresh); % this is the
distance that should be replaced with noisy sensor data!
conflicts = find(sense_dist (1:N,n)<=thresh); % this
is the distance that should be replaced with noisy sensor data!
num_conflicts = length(conf licts);
sensor_fp = rand(1);
if sensor_fp<=fp
false_obstacle(n) = fal se_obstacle(n) + 1;
stp =0;
elseif num_conflicts > 1
sensor_fn = rand(1);
n_goal = next_vertex(n)
if sensor_fn<=1fn
nearmiss(n) = nearm iss(n) + 1;
else
for q = conflicts'
dist_n_to_next_ pt = abs(x(n) -
Xx_node(n_goal)) + abs(y(n)- y_node(n_goal));
if ((next_vertex(q) ==n_goal ) && (q
~=n))
% check to see if q is closer to goal
than n

dist g to_n ext_pt = abs(x(q) -
x_node(n_goal)) + abs(y(q)-y_node(n_goal));
if (dist_n_to_next pt>=
dist_q_to_next_pt)
% check for tie
if (dist_ n_to next pt==
dist_q_to_next_pt && tie(n) < tie(q) )

else
stp =0;
break
end
end
end
end
end
end
% Update x and y based on dx, dy, and conflict stat
if stp==1

x(n) = x(n) + dx(n);
y(n) =y(n) + dy(n);
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distance_traveled(n) =

distance_traveled(n) +

delta;
nopause(n) = nopause(n) +1;
elseif stp ==
paused(n) = paused(n) + 1;
else
pause_nocomm(n) = pause _nocomm(n) + 1;
end
end
% if time >= tupdate-message_ti me/2
% tupdate = tupdate +
update_time;
% update time is set to be the same as dt = 12 mess ages/
per segment for DA = 50
missed = missed + sum(message_(q ueue(:,1) ~= 10);
dist_to_next_vertex = abs(x_nod e(next_vertex) - x(1:N)) +
abs(y_node(next_vertex) - y(1:N));
message_queue(1:N, 1) = rand(N, 1);
message_queue(1:N, 2) = dist_to _next_vertex;
message_queue(1:N, 3) = next_ve rtex_buffer";
message_queue(1:N, 4) = next_ve rtex’;
% end
end
nam_var = [ ‘control=' num2str(control_type) ‘N="" num2str(N)
‘env="" numa2str(env_index) 'thresh=" numz2str(thresh) 'len='
num2str(sim_length) ‘couple_orig="' numz2str(couple_orig) 'couple_dest="'
num2str(couple_dest) '‘overhead=" num2str(overhead) 'Pt=" num2str(Pt) 'iter="
num2str(iter)];
looptime = toc - totaltime
totaltime = toc;
mission_time = mission_time - [zero s(1, N);
mission_time(1:199, 1)];
mission_time = max(mission_time, 0) ;
save([ 'C:\multirobot model\Logs\sim-' nam_var ‘mat" ],
'data_length' , 'bandwidth_used' , 'overhead" , 'Pt'" , 'message_time' , 'missed’ ,
'msg_sent_AP' 'msg_sent_robot' , 'messages_failed_AP' ,
'messages_failed_robot' , 'bias’ , 'sensitivity' , fpr, ', 'DA",
'sim_length' , 'nearmiss’ , ‘'false_obstacle' , 'num_missions' , ‘looptime' ,
'AP_location' , 'N' , ‘candidates’ , ‘conflicts’ , ‘control_type' , 'couple_dest' ,
‘couple_orig' , 'delta’ , 'dest’ , 'dest cent' , 'dist" | ‘'distance_traveled' ,
'dlist’ , dtt , ‘dt_type' , ‘dx' , 'dy' , 'env' , ‘'env_index' , 'iter' , 'missions’
'next_vertex' , 'nopause’ , 'num_conflicts' , ‘'onpath’ , ‘orig" , ‘orig_cent ,
'path_travel' , 'pathlength’ , 'paused' , 'pause_nocomm' , ‘raw_assign' ,
'sim_length' , ‘thresh’ | ‘vel' , X' , 'y , 'mission_dist , 'mission_list' ,
'mission_start' , 'mission_time' , 'tupdate' );
end
end
end
end
toc
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Mixed Mode Autonomy

tic
% Main simulation parameters

% Changed 6-6-10 to do all communication on a per d
increments of message time

num_missions = 25;
totaltime = 0;
% load an environment

% Set of new environments

% env_index = 101;

% env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

%

% env_index = 102;

% env = 'C:\multirobot
model\Environments\env_1x1_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 103;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=4xupper=2
% DA = 50;

% AP_location = [26 26];

%

% env_index = 104;

% env = 'C:\multirobot
model\Environments\env_1x2_x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

env_index = 105;

env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=4xupper=2
DA =50;

AP_location = [26 26];

%

% env_index = 106;

% env = 'C:\multirobot

model\Environments\env_1x4 x=51y=49bottle=51xupper=
% DA = 50;

% AP_location = [26 26];

%

% env_index = 201;

% env = 'C:\multirobot

modelEnvironments\env_1x1_ x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

t basis instead of by

8yupper=25.mat’;

51yupper=2.mat’;

8yupper=25.mat’;

51yupper=2.mat’;

8yupper=25.mat'

51yupper=2.mat’,

Oyupper=37.mat’;
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%

% env_index = 202;

% env = 'C:\multirobot
model\Environments\env_1x1_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 203;

% env = 'C:\multirobot

model\Environments\env_1x2 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 204;

% env = 'C:\multirobot
model\Environments\env_1x2_x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 205;

% env = 'C:\multirobot

modelEnvironments\env_1x4 x=75y=75bottle=4xupper=4
% DA = 75;

% AP_location = [38 38];

%

% env_index = 206;

% env = 'C:\multirobot

model\Environments\env_1x4 x=75y=75bottle=75xupper=
% DA = 75;

% AP_location = [38 38];

%

% env_index = 301;

% env = 'C:\multirobot

model\Environments\env_1x1 x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 302;

% env = 'C:\multirobot

model\Environments\env_1x1 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 303;

% env = 'C:\multirobot

modelEnvironments\env_1x2_ x=101y=101bottle=4xupper
% DA = 100;

% AP_location = [51 51];

%

% env_index = 304;

% env = 'C:\multirobot

model\Environments\env_1x2 x=101y=101bottle=101xupp
% DA = 100;

% AP_location = [51 51];

%

% env_index = 305;

75yupper=2.mat’,;

Oyupper=37.mat’;

75yupper=2.mat’;

Oyupper=37.mat’;

75yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’;

=53yupper=49.mat’;

er=101yupper=2.mat’;
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% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=4xupper =53yupper=49.mat’;
% DA = 100;

% AP_location = [51 51];

%

% env_index = 306;

% env = 'C:\multirobot

model\Environments\env_1x4 x=101y=101bottle=101xupp er=101yupper=2.mat’
% DA = 100;

% AP_location = [51 51];

load(env);
orig_cent = topnode;
dest_cent = bottomnode;

% Controller Information control_type is a flag set to record which
% controller is in use for the simulation

% type 1 is the baseline - fully decentralized, sti gmergic approach
% type 2 is decentralized control with communicatio n (DCC)

% type 3 is centralized control

% type 4 is ???

% type 5 is sliding autonomy/ETA Control
control_type = 4;

sim_length = 2000; %DA/vel * num_missions;
vel = DA*num_missions/sim_length;

scale = DA/100;

% sim_length = sim_length/10; % comment this line o ut for full simulation

% Sensor parameters
fp = 0.02; % Fraction of sensor readings that are false positi ve
fn =0.02; % Fraction of sensor readings that are false negati ve

% Communication Model for 2.4 GHz

F=6; %6dB

k =1.38e-23; % J/IK

T0=290; %K

B = 22e6; % Hz

Pn =10 *logl10 ((F + 1) *k * TO * B * 1000); % dBm
% assume unity gains on antennas for now

PL_dO = 40; % dB

do = scale; % m
loss_exp = 3.0;
dev =9; % dB typical value for log-normal shadowing with o pen terrain

Bn = 22e6; % Hz
R =1e6; % bps
Bn_R =Bn/R; % Bn/R

for N =[400 500] %][1 10 20 50 100 200 300 400 500] %[500 400 300 200 100 50
2010 1]

low_t = tril(true(N+1),-1);

AP =N+ 1;

blank_diag = ~eye(N, 'uint8' ); % used to eliminate decision to
communicate based on own proximity to decision

thresh = 0.4 * scale; %][0.4 0.1] * scale
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for comm_set = [48 48 240 240; 3.7 -10.5 5 -9.2] % replaced overhead with
comm parameters (overhead and Pt)
overhead = comm_set(1);
Pt = comm_set(2);
% Communication Parameters
data_rate = 1e6; % bits per second
data_length = 48; % bits
total_length = data_length + overhead;
FL = total_length;
message_time = total_length / data_rate; % seconds

% Simulation Timing
[dt dt_type] = min([thresh/vel/2.4 1/vel/10 DB
delta = vel * dt;
update_time = dft;

for coupling =[10000 10000 10000 10 10 5; 10000 10 5 1055;]*
scale
couple_orig = coupling(1);
couple_dest = coupling(2); % task coupling - possible values of
10,000, 10,5

% Distribution about the center of origination
scaled_cdf_orig = assign_matrix(orig_ce nt, couple_orig, xtotal,
ytotal, connected);

% Distribution about the center of origination
scaled_cdf_dest = assign_matrix(dest_ce nt, couple_dest, xtotal,
ytotal, connected);

for iter=13:13

clearvars -except  blank_diag reach comm_set Pt AP data_rate
data_length total_length message time Pt F k TO B Pn PL_dO dO loss exp dev
Bn_R FL fp fn scale num_missions totaltime DA sim_length iter N thresh vel

couple_orig couple_dest  WAM2bottle  connected d dest cent orig_cent nodes
env_index env x_node xlower xtotal xupper y node vylower vytotal yupper low_t
scaled_cdf orig scaled_cdf dest control_type data_rate  overhead total length
message_time AP_location tstep update_time dt dt type delta ;

% Simulation Variables
tdynamic = 0;
tupdate = 0;
tie = rand(N, 1);
dist = zeros(N+1, N+1);

sense_dist = dist;

message_queue = zeros(N+1, 4); % Pt, X, Yy, VX, vy, row
corresponds to transmitter/robot
message_queue(:, 1) = 10; % Queue starts empty
%central_model = zeros(N, 4); % Time updated, robot _status

local_model = zeros(N, 4, N+1);

nearmiss = zeros(1, N, 'int32" );
false_obstacle = zeros(1, N, 'int32"  );
bias = randn(N+1, N+1) * 0.1;

sensitivity = randn(N+1, N+1)*.01 + 1;

163



% Simulation Data (results logging)

msg_sent = zeros(N+1, N+1,
bandwidth_used = 0;

msg_sent_AP = 0;
messages_failed AP = 0;
messages_failed = zeros(N+1, N+1,
missed = 0;

skip = zeros(N, 1,

distance_traveled = zeros(1, N);
paused = zeros(1, N,
pause_nocomm = zeros(1, N,
nopause = zeros(1, N,
missions = ones(1, N,
mission_dist = zeros(200, N,
mission_list = zeros(200, N,
mission_time = zeros(200, N);
orig = zeros(1, N,

dest = zeros(1, N,
next_vertex = zeros(1, N,

'int32'

n_list = (1:1:N);

local_model(;, 2, :) = 1;
away from next vertex

% Initial task assignments
for n=1:N

raw_assign = rand(1);

orig(n) = find(scaled_cdf_orig

raw_assign = rand(1);
dest(n) = find(scaled_cdf dest

while dest(n) == orig(n)
raw_assign = rand(1);
dest(n) = find(scaled_cdf d

end

candidates = find(WAM2(:, orig(
by column!
dlist = d(dest(n), candidates);
pathlength = min(dlist);
onpath = candidates(dlist == pa
next_vertex(n) = onpath(ceil(ra
end

next_vertex_buffer = next_vertex;
prev_vertex = orig;
dist_to_next_vertex = ones(N, 1);

'uint8'

'int32'

int32" );

int32" );

int32" );

); % initially every robot sends

);
int32" );

int32" );
int32" );

N2 );
int32" );

int32" );

% all robots start full segment

> raw_assign, 1);

> raw_assign, 1);

est > raw_assign, 1);

n)))’; % faster to search

thlength);
nd * length(onpath)));
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local_model(1:N, 4, :) = repmat(ori

mission_start = orig;

mission_dist(1, :) = abs(x_node(ori
abs(y_node(orig) - y_node(dest));

mission_list(1, :) = dest;

dx = delta * (x_node(next_vertex) -
dy = delta * (y_node(next_vertex) -

x = [x_node(orig); AP_location(1)];
y = [y_node(orig); AP_location(2)];

dist_list = pdist([x y],
dist = dist * O;
dist(low_t) = dist_list;
dist = dist + dist';

PL =PL_dO + 10 * loss_exp * log2(d
+ randn(N+1, N+1) * dev;

SNR =Pt-PL-Pn;

Pe = 0.5%erfc(sqrt(10.~/(SNR/10)*Bn_

PRR = (1 - Pe)."FL;

path_travel = zeros(N, 1);
PRRcount = 0;

opt_route = zeros(1, N,
new_route = zeros(1, N,
old_route = zeros(1, N,
old_data = zeros(1, N,
know_more_route = zeros(1, N,
know_intent_route = zeros(1, N,
no_neighbor = zeros(1, N,

for time = 0:dt:sim_length
% Central control check of robot routes

g, N+1, 1);

g) - x_node(dest)) +

X_node(orig));
y_node(orig));

‘euclidean’ );
ist/d0)/3.3219280948873622
R));
int32" );
int32" );
int32" );
int32" );
int32" );
int32" );
'int32'

% Check when central model next_vertex ~=

next_vertex_buffer

% central model is N+1 model of local model
% set flag after first check - no need to recalcula te
% reset flag when central model next_vertex ==

next_vertex_buffer

% use central communication model information to se nd

central route information

% number of improved routes should be calculated

% calculate list of robots that need to be routed

% robot needs route if it is with distance of next

and the next vertex buffer is still the
% next vertex

vertex
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needs_route = (dist_to_next_ver tex' < 3.25 * delta &
next_vertex_buffer == next_vertex);

num_to_route = sum(needs_route) ;

central_routes = sum(opt_route ~=0); % determine the

number of robots that need to get a new route from central controller
mess_per_dt = min(floor(dt/ mes sage_time) -

central_routes, N);
% update robot (n_list(opt_route ~=0)) routes based on
central commands
get_from_central = n_list(opt_r oute ~= 0);

if central_routes ~=0

rx_cmd = PRR(AP, get_from_c entral) >rand(1,
central_routes);

msg_sent_AP = msg_sent_AP + sum(rx_cmd);

messages_failed_AP = messag es_failed AP +
sum(~rx_cmd);

next_vertex_buffer(get_from _central(rx_cmd)) =
opt_route(get_from_central(rx_cmd));

opt_route(get_from_central( rx_cmd)) = 0;

end

% route the robots

% calculate alternate central control route informa tion
during this step as well

% - avoids duplicate calculations - route will not be
used until time + dt

% difference between two routes is difference in lo cal

and central model and
% knowledge of goal in central model
needs_new_list = n_list(needs_r oute)’;
if (~isempty(needs_new_list))
for curr_rob = needs_new_list
if next_vertex(curr_rob) == dest(curr_rob)
% End of mission reached, assign new mission,
% increment mission counter
orig(curr_rob) = de st(curr_rob);
if mod(missions(curr_rob),2) == 0
while dest(curr_rob) == orig(curr_rob)

raw_assign = rand(1);
dest(curr_r ob) = find(scaled_cdf dest
> raw_assign, 1);
end
else
while dest(curr_rob) == orig(curr_rob)
raw_assign = rand(1);
dest(curr_r ob) = find(scaled_cdf orig
> raw_assign, 1);
end
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end

mission_time(missio ns(curr_rob), curr_rob) =
time;
missions(curr_rob) = missions(curr_rob) + 1;
mission_dist(missio ns(curr_rob), curr_rob) =
abs(x_node(orig(curr_rob)) - x_node(dest(curr_rob)) )+
abs(y_node(orig(curr_rob)) - y_node(dest(curr_rob)) );
mission_list(missio ns(curr_rob), curr_rob) =
dest(curr_rob);
end
% replaced unique with part of that code
if local_model(;, 4, curr_rob) == local_maodel(;,
4, AP)
match4 = 1;
else
match4 = 0;
end
if local_model(:, 2, curr_rob) == local_model(:,
2, AP)
match2 = 1;
else
match2 = 0;
end
curr_vertices = sort(lo cal_model([1:curr_rob-1

curr_rob+1:N],4, curr_rob));
% eliminate redundant values to check
if ~isempty(curr_vertices)
cv_db = diff(curr_v ertices);
numelcv = N-1;
cv_ind=cv._db~=0 ;
cv_ind(numelcv) = 1 ;

curr_vertices = cur r_vertices(cv_ind);
end
if match4 ==
curr_vertices_cr = curr_vertices;
else
curr_vertices_cr =
sort(local_model([1:curr_rob-1 curr_rob+1:N],4, AP) );

% eliminate redundant values to check
if ~isempty(curr_vertices_cr)

cv_db = diff(cu rr_vertices_cr);
numelcv = N-1;

cv_ind =cv_db ~=0;
cv_ind(numelcv) =1;

curr_vertices_c
curr_vertices_cr(cv_ind);

-

end
end

candidates = find(WAM2( N

next_vertex(curr_rob))); % faster to search by column!
% form path sets
cp_stepl = candidates(c andidates ~=

prev_vertex(curr_rob));
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if sum(cp_stepl == dest(curr_rob)) == % if any

of the first steps in possible paths is the destina tion - go there and no
need to check paths
next_vertex_buffer( curr_rob) =
dest(curr_raob);
else
path_set = zeros(2, length(cp_stepl1)*3);
path_index = 0;
for j= 1l:size(cp_stepl)
poss_step = fin d(WAM2(:,cp_stepl()));
cp_step2 = poss _step(poss_step ~=
next_vertex(curr_roh));
for g = l:length(cp_step2)
path_index = path_index + 1;
path_set(1, path_index) =
cp_stepl(j);
path_set(2, path_index) =
cp_step2(g);
end
end
path_set = path_set (:, 1:path_index);
dlist_raw = d(dest( curr_rob),
path_set(2,:))+2;
dlist = dlist_raw;
dlist_central_no_in tent = dlist_raw;
dlist_central = dli st_raw;
for p = l:size(path_set, 2)
can_reach_path = [reach(path_set(1,
p)).can_reach_path'; reach(path_set(2, p)).can_reac h_path'];
potential_confl icts =
curr_vertices(ismember(curr_vertices, can_reach_pat h));
off_base = dist _to_next_vertex(curr_rob)
+1; %distance to reach first point on possible next pat h
if match4 == 1 && match2 ==1
if isempty(potential_conflicts) ~= 1
for u = potential_conflicts'
che ck_cond = local_model(;,
4, curr_rob) == u; % index to the robot where the conflict is
cm = local_model(check_cond,
2, curr_rob);
di = d(u, path_set(1,p));
des t check =
dest(check_cond);
d2 = d(path_set(1,p),
dest_check);
d3 = d(u, dest_check);
off set_distl = off_base - (d1
+cm);
off set_dist2 = off base + 1 -
(d(u, path_set(2,p)) + cm);
pen alty = max(thresh -
min(abs(offset_distl), abs(offset_dist2)),0);
pen alty cr=(1./(d1 +d2 -
d3 + 1)) * penalty; % penalty is reduced if the robot is unlikely to vi sit

that node on its path
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dli st(p) = dlist(p) +

sum(penalty);
dli st_central(p) =
dlist_central(p) + sum(penalty_cr);
end
end
dlist_centr al_no_intent = dlist;

elseif match4 == 1 && match2 ==
if isempty(potential_conflicts) ~= 1
for u = potential_conflicts'

che ck_cond = local_model(:,
4, curr_rob) == u; % index to the robot where the conflict is

cm = local_model(check_cond,
2, curr_rob);

cm_ cr=
local_model(check_cond, 2, AP);

di = d(u, path_set(1,p));

des t check =
dest(check_cond);

d2 = d(path_set(1,p),
dest_check);

d3 = d(u, dest_check);

off set_distl = off_base - (d1
+ cm);

off set_dist2 = off base + 1 -
(d(u, path_set(2,p)) + cm);

off set_distl_cr = off_base -
(d1 + cm_cr);

off set_dist2_cr = off _base +

1 - (d(u, path_set(2,p)) + cm_cr);

pen alty = max(thresh -
min(abs(offset_dist1), abs(offset_dist2)),0);

pen alty_no_intent =
max(thresh - min(abs(offset_distl_cr), abs(offset_d ist2_cr)),0);

pen alty cr=(1./(d1 +d2 -
d3 + 1)) * penalty_no_intent; % penalty is reduced if the robot is unlikely
to visit that node on its path

dli st(p) = dlist(p) +
sum(penalty);

dli st_central_no_intent(p) =
dlist_central_no_intent(p) + sum(penalty_no_intent) ;

dli st_central(p) =
dlist_central(p) + sum(penalty_cr);

end
end
else
if isempty(potential_conflicts) ~= 1
for u = potential_conflicts'

che ck_cond = local_model(:,
4, curr_rob) == u; % index to the robot where the conflict is

cm = local_model(check_cond,
2, curr_rob);

di = d(u, path_set(1,p));
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off set_distl = off_base - (d1

+cm);
off set_dist2 = off base + 1 -
(d(u, path_set(2,p)) + cm);
pen alty = max(thresh -
min(abs(offset_distl), abs(offset_dist2)),0);
dli st(p) = dlist(p) +
sum(penalty);
end
end
potential_c onflicts_cr =
curr_vertices_cr(ismember(curr_vertices_cr, can_rea ch_path));
if isempty(potential_conflicts_cr) ~=
1
for u = potential_conflicts_cr'
che ck_cond = local_model(:,
4, AP) == u; % index to the robot where the conflict is
cm = local_model(check_cond,
2, AP);
di = d(u, path_set(1,p));
des t check =
dest(check_cond);
d2 = d(path_set(1,p),
dest_check);
d3 = d(u, dest_check);
off set_distl = off_base - (d1
+cm);
off set_dist2 = off base +1 -
(d(u, path_set(2,p)) + cm);
pen alty = max(thresh -
min(abs(offset_dist1), abs(offset_dist2)),0);
pen alty cr=(1./(d1 +d2 -
d3 + 1)) * penalty; % penalty is reduced if the robot is unlikely to vi sit
that node on its path
dli st_central_no_intent(p) =
dlist_central_no_intent(p) + sum(penalty);
dli st_central(p) =
dlist_central(p) + sum(penalty_cr);
end
end
end
end
% path selection
pathlength = min(dI ist);
pathlength_cr = min (dlist_central);
onpath = path_set(1 , dlist == pathlength);
onpath_cr = path_se t(1, dlist_central ==

pathlength_cr);

% set next step on path to dest

next_vertex_buffer( curr_rob) =

onpath(randi(length(onpath)));

if sum(next_vertex_buffer(curr_rob) ==
onpath_cr) ==

opt_route(curr_ rob) =

onpath_cr(randi(length(onpath_cr)));
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new_route(curr_
+1;

pathlength_cr_n
min(dlist_central_no_intent);
onpath_cr_no_in

dlist_central_no_intent == pathlength_cr_no_intent) ;

neighbors = d(n
next_vertex(curr_rob))<4;
neighbors(curr_

AP_newer =
AP) >= local_model(neighbors, 1, curr_rob);

old_rou te(curr_rob) =
old_route(curr_rob) + 1;
end
AP_current =time <=
local_model(neighbors, 1, AP) + local_model(neighbo rs, 2, AP)/vel + dt;
if sum(AP_current) < sum(neighbors)
old_dat a(curr_rob) =
old_data(curr_rob) + 1;
opt_rou te(curr_rob) = 0;

use this route - central model info is too old

no_neighbor
no_neighbor(curr_rob) + 1;

onpath_cr_no_intent) ==
instead of intent

know_more_r
know_more_route(curr_rob) + 1;

knowing intent

know_intent
know_intent_route(curr_rob) + 1;
else
opt_route(curr_
end

end
end
end

rob) = new_route(curr_rob)

O_intent =

tent = path_set(1,

ext_vertex,

rob) = 0;
if sum(neighbors) >0

local_model(neighbors, 1,

if sum(AP_newer) < sum(neighbors)

end
else
(curr_rob) =

end

if sum(next_vertex_buffer(curr_rob) ==
% Different info caused route change
oute(curr_rob) =
else
% path difference is due to central
_route(curr_rob) =
end

rob) = 0;

% determine robots that transmit during this dt

[sorted rows] = sortrows(messag

e_queue);

% can't
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last_in_queue = find(sorted(;,1 )==10,1) - 1;
if last_in_queue >0
valid_queue = rows(sorted(: ,1)<10);
valid_queue = valid_queue(1 ‘min(mess_per_dt,
last_in_queue));
for msg = valid_queue'

send_ok = PRR(;, msg)>r and(N+1, 1);
msg_sent(:, msg) = msg_ sent(:, msg) +
int32(send_ok); % track percentage of bandwidth used successfully
messages_failed(;, msg) = messages_failed(;, msg)
+ int32(~send_ok);
message_queue(msg, 1) = 10;
% update local model
local_model(msg, 1, sen d_ok) = time;
local_model(msg, 2:4, s end_ok) =
repmat(message_queue(msg, 2:4), sum(send_ok), 1)';
end
end
for Im=1:N
local_model(lm, 2, Im) = di st_to_next_vertex(Im);
local_model(lm, 1, Im) = ti me;
end
dist_list = pdist([x y], ‘euclidean’ );
dist = dist * O;

dist(low_t) = dist_list;
dist = dist + dist’;

% Communication propagation model
PRRcount = PRRcount + 1;
if PRRcount ==

PL_list=PL_dO + 10 * loss _exp*
log2(dist_list/d0)/3.3219280948873622;

PL=PL*0;

PL(low_t) = PL_list;

PL = PL + PL' + randn(N+1, N+1) * dev;

SNR =Pt-PL - Pn;

Pe = 0.5*erfc(sqrt(10.A(SNR /10)*Bn_R));

PRR = (1 - Pe)."FL;

PRRcount = 0;

end
sense_dist = dist .* sensitivit y + bias;

% State update (in loop)
for n=1:N
stp = 1,
% Check if robot n is currently at a vertex
if (abs(x_node(next_vertex(n)) - x(n)) +
abs(y_node(next_vertex(n)) - y(n))) <= delta/2
% Check if next command has been generated
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if next_vertex_buffer(n) ~= next_vertex(n) % was

-1
% Set position to current next_vertex since
we're there
x(n) = x_node(next_ vertex(n));
y(n) =y_node(next_ vertex(n));
% Increment segment count
path_travel(n) = pa th_travel(n) + 1;
% Set vertex
prev_vertex(n) = ne xt_vertex(n);
next_vertex(n) = ne xt_vertex_buffer(n);
local_model(n,4,n) = next_vertex(n);

%
next_vertex_buffer(n) = -1;

dx(n) = delta * (x_ node(next_vertex(n)) -
x(n));
dy(n) = delta * (y_ node(next_vertex(n)) -
y(n));
else
stp = -1,
end
end
% Check for conflicts
%conflicts = find(dist(:,n)<=thresh); % this is the
distance that should be replaced with noisy sensor data!
conflicts = find(sense_dist (n_list,n)<=thresh); %
this is the distance that should be replaced with n oisy sensor data!
num_conflicts = length(conf licts);
sensor_fp = rand(1);
if sensor_fp<=fp
false_obstacle(n) = fal se_obstacle(n) + 1;
stp = 0;
elseif num_conflicts > 1
sensor_fn = rand(1);
n_goal = next_vertex(n) ;
if sensor_fn<=1fn
nearmiss(n) = nearm iss(n) + 1;
else
for q = conflicts'
dist_ n_to_next_ pt = abs(x(n) -
x_node(n_goal)) + abs(y(n)- y_node(n_goal));
if ((next_vertex(q) ==n_goal) && (q
~=n))
% check to see if q is closer to goal
than n

dist g_to_n ext_pt = abs(x(q) -
x_node(n_goal)) + abs(y(q)-y_node(n_goal));
if (dist_n_to_next pt>=

dist_q_to_next _pt)

% check for tie

if (dist_n_to_next pt==
dist_q_to_next_pt && tie(n) < tie(q) )

else

stp =0;
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break

end
end
end
end
end
end
% Update x and y based on dx, dy, and conflict stat e
if stp==
x(n) = x(n) + dx(n);
y(n) = y(n) + dy(n);
distance_traveled(n) = distance_traveled(n) +
delta;
nopause(n) = nopause(n) +1;
elseif stp==0
paused(n) = paused(n) + 1;
else
pause_nocomm(n) = pause _nocomm(n) + 1;
end
end
% Load message queue based on the number of neighbo rs
that may need information
% (and how close they are to deciding next step in route)
% Transmit more frequently when far from Access Poi nt -

more likely to fail
% use dist(AP, ) for this weighting

% update time was set to be the same as dt => 12
messages/ per segment for DA = 50

% with adaptive communication rate will send 1/3 as often
unless it appears
% other robot needs the information or the robot is far
from the access point
missed = missed + sum(message_(q ueue(:,1) ~= 10);
dist_to_next_vertex = abs(x_nod e(next_vertex) -

x(n_list)) + abs(y_node(next_vertex) - y(n_list));

send_set = (skip == 0); % add messages to queue when skip
isO

skip = skip - 1; % decrement the skip counter

new_in_queue = sum(send_set); % length of new part of
queue

if new_in_queue ~=0

message_queue(send_set, 1)
message_queue(send_set, 2)
dist_to_next_vertex(send_set);
message_queue(send_set, 3)
next_vertex_buffer(send_set)’;
message_queue(send_set, 4) = next_vertex(send_set)";

rand(new_in_queue, 1);
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% calculate skip for the messages that transmitted

far_AP = uint8(dist(send_se t, AP) >= 20);
cp = zeros(new_in_queue, 1, uint8' );
cc_count=1;
for cc =n_list(send_set)'
cp(cc_count) = sum(d(lo cal_model(:,4, cc),
next_vertex(cc))<4 & local_model(;,2, cc) <=5 *del ta & blank_diag(;, cc)) +

local_model(cc, 2, cc) >= 11 * delta;
cc_count=cc_count +1 ;
end
% send more often if far from AP (4 messages per
segment => 6 per segment)
% reduce weight on message by one round for each
robot that might need decision

% need to set thresholds in comparisons (currently 4,
5*delta, and 20)
skip(send_set) = max(2 - fa r_AP - cp, 0);
end
% message_( ueue(1:N, 1) =rand(N, 1);
% message_( ueue(1:N, 2) =
dist_to_next_vertex;
% message _( ueue(1:N, 3) =
next_vertex_buffer’,
% message_( ueue(1:N, 4) =
next_vertex'
end

nam_var = [ ‘control=' numz2str(control_type) 'N="" num2str(N)
‘env="" numz2str(env_index) 'thresh=" numa2str(thresh) 'len="
numa2str(sim_length) ‘couple_orig=" num2str(couple_orig) ‘couple_dest="'
numa2str(couple_dest) ‘overhead=" numa2str(overhead) 'Pt="" num2str(Pt) iter='

num2str(iter)];

looptime = toc - totaltime

totaltime = toc;

mission_time = mission_time - [zero s(1, N);
mission_time(1:199, 3)];

mission_time = max(mission_time, 0) ;

save([ 'C:\multirobot model\Logs\sim-' nam_var ‘mat" ],
'msg_sent_AP' , 'messages_failed_AP' , 'new_route' , ‘old_route' ,
'know_more_route' , 'know_intent_route' , 'no_neighbor' , 'old_data’ ,
‘data_length' , 'bandwidth_used' , 'overhead" , 'Pt' , 'message_time' , 'missed’ ,
'msg_sent’ , 'messages_failed' , 'bias’ , 'sensitivity' , fpr, ', 'DA",
'sim_length' , 'nearmiss' , 'false_obstacle’ , 'num_missions' , ‘'looptime' ,
'AP_location' , 'N' , ‘candidates’ , ‘conflicts’ , ‘control_type' , ‘couple_dest' ,
‘couple_orig’ , 'delta’ , 'dest’ , ‘'dest cent , 'dist , ‘distance_traveled' ,
'dlist’ , dtt, dt_type'  , ‘dx' , ‘dy' , 'env' , ‘env_index' , 'iter' , 'missions'
'next_vertex' , 'nopause' , 'num_conflicts' , ‘'onpath’ , ‘'orig" , ‘orig_cent ,
'path_travel' , 'pathlength’ , 'paused’ , 'pause_nocomm' , ‘raw_assign' ,
'sim_length' , ‘thresh’ | ‘vel' , X' , 'y , 'mission_dist , 'mission_list' ,
'mission_start' , 'mission_time' , 'tupdate' );

end
end

end
end
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