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Abstract

Intra-logistics plays an important role in industry and service activities. How-

ever, current intra-logistics systems have several shortcomings for which mobile

robots are the most suitable candidate to solve them. Nevertheless, the use

of mobile robots should firstly overcome several challenges for becoming a re-

alistic solution. We narrow the scope of this work and focus our attention to

improve planning abilities (motion planning, task planning, task allocation) of

robots used in intra-logistics operations. Towards that end we approach our

problem from a formal methods perspective as it has been shown it may be

a solution that can successfully improve important abilities desired by such

robotic applications. In this work we present a mixed integer linear program-

ming formulation for the multi-vehicle traveling salesman problem with pick-up

and delivery and split load constraints as a new formulation able to capture a

bigger set of instances. We then use recent developments in decomposition of

formulas given in a subset of linear temporal logic to propose the multi-robot

pickup and delivery problem with linear temporal logic. Finally, we explore

possible applications of the models presented in intra-logistics operations in

the oil and gas industry.
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Pongo mi corazón en el futuro. Y espero, nada más. De los dos monśılabos

prefiero el más claro, el sencillo, el que despliega un lienzo en el que todo

podrá ser. El amor dará firmeza a lo que digo. Estoy con los que creen sin

ver, con los que andan sobre las aguas. Cuando el mundo entero o mi mundo

se hunden tantas veces, entonces algo relacionado con los pájaros y los lirios

me salva. Entonces tengo todas las palabras. Sueño palabras. Fluctuat nec

mergitur. Prefiero abril. No sé cómo decirlo. En una calle estrecha de

Venecia he encontrado una casa con un lema breve sobre el dintel, inscrito en

piedra hace siglos, legible todav́ıa, que franquea la entrada. Ancora spero.

Tenemos que elegir. Esa es mi puerta.

– Juan Antonio González Iglesias, CONFIADO, 1964.
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Chapter 1

Introduction

Intra-logistics is the planning, realization, operation, and optimization of

in-house material handling and information flow. It offers opportunities for

cost reduction in the manufacturing and the service sector, [1]. Although a

lot of systems are available for this purpose, they generally require a com-

plex multilevel control architecture, including integration among systems as

enterprise resource planning and other systems, site control, process control

software, etc., [2]. These complex system architectures have reached their lim-

its, [2], and flexible and adaptable systems are now required, [2]-[3]. Recently,

automated guided vehicles (AGVs) have been used as a key component for

intra-logistics systems, [4] , and increasing autonomy has been suggested as a

good approach for eliminating problems related to complicated system archi-

tectures, [2]-[4]. Clearly, there are still some other factors to overcome before

we have an autonomous robot for intra-logistics operations. As an example,

while there exist several AGV systems available in the market, for most of

them their autonomy is limited by the fixed locations, [5]-[6], where they are

restricted to work (predefined paths), which can decrease the production effi-

ciency and have higher energy consumption rate, [7]. Recent studies that keep

track of available technologies and current research directions in the robotics

field, [8], and provide a deep analysis and guidelines on future directions in
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intra-logistics and material handling systems, [2], has shown the importance

of working towards a new generation of more intelligent, and robust robotic

systems that will be able to work alongside human operators in a more collab-

orative manner. There are a number of notable mobile robots, including Drive

Units, a mobile robot originally developed by kiva Systems, [9], and later ac-

quired by Amazon Robotics. These robots are mobile units that retrieve items

from storage locations in a warehouse whose path planning through the ware-

house relies on a pre-defined graph and the A* algorithm, [9], however, Amazon

Robotics has recently announced its will to increase the autonomous mobility

of its robots at the same time they announced new mobile robots, Pegasus

and Xanthus, [10]. However, the current system cannot be directly applied to

manufacturing environments since it assumes a human free environment, [11].

A similar option is the KMP600 used by CarryPick Systems, [12], by Swisslog

and KUKA, which follows a comparable structure as Kiva Kystems; mobile

robots move on a human free grid, and provide point to point transporta-

tion. TRANSCAR, [12], is another mobile unit developed by Swisslog for

logistics operations in hospitals. The robot still relies on pre-defined paths.

Furthermore, the management system for commanding the robots requires an

inter-connection among different management systems available in the hospi-

tal. Another interesting project is the PAN-Robots project, [11], that aims to

increase the autonomy of AGVs used for pallet transportation working in in-

dustrial scenarios alongside human operators. AGV motion is constrained to a

predefined roadmap and AGVs still rely on physical infrastructure for correct

functioning. The central controller concerned with navigation and mission as-

signment of the robots is divided into two layers. The top layer deals with task

allocation and motion coordination; this top layer system uses the Hungaraian

algorithm, [13], and D* algorithm, [14], for the task allocation and for address-

ing coordination on the robots path, respectively. The bottom layer aims for
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mobile units to use the A* algorithm, [15], for local path planning. TUG

robots, [16], are another set of centrally controlled mobile robots for logistics

operations on hospitals. These robots operate with a higher degree of mobil-

ity as they do not rely on any physical pre-defined paths (wires, strips ,etc.)

however, the systems follow a hierarchical architecture for commanding the

robots. FIFI is another robot for intra-logistics operations. Its main particu-

larity is, that it can be commanded by human gestures, [17]. In-house material

transportation is still performed manually, in most cases by a human opera-

tor with help of mechanical devices such as electric tugs. FIFI robots allow

human operators to use the mobile unit for intra-logistic operations without

being physically exhausted as the FIFI robot is capable of following, and rec-

ognizes other gestures commanded by the human operator. Nevertheless, this

drive unit still depend on a human operator to guide the robot. Autobod by

Bosch Production Systems (BPS), [6], is another prototype that emerged from

the difficulties to adapt existing mobile robots for intra-logistics operations to

the BPS. This mobile mobile rely on a pre-defined physical paths. KARIS

systems, [3], consists of several mobile robots with docking capabilities. Indi-

vidual mobile units use ARMO or PRIOR algorithms for motion planning, and

DHHT approach for the task allocation problem. Open Shuttle by KNAPP is

a mobile unit for diverse material handling tasks. It is centrally commanded

by the KNAPP fleet management system that uses swarm intelligence for the

mission commanding of the robots. The robots can autonomously navigate

through the environment without the need of pre-defined paths. MultiShuttle

by Demantic is a system of multiple mobile units that used swarm intelligence

to coordinate the robots.
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1.1 Intra-logistics

Our objective is to work toward an autonomous robotic system for intra-

logistics operations. As stated above, intra-logistics refers to the planning,

realization, operation, and optimization of in-house material handling and

information flow, [18]-[19].

Intra-logistics encompasses a variety of systems where there is a flow of

in-house material or information, [4], which can be modeled as performing

a sequence of activities (i.e, moving, picking, sorting, visiting, reading data,

sending, etc.), [20]. One example is an AGV used for moving material or

collecting data in oil and gas (OG) facilities, [21]-[22]. Our goal in this thesis

is to focus on the use of mobile robots and the potential offered by increasing

their autonomy as an alternative to alleviate the current crisis of complicated

system architectures, [23].

1.1.1 Current intra-logistics systems

Traditionally intra-logistics systems are rigid and difficult to adapt to the dif-

ferent conditions and the changing requirements of various industries. These

systems follow a hierarchical multilevel control architecture of subsystems in-

teracting with each other. Typically they consist of between 5 and 8 levels, [2],

where normally the ERP is on the top of the hierarchy, following by a man-

ufacturing execution system (MES). The latter is connected to the material

handling coordinator, the warehouse management system, and the manufac-

turing process control system, [2]. At the base of the hierarchy, we find the

AGVs, and/or the storage and retrieval systems, both commanded by the for-

mer systems. In Figure 1.1 we illustrate a sample architecture, as described.

We can see the existing dependency on the interrelated nature of the sys-

tem for its correct operation. For example, normally, AGVs are centrally
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commanded to perform material handling operations from upper decision lev-

els like local controllers, material handling coordinators, and all the way to

the top by ERP, [2], systems. We mentioned previously that complex sys-

tem architectures have reached their limits, [2], as we have to deal with more

complex organizations. The main shortcoming of the current paradigm is its

lack of flexibility, as the complex the architecture makes it more difficult to

adapt to the changing requirements encountered in highly variable industrial

environments. This lack of flexibility impacts directly on the profitability of

automated material handling systems, [2].

Figure 1.1: An example of a multilevel control architecture (adapted from [2])

Intra-logistics systems in the oil and gas industry

Given the importance of oil and gas in our province, and in the authors's

home country, we will look at our work through an OG industry lens. Intra-

logistcs in the oil an gas industry has not been entirely described as to the

best of the knowledge of the authors. Nevertheless, from definition of intra-

logistics we can easily assume it has been practiced. The OG industry can be
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divided into: exploration, upstream, midstream, refining, and petrochemical

sectors, [24]. We excluded from this study the exploration sector, which main

objective aims finding natural resources to be exploited. We also excluded mid-

stream operations; midstream operations are the link between extraction or

production sites and refineries, which almost uniquely goes through pipelines.

Therefore we only describe intra-logistics in the context of the upstream, re-

fining, and petrochemical sectors.

Upstream sector covers facilities for oil and gas production like onshore/offshore

wells; refining locations transform natural resources like gas an petroleum into

usable materials like gasoline; petrochemical industries use as input refineries

products to produce more processed materials like olefins, and aromatics, [24].

We do not intend to give a complete description on the intra-logistics over the

different sectors. Instead we summarize the most common intra-logistics oper-

ations related with mobile robots in the oil and gas industry, which are: inspec-

tion (gauge readings, valve and lever position readings), monitoring (gas level

monitoring, check for leakage, acoustic anomalies, surface condition, check

for intruders), maintenance (gas and air detector test, gas sampling, pigging,

cleaning, refilling), [25]-[26]. Transportation and logistics are important areas

for introducing robotic applications, [27], furthermore, it has been shown that

operational staff spends a considerable amount of time walking, and transport-

ing things, [28], therefore we can add transportation and material handling into

the list since mobile robots performing material handling can decrease the time

used in such activities. We review robotics applications about previously listed

operations in Chapter 4.

1.1.2 Future material handling systems

Although the term intra-logistics is relatively new there exists a fair amount

of research literature about the topic. One of the earliest uses of the term is in
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a 2012 German publication, [18], and in a 2006 English-language paper, [19].

Available research literature is sparse, therefore, this section is entirely based

on, [2]. Material handling systems are categorized in two kinds: connection-

based and trip-based, [2]. Connection-based systems (e.g., like conveyors),

are systems where goods are moving while the system itself remains static,

in contrast to trip-based systems where the system itself moves (e.g., AGVs).

The main takeaway of the work of, [2], are three main points: 1) some desired

properties for future material handling systems (FMHS) for intra-logistics op-

erations, 2) a set of functions one should improve in order to attain the set of

desired properties, and 3) a set of design patters that can help to achieve the

desired properties. In this section we will only discuss the desired properties

and design patters. The set of functions that drive the development of FMHS

will be discussed in Section 1.2 alongside the target abilities detected by, [8].

We list the set of desired properties proposed by, [2] as follows:

1. What You See is What You Get.

2. Plug-and-Play (Plug-and-Work)-capability.

3. Scalability.

4. Reconfigurability.

5. Reliability.

6. Inherent safety.

7. Resource efficiency.

8. Self-adaptability.

Desired property 1 states that deployment of mobile robots for material

handling operations should not rely or depend on physical layouts as such
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any mobile robot should have the capacity to operate in a diverse range of

physical locations without the associated cost of adapting the environment

to the robot. This can be associate with the deployment phase of a robotic

system, which typically means to add physical landmarks or define physical

paths for the robots to follow, [29]. The idea is to avoid AGVs systems rely

on a hierarchical organized structure which is costly, and static, [4], since they

depend on the infrastructure (pre-defined paths) of the physical location they

perform their activities.

Desired property 2 refers to robotic design has been widely studied and the

state-of-the-art in the area already promise versatility, robustness, and low-

cost robotic systems, [30]. The main goal of a re-configurable design is to add,

remove or change the systems capabilities simply inserting new components.

Desired property 3 address the idea of a system able to adapt imposed

requirements by increasing or decreasing its capabilities. In the context of

mobile robots for material handling we see scalability as a multi-robot system

able to handle the complexity associated with working with several agents. For

example, research projects that main goal is to create multi-robot coordination

algorithms with more realistic assumptions, [31].

Desired property 4 mentions the need for re-configurable robotic systems.

Although there exist robotic system that shown interesting behaviors these

are mostly hand-coded by programmers in a large and tedious process. Re-

cent developments on the use of formal methods to command missions to the

robots have already shown really good results, which can definitely be a step

forward to address point 4 as such approaches allow non-expert users to spec-

ify behaviors or goals, without having to worry about the technicalities of the

task, [32], i.e., internal functionality, programming the related script, etc.

Desired property 5 talks about how reliable is a system to complete the

task assigned. There always exist the possibility of system components failing.
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Individual failures should not make the entire system fail; in contrast the

system should be easy reparable, and replaceable if necessary. If there exits

failures the system should be aware and repair itself. For example, a multi-

robot systems for pick-up and delivery task that considers transfers of material

among robots when there exist a failure or delay, [33].

In desired property 6, safety undoubtedly is a main concern about au-

tonomous mobile robots working alongside humans, specially on complex en-

vironments such as manufacturing scenarios. This point, inherent safety, aims

for a system whose functionality will not endanger people or the goods being

transported. For example, the use of motion planning algorithms with safety

guarantees to find motion trajectories of a robot that works in an environment

with humans, [34].

Desired property 7 is concerned with the correct use on the resources needed

by the system to operate. From the perspective of mobile robots for material

handling the use of resources is commonly addressed in the problem formula-

tion. For example, in optimal motion planning the objective is to find time

optimal trajectories; in multi-robot systems a metric to optimize could be the

energy used by the system, [35].

Desired property 8 refers to the ability of the system to adapt to changes

in patters that might be found in the flow of material. One should think in

different products than can be assembled in the same manufacturing cell, each

of them with different patters in the flow of material over the workplace. Till

date the authors are not aware of any robotic system for material handling

that consider this learning feature and adaptability.

One can easily observe why the use of mobile robots with a high degree

of autonomy are being adopted as a key component in intra-logistics systems.

They can address every one of the desired properties on future material han-

dling systems for intra-logistics operations. Furthermore, the author suggested
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design patters to help to achieve such desired properties: 1) modularity and

function integration, which incentives modular design. The modules should be

independent and easily integrable. 2) decentralized control, individual agents

should rely on their own controlling mechanism instead on a central control

unit. 3) interaction refers to design system with mechanism for exchanging

information among each other. Finally, 4) standardized physical and informa-

tion interfaces for integration of several modules of the systems.

1.2 Towards an autonomous robotic system

for intra-logistics applications: Planning

In Section 1.1.2, we summarized some desired characteristics in future mate-

rial handling systems and presented a brief discussion of why there exists a

paradigm shift from fixed mobile robots to higher autonomous general purpose

mobile robots, [23], to justify our focus on the use of mobile robots for intra-

logistics operations. As we focus our attention on mobile robots, we should

also consider the state of current robotic systems in different application do-

mains as well as their future research directions and targets. Important work

in this direction is the Robotics Roadmap, [8], a European initiative whose ob-

jective was to present an overview of the state and future research directions

in robotics. They categorized various target abilities, each activity having dif-

ferent development levels. The set of abilities considered are: configurability,

adaptability, interaction ability, dependability, motion ability, manipulation

ability, perception ability, decisional autonomy, and cognitive ability. More-

over, most robotic systems are built over several interrelated subsystems which

follow a control cycle composed of: perception, localization/mapping, cogni-

tion/planning, and acting. See Figure 1.3, for an illustration of how these

systems interact.

In our work, we narrow the scope of our research by focusing on the cog-
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Figure 1.2: Control cycle for mobile robots(adapted from, [36])

nition/planning module. Under the cognition/planning module, we identify

several ability targets for robotic systems in intra-logistics operations, and

whose development aligns with the desired characteristics in Section 1.1.2.

We summarize those ability targets as follows:

1. Increased navigation ability (motion planning). It refers to the ability

of the robot to move autonomously through diverse environments with-

out the need to adapt pre-defined paths. This target ability is a highly

desired characteristic for mobile robots working on industrial settings,

commonly used for material handling operations. Normally, they rely on

pre-defined paths which are physically implemented as floor lines, [37]-

[38]. Therefore, robots are confined to specific locations, and any change

in the workflow on the physical location will imply changes on the work-

place. This goes in the opposite direction with desired property 1 that

main goal is to avoid customization of physical locations, [2]. Future

intra-logistics systems should be able to avoid significant changes in the

physical layout; therefore, increasing mobile robots navigation ability

aligns perfectly with the desired properties for future intra-logistics sys-
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tems. Furthermore, mobile robots for intra-logistics applications are

normally required to carry on goods for transportation. Goods charac-

teristics like weight should be consider when finding feasible motions for

the robots as their dynamics change according to such goods proper-

ties, [29].

2. Task allocation. As stated before, flexibility is an important feature

mobile robots for intra-logistics operations must posses. This flexibility

could be given by increasing the autonomy of the robots in which case

the Task allocation problem is involved, [3]. It refers to the sequencing

and allocation of different sub-tasks into robots to achieve a higher level

task. The task allocation problem appears in the context of multi-robot

settings, when there exist the need to partition a global goal in different

sub-tasks that can be allocated to individual robots. Furtheremore, de-

sired property 3 states the ability of the system to be up and downsized,

as needed, to account for different requirements imposed to the system.

It is not difficult to see this could be achieved by adding or removing

robots.

3. Integrated task planning, task allocation, and motion planning. Task

planning refers to find a sequence of activities that drives the robot to

complete mentioned task; similarly motion planning refers to find a tra-

jectory that drives a robot form an initial to a final configuration. Task

allocation refers to the assignment of task to robots. Therefore, the task

and motion planning objective is to find a trajectory that drives a robot

through a set of locations which sequence describes a set of activities

that drives the robot to complete a task. The motion, allocation, and

task sequencing are not operations that can be independently performed

without affecting the optimality or feasibility of the independent parts.
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This target ability aligns with the desired properties in Section 1.2 since

integrated task and motion planning can offer reconfigurability. It offers

reconfigurability since the control cycle for mobile robots shows mission

(task) commanding is an essential input for the planning module. See

Figure 1.3. However, complex task commanding normally requires high-

level manual programming skills covered by advanced programmers, [39],

to program the robots to perform such tasks. The use of formal methods

can reduce that dependency.

Furthermore, the three previous target abilities also align with desired prop-

erty 7, and further development of Order and energy management function

proposed to develop FMHS, [2]. It refers to resource efficiency, and resource

allocation designated to fulfill a task or order. Normally, there is a central

controller that assign the order to different robots. Various algorithms can be

used for the assignment,e.g. First in, first out assignment, or solvers for vehi-

cle routing problems, [2]. However, a decentralized control should be preferred

in which case a coordination strategy should be deployed. In this point the

authors add energy management, which generally refers to the optimization

of the energy used for the system. As we describe before, the objective of the

target abilities is to optimize certain metric (e.g., time, distance, cost) that

translate in a better use of resources.

As conclusion, there are several options for mobile robots out there in the

market, however, they do not see the problem from an integrated perspective

(task allocation, task planning, and motion planning) and furthermore, they

do not contemplate the flexibility offered by formal methods to command

complicated task to the system.
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1.3 Problem statement

Mobile robots with higher degree of autonomy have been shown to be impor-

tant in overcoming the limitations of to increasingly complex intra-logistics

systems. Furthermore, we have presented three target abilities that have been

shown to be important in achieving key desired properties for mobile robots

in intra-logistics scenarios. With those findings in mind, the objective of this

section is to formalize the problem we are addressing.

A mobile robot for intra-logistics applications should focus on perform-

ing two basic operations correctly: 1) moving material and 2) collecting and

storing information. Moving material involves pickup and drop-off of material

among different physical locations. The flow of information does not neces-

sarily involve traveling between locations, though there are situations where

the robot may need to move between locations to keep the flow of information

moving (e.g. reading data from a sensor in a specific location). Therefore, we

can address the problem from the perspective of the class of problems belong-

ing to the general pickup and delivery (GPD) problem. The GPD perspective

was initially motivated to account for the optimal movement of material, (i.e.,

the optimal sequence of actions to perform all the pickups and deliveries of

material in some set of requested points while considering the capacity of the

robots). One important reason for us to consider GPD is that they have been

widely studied before, and can add valuable insights. We stated our problem

as follows:

Problem 1.3.1. Given a set R of robots represented by a dynamical system

ẋr = f(x, u, µ) for r ∈ R, where x ∈ X ⊆ Rm represents the phase space of the

robot, u : [0, T ]→ U ⊆ Rl represents the control input and µ : [0, T ]→ Qr ⊆

R the changing mass or the robot. Assume the robots are placed in a world

W = R2 with and obstacle region Cobs ⊂ W , and a free region Cfree ⊂ W \Cobs
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where we also have a set O of objects with related positions yo and an available

quantity mo at such location for all o ∈ O, a set D of delivery locations with

their related positions yd and request md for all d ∈ D. Let M be the mission

commanded to the system. The problem is to find a set of xr〈t;x0, u(·), µ(·)〉

of optimal time trajectories for all r ∈ R under the control input u(·) and mass

changes µ(·) over the time interval [0, T ] and initial condition x0, such that

the discrete trajectory βr(xr〈t;x0, u(·), µ(·)〉) parameterized by them describe a

sequence of actions that accomplish the set of allocated subtasks {T1, . . . , T|R|}

in the sense that the completion of Tr for r ∈ R implies M is achieved (robots

pickup and deliver all the objects) while that maximum capacity Cr
max for all

r ∈ R is respected.

Figure 1.3: Visualization of problem 1.3.1

Figure 1.3 shows a visualization of problem 1.3.1. We have a set of two

robots (circles), a set of objects to pick up (black squares), and one delivery

location (white square), where M =”pickup all the objects and drop them off

at the delivery location”. The trajectories are the two solid lines.
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1.4 Research objectives

Our main research objectives are:

1. Propose a mixed integer linear programming formulation for the multi-

vehicle traveling salesman problem with pickup and delivery and split load

constraints.

2. Propose a formulation of the pickup and delivery problem with linear

temporal logic.

3. Consider the above two goals in the context of robotic systems for intra-

logistics operations in the oil and gas industry.

1.5 Organization of the thesis

The structure of the thesis is as follows. Chapter 2 presents an MILP formu-

lation of the multiple traveling salesman with pickups and deliveries ans split

load constraints. In chapter 3 we present the multi-robot pickup and delivery

problem with linear temporal logic. In Chapter 4 we briefly describe the im-

portance of autonomous systems for intra-logistic operations in the oil and gas

industry. Finally, in Chapter 5 we present the conclusions of our work.
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Chapter 2

Multi-Vehicle Traveling
Salesman Problem with Pickup
and Delivery and Split Load
Constraints.

In this chapter we address problem 1.3.1 under the following remark:

Remark. There already exist a road-map dictating the possible motions of the

robots (pre-defined paths); and the problem under considerations neither does

it consider the dynamics and kinematics of the nor the presence of obstacles.

Under this assumptions we are dealing with just the TP problem (pickup and

deliver operations), and the TA problem, i.e., the STPTA.

The concept of intelligent logistic solutions is one of the most important

research directions on intelligent manufacturing systems, given the significant

amount of waste reduction that is expected by their introduction, [1]. Several

combinatorial approaches have been proposed for robotic decision making in

manufacturing floors, [7, 40]. In this paper we propose a (0-1) mixed integer

linear programming (MILP) formulation for the pick-up and delivery problem

(PDP) to address the material handling problem on a set of robots working

in a manufacturing site. Several works exist in this area, but there does not

appear to be a single formulation that fully captures all the characteristics of
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our application domain. To the authors’ knowledge, our formulation is the

first 0-1 MILP formulation for a many-to-many PDP with multiple origins,

multiple finals, and split load constraints for a structurally heterogeneous set

of robots. This paper is structured as follows. In Section 2.1, we provide a

quick overview on PDP and related work. Section 2.2, presents the proposed

formulation that captures a more realistic scenario in which it is possible to

collect a proportion of the demand/supply and generalize to the case of a node

that can be visited more than once. In Section 2.3, we discuss the outcomes of

our computational experiments. In Section 2.4, we provide an extension of our

methodology to solve an instance of the multi-robot task assignment (MRTA)

problem. Finally, in Section 2.5, we present final remarks and a concluding

discussion.

2.1 Background and related work

Over the last decades, a considerable amount of research has been done on

the vehicle routing problem (VRP), [41]-[42]. This is, in part, motivated by

the increasing number of real-life applications, such as freight transportation

and logistics, [43]-[44]. A special case of the VRP arises when a set of pick-

up and delivery requests are defined where a customer demand needs to be

collected or delivered to the customer premises (or other location) by a ve-

hicle or fleet of vehicles available at the depot (i.e., VRP with pick-up and

delivery), [45]. The problem is to find a minimum cost tour that satisfies

all requests while ensuring the capacity of vehicle is not exceeded. As per

[46]-[47], the general pick-up and delivery problem (GPDP) is divided into

two main classes. The first class is vehicle routing problems with backhauls

(VRPB), where a set of commodities to be delivered must be loaded at one or

several depots and all picked up goods must be transported to one or several

depots. The second class is vehicle routing problems with pick-ups and deliv-

18



eries (VRPPD), often simplified as pick-up and delivery problems (PDP) in

which a set of commodities must be transported between nodes. This latter

class can be further subdivided into unpaired requests and paired requests. The

first type refers to the situation in which the commodities to be transported

in a graph are homogeneous, which means each unit can be used to fulfill

the demand, i.e., no pairing relations are needed. The second class refers to

problems with paired requests, when there is an assignment for every pick-up

node to a respective delivery node. In this paper, we focus on the unpaired

PDP class, i.e., problems in which single-commodity objects are transported

between origins and destinations. However, it must be noted that the problem

can be extended to handle paired relations as shown later in the paper. In

the work of [45]-[48], the authors also classify the PDP into (1) many-to-many

problems, where each commodity may have multiple origins and destinations

and every location may be the starting or destination of multiple commodi-

ties, (2) one-to-many problems, where every location has both, pick-up and

delivery requests that the vehicle has to fulfill, and (3) one-to-one problems,

where we have point-to-point paired relations, and for every pick-up request

there is an associated delivery point. Furthermore, [45] provided a framework

for the classification of PDP problems. The classification system called for a

three-field scheme, delineating the problems along three primary parameters,

[Structure, Visits, Vehicles ]. The first field, Structure, specifies the number

of origins and destination for the commodities; these could be many-to-many

(”M-M”), one-to-many-to-one (”1-M-1”), and one-to-one (”1-1”) problems.

The second field, Visits, provides information about the pick-up and deliver

operation sequence on the vertices. ”PD” indicates that each customer is vis-

ited exactly once for both pick-up and delivery, ”P-D” is for the case when the

task might be executed together or separated, and ”P/D” is for the case where

every request has either a pick-up or delivery task to perform but not both.
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In the last field, Vehicles, the number of vehicles in the system is indicated.

PDP may be further classified into static problems, where all the information

is available at the outset, and dynamic problems, where the information re-

quired is gradually revealed over time. The problem addressed in the present

paper is a static problem where the motivation behind our model comes from

raw material handling in a manufacturing scenario; we allow the split of the

load to improve the performance of the system. The novelty of the proposed

model is that we provide a binary integer linear programming (BILP) model

that considers a multiple origin depot along with multiple final destinations,

and split delivery constraints. The authors in [43] provide a comprehensive

literature review of various classes of VRP, but none appear to have all of the

characteristics of the problem and subsequent model proposed in our work.

Figure 2.1 shows the various classes of GPDP. To our knowledge, a problem

which considers multiple origins, multiple finals and split load with a hetero-

geneous set of vehicles has not been addressed in the literature. In addition

to material handling in a manufacturing setting, our problem can also be used

to represent an instance of the multi-robot task assignment (MRTA) problem,

where a mobile robot completes pick-up and delivery tasks in an obstacle-free

environment. The latter property (an obstacle-free environment) can be re-

laxed if one computes the trajectories of the robot before optimizing, i.e., if

for every edge (i, j), we compute a trajectory from location i to location j.

There are several problems in the literature that are related to the problem

we are studying. In [48], they formulated the pick-up and delivery problem

with time windows (PDPTW). This formulation aims to minimize the total

routing cost while each node is visited once. It also accounts for precedence

constraints, i.e, there are pairing relations to impose that every vehicle visits

a pick-up location before visiting delivery nodes. A new compact formulation

for the PDPTW is proposed in [49]. This is a two-index formulation, which
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the authors claim is useful for medium-sized problems. This formulation can

be seen as an alternative formulation of the one presented in [48], where the

number of constraints and variables seems to be significantly reduced, due to

the fact that it is generalized to the case of k vehicles being used to perform

the delivery and pick-up tasks. However, the authors only consider a single

depot problem, i.e., the vehicles all start at the same location. In [50], the

authors propose a MILP formulation for a multi-depot PDP; the difference is

that they not consider split load constraints, and more than one vehicle can

start at the same initial depot. In our work we assume, there is only one

vehicle per initial depot.

Our model can be derived from the open version of the one-commodity trav-

eling salesman problem with pick-up and deliveries (1-PDTSP), first proposed

by [51] and classified as PDTSP in [47], where an optimal tour is computed

such that all pick-up and delivery tasks are completed. Later, in subsequent

work, [52] and [53] proposed a branch-and-cut algorithm and developed a

heuristic, respectively, for solving the 1-PDTSP. Finally one of the authors

in [51] extends the work and generalizes the 1-PDTSP to permit splitting of

the load, though they did not consider multiple depots and multiple destina-

tions in [54].

According to [46], the single vehicle PDP with unpaired relations can be

formulated from an open version of the traveling salesman problem, when the

vehicles are not required to go back to the depot. This class of problems is

generally also classified as PDTSP, and the 1-PDTSP falls under this classifi-

cation. In this paper we will use the PDTSP interchangeably with 1-PDTSP,

as in [46], to refer to the same problem initially presented in [51]. PDTSP

problems rely on various assumptions, e.g., load balance, single commodity

scenario, only one possible final location, a single initial depot, and they do

not consider split load constraints. The objective of this Chapter is to gen-
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Figure 2.1: Visualization of different classes of pickup and delivery problems

eralize the PDTSP to a more realistic scenario and relax the assumptions of

the initial formulation, (consider multiple initial depots, multiple final nodes

or final depots, and load split constraints) to what we call the multiple ve-

hicle traveling salesman problem with pick-up and deliveries and split load

constraints (MPDTSPS).

2.2 Formulations

In this section, we present common definitions for both problems, the PDTSP

and the MPDTSPS; then the formulation of the PDP, as presented in [47].

Finally we will present the MPDTSPS formulation we propose. As our pro-

posed application is in a manufacturing facility with mobile robots, we will

use ”robot” instead of ”vehicle”.
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2.2.1 Benchmark formulation: PDTSP

G = (V,E,w) is an undirected weighted graph, where V = {I ∪M ∪ F} is

the set of nodes in the graph, n is the number of pick-up nodes, n̆ is the

number delivery nodes, n̄ is the number of initial depots, and n̂ is the number

of final locations. I = {1, .., n̄} represents the subset of origin nodes, P =

{n̄+ 1, .., n̄+ n} represents the subset of nodes that serve as pick-up locations,

and D = {n̄+ n+ 1, .., n̄+ n̆+ n} represents the subset of nodes that serve

as delivery locations. M = P ∪D, and F = {n̆+ n̄+n+ 1, . . . , n̄+ n̆+n+ n̂}

is the set of final nodes which are the nodes where the vehicles are expected

to finish their tour. Finally, E is the set of all arcs, so it consists of the union

of:

1. {(i, j) ∀ i ∈ I ∀ j ∈M},

2. {(i, j) ∀ M ∈ I ∀ j ∈M, i 6= j}, and

3. {(i, j) ∀ i ∈M ∀ j ∈ F}

Together with the edge and vertex sets above, there is a function w : E → R ≥0

that maps every edge (i, j) to a cost value, normally time or distance, to go

from i to j. K = {1, .., |I|} is the set of available robots. We define a capacity

CP k associated with every robot. qi is the amount of commodity supplied or

delivered in node i, which will be positive if it represents a pick-up task, and

negative if it represents a delivery task. xij is a binary decision variable that

equals 1 if robot travels from vertex i to vertex j, and 0 otherwise. vj is the

real-valued variable representing the load of robot k after visiting node i. tij

is an input parameter for the time the robot will take to go from vertex i to

vertex j.

minimize
x

∑
i,j (i,j) ∈ E

tijxij (2.1)
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∑
i:(i,j) ∈ E

xij = 1, ∀ j ∈ M ∪ F (2.2)

∑
j:(i,j) ∈ E

xij = 1, ∀ i ∈ I ∪ M (2.3)

vj ≥ vi + qj −M (1− xij) , ∀ (i, j) ∈ E (2.4)

CPk + qi ≥ vi ≥ qi, ∀ i ∈ V , k = 1 (2.5)

vi ≤
∑
j∈V

qj, ∀ i ∈ F (2.6)

The objective function (2.1) aims to minimize the total travel time of the

robots. Constraints (2.2) and (2.3) ensure every vertex is visited by only one

robot, and every robot will visit each vertex only once. Constraints (2.4)

and (2.5) are the robot loading constraints, which ensure that the quantity

of material that is brought into the node is equal to the amount leaving plus

the quantity available in that node (thereby assuming all available material is

picked up). Constraints (2.6) ensures all requests are fulfilled.

Extra Considerations

As previously discussed, the PDTSP formulation can be generalized to the sin-

gle vehicle pick-up and delivery problem (SPDP). The main difference between

both problems is that the former does not account for pairing relations, while

the SPDP does have pairing constraints, which means every pick-up node is

associated with a corresponding delivery node, i.e., when n = n̆. A time vari-

able, hj, represents the beginning of service of the robot at vertex j, and we

add the precedence constraints in constraint (2.7).

hi ≤ hn+i, ∀ i ∈ P (2.7)

The introduction of hj can also help as a subtour elimination constraints if

we add (2.8) when we introduce a negative request,(a negative quantity at the
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delivery nodes); the load conservation constraints alone will not be enough to

eliminate subtours.

hj ≥ hi + (si + tij)−M (1− xij) , ∀ (i, j) ∈ E (2.8)

Another common requirement is time window constraints. These constraints

can be modeled by equation (2.9), where ei and li represent the earliest and

latest time to start service at node i.

ei≤ hi ≤ li, ∀ i ∈ V (2.9)

2.2.2 Proposed formulation

The PDTSP formulation is only suited for a single robot case, and for only

one depot. Another limitation is the fact that the formulation assumes that

if a robot visits a node, the vehicle load will be increased by the full amount

of the commodity available at the node under consideration, as stated by

constraint (2.4). Another assumption is that sets I (origin nodes) and F

(final nodes) are disjoint. To extend the formulation to the MPDTSPS, we

first modify variables xij, vj, hj, and parameters tij to manage more than

one robot by adding a k superscript to each. xkij is a binary decision variable

that equals 1 if robot k travels from edge i to edge j, and 0 otherwise. vjk is

the real-valued load of robot k after visiting node j. hjk is the beginning

of service of robot k at vertex j. We also add two new variables to our

model. zk is a binary decision variable that equals 1 if robot k is active,

and 0 otherwise. yik ≤ 1 represents the proportion of commodity that robot k

takes from node i. Finally, we replace constrains (2.2) and (2.3), with (2.15)

and (2.16), while constraints (2.4), (2.5), and (2.6) are reformulated to add the

proportion variable as presented in (2.17), (2.18), and (2.19). Additionally, we

redefine the set of all arcs E so it consists of the union:

1. {(i, j, k) : ∀ i ∈ I, ∀ j ∈M, i = k},
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2. {(i, j, k) : ∀ i ∈ I, ∀ j ∈M, ∀ k ∈ K, i 6= j}, and

3. {(i, j, k) : ∀ i ∈M, ∀ j ∈ F, ∀k ∈ K }

minimize
x

∑
k

∑
(i,j): (i,j) ∈ E

tkijx
k
ij (2.10)

∑
j ∈ M

xkij = zk, ∀ {(i, k) ∈ I ×K : k = i} (2.11)

∑
i ∈ M

∑
k∈K

xkij ≤ 1, ∀ j ∈ F (2.12)

xkij ≤ zk, ∀ (i, j) ∈ V, ∀ ∈ K (2.13)∑
i:(i,u) ∈ E

xkiu −
∑

j:(u,j) ∈ E

xkuj = 0, ∀k ∈ k, ∀ u ∈M (2.14)

∑
k∈K

yik = 1, ∀ i ∈ M (2.15)

∑
i∈(I∪M):(i,j,k)∈E

xkij ≥ yjk, ∀ k ∈ K, ∀ j ∈ M (2.16)

vjk ≥ vik + qjyjk −M
(
1− xkij

)
, ∀ (i, j) ∈ E, ∀ k ∈ K (2.17)

CP k + qiyik ≥ vik ≥ qiyik, ∀ i ∈ V, ∀ k ∈ K (2.18)

vik ≤
∑
j∈M

qjyjk, ∀ i ∈ F, ∀ k ∈ K (2.19)

CP k ≥ vik ≥ 0, ∀k ∈ K, ∀ i ∈ M (2.20)

yi,k ≤ 1, ∀k ∈ K, ∀ i ∈ M (2.21)

The objective function in (2.10) seeks to minimize the time to fulfill all the

requests. Constraint (2.11) restrict the origins to be equal to the number

of active robots; that means if robot k is inactive then the associated initial

depot cannot have any connection to the intermediate nodes M . Constraint

(2.12) ensures there is only one possible final node for every robot. Constraint

(2.13) ensures only active robots are considered, and Constraint (2.14) is a flow

conservation constraint. Constraints (2.15) and (2.16) restrict the number
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of times the same vertex is visited according to the proportion of material

robots have taken from the vertex. Constraints (2.17) and (2.18) ensure the

correct flow of the load,meaning that the flow of the load that enters a node

i must change according to the quantity is taken i; they also work as subtour

elimination constraints. Constraint (2.19) ensures all the material is collected.

Finally, the value M is set to a big constant value; it suffices to set M ≥

max{CPi, . . . , CP |K|}.

2.3 Computational experiments

MPDTSPS is an NP-hard problem. It can be reduced to 1-PDTSP when we

consider only one depot, and as pointed out in [51], 1-PDTSP can be reduced

to the TSP. Since the TSP is known to be NP-hard [55], MPDTSPS is also

NP-hard. We now validate our formulation and analyze how it scales with the

number of requests and initial depots.

Definition 2.3.1. An instance of both optimization problems (PDTSP and

MPDTSPS) is defined by the tuple Di=(G,CP, d) where G is the graph in-

duced by the corresponding I,M and F , CP is the set of the capacities with

size card(K), and d is the set of requests.

The evaluation of the formulation aims to empirically test two properties

of the formulation, the correctness of the formulation, and the complexity of

the problem, (i.e., how it scales as we add more robots and more requests to

the system). As discussed earlier, our formulation is a generalization of the

PDTSP, which means the PDTSP is a special case of the MPDTSPS when

I = {1}, F = {1}, K = {1} and yi1 = 1 ∀i ∈ M . If the formulation of the

MPDTSPS is in fact a correct generalization of the PDTSP, the MPDTSPS can

be inputted with the same instance as the PDTSP and have the same optimal

solution. The formulation was implemented using Python 3.6 and solved using
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Gurobi version 8.0. In the implementation, there is an assumption that all

robots must finish at the same final node j ∈ F . We ran the experiments

on a PC core i5-6400 2.7 GHz with 8 Gb of RAM. All the Gurobi default

setups with a MIP tolerance of 0.0001 are kept through all the experiments;

this means that the solver will terminate when the difference between the

lower and upper objective bound is less that MIP tolerance times the absolute

value of the upper bound. To evaluate our formulation, we first define the

following instance. D1 = (G1, CP, d), where |I| = 1, |F | = 1, and |M | = m

will increase by 5, while CP , and d are set as constants. We generate the

|I|+ |F |+ |M | random points in a [-6199.5,6199.5] × [-4353,4353] space, each

of which correspond to a location of a robot, requests, and final required

location, respectively. We generate the random requests in the interval [-50

,50]. We also assume that
∑

i qi = 0. This last assumption means that we

are dealing with balanced requests or demand, i.e., for every pick-up there is a

delivery. Finally, CP1 = 200. We solve both optimization problems, PDTSP

and MPDTSPS, and show the results in Table 2.1. We can see that when

both formulations solve the same instance of the problem, both problems find

the same optimal solutions. This shows the MPDTSPS can be reduced to

PDTSP as is expected, since every optimal solution for problem PDTSP is

also an optimal solution for problem MPDTSPS, if they run over the same

instance. We feel that this appropriately validates our model. As stated

before, the MPDTSPS is NP-hard. It is natural to expect the complexity of

the problem to increase in a exponential-like fashion as the number of robots

and the number of request nodes increases. Nevertheless, we are interested to

know how much we can increase the complexity of the problem and still be

able to use conventional optimization approaches to solve the problem for real

test scenarios.

To test the complexity we evaluate our formulation in the following in-
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Table 2.1: Optimal solution over D1

PDTSP MPDTSPS
Req LB time Req LB time

5 28.4556 0.14 5 28.4556 0.1
10 37.0858 0.6 10 37.0858 1.61
15 34.452 1.09 15 36.452 3.03
20 43.6364 7.01 20 43.6364 4.12
25 43.7166 10 25 43.7166 21.71
30 47.4997 20.33 30 47.4997 9.45
35 49.588 2.99 35 49.588 5.28
40 58.3565 605.07 40 58.3565 1435
45 56.8225 4661.98 45 56.8225 4441.88
50 61.3442 32.63 50 61.3442 71.60

stances with a graph G2,m induced by the following nodes, where |I| = 2 and

|F | = 2, and |M | = m will increase by 5, and CP ,d are set as constants. We

also test the formulation in the graph G3,m , where |I| = 3 and |F | = 3, and

G4,m , where |I| = 4 and |F | = 4. The set of random locations are gener-

ated in the same [-6199.5,6199.5]×[-4353,4353] space. The random requests

are also generated in the interval [-50 , 50]. We set a runtime limit of 5 hours.

We summarize the test parameters in Table 2.2 and shown the results of our

experiments in Table 2.3.

In Table 2.2, instances marked with ”-” are instances where we could not

obtain a feasible solution under the 5 hours limit we set. In every other case,

we can see how the number of constraints and variables increases when we add

more and more robots. It must be noted that instances up to 15 requests with 4

robots can be solved in a reasonable amount of time for real-time applications.

We can also see that the more we constraint the capacity of the robots, the

more difficult the problem is to solve. A further observation is that when we

have a set of heterogeneous robot’s capacities the optimal solution will tend to

use the robots which are less constrained in terms of capacities. For example,
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Table 2.2: Summary of the parameters in the tested instances
Instance Graph Cp Instance Graph Cp
D2 G2,m 100 ∀ k ∈ K D5 G2,m [50,100]
D3 G2,m 50 ∀ k ∈ K D6 G2,m [100,25]
D4 G2,m 25 ∀ k ∈ K D7 G2,m [50,25]
Instance Graph Cp Instance Graph Cp
D8 G3,m 100, ∀ k ∈ K D11 G3,m [50,100,25]
D9 G3,m 50, ∀ k ∈ K D12 G3,m [100,25,25]
D10 G3,m 25, ∀ k ∈ K D13 G3,m [50,25,50]
Instance Graph Cp Instance Graph Cp
D14 G4,m 100, ∀ k ∈ K D17 G4,m [50,100,25,25]
D15 G4,m 50, ∀ k ∈ K D18 G4,m [100,25,100,100]
D16 G4,m 25, ∀ k ∈ K D19 G4,m [50,25,50,100]

we can compare the instances D2 and D6. The optimal solutions differ just

slightly, which arises is by the selection of the robot performing the tour. The

robot’s initial positions in both instances are the same, and the only difference

is the capacity. In instance D6 the capacity of one of the robots is further

constrained and therefore the optimal solution for the instances in D6 selects

a robot which is further form the request but whit a higher capacity.

2.4 An application: Multi-Robot Task Alloca-

tion

Human-robot collaboration is important in manufacturing scenarios, [56], since

the use of robots has several benefits, e.g., increase in productivity or the re-

duction of the lead time of the tasks to be realized, [1]. In addition, the

introduction of multi-robot systems (MRS), is expected to have an even bigger

impact on the overall efficiency of the system than single-robot systems. Sev-

eral approaches have been used to tackle MRS coordination, [57], and there are

a lot of new techniques that can be used to find an optimal assignment of the

tasks. The most widespread problem in MRS is the task allocation problem,

where a set of robots must be assigned to a set of tasks while minimizing a
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certain cost function; the problem of optimal placement of tasks to robots is

known as multi-robot task allocation (MRTA), [57]. MRTA has been tackled

with several approaches, including MILP, reactive methods, evolutionary com-

putation, and marked based approaches;the latter is one of the more widely

used approaches. In this paper, we propose to use the MPDTSPS formula-

tion to tackle the material handling problem in an industrial scenario. We can

identify several formulations for versions of this problem in the literature, [45]-

[48]. However, a formulation that properly captures all the characteristics of

our application domain is not available to our knowledge. The reason behind

that is that most of the routing problems are motivated for logistics appli-

cations in carrier suppliers, or similar, while the motivation behind our work

is an autonomous material handling system in which a special case of PDP

arises. The scenario at hand is based on a manufacturing production cell where

the robots need to perform several pick-up and delivery tasks as a material

handling agent. In Figure 2.2 we show a V-REP simulation of the scenario at

hand. In our scenario there are several request points were the robots have

either material to pick-up or deliver, while considering capacity constraints.

The total handling cost is given by the associated time it takes for the robots

to travel along the locations. Our objective function minimizes the handling

cost incurred by the robots. The main feature of our formulation is to ac-

count for the ability of the robots to deliver or pick up only a proportion of

the demand/supply at hand, unlike similar approaches which assume that if

a robot visits a location it will deliver or pick-up the whole quantity at the

specified location. The assumption that the whole demand/supply must be

fulfilled if a robot visits the node will make infeasible every instance of the

problem in which CP < maxi ∈M |qi|, i.e., the capacity of the robot is lower

than the maximum supply/demand required at a given node. This assump-

tion will clearly limit the applicability of several formulations which do not
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account for the split of the load. As an example, consider the single robot

case of the 1-PDTSP formulation which cannot be used for instances in which

a robot capacity is exceeded by a supply/demand or a node. In the case of

multiple robots, most of the problems in the PDVRP class listed in Figure 2.1

cannot be solved if we do not allow for the split load. Therefore, a formulation

able to handle a bigger set of instances of the problem, such as those with

CP < max
i ∈M
|qi|,is needed for the applicability in such a robotic setting. The

objective of this section is to test whether the overall system performance,

defined as the total time needed for pick-up and delivery of all the objects,

improves by allowing the use of multiple robots. The total cost, as defined by

the objective function, might remain the same (though not always). However,

since the tasks are performed in parallel, the overall time to perform the task

is given by the longest path in the set of paths assigned to the robots.

Figure 2.2: V-Rep Simulation of the Laboratory of Intelligent Manufacturing,
Design and Automation, were a mobile robot is used to Material Handling
Agent in a manufacturing line

The main advantages of a system that accounts for split loads and multiple

32



robots is the system is able to solve a wider range of instances of the problem,

which means an increase of the applicability of the previous formulations.

Additionally, the system may accomplish missions faster than in the case of a

single robot system. In Table tab:mrta we show the time it takes to perform

all the pick-ups and deliveries in a single robot setting versus the multiple

robot case. One can also see that there are instances that will be infeasible

for single robot system without split loads.

Finally, although we can apply the MPDTSPS formulation for small in-

stances of the problem the idea behind the formulation is to have a way to

compute optimal solutions for benchmarks against faster algorithms which

may have more applicability in real dynamic scenarios.

2.5 Conclusions

The main contribution of this Chapter is to present the multiple vehicle trav-

eling salesman problem with pick-up and deliveries and split load constraints,

and show that it can be used to improve the performance of a material handling

system by considering several robots at the same time, and allowing a split

load. Computational experiments show that small instances of the problem

for up to 4 robots and 15 pick-up/delivery nodes can be solved to optimallity

in a reasonable amount of time, and the introduction of split load capabilities

will increase the performance of the system by allowing it to solve a larger set

of instances. Our formulation can be categorized as PDVRP under the frame-

work presented in Section 2.1, with the particularity that multiple depots are

considered.
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Table 2.3: Experimental results
(a) Experiment under instance D2 (b) Experiment under instance D3

Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 21.2989 21.2989 0 0.2763 120 275 5 26.6050 26.6050 0 0.5916 120 275
10 32.9930 32.9930 0 0.8859 320 830 10 43.5992 43.5992 0 5.6404 320 830
15 46.2799 46.2799 0 9.3830 620 1685 15 58.9569 58.9562 1.2686E-05 3439.3322 620 1685
20 49.6040 49.6040 0 21.9862 1020 2840 20 58.9647 58.9647 0 1152.3502 1020 2840
25 56.7825 56.7825 0 131.4236 1520 4295 25 69.3481 62.9323 0.0925 18000.6431 1520 4295

(c) Experiment under instance D4 (d) Experiment under instance D5

Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 45.5392 45.5392 0 1.4774 120 275 5 21.2988 21.2988 0 0.2102 120 275
10 79.5886 79.5886 0 534.5758 320 830 10 32.9930 32.9930 0 0.7987 320 830
15 81.9277 81.9236 5.09E-05 3721.4718 620 1685 15 47.7114 47.7114 0 10.6682 620 1685
20 105.0117 89.8930 0.143971 18000.75 1020 2840 20 51.0355 51.0355 0 32.6063 1020 2840
25 114.8408 86.8111 0.244074 18000.64 1520 4295 25 58.2140 58.2140 0 548.8485 1520 4295

(e) Experiment under instance D6 (f) Experiment under instance D7

Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 22.1996 22.1996 0 0.0810 120 275 5 27.6693 27.6694 0 0.2242 120 275
10 34.4227 34.4227 0 1.1350 320 830 10 44.4999 44.4999 0 3.0609 320 830
15 46.2798 46.2798 0 1.1551 620 1685 15 58.9569 58.9541 4.79E-05 187.3977 620 1685
20 49.6040 49.6040 0 8.1258 1020 2840 20 58.9647 58.9647 0 145.1748 1020 2840
25 56.7825 56.7825 0 182.03 1520 4295 25 69.3481 69.3426 7.93E-05 5339.7757 1520 4295

(g) Experiment under instance D8 (h) Experiment under instance D9

Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 22.19962 22.19962 0 0.081078 120 275 5 27.6693972 27.6694 0 0.2242146 120 275
10 34.42271 34.42271 0 1.135096 320 830 10 44.4999458 44.49995 0 3.0609474 320 830
15 46.27985 46.27985 0 1.155111 620 1685 15 58.9569284 58.9541 4.79E-05 187.39747 620 1685
20 49.60402 49.60402 0 8.125824 1020 2840 20 58.9647159 58.96472 0 145.1748 1020 2840
25 56.78252 56.78252 0 182.0363 1520 4295 25 69.3481197 69.34262 7.93E-05 5339.7757 1520 4295

(i) Experiment under instance D10 (j) Experiment under instance D11
Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 62.1438 62.1438 0 1.7563 204 464 5 34.1631 34.1631 0 0.1336 204 464
10 62.2257 62.2205 8.8E-05 970.4255 519 1339 10 41.7920 41.7920 0 16.9062 519 1339
15 71.1912 71.1892 2.7E-05 5892.477 984 2664 15 46.1202 46.1202 0 135.1191 984 2664
20 104.6525 69.6427 3.3E-01 1800.01 1599 4439 20 53.9295 53.9295 0 1039.379 1599 4439
25 - - - - - - 25 64.3221 59.5557 0.0741 18000 2364 6664

(k) Experiment under instance D12 (l) Experiment under instance D13
Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 36.2887 36.2887 0 0.2902 204 464 5 44.27640 44.2764 0 0.5056 204 464
10 43.2256 43.2256 0 8.6002 219 1339 10 42.8842 42.8842 0 16.1815 519 1339
15 45.2268 45.2268 0 22.0172 984 2664 15 50.0497 50.0497 0 162.8258 984 2664
20 55.3604 55.3600 6.95E-06 530.5419 1599 4439 20 65.0014 54.8088 1.57E-01 18000 1599 4439
25 67.7706 61.1148 0.0982 18000 2364 6664 25 - - - 18000 2364 6664

(m) Experiment under instance D14 (n) Experiment under instance D15
Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 24.3862 24.3862 0 1.0820 304 689 5 24.3862 24.3862 0 0.8778 304 689
10 32.0625 32.0625 0 6.8976 744 1914 10 33.9341 33.9341 0 7.7445 744 1914
15 36.6206 36.6206 0 92.1157 1384 3739 15 42.7463 42.7455 1.78E-05 1825.0204 1384 3739
20 46.2091 42.7083 0.0757 18000 2224 6164 20 57.6467 47.7821 0.1711 18000 2224 6164
25 53.2018 45.5546 0.1437 18000 3264 9189 25 74.9705 48.8648 0.3482 18000 3264 9189

(o) Experiment under instance D16 (p) Experiment under instance D17
Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 28.4800 28.4800 0 0.5605 304 689 5 25.4207 25.4207 0 0.3400 304 689
10 44.1757 44.1757 0 12.1036 744 1914 10 35.2319 35.2319 0 9.6422 744 1914
15 54.5071 54.5029 7.6E-05 6932.337 1384 3739 15 40.2972 40.2972 0 199.3549 1384 3739
20 85.2401 58.7298 0.3110 18000 2224 6164 20 48.1639 48.1639 0 1148.3699 2224 6164
25 96.6607 62.1029 0.3575 18000 3264 9189 25

(q) Experiment under instance D18 (r) Experiment under instance D19
Req Obj LB GAP Time Vars Constr Req Obj LB GAP Time Vars Constr
5 24.3862 24.3862 0 0.2224 304 689 5 24.3862 24.3862 0 0.3341 304 689
10 32.0625 32.0625 0 3.7175 744 1914 10 32.7902 32.7902 0 2.9628 744 1914
15 36.6206 36.6206 0 41.2497 1384 3739 15 36.6206 36.6206 0 40.1897 1384 3739
20 43.8780 43.8780 0 252.4651 2224 6164 20 43.8780 43.8779 3.24E-06 110.3202 2224 6164
25 - - - - - - 25 - - - - - -
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Table 2.4: Performance of the system with a single robots vs multiple robots

D8 Obj. |M | D9 Obj. |M |
1 43.938264 10 1 50.261035 10
2 41.512528 10 2 42.953249 10
3 43.387429 10 3 47.448775 10

All 39.9574 10 All 42.8842 10
D9 Obj. |M | D13 Obj. |M |
1 50.750229 15 1 infeasible 10
2 53.155095 15 2 infeasible 10
3 54.1684 15 3 infeasible 10

All 50.049727 15 All 42.884259 10
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Chapter 3

Pick-up and delivery with linear
temporal logic

Intralogistics is the integration, management, and optimization of materials

and information flows within a facility, and provides opportunities for cost

reduction in the manufacturing industry and the service sector. Although an

increasing number of intralogistics systems, [20, 58], have become available,

those systems typically require a complex multilevel control architecture (in-

tegration of ERP systems, site control software, process control software, etc.).

Those complex system architectures are now reaching their limits, [2, 4], and

flexible and adaptable systems are required instead. Automated guided vehi-

cles (AGV) have been suggested to be suitable candidates for overcoming the

drawbacks of such complex architectures. There are now several AGV systems

available, Kiva Mobile Fulfillment System, [9, 59], now Amazon Robotics, [10],

TUG robots, [16], CoBots, [60], etc., all of which have advantages and disad-

vantages. In addition, there are other factors to consider before we can achieve

a fully autonomous system, what we can call a fully autonomous material han-

dling agent (FAMHA), for example, increasing the motion ability of the robot

such that it considers the changes on the mass of the robot when performing

loading and unloading operations, [29], and eliminate the need of high-level

programming skills for commanding complex task to the robots [39]. Oth-
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ers have proposed some desired properties for future material handling sys-

tems, [2], and a larger class of standardized robot capabilities for increasing

the autonomy of robotics systems, [8]. Considering most suitable robotic sys-

tems are built from several interrelated and integrated subsystems, we narrow

our scope to a set of abilities related to planning/cognition capabilities. We

summarize those target abilities as follows: 1) increased navigation capability

(INC), or the ability of the robot to move autonomously without the need to

adopt predefined paths in its environment (INC-P), and the consideration of

the effect, in motion, produced by changes in mass due to the loading and

unloading of objects (INC-M), 2) task allocation (TA), or the partitioning of

global tasks into a number of subtasks, 3) online planning (OP), or the ability

to overcome eventualities on partially observable (OP-P), stochastic (OP-S),

uncertain (OP-U), or dynamic (OP-D) environments, 4) Interplay among task

planning, motion planning and task allocation (I), which refers to coupled ap-

proaches to simultaneously address the tree planning problems: simultaneous

motion planning and task planning (SMPTP), simultaneous motion planning

and task allocation (SMPTA), simultaneous task planning and task allocation

(STPTA), Simultaneous task planning, motion planning and task allocation

(STPMPTA), 5) reconfigurability (R), it should be easy for human operators

to change the robot configuration as needed without significant need for man-

ual intervention (e.g., technicians, programmers, etc.). This ability can be

coupled with integrated task and motion ability, as it is highly desired for

humans to easily command different robot tasks without significant changes

to the configuration of the robot, 6) scalability (S), it refers to the number of

elements on the instance the system can handle, i.e., number of robots, and

number of requests. Finally, we add an extra consideration,7) capacity con-

straints (C) that stands for the consideration of the limited capacity of the

robots. This is mainly motivated since there are several works that consider
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pickup and delivery tasks that do not account for the capacity of the robots as

a constraint. We organize this Chapter in the following way. In Section 3.1,

we preset a quick overview on several works that explicitly mention pickup

and delivery tasks. In Section 3.2, we present a brief introduction to several

notions and definitions that we use through the rest of the Chapter. In Sec-

tion resent the multi-vehicle pickup and delivery problem with linear temporal

logic (PD-LTL). In Section, resent an algorithm to solve the PD-LTL to op-

timality. In Section, 3.5, we present the results of some experiments. Finally,

in Sections, 3.6 and 3.7 we present some discussion and conclusions.

3.1 Pickup and delivery problems in robotic

networks

There exist an extensive amount of research around the set of abilities men-

tioned before and, equality, a wide amount of approaches to improve current

robotic systems. In this work, we classify all approaches that consider the

movement of material through a robot network as belonging to the general

pickup and delivery problem (GPDP) class. GPDP problems have been widely

studied in the operations research community, [45]-[48], [61], and their main

objective is to optimize pickup and delivery (PD) operations to increase the

efficiency of a system. GPDP problems in robotic networks have been ad-

dressed as mixed integer programming (MIP) problems, [62], [60], [63]. Fur-

ther, heuristics have been proposed to address problems efficiently, [64], [60], or

to handle online settings (dynamic environments), [33], [65], [7], [66]. Another

class of approaches try to generalize the multi-agent path finding problem

(MAPF) to handle more realistic scenarios applicable to intra-logistics op-

erations, [67], as the package-exchange robot-routing (PERR) problem, [68];

the multi-agent pickup and delivery (MAPD) problem, [69]. More recently,

the loading and unloading of bays by several robots is addressed in, [70], as a

38



distributed constraint optimization problem, [71], which is solved using a max-

sum algorithm. The use of formal methods, [72], offer the ability to handle

the set of desired abilities mentioned in Section 1.2. For example, it has been

shown to be an effective approach to address the SMPTP using different tem-

poral logics (LTL, MTL, STL, and TWTL) as a specification language, [73,

74, 75, 76, 77], similarly for STPTA [75, 78]. Additionally it offers R since

one can easily command complicated robot tasks without having to rely on

complicated coding abilities; furthermore, INC is an immediate consequence

of SMPTP. Finally, the use of such methods has been use to address uncertain

environments (OP-U), [79], and large scale multi-robot systems (S), [80], in

recent years. In that sense we put special attention to approaches that have

used such methods to approach robotic system dealing with PD operations.

The work in [81], used cs-LTL specification formulas to command a team of

robots to perform pick-up and delivery tasks. Even though the author con-

siders a multi-agent system, the author assume the robots cannot carry more

than one object at the same time, do not account for automatic cs-LTL de-

composition, and do not consider capacity as a limitation. Finally, the state

space, as defined by the author, adds more complexity to the problem. Au-

tomatic decomposition of finite linear temporal logic (LTL) specifications into

independent task specifications has been addressed in [82], where the authors

give a formal definition of LTL decomposition that is achieved through what

they call the “decomposition set” and “essential sequences”. In a nutshell, the

decomposition set is the set containing the states of an automaton represen-

tation of a formula. Each state represents a sub-formula that can be split in

the sense that the satisfaction of the split formulas implies the satisfaction on

the original formula. Essential sequences are just words on the language, See

Section 3.2, of a formula that tell us if a state belong to the decomposition

set. This work is improved further through simultaneous task allocation and
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planning (STAP), [78]. In this approach, the authors have used their previ-

ous ideas on decomposability, decomposition set, and essential sequences, to

optimally allocate separable sub-tasks of a global mission specification, so the

full mission is split among the agents, and therefore avoids computing the

combinatorial number of possible states and actions of the full product au-

tomaton of the agents. This is solved using a constrained optimal multi-agent

planning algorithm, [83], which offers a way to deal with discrete constraints

(sequencing on the tasks) and continuous constraints (resources). None of the

approaches herein up to this point considers the dynamics of the robot; to

our knowledge, the only source in the literature that addresses this aspect

for pickup and delivery problems is the work in [84].That method provides an

approach for generating time-optimal trajectories for a robot that picks up ob-

jects and drops them off in a final location, in a two-dimensional environment,

while satisfying a linear temporal specification given in cs-LTL and limited

capacity of the robot. The authors also considered how the dynamics of the

robot changes when every pick-up and delivery is performed. The approach

discretizes the system, which is modeled as a finite weighted transition system.

Then, using a product of automaton of the hybrid transition system, [85], and

the cs-LTL formula, they used Dijkstra’s algorithm to find the shortest path

in the product of automaton, which correspond to the time optimal hybrid

trajectory of the robot. Additionally, we also consider work that studies the

vehicle routing problem with linear temporal logic. Although these studies

do not account capacity constraints we believe there are still relevant for the

purposes of our work. In [86], the authors presented the persistent vehicle

routing problem and algorithmic procedure to solve it. This problem is an

extension of the classical vehicle routing problem (VRP), which accounts the

use of Time-window temporal logic (TWTL) to command the robots behavior.

In particularly, they use TWTL formulas to command persistent surveillance
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missions to the robots. Another similar extensions are, [87, 88], where the

authors use (a special fragment of LTL that does not use the next operator)

and metric temporal logic (MTL) to extend the VRP to the formulas given in

the formal languages previously mentioned.

3.2 Preliminaries

In this section we briefly preset present preliminary definitions and concepts

we use through this work. We denote the set of atomic propositions π ∈

Π, i.e., a set of Boolean variables representing sentences which hold true at

specific states. A word over a set (in theoretical computer science this set is

referred as an alphabet) γ is a sequence denoted by wγ = wγ(1), . . . , wγ(n)

for n ∈ Z+, where wγ(i) ∈ 2γ. The length of the word is the number of

elements in it and it is denoted by |wγ|. The set of all finite words over

an alphabet γ is denoted by γ∗ while the set of infinite words is denoted by

γω, [89]. A language is a set of words usually denoted as L; given an alphabet

(we define our alphabet as Π) we say that L is a language over Π, which is

denoted as LΠ, if L ⊆ Πω, [89]. A plan β = s(i), . . . , s(m) is a word over a

set of states. Let be s(i) = (s1, . . . , sl) an element of a word, and then the

projection operator is defined as Projn(s(i)) = sn. A non-deterministic finite

automaton (NFA), [89], A is a tuple (SA, SA,O,ΠA,δA,SA,F ), where SA is a

finite set of states, SA,O is the set of initial states, ΠA is the input alphabet,

δA : SA×ΠA → 2SA is the transition function, and SA,F is the set of accepting

states; A is deterministic finite automaton (FSA) if δA : SA × ΠA → SA, and

SA,O contains a single element. Every NFA can be translated to a FSA. A

word, wΠ, describes a run of states, sa ∈ SA, given by ρ : N → SA if the run

of states starts at some initial state ρ(0) = sa ∈ SA,O, ends in some final state,

sa ∈ SA,F , and ∀i ≥ 0, ρ(t + 1) ∈ δ(p(t), wΠ(t)) then we say the word, wΠ,

is accepted by the automaton. A transition system (TS), [90], is defined as a
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tuple T = (ST , ST ,O,ΣT , δT ,ΠT , LT ), where ST is a set of states, ST ,O ⊂ ST ,is

a set of initial states, ΣT is a set of actions, δT ⊆ ST ×ΣT ×ST is a transition

relation, ΠT is the set of atomic propositions, and LT : ST → 2ΠT is a labeling

function. A product automaton (PA), [89], P = T ⊗ A is the product of a

transition system and a non-deterministic finite automaton. It is defined as

the following tuple (SP , SP,O,ΣP , δP , LP), where SP = ST ×A is a set of states,

SP,O = {(st, sa) : st ∈ ST ,O ∧ ∃sb ∈ SA[(sa, LT (st), sb) ∈ δA]}, is a set of initial

states, ΣP = ΣT is the set of actions, δP ⊆ SP × ΣP , ΠP = SA is the set of

atomic propositions, and LP : ST×SA → 2SA the label function that is given by

LP((st, sa)) = sa . Linear temporal logic (LTL), [91], is a type of formal logic

that extends propositional logic by the addition of temporal modal operators.

In robotics, LTL has been shown to be effective in specifying complex desired

behaviors for a given robot, [39]. The syntax of LTL shows us the rules for

constructing LTL formulas from a set of atomic propositions, while using the

operators ¬, and ∧ which represent the operators “not” and “and”, together

with the temporal operators X and U that represent the temporal relations

“next” and “until”, respectively, [90]. Additional operators can be derived

from the originals. Given two formulas φ1 and φ2. The “or” operator ∨ is

defined as φ1 ∨ φ2 := ¬(¬φ1 ∧ ¬φ2), the “eventually” operator F is defined as

> Uφ, and the “always” operator G is defined as G := ¬F ¬ φ. The semantics

of LTL defines the satisfaction of a formula over a sequence of observations,

i.e., elements on a word. This is denoted by wΠ |= φ. Given a word wΠ,

where wΠ(i) ⊆ Π the semantics of φ is given by 1) wΠ(t) |= > , 2) wΠ(t) |=

π ⇐⇒ π ∈ wΠ(t), an observation satisfies an atomic proposition if the atomic

proposition belongs to the observation, 3) wΠ(t) |= ¬φ ⇐⇒ wΠ(t) 6|= φ, an

observation satisfies 6 if the observation does not satisfies the formula φ, 4)

wΠ(t) |= φ1 ∧ φ2 ⇐⇒ wΠ(t) |= φ1 and wΠ(t) |= φ2, 5) wΠ(t) |= X φ1 ⇐⇒

wΠ(t+ 1) |= φ1, finally we say 6) wΠ (t) |= φ1 U φ2 ⇐⇒ ∃tj ≥ t such that

42



wΠ (tj) |= φ2 and ∀ tl ∈ [t, tj) , wΠ (tl) |= φ1. A special fragment of LTL is

the cs-LTL. It has the same semantics as LTL with the only difference cs-LTL

does not allow the negation operator to appear in front of formulas, which

means the syntax of cs-LTL do not allow the expression G to be defined and

since cs-LTL formulas only contain the X , U, and F temporal operators, [92,

72]. A formula φ in cs-LTL over an alphabet Π can be always translated into

an FSA with input alphabet Π that only accepts the good prefixes of φ, [72,

93, 94]. It has been shown that one can find a set of actions that drive a

TS from an initial state to a final state while the trajectory described satisfy

the cs-LTL formula by finding a path at the corresponding PA [72]. It is the

case we will command the mission of the robots using formulas in cs-LTL.

A mission M, [82], is a formula given by a cs-LTL formula φ, where T1 are

independent tasks that can be given by their respective formulas, φ(i). The

set {T1, . . . , Tn} is called a decomposition of φ. We refer the readers to [82]

for further details about mission decomposition, and its properties. Notice the

mission, M, is an cs-LTL formula, therefore, there is an automaton denoted

by AM, associated with the mission and, [82], the Boolean conjunction of the

tasks gives the complete specification of the mission, i.e, M = T1∧, . . . ,∧Tn.

The decomposition set, D ⊆ SAM
, of AM contains all of the states that can be

associated with completing of a set of sub-tasks, T1, . . . , Tn. The final states

and initial states of AM always belong to D, [82]. Given an automaton AM, a

state sa ∈ SA has been proved to belong to the decomposition set if and only

if there is a word wΠ = wIΠw
F
Π , where wIΠ describes a run from an initial state

to sa and wFΠ describes a run from sa to a final state such that ŵΠ = wFΠw
I
Π

describes an accepting word in AM. See Theorem 2 (Descomposability), [82].
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3.3 Problem formulation

Remark. In this Section, either we assume the existence of a discretization or

partition of the continuous phase space of the robot, see, [39], such that we

can easily compute the minimum time the robot will take to move from each of

the locations in or we do not account the motion of the robots and we assume

an obstacle free environment. As such, the problem can be reduced to finding

a plan (tour) among the locations and initial robot’s position such that the

mission is accomplished.

We can think about our problem as a classical pickup and delivery problem,

which are mostly formulated as Mixed-integer linear programs. Each desired

behavior (DARP, PDTSP, etc) is stated as a set of constraints. In this paper

we proposed the use of formal methods to formulate problems under this class;

therefore, we can formulate certain problems under the proposed framework

such that the desired behavior is given instead as a formula in cs-LTL. The

problem can be stated as follows finding a tour among the set of locations such

that the sequence of states describes a word that satisfies the mission such that

the cost function is minimized. To the best of the knowledge of the authors

there is not an approach which considers the use of cs-LTL for commanding a

set of multiple robots with restricted capacity for pickup and delivery tasks.

Therefore we present the multi-vehicle pickup and delivery problem with linear

temporal logic (PDP-LTL) as following:

Problem 3.3.1. Let be R a set of robots, a set O of objects with related

positions yo and an available quantity mo at such location for all o ∈ O, a set

D of delivery locations with their related positions yd and request md for all

d ∈ D. Let be Y the union of objects and delivery locations denoted by YM as

well as the initial position of the robots denoted by YR. Let M be the mission

commanded to the system. The problem is to find a set of plans (tours) βr for
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r ∈ R such that it describes a sequence of actions U(βr) = σ1, . . . , σn such that

the mission M is achieved (robots pickup and deliver the objects following the

desired behavior stated by the mission), while the maximum capacity Cr
max

for r ∈ R is respected and the cost function J∗G =
∑|R|

i=1 Jr is minimized,

where, Jr =
∑|U(βr)

i=1 Wr(σr) and Wr represents the cost of taking the action in

question.

3.4 Approach

Assuming the above elaborations we proceed to solve Problem 3.3.1 by using

the method presented in Algorithm 3. This procedure will take as input the

mission specification (at this point we assume the mission is given in cs-LTL),

M, the set of locations Y with their respective quantities mi, ∀i ∈ Y\YR, and

the maximum capacity Cr
max for each of the robots. It then will return the

individual sequence of actions that minimize the total time robots will take to

complete the mission. We start by defining the a robot model as a weighted

transition system following similar ideas as in [84].

Definition 3.4.1. Robot model A robot model Rr is defined as the following

tuple, (Sr, sr,o, σr,Πr, Lr,Wr), where:

1. Sr ⊆ Yr ×Qr
O, is a set of states the robot can take.

2. sr,o, is an initial state.

3. Σr ⊆ Sr × Sr, is a set of actions.

4. Πr, is a set of atomic propositions.

5. Lr : Σr → 2Πr , is the labeling function.

6. Wr : Σr → R≥0, is weight function.
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Let be qro the initial robot’s mass, when it is not carrying any object.

Then Qr
O is a discrete set of possible masses given by Qr

O = {q ∈ R[qro ,C
r
max] :

q = Σi∈δmi, δ ∈ 2O∪D}. Defining Qr
O on such a way ensures the robot will

never exceed its maximum capacity Cr
max. It also assumes the robot will

collect or deliver the full amount mi once it visits the respective location

as it has been the standard in the GPD literature. sr,o = (yro, q
r
o), where

yro represents the initial position of the robot. The set of actions is defined

as Σr = {(yi, qi, yj, qj) ∈ Sr × Sr : (yi, yj) ∈ εr, qj − qi = myi}, where εr

represents a set of possible motions among the locations in Y and it is defined

as εr = {(yro, yj) : yj ∈ Y } ∪ {(yi, yj) : yi ∈ Y, yj ∈ Y }. The alphabet (set of

atomic propositions) is defined as the set of statements like ”pickup quantity

located in yo” location for all o ∈ O, and ”deliver quantity located in yd” for

all d ∈ D. The labeling function Lr will associate an atomic proposition π ∈ Π

with a state (yj, qj) ∈ Sr ⇐⇒ ∃qi ∈ Pred((yj, qj)) such that qj − qi = mj

where Pred represents the predecessors of (yj, qj). Recently, some authors

defined what they called a team model, which main objective is to emulate

coordination decisions among robots. To create such connections the authors

use what they called switch transitions, [78]. Similar notions are used in the

procedure presented by Algorithm 3. We define a similar team model structure

and the set of switch transitions in which we modify the defining properties on

the team model initial states to eliminate the ordering over the set of robots

imposed by the original definitions. Additionally, we eliminate the ordering

condition imposed in the original definition on the set of switch transitions. In

Figure 3.1, one can see how this changes will affect the structure of the team

model.

Definition 3.4.2. Team model A team model G is defined as the following

tuple G = (SG, S0,G,ΣG, SF,G)
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Figure 3.1: Difference between the team model structures defined in [78] figure
a) and the team model structure given by Definition 3.4.1, figure b). Black
dots represent the initial states of the team model. The switch transitions
are now directed toward both sides in b) instead of going only towards one
direction as in a).

1. SG = {(r, sa, sr) : r ∈ R, (sa, sr) ∈ Srp} is the set of states.

2. S0,G = {(r, sq, sr) ∈ SG : (sa, sr) ∈ Sr0,p} are the initial states.

3. ΣG =
⋃|R|
r=1 Σp ∪ ξ, is the set of actions.

4. SG,F = {(r, sa, sr) : sa ∈ SA,o}, is the set of final states.

Algorithm 3 will initialize a team model with an empty set of states, and

an empty set of actions. Initially the cost of the team, J∗G, is set to infinity.

After initialization, the first step is to compute the automaton representation

of the mission AM. This can be done using standard algorithms for such task.

See, [94, 95], for further details. The automaton representation of the formula

is then used by Algorithm 1, LTLDescomposition procedure, to find the de-

composition set. This procedure is based entirely in the work and description

presented in [82], where they mention the use of forward search to find essen-

tial sequences and later check for states in the automaton AM that belong to

D.
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Definition 3.4.3. Switch transitions An element ((ri, sia, s
i
r), (r

j, sja, s
j
r)) ∈ SG

belongs to the set of switch transitions ξ ⇐⇒ :

1. ri 6= rj, it connects different robots.

2. sia = sja, it preserves the NFA progress.

3. sjr = sr,o, it points to an initial robot state.

4. sia ∈ D, it represents a decomposition choice.

The LTLDecomposition procedure starts by adding the states in the set

of final and initial states of the automaton AM directly to the decomposition;

remember from Section 3.2, such states always belong to D. Afterwards, for

every element sa in SAM
\ SA,O ∪ SA,F the ConstructSequence procedure will

check if it is possible to construct an essential sequence for such state, if there

exist an essential sequence, Section 3.2, then the state is added toD. We do

not present a detailed description of ConstructSequence since this follows a

simple forward search procedure as mentioned earlier. Next, for every r ∈ R

we compute the product automaton Pr, Section 3.2, between AM and the

robot model Rr, and we add the respective edges and nodes to the team

model G to construct it progressively. We add the switch transitions following

Definition 3.4.3, and a target node sG,T and source sG,S with the respective

source and target connections defined as follows.

Figure 3.2 shows a graphical representation of the construction of the team

model. One can imagine the team model as a disjoint union of graphs (robot

models) just linked by a set of switch transitions, which model transitions

among independent subtasks in the mission. Finally, we have the problem

to find the shortest path connecting the single source or initial node with

the target node in the graph-like structure of the team model . This is done

by the ShortestPath procedure, which will find the shortest path connecting
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Algorithm 1: LTLDecomposition

Input : AM

Output: D
D ← {};
for sa ∈ SAM

\ SA,O ∪ SA,F do
if ConstructSequence(sa) then
D ← D ∪ {sa}

end
;

end

the initial node sG,T to a final node sG,S. Once more, a detailed description

of such procedure is avoided since any path search algorithm may be used; in

particular we use Dijkstra’s algorithm, [96]. Finally, the ProjectRun procedure

will project the final sequence of actions U(β∗G) on the team model into the

individual robot action sequences {U(β∗1), . . . , U(β∗|R|)}.

Algorithm 2: ProjectRun

Input : U(β∗G)
Output: {U(β∗1), . . . , U(β∗|R|)}
{U(β∗1), . . . , U(β∗|R|)};
for t ∈ |U(β∗G)| do

ur ← ProjR(U(β∗G)(t)) ;
U(β∗r )||ur

end
;

This procedure use the ProjR operator to project elements over the se-

quence of action on the team model, U(β∗G), to a robot’s action ur that it

is concatenated to the initially empty robots’ actions U(β∗r ) . The complete

procedure is finally presented in Algorithm 3

3.4.1 Desired Behaviors

As we mention before the idea of using formal methods for addressing PD

operations on robotic networks is to facilitate the incorporation of more com-

plicated behaviors in a more natural language. For a PDTSP-like behavior (see
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Algorithm 3: Solution for problem 1.3.1

Input : R = {r1, .., rNR
} robots, a set O = {o1, . . . , oNO

} of objects
with related positions yo and quantity mo ∀o ∈ O, and a set
D = {d1, . . . , dND

} of delivery locations with their related
positions yd and request md for all d ∈ D ;and a formula M
given in cs− LTL representing the mission

Output: {U(β1)∗, . . . , U(β|R|)
∗}

SG = {},ΣG = {}, J∗G =∞;
AM ←M;
D ← LtlDescomposition(AM) ;
for r ∈ R do
Pr ← Rr⊗AM ;
SG ← SG ∪ SrP ;
ΣG ← ΣG ∪ Σr

P
end
ΣG ← ΣG ∪ ξ ∪ τ ;
β∗G ← ShortestPath(SG, sG,T , sG,S);
{U(β1)∗, . . . , U(β|R|)

∗} ← ProjectRun(β∗G);

, [45]- [48], [61] for a detailed classification of pickup and delivery problems)

the formula dictating such behavior is given by:

φpdtsp =
∧

(i∈ δ⊆ D∪O

Fπi (3.1)

Which in plain English language can be read as ”eventually deliver/pickup

quantity at location πi”. Another interesting behavior that is widely studied

in robotics is DARP in which we have paired pickup and delivery request. This

means that every time there is a pickup the next action to take is to deliver

such item before picking up another one, such behavior is given by:

φdarp =
∧

(i,j)∈ δ⊆ D×O

F(πi ∧X πj) (3.2)

This can be read as ”eventually pickup quantity at location πi and imme-

diately next deliver at at location πj”. If one desires to specify the order in

which the request are severed; such behavior can be stated as
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φord = F(πi ∧ (F(πi+1 ∧ (F(πi+2 . . . (3.3)

That means ”pickup/delive” then ”pickup/deliver” and so on.

3.4.2 Complexity

In this section we will review the complexity of the construction of the team

model.

Proposition 3.4.1. An upper bound in the cardinality of the state space of

the team model defined by 3.4.1 is given by |SG| ≤ |Y||2φ|
∑|R|

n=1
Cr

max

∆min

Proof. As D and O are finite we know that |Qr
O∪D| is finite as well, therefore,

∃n ∈ Z such that |Qr
O∪D| ∼ Zn. Let us denote by ∆i,i+1, . . . ,∆i+(n−2),i+(n−1)

the distance among the n elements lying in [qo, C
r
max], and ∆min =

min
∆

∆i,i+1, . . . ,∆i+(n−2),i+(n−1) Then, given the interval [qo, C
r
max] and the small-

est of the distances ∆min the set |Qr
O∪D| cannot contain more than Cr

max

∆min
ele-

ments.

3.4.3 Optimality

The procedure presented in Algorithm 3 returns an optimal plan in the sense

that for any action sequence {U(β1), . . . , U(β|R|)} the associated cost JG is

equal or less to the cost of the action sequence {U(β1)∗, . . . , U(β|R|)
∗} denoted

by j∗G. This follows directly from the ShortestPath procedure that use Dijk-

stra’s algorithm to find the shortest path in the team model structure G.

3.5 Experiments

The motivation behind this work is the use of mobile robots to fulfill the re-

quest of material handling on a manufacturing shop floor. In such a scenario,
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not only do different behaviors arise (e.g., part feeding, warehouse commission-

ing, order picking, point-of-use delivery, etc.), but in addition, human-agent

integration is critical. Ideally, robot tasks should be expressed in a more nat-

ural language, such as co-safe linear temporal logic (cs-LTL) [92, 97].The use

of formal languages for programming robot tasks should therefore correspond

to specific classes of the general pickup and delivery problem (GPDP). In this

section we will show how to use Algorithm 3 to synthesize a plan for different

desired behaviors. We implemented the Algorithm 3 in python 3.6.9. For the

translation of the formulas into an automaton representation we use Spot, [98].

As the formula belong to the sc-LTL fragment this can be translated into a

NFA1.

Let us consider the following study case where we have three robots located

in y1 = [6.4, 7.3], y2 = [7.0, 6.9], and y3 = [6.2, 0.49]. Each robot has a

maximum capacity of C1
max = C2

max = C3
max = 10. Let us assume we have a set

of three objects located at, yo4 = [5.7, 5.7], yo5 = [7.1, 5.1], and yo8 = [2.7, 5.0]

with quantities to pick-up, mo4 = 1, mo5 = 1, and mo8 = 8.There is a set of

dropping locations located at yd6 = [3.8, 8.4], yd7 = [5.0, 3.9]. The quantities

to drop at these points are md6 = −5, and md7 = −5. See Figure 3.4. We

could use formula 3.1 to command a PDTSP-like behavior,in which case we

have the following mission:

Mpdtsp = Fπo3 ∧ Fπo4 ∧ Fπo8 ∧ Fπd6 ∧ Fπd7 (3.4)

The decomposition set includes all the states in the NFA representation

of formula 3.4, which means every sub-task of formula 3.4 can be executed

independently, for example, we can split the formula into independent pickup

and delivery task so each robot can execute them in parallel. The plan, β∗G re-

turned by Algorithm 3 is sG,S, s
2
2, s

2
5, s

2
4, s

2
8, s

2
7, s

2
6, sG,T , which can be interpreted

1The implementation of the algorithm is available at https://github.com/juantztz/pd-ltl
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using the Algorithm 2, as robot 2 will perform all the pickups and deliveries

following the tour presented before. See Figure 3.4. Assume we have the same

drop and pickup locations but with a different quantities. If one desires to

command a DARP-like behavior(i.e., add precedence specifications) we could

use the following formula, which specifies robot should only deliver at location

d7 after delivering at location d6 is given by the following formula:

Mdarp = Fπo3 ∧ Fπo4 ∧ Fπo8 ∧ F(πd6 ∧ Xπd7) (3.5)

The plan, β∗G returned by Algorithm 3 is sG,S, s
2
2, s

2
5, s

2
4, s

2
8, s

2
6, s

2
7, sG,T , which

can be interpreted using the Algorithm 2, as robot 2 will perform all the

pickups and deliveries following the tour presented before. This tour fulfill the

condition imposed by formula 3.5. See Figure 3.5.

3.6 Discussion

Resource constraints were studied in the context of formal methods (cs-LTL

was used as a specification language), [78], we could use such constraints to

model the capacity of the robots, and study PD operations. Instead we con-

sider the mass of the robots as part of its state, and model the capacity con-

straints as a bound in the state of masses for three reasons: 1) it is important

to consider the effect that changing masses (when loading and unloading of

objects) may have in the motion of the robots (how it will affect its dynamics)

as stated in Section 3, 2) lower upper bounds in the cardinality of the state

space of the team model structure by considering the mass of the robots as

part of the state 3) easier incorporation of the motion equations of the robot.In

Section 3.4.1 we present a set of formulas for tasks as expect for some prob-

lems in GPDP; it should be noticed that one can use different specification

languages, for example time window temporal logic (TWTL), to command
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tasks that include time windows.

3.7 Conclusions

We generalize previous work on pick-and-delivery problems using cs-LTL to

handle more than one depot and multiple robots using recent developments

in decomposition of cs-LTL formulas to present the pick multi-vehicle pickup

and delivery problem with linear temporal logic, and proposed an algorithmic

procedure to solve it to optimality. Future work includes studying a different

set of real time temporal logic as a possibility to handle split load constraints.

Although we do not consider robot’s dynamics in this work, in principle, such

consideration can be included in Algorithm 3 if we use include a discretization

procedure. Some discretization algorithms for the continuous state space of

the robots are discussed in [39].
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Figure 3.2: The progressive construction of the team model a) It will start
with the construction of the automata, b) we construct the robot models
Definition 3.4.1, and c) equal number of PA are constructed, e) Finally we add
the corresponding switch transitions and source and target nodes.
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Figure 3.3: Visual representation of the experimental setup. Dark blue dots
represent pickup locations, light blue dots represent dropping locations, and
red squares represent the initial locations of the robot
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Figure 3.4: Solution found for a PDTSP-like behaviour 3.4
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Figure 3.5: Solution found for a DARP-like behaviour 3.5
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Chapter 4

Importance of autonomous
robots for intra-logistics
operations in the oil and gas
industry.

The objective of this section is to shown the importance and the impact of

autonomous agents could have in the Oil and Gas industry. Robotics and

automation of several operations or activities that used to rely on humans is

now present in many areas of our lives. From cleaning vacuums to agriculture

applications, industrial robotics is an emerging field full of successful appli-

cations. While robotic applications are now more a norm than an option in

many industries, it is not the case in the oil and gas industry, which still relies

in manual or semi-autonomous operations (e.g.,remotely controlled oil and gas

facilities). This is likely the case mostly because the industry is considered to

be a high risk industry and therefore relying in complete autonomous agents

needs a high degree of reliability. Although completely autonomous agents

are risky given the sensitive materials used in the oil and gas industry, the

lack of autonomy, robustness, and human dependent agents are also an area

of opportunity, [99], for the following reasons: 1) robots are less likely to make

errors and more reliable than humans in extreme conditions that are found in

the oil and gas industry, and 2) they can work 24 hours per day and perform
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repetitive task for longer periods of time. However, this potential is barely

exploited given economical, organizational, and social barriers, [100]. In the

face of an increasing demand of fossils fuels, which is targeting the use of non

conventional sources of oil and gas, the use of robots in the oil and gas industry

is expected to have significant impact over the efficiency and production of the

oil and gas facilities. Nevertheless, reducing the number of staff members in fa-

cilities, improving health, safety and environment (HSE) standards is the main

force moving the incremental use of robots in the oil and gas industry. For

example, the running cost of an offshore platform per day is around $35, 000

USD to $150, 000 USD, [99]-[101], and the most commonly scheduled opera-

tions in offshore platforms are inspection, monitoring, or maintenance, [28];

these are activities that can be easily allocated to robotic agents. Further-

more, inspection, maintenance, site survey, drilling, production, and repair,

transportation, and logistics are important areas for introducing robotic ap-

plications, [25, 26, 27]. In Section 4.1 we detail various intra-logistics activities

autonomous robots can perform in the oil and gas industry. In Section 4.2 we

review the application of mobile robots, mobile manipulators, and manipula-

tors that address the activities listed in Section 4.1 to conclude that the same

areas of opportunity, as stated in Section 1.4, are relevant for robotic system

in the oil and gas sector. Finally, in Section 4.3 we show how the developments

of Chapter 3 can be applied to address operations as presented in Section 4.1.

4.1 Preliminaries

Before mentioning specific robot applications in the oil and gas sector we

briefly review the sector itself and summarize important considerations we

should keep in mind when developing such robotic systems. For a more ex-

tensive analysis of the current uses, improvements, and future development

or applications of robots in the oil and gas industry, we need to explore and
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detail the current activities, staff, and operations that the oil and gas industry

utilizes. The oil and gas industry can be broadly categorized into offshore and

onshore facilities, though this categorization seems too general for the purpose

of this review; we are most interested in a possible categorization that pro-

vides more information about the type of activities and processes inside the

facilities. The work in [99] proposes a categorization better suited for this pur-

pose, where mentions the oil and gas industry can be divided into upstream,

midstream, and downstream sectors. In general terms, upstream activities are

the activities related to the direct extraction and procurement of the gas and

oil. Midstream activities are activities such as transportation, processing, and

storage of the resource, and downstream activities are related to the use and

transformation of the oil and gas to obtain more usable products. The follow-

ing list shows examples of various activities and their classifications.

1. Upstream: exploration, recovery, and production of crude oil from reser-

voir, seismic analysis, exploratory drilling.

2. Midstream: pipelines, oil tankers.

3. Downstream: refining of crude oil, distillation, and reforming to generate

plastics, fertilizer, and other chemicals.

As we mentioned before, most of the applications of robots are in the upstream

and downstream activities, and most of the commonly scheduled operations a

mobile robot can do are:

1. Inspection: gauge readings, and valve and lever positions.

2. Monitoring: monitor gas levels, check for leaks, and acoustic anomalies,

monitor surface conditions, and check for intruders.

3. Maintenance: gas and air detector test, gas sampling, pigging, cleaning,

refilling.
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It has been shown that operational staff in the oil and gas industry spends a

considerable amount of time walking and transporting materials, [28], there-

fore we can add transportation and material handling to the list, since mobile

robots performing material handling can decrease the time used in such activ-

ities. In that sense, we can see that activities like inspection, site surveying,

monitoring, and transportation enter into the set of operations under the def-

inition of intra-logistics from Section 5.3.

4.2 Robotics in hydrocarbons industry

In this section we summarize, commercially available options and relevant re-

search developments of mobile robots, manipulator robots, and mobile manipu-

lators that can be applied to several activities in the upstream and downstream

oil and gas sector in the category of intra-logistics operations. New challenges

in oil and gas require a high level of automation, [102], which means the oil and

gas industry can start using solutions than have been already implemented in

other industries and adapt them to the conditions of the oil and gas sector. In

addition, they can develop new technologies to fulfill the specific needs of the

oil and gas industry, including intelligent drilling systems, smart inspection,

and manipulation, [99, 101]. Most of the applications focus in the upstream

and downstream processes, [101], however, the use of robots in the oil and gas

industry is still immature, and the commercial options are limited, [100]. In

this paper we restrict our review to the use of mobile robots, [26], manipula-

tion robots, [22], and mobile manipulators, [99]. We also focus our attention

on the application of robots for intra-logistics operations as mentioned in the

previous section.
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4.2.1 Current research developments and commercial
options

The first application of mobile robots in offshore facilities for tasks such as

maintenance and inspection was done by Fraunhofer IPA labs, [25]. This

robot, MIMROex, can be controlled by humans, or act autonomously. It con-

sist of a mobile platform equipped with a robot arm. The robot is able to

plan collision free trajectories inside facilities, build maps, and execute pre-

programmed tasks. Sensabot, [103], is a mobile robot developed by Carnegie

Mellon University in 2011. It safely monitors hazardous and remote facili-

ties. They claim the robot can perform the same tasks as a human operator

does, without exposing humans to extreme conditions, such as monitoring the

condition of production equipment. The robot is not autonomous, rather it is

human-operated. The prototype was a success, and proved the maturity of the

robotics field to provide secure and reliable applications in the field. Future

developments include adding manipulation capabilities. DORIS, [104], is an

other research project for designing a prototype of a mobile robot for remote

supervision and data acquisition on offshore facilities. The main limitation

of the robot is that is rail guided, and therefore its motion is limited. The

ARGOS Challenge was a competition carried out from 2013 to 2017 whose

objective was to apply mobile robots in the oil and gas industry. One of

the most relevant proposed solution in the challenge was ANYmal, [21, 5],

a four leg robot able to localize itself, detect obstacles, and plan trajectories

in a predefined graph. Its main innovation is the ability to walk stairs, so it

can access several floors inside within a facility. ROBOGAS, [105], is another

mobile robot for gas leak-detection in a refinery and gas transportation com-

pany. The robot enabled autonomous path planning and obstacle avoidance.

In [106], the authors used manipulator robots for inspection and maintenance

in an offshore oil platform. A mobile manipulator was proposed, [107], for
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refinery inspections. The robot used the A∗ algorithm for navigating facilities

according to commands entered by the user. In [108], the authors use ABB

robots to perform remote inspection in oil and gas facilities. Although they

all represent significant advances in the field, none of the previous develop-

ments work towards the integration of task and motion planning approaches

described in Section 1.1.2:.

4.2.2 Opportunities and challenges in oil and gas indus-
try

After reviewing the relevant research projects in the area, we can see that

most robots either cannot autonomously navigate in the environment or they

only consider motion/path planning algorithms to navigate from an initial

point to a final point. Moreover, task allocation, and task planning problems

are not considered. Furthermore, the sequence of activities (task planning) is

instructed to the robot directly by a human operator, (i.e. the robot is given

a set of actions to perform sequentially), so more efficient solutions cannot

be computed by the robot itself. To the best of our knowledge, there is no

robotic solution which combines task and motion planning for robots in the

oil and gas industry. Specifically, there is no evident use of a formal language

for the specification of more general missions that a robot can allocate by

itself with the objective to do it in the most effective possible, as presented in

Chapter 3. One of the main desired properties of intra-logistics systems, as

explained in Section 1.2, is that new tasks should be easily given to the robots

without the need of a specialist to program the robot every time there is a

new request; this is also a desired property of robotic systems applications in

the oil and gas sector, [72]. Another important observation is that we could

not find robotic applications specifically for material handing in the oil and

gas industry, although it has been mentioned that it represents an important
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area of application, [28].

4.3 Applications

It is important to address challenging sub-problems like the ones presented in

Section 1 on reliable and intelligent robotic systems, [108, 22]. Furthermore,

an important landmark for robots working in the oil and gas industry is the

incremental autonomy and reliability of the robots, which should now be im-

proving after the first real implementations, [27]. In this section, we explore

the application of the models presented in Chapter 3, which try to approach

the general pickup and delivery problem in robotic networks, since we believe

the applications of this methods will have a significant impact in mobile and

manipulator robots performing several intra-logistics operations.

The introduction of robots into challenging oil and gas environments is

marked by a tendency to implement robotic systems in real-life simulated

scenarios, i.e., simulated oil and gas facilities in research labs. We limit our

application domain to that of a conceptual experiment and leave simulation

and real-life simulated scenarios for future work. In addition, we assume there

exists a roadmap of the environment and the robots rely on pre-computed

paths. In that sense, we will only shown examples of the models presented in

Chapter 3.

4.3.1 Case scenario: Inspection

Inspection is one of the key activities in oil and gas operations that we believe

can be delegated to robots. Most inspection activities are related to monitoring

of pipelines, or reading data from valves or other sensors. Those valves or

sensors are located in various areas which the robots need to visit to get

readings from them.
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Example 4.3.1. (Inspection) In this example, O = {sensor1, sensor2, sensor3,

sensor4} represents the sensors with related positions yo and an available quan-

tity mo = 0 for all o ∈ O, while D = {upload} is the upload data location with

position yd and request md = 0 for all d ∈ D. Let the mission be ”read all

sensor data at location sensor1, sensor2, sensor3, sensor4; before every reading

upload current data at upload location”, which can be represented by for-

mula M = F(′′read′′1 ∧X ′′upload′′) ∧ F(′′read′′2 ∧X ′′upload′′) ∧ F(′′read′′3 ∧

X ′′upload′′). Then we can use the method presented in 3 to obtain a set of

action trajectories such that they accomplish M.

4.3.2 Case scenario: Material handling

In the previous example, there was no quantity to be collected or delivered,

as we were dealing only with information flow. The example we present next

deals with associated quantities to be collected at specific points.

Example 4.3.2. (Material handling) We have three objects O = {o1, o2, o3} to

be collected located at yo1 , yo2 , yo3 and quantities mo1 = 15,mo2 = 8,mo3 = 9,

while D = {d1, d2, d3} are the delivery locations with position yd1 , yd2 , yd3

and required quantities md1 = −8,md2 = −23,md3 = −1. Let the mis-

sion be ”collect objects o3, o1, o2, in that order; then deliver the objects at

locations d3, d1, d2, in that order”. This can be represented by formula M =

F(′′pickupo′′3∧(F(′′pickupo′′1∧(F(′′pickupo′′2∧(F(′′deliverd′′3∧(F(′′deliverd′′1∧

F(′′deliverd′′2))))). Similarly we can use method 3 for solving such problem.
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Chapter 5

Conclusion

The main idea of this work was to work forward mobile robots with a higher

degree of autonomy. We focus our attention on the planning cognition algo-

rithms used by mobile robots. We find that there are three main areas of

research in which improvement are significant for our purposes. These area

were described in Section 1.2. Given the recent success of formal languages in

robotics, we follow the trend to develop a method to obtain action trajectories

of a group or robots under pickup and delivery tasks. Finally, we explore the

applicability of our methods in the oil and gas industry.

5.1 Research contributions

The contributions of this work are:

1. A mixed integer linear programming formulation for the multi-vehicle

pick up and delivery problem with split load constraints.

2. The multi-vehicle pickup and delivery problem with linear temporal

logic, and a method to solve the problem.

3. A discussion on how works can be integrated into our approach to ac-

count for the motion equations of the robot.

4. A demonstration that autonomous agents for intra-logistics applications
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in the oil and gas industry is a strong area of opportunity for future

research.

5.2 Research limitations

Our main research limitations are that our approach still relies in the creation

of construction of the automata from any formula given in linear temporal

logic.

5.3 Future research

There are several future research directions to explore that we summarize in

this section. Areas of future interest for the work presented in Chapter 2 are

the following:

1. As presented in Chapter 2, our formulation 2.2.2 aims to minimize the

total traveling time of the entire system (set of robots). We would like to

reformulate it such that it minimize the individual traveling time, which

means we are dealing with a multi-objective optimization problem.

2. Create custom heuristics or explore other approaches for solving larger

instances of the problem in Chapter 2. The use of reinforcement learning

has been shown to be a suitable candidate to solve similar problems.

3. Investigate the applicability of sample based motion planing algorithms

to solve problems like those in section 2.2.2. Such algorithms have been

successfully applied in automated planning, so we believe they can be

adapted to solve our problem.

For the work presented in Chapter 3, we extended our formulation to account

for the use of formal languages as an alternative to state constraints or be-

haviour to our model. Normally, the formulation of linear constraints is a
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tedious trial and error process. The formulation becomes easier by the incor-

poration of formal languages. However, the construction of the automata from

linear temporal logic is computationally expensive, therefore, our approach can

be used only with small formulas.

1. Another important area of research would be the use of other types of

formal languages, which do not rely on the construction of automata

such as signal temporal logic.

2. Finally, we would like to explore the possibility of exploring deeper the

applications of our methods in robotics in the oil and gas industry.
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