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ABSTRACT

Towards Smart Earthwork Sites Using Locatiorbased Guidance and Multtagent Systers
Faridaddinvahdatikhakj Ph.D.
Concordia University, 2015

The growing complexity and scope of construction projects is matkiagcoordinationand

safety of earthwork of a great concern for project and site managees.dfficulty of
safeguarding the constructiarorkers is mainly commensurate with the type, scaie location

of the project. In construction operations, where heavy machines are used, various safety and risk
issues put the timely completion of a project at stake. Additionally, the constructiomgvork
environment is heavily susceptible to unforeseen changes and circumstances that could impact
the project, both cost and schedule wise. As a response to the looming safety threats or
unforeseen changes of working conditions,plenning is almost alwaysequired, in both
proactive (preemptive) or reactive (corrective) fashion. In order fgramning to yield the
optimum results, redime information gathering and processing is a mGébbal Positioning

System GP9 and other Redime Location System((RTLSs) have been used for the purpose of
reattime data gathering and decisioraking in recent years. Similarly, Locatibased
Guidance Systems (LGSs), e.g., Automated Machine Control/Guidance (AMIG®), been
recently introduced and employed, mamlfor the purpose of highbrecision earthwork
operations. Howevexurrentlythe application ofavailableLGSs (i.e., AMC/G) is restricted to

the machindevel task control and improvementAlso, the high cost of procuring available

LGSs5, which cost approximately $80,000 for every new pieceeqliipment, limits the
availability of LGSsfor small and medium size contractoFsirthermorethe valuable reaime

data gathered from various pieces of equipment on site are not effectiveiedutid



continuously update the simulation models developed at the design phase so that a more realistic
view of project progress is available in the execution phase. Firgdigpite the growing
availability of LGSs, their application for safety is limitetb realtime proximitybased object

detection and warningdn view of the ability to control the finest motion €GSenabled

earthwork equipment, there is a great potential to boost their level of application to the project
level, where decisions abadile equipment control are made based on the global consideration of

a fleet rather that a | ocal view of one singl
generic methodologyhat combines realime datagathering technologied,GS and intelligent

decision making tools, particularly Muligent SystemsMASs), and addresses the safety

sensitivere-planning is missing.

On this premise, this research pursues a methodology which addresses the assudirdtion

and safety improvement throudhetintegration o£ GS andMASs. In a nutshell, this research is
dedicated to the pursuit of the following objectively: t6 enable the projedevel coordination,
monitoring and control through the integration oMAS architecture and 8GSto help better
resolve operational and managerial conflicts; (2) to provide a method for improving the
performance of pose estimation basedaffordableRTLS so thatLGSs can be applied to a
wider scope of older earthwork equipment; (3) to devise arigeframework for Near Real
Time Simulation NRTS based on data frolbGSs; and (4)to develop a mechanism for

improving the safety of earthwork operatiarsng the capabilities of tHeGS NRTS andMAS

In the proposed frameworlevery staff membeof the projectis represented by an exclusive
agent in theMASs. More affordable positioningechnologies, such as Ukk&lideband (UWB)
are utilized to provide accurate rg¢ahe data about the location of machines and worldens.

optimizationbased methodsiproposed to consider a set of geometric and operational constraints



that govern the behavior of the Data Collectors (DCs) attached to the equipment to improve the
equipment pose estimation accurarRTSis used to keep track of the progress of the ptoje
and finetune the schedule based on the data captiuosd the site. The agents observe the
progress of work executed lilgeir associated equipment, aificany anomalies are detected
viable corrective measwsare devised and executedheTinpus to this systemare: (a) a stream

of reattime datae.g., location datdlowing from the site(b) the project desigdata,and (c)the
project progress dandthe scheduleFurthermorea two-layer safety mechanismonitors the
safe operation of different pieces of equipment. The first layer of this mechangites the
equipment to plan a collisieinee path considering the predictedwvement of all other pieces of
equipment. Tie second layer is acting as a lase lof defense in view of possible discrepancies
between the predicted paths and actual patldgrtaken by the operato&everalprototypes and

case studies are developed to demonstrate and verify the feasibility of the proposed framework.

It is found hat the proposed optimizatidrased method has a very strong potential to improve
the pose estimation using redundancy of more afford&ileS DCs. Also, the proposed
overarchingNRTSapproach providsa trackingtechnologyindependent method for proceggin
analyzing, filtering and visualizing the equipment states that can work with various types of
RTLStechnologies and under the availability of different levels of sensory @agproposed

safety system is found forovide a balance between economic wdespace and the ability to

warn against potential collisions in an effective manner using the pose, state, geometry, and
speed characteristics of the equipmeédditionally, the safety system demonstrates the ability

to providea reliable basis for thgeneration of the risk maps of earthwork equipment, using the

expected pose and staédd considering the proximHyased and visibiligbased risks



The MASbased frameworkelps expand the effective domain @GS from machindevel
guidance to fleelevel coordination. In the view of the presented case studiedAlSstructure

is found to be effective in assigning different operations and tasks of a project to the specific
agents that will be responsible foethrealization. Using a combination of strategic and tactical
planning methods, thH&IASis able to effectively provide readily executable guidance/control for

equipment operators considering a variety of safety issues
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CHAPTERNTRODUCTI ON

1.1GENERAL BACKGROUND

The construction industry is concerned with improving the productivity and safety of
construction project§Beavers et al. 2006)n earthwork operations, where heavy machines are
used, various safety and risk isspes the timely completion of a project at stake. Additionally,

the construction working environment is heavily susceptible to unforeseen changes and
circumstances that could impact the project, both cost and schedule wise. As a response to the
looming saéty threats or unforeseen changes of working conditionplaraing is almost
always required. In order for q@anning to yield the optimum results, reimhe information
gathering and processing is a must. The Global Positioning System (GPS) andeatkiandR
Location SystemsRTLS) have been used for the purpose of-tiea¢ data gathering and
decisionmaking in recent year@Perkinson et al. 2010Similarly, Locatiorbased Guidance
Systems (LGSSs), e.g., faamated Machine Control/Guidance (AMC/G), are introduced and have
been employed mainly for the purpose of hpgkcision earthwork operationsGS integrates
geopositioning technologies with 3D design models and Digital Terrain Models (DTMs) to
either (1)support the machine operator through the provision of continuous guidance on a digital
screen mounted in the cabin of the machine, or (2) control the poaittbmovements of the
equipment While GPS and total stations are the main tracking technologsesd inAMC/G,

other types of emerginRTLS, e.g., UltraWideband (UWB), can be integrated with similar
monitoring mechanisms to provide monitoring and guidance capabilities for earthwork

equipment.



12PROBLEM STATEMENT

In spite of the benefits oEGSs, their current application is limited to the improvement of
machinelevel tasks,which is not sufficient to address the projlstel monitoring and decisien
making needs. In the context of complex earthwork operatiavisere several teams are
concurrently working towards different ends, it is conceivable that the globally coordinated
operation dictates an arrangement other than the malevieleoptimized work. In other words,
merely optimizing the operation of everynglie piece of equipment may not result in the best

arrangement for the entire project.

The problem of providing near retine guidance or control support for the operators of
earthwork equipment based on the consideration of the entire fleet can bexopiex in line

with the fleet size and equipment interactions. For such complex prqobieensonventional
approach of central problem solving becomeddtrhed,becausat is difficult or impractical to
globally grasp and analyze the mudimensionaly and dynamisms of such problems.
Distributed intelligent systems are designed to address such complex problems in terms of
several collaborating intelligent agents, who try to solve the overall problem by synthesizing
limited views of individual agenté~erber 1999) Such systems are referred to as MAljent

SystemsMASS), which consist of several intelligent agents capable of interaction.

Also, the high cost of procuring availabdC/G, which costs approximate80,000 for every
new piece of equipmenGy 2011), limits the availability ofAMC/G for small and medium size
contractors While this cost pertains tdhe full AMC/G systems incluohg the control
mechanisms, even the cost related to the equipment redoir@roviding only the guidance
component (which includesvo high accuracy GP3eceivers is still exorbitant.On the other

hand, the more affordable variations of tracking technologies,B¥B and lowcost GPS



receivers, do not generate accurate ghodata that can be readily used for the construction
equipment pose estimation and trackizgnang and Hammad012 Pradhananga and Teizer
2013) As a result, in order to enable the efficient application of the aifboedableRTLS for
equipment pose estimation, it is of a paramount importance to process and refine the captured
data. It is required to ensure that tlefined data satisfy a set geometric and operational
constraints, which are induced by the equipasgacific and jokbandsite-specific
characteristics. Although several researchers have previously worked in th{¥aneatikhaki

and Hammad 2014; Zhang et al. 20Rezazadeh Azar et al. 2Q13he area oRTLSfor

construction equipment pose estimation is noticeably uadéressed.

As part of the global coordination of the fleet, detailed planning is alwayseguirement.
Simulation techniques are used to effectively leverage the existing information aboutspooject
develop such detailed plangraditionally, these simulation techniques rely mainly upon the
statistical data gathered from previous projecttheflike nature. However, given the volatility

and dynamism of a construction system and the high sensitivity of-tehortschedules to
variations of constituent parameters, very often it is the case that the initially developed
simulationmodel fails toremain valid and representative of the actual work. To compensate for
the possible discrepancies and deviations from the estimated valutt® tirae and cosof the

project and also in order to make simulation results more realistic, the assump#dasatrthe

time of the model design need to be constantly modified and attuned based on the actual state of
the operation. Consequently, some research has been conducted on a mechanism to dynamically
monitor the trend of changes in the model parameterstamadapt the simulation model
accordingly in near redglme (Lu et al. 2007; Hammad and Zhang 2011; Akhavian and Behzadan

2012; Songand Eldin 2012; Szczesny et al. 201B)o we v er , to the best



knowledge, the previously proposed methods are not tailored for the integratiohGsh
Additionally, both the scope and level of data capturing is limited to one type iphsent, i.e.

trucks, and highevel equipment states, e.g. hauling and dumping.

Finally, despite the growing availability &iGSs, their application for safety is limited to real

time proximitybased object detection and warnings. In the existing systémsncreasingly
affordable advanced sensing and location systems are used to mitigate the collision risks by
warning the operators against the potential dangerous proximities in rea{Bumes 2002;
Carbonari et al. 2011; Zhang and Hamn28d2 Guenther and Salow 2012; Wu et al. 2013;
Zolynski et al. 2014)However the existing methods do not take a full advantaigeose, state,
equipment geometry, and speed characteristics of the equipment to improve the efficiency of the
collision avoidance. Additionallythere is a need for a solution that is able to reliably predict the
operation of the equipment for a leegough time window to enable different pieces of

equipment to adjust their planned paths to avoid collisions inreahtime.

13RESEARCH OBJECTI VES

The objectivs of thisresearchare: (1) to enable the projedétvel coordination, monitoring and
control through the integration o MAS architecture anda LGS to help better resolve
operationaland managerial conflicts in earthwork projects; (2) to provide a method for
improving the perfanance of pose estimation basedaffordableRTLS so thal. GSs can be
applied to a wider scope of older earthwork equipm@)tto devise a generapproactfor Near
RealTime Simulation(NRTS based on data frorhGSs; and (4) to develop a mechanism for

improving the safety of earthwork operations using the capabilititedlGS NRTSandMAS



1l4ARESEARCH SCOPE

The present research pursues the afmogrtioned objectives within the following scope:

(1) The context within which the proposed method of thiesearch is presentets mainly
automated guidance rather than control. Nevertheless, all the méthodavill be presented
in this research can further be input fttre development of control mechanisms for

automated machine control.

(2) ImprovedLGSbasedcoordination is addressed in the monitoring phase of the projects and

mainly at the operationdé¢vel (i.e., not at the managerial level);

(3) The presented pose estimation method is intended to improve the applicability of more
affordableRTLSsfor the application i.GCs. While in principle it can be used for improving
the pose estimation by any tracking technologies, the method has limited application for
highr-accuracyGPS where the quality of pose estimation is accurate enough without any

processing.

(4) The pose estimation method is framed as a complementary process where the final tracking
outputs of theRTLS are subject to corrections based on the consideration of equipment
specific characteristics and leveraging the redundancRTiS$ datacollectors (DCs)
attached to the equipment. This method does not pursue the improvementR¥LiBe

localization accuracy for singl@Cs.

(5) While it is indispensable for the full safety management of earthmoving sites to also account

for workers orfoot, this research focuses primarily on the earthmoving equipment.

(6) The emphasis of the presented safety management system is placed on providing robust

inputs for collision avoidance and pathplanning. This research does not address methods



for near reatime path replanning that can be applied once the potential collisions are

detected.

15RESEARCH SI GNH FI CANC

The present research aims to enhance the intelligent denisiking at different operational and
managerial levels of earthwork projects usingl-tane data captured from the site. The present
research exploitthe increasingly available and affordalhl€Ss to surpass the limits diGSs
andtranscend them to a projeetvel coordinatiortool committed to enhancing the safety of the
entire project.This research will furnish contractors with stronger incentives for transiting to
LGSbased project execution as a technology that can endow them with a greater control over the
project and make the project schedule less susceptible to delays and o@nrthmes other hand,

the manufacturers oAMC/G equipment can benefit from this research to broaden their
perspectiveof how a group of equipment can be orchestrated into a coherent fleet. This research
would also contribute to improving the safety of kaxirk sites by accounting for a wider
spectrum of uncertainties and human factors. Accordingly, safety managers and operators can
benefit from this research through receiving timely safetgted warnings that can be used to

take appropriate actions.

16THESI S LAYOUT

The structure of the thesis is as follows: Chapter 2 is dedicated to the review of the literature on a
wide spectrum of syécts pertinent to the researdBhapter 3 presents the overall proposed
framework Chapter 4 discusses the posenestion method that can be used to improve the
quality of RTLSbased pose estimatiaiata for the application ihGS Chapter 5 addressthe

NRTSapproachtha can be used for enhanced planning of the earthwork projects. Gtaptedt



7 present the twdayer safety mechanism that can be used fortieal collision avoidancand
near reatime colision-free path replanning, respectivelyChapter 8 covers the components and
functionalities of different types of agents the MAS and demonstrates the integration of
multiple functions in the proposddAS Finally, theresearchconclusions, contributionsand

future work are discussed in Chapter 9.



CHAPTER LI TERATURE REVI EW

211l NTRODUCTI ON

This chapter presents the review of literature in the areas that pertains to the scope of this
research. These areas include the simulation and its application in construction industry, the
stateof-the-art in automation andlGS applications for earthworkequipment,monitoring and
controlof project performancesafety ofearthworksites and use oMASfor distributed problem
solving The purpose is to identify the shortcomings of current planning, monitoring and
coordination of earthwork fleets and to elehine howLGS can help develop a comprehensive

solution that can perform coordination of equipment at a fleet level.

Earthwork refers to a set of operations leading to reshaping the natural surface of earth and
encompasses such activities as cuttimgiling, unloading, grading, humidifying and compaction

(de Athayde Prata et al. 2008Jhis operation is a common part of projects such as building
foundations work, dam construction, airport construction, m@ustruction, strigmining, etc.

(Shi and AbouRizk S. 1998Farthwork operations are typically equipmeriensive and thus
fraught with financial and safety riskBeurifoy et al2011) The cost of earthwork operations is
considered an integral element of the total cost of civil engineering préli@ctdbropoulos et al.

1996) so much so that more than 20% of the total cost of tleeboidding projects is estimated

to be dedicated to the earthwork operati@msith et al. 1996)On the other hand, based on the
data published by The Bureau of Labor StatistiisS 2013, only in 2012, 74 out of the total

775 fatalities (nearly 10% ), have been reported as primarily or secondarily caused by major

earthwork equipment, e.g., excavators, loaders, graders, scrapers, compactors, or dump trucks.
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According toHinze and Teize(2011) onefourth of construction fatalities are due to equipment

related incidents.

Given these statistics, the proper planning of earthwork equipment is indispensable for the safe
and efficient execution of earthwork projects. Simulation techniques are used to capture the

complexity of interactions between earthwork equipment in computelels. These models can

be used to make accurate planning of earthwork operations considering the uncertainties revolve
around the execution of such complex operations. Different simulation techniques that are

applied for earthwork operations and theltodcomings are introduced and discussed in

Section2.2

The automation andGSs are introduced and applied to earthwork equipment in recent years to
improve the efficiently of equipment operation and ensure accurate pursuit of design plans and
schedules. These systems synthesize varied types of data from multiple sensory sources and
provide directions for the operator in form of guidance or (partial or full) control. The constituent

components and various typed@Ss are introduced in Sectio@s3and2.3.], respectively.

While enhanced planning and execution is important for successful competition of earthwork
projects, there is a need for contms progress monitoring and control of projects. These
practices help to ensure that project is on the right track and to identify potential causes of
discrepancies between the current state of the project and plans. Several automated solutions are
introduwced and implemented based on the application of various type3lds. However, if

LGS are properly utilized, their robust tracking capabilities can be well harnessed for the
purpose of project monitoring and control. Sectid.1 provides an overview of earthwork

project monitoring and control practices in literature.



Another important aspect of fleet coordination is the safety management. As much as it is of
significance to control that the equipment are executing their tasks according to the plans with
minimal deviations, the conformity with the planned operation should not be at the cost of
compromise the safety of workers and operators. The valuable paseodaing fromLGScan

be used to develop a safety mechanism that can monitor and improve the safety of earthwork
sites. SectiorR.5 reviews a wide spectrum of Ireture on safety management of earthwork

equipment and sites.

Finally, the effective coordination of a fleet btzSenabled equipment requires analysis and
communication of a large amount of data and complex neatimealdecision makingMAS
provides tle basis for solving such complex problems using the agent concepts and distributed
computing. Sectio2.6 provides an extensive review BIASand its applicationn construction

industry.

22S|1 MULATI ON OFORKRODHWRATI ONS

Simulation, in etymological sense of the word, means creating conditions similar to the real
world in order to establish a framework for investigation and analysifpin and Riggs 1992)

For this purpose, computer simulation tools are used to create a virtual environment similar to
the real context of an activity, mainly to identify the shortcomings and deficiencies of a system
before the actual implemeni@n. In the case of the construction industry, simulation tools are
used to represent the overall logic of various activities required to construct a facility, the

required resources and (AboeRizk2000) ect 6s overall

Although traditional scheduling techniques, e.g., Critical Path Method (CiR&ljey and

Walker 1959)and Program Evaluation and Review Technique (PEBoulanger 1961)are

10



still the predominant methods used for the scheduling and planning of construction projects, they
are not effective in capturing the complexity and dynamism of construction pro¢elsdpis

and Riggs 1992)This is attributable to the fact that these methods are not able to: (1) consider
the active role of resources, their availability and their simultaneous engagement in multiple
activities, (2) capture the intricate resousmdivity interactions, and (3) account for the

uncertainties and randomness that reign over many of the construction a¢®hti&€999)

Simulation, on the other hand, endows considerable power to construction mahemeyb
enabling them not only to evaluate a construction process beforehand and optimize its
productivity through resource management and work task modifications, but also to develop
several alternative methods for the realization of a single goal amtj¢atively compare
different alternatives. The necessity of computer simulation for construction operations emanates
from the complexity of the interaction among units and the inability of classic mathematical

models to address this complexity effectivelyayed and Halpin 2001)

According toHalpin and Martine1999) simulation can improve the productivity by 30% to
200%, which can correspond to a saving of $2,000 foryelveur of analyst time. The general
benefits of applying simulation in construction include: (1) development of better project plans,
(2) optimization of resource usage, (3) minimization of project cost and duration, and (4)

improvement of overall constrtign project manageme(bouRizk 2010)

Despite the effectiveness of computer simulation, when taking the effort and investment required
for the development of a computer simulation, which consists of model deveigpdata
gathering and synthesis, verification, validation, analysis and presentation, not all projects can be
effectively addressed by simulation tools. AbouR{2K10) and Martinez(2010) specify the

main characteristics of projects for which the application of simulation is proven effective as

11



follows: (1) high degree of uncertainty, (2) technical, logistical and methodical complexity, (3)
cyclic and repetitive process, (4) need flexibility in the modeling logic (need for extensibility

and scalability), (5) need integrated solution, and (6) need high detail and accuracy.

There are various types of computer simulation techniques that are employed to emulate
construdon processes, such as Monte Carlo simulation, Disée¢amt Simulation (DES),
System Dynamics (SD), and Agdmsed Simulation (ABS). The selection of the type of

simulation model is based on the purpose of the analysis.

2.2.1DIFFERENT TYPES OF SIMULATION IN CONSTRUCTION

Monte Carlo simulation is built on random number generation and its integration with the
Probability Density Function (PDF) of random variables. This simulation method is used to
model stochastic processes by capturing the uncertaintiesadsdoeith the value of a variable

of interest. Assuming that the value of a variable is represented by a PDF, Monte Carlo
simulation can be used to sample the random distributions to generate a random value for that
variable(Halpin and Riggs 1992Figure2-1 depicts the histogram used as the basis for the PDF
and the Monte Carlo method for finding the value oV¥amiable associated with a random
probability value. In construction industry, this method is used in conjunction with CMP to

calculate the total duration of a project in different levels of confidence.

22.1.1DI SCRETE EVEMTI ®INMYIDES)

DES is a simulatiomodel that captures the reabrld process as a coherent set of precedence

and mathematical relationships among the elements of the syStehman 2001)In other
words,DESrepresents a process as a seinod-sequenced activities that interact with a series of
resources that wi | | be employed to transform
activities are defined in terms of their starting and end events, during which period the engaging

12



resoures in an activity are captureDESis only concerned with the discrete points in time
when resources are captured in, and released from, different ac(Misiggn and Riggs 1992)

The simulation runs through the goess and calculates the total duration of the process,
considering also the situation where resources are retained in a queue. At the D&$ of
modeling is the Monte Carlo simulation, which is used to calculate the stochastic durations of
activities. Havever, it is also possible to have deterministic durations for activiRigare 2-2

shows an example @ESmodel for a simple earthwork operation.

-
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(a) Cumulative histogram plot (b) Cumulative probability density functic
Figure 2-1: Example of Monte Carlo Simulation (Halpin and Riggs 1992)

Halpin and Martinez(1999) investigated the application dDES model to simulate the
construction of a variety of construction projects, including tunnels, maritime projects, dams,
highways, etc., using a CYCLONgBased system called PROSIDYC. The implementation of this
system on over 100 processes within 30 different projects has resulted in reduced project

delivery time and cost savings of over $10 million.
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Figure 2-2: Example of DES Model(Halpin and Riggs 1992)

Zayed and Halpin2001) implementedDES for a batchplant transit mix delivery operation

using MicroCYCLONE in pursuit of the following objectives: (1) calculating the optimum
number of trucks corresponding to the various distances; (2) determining the ouppin

areas around the batch plant; and (3) developing degisaiing tools for concrete batch plant
management. Also, the cost of resources was considered to identify the optimum resource
combination that minimizes cost per unit. In another effort, &lassid Guber (2008) us&ES
modeling to optimize the placement of Continuously Reinforced Concrete Pavement (CRCP) in
the reconstruction of Interstaf@, using the simplified and graphical version of
STROBOSCOPE called EZStrolfslartinez 2001) Factors considered in the decisimaking

to ensure that a comprehensive and holistic view of the operation is safeguarded include total
operation time, productivity, costs of the operation, average truck delay, andridiefor the

paver and the spreader.

2212SYSTEM DYNAMI CS ( SD)

SDis another simulation technique that is designed to assist in theédiongstrategic decisien
making through capturing the complex chain of causality between different elements that
determine lte behavior of a systef®weetser 1999; Georgiadis et al. 200B)the context of a

SD model, a system is represented by a set of stocks (e.g., material, knowledge, people, etc.)

14



flows between the stocks, and causal loops that bridge the interaction between the flow rates and
the factors that affect the behavior of the syst@orshchev and Filippov 2004)This
configuration enables to capture the dynamic and complex interaction between a system and the
endogenous and exogenous factors that affect the sySigune 2-3 shows a typicaSD model

of a system in which the adoption of a new technology is simulated in terms of transition from

potential adopters to adopters.

Adoption Rate

Potential \/
Adopters VAN > Adopters
+4h+
K\Adoptionfrom j Adoption from ) Total
4, Population
*  Advertisement wgrd oi MoEth ‘./ P

\_\ Adoption
Fraction

1N

Contact rate

Figure 2-3: Example of SD Model(Sterman 2000)

Regarding the application &Din the construction industry, Ogunlana et(2D03)investigated

the major strategic decisions and policies that a construction organizatiandeveloping
country can adopt to improve performance and prosperSCr&mulation was used to capture

the impact of financial resources, resource management and quality of human resources on the
performance of a construction company interms of produv i t y, moti vati on,
direct/indirect costs. Hassan and-HAlissein (2010) use8D simulation to draw a comparison
between the operations of singlle and doublgib cranes in a preast residential building.
Alzraiee et al(2012)developed a simulation model for earthwork operations USIhcA model

for a simple loadinghaulingdumping operation was developed, considering the scope change
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during excavation and the required rework when the worniejected in the quality assurance

phase.

2213AGENBASED SI MULAB)ON ( AB

A more recent method of simulation has emerged based on the concept dfesgpehinodeling.

In this concept, agents are defined as -assisting software modules with cogwdiabilities,

e.g., (quasjautonomy, perception, reasoning, assessing, understanding, learning, goal
processing, and godirected knowledge processing, that allow them to observes sesaffect

their environment(Oren et al. 200Q) The most conspicuous characteristic of Aggased
Simulation (ABS) is the decentralized and disaggregative modeling approach. $likad to

a lesser exteDES ABSis a bottorup approach of modeling in which the behavior of thed re
world is defined at the individual level instead of global/process level, making it a suitable
choice when there is an absence of knowledge about the gltdaependencie@Borshchev

and Filippov 2004) In other words,ABSstarts with the modeling of the behavioral pattern of
individual elements of a system in isolation from the environment, and proceeds with the
creation of an environment where different agents intecareplicate the real worlawhney et

al. 2003) Agents are modeled as autonomous decisiaking entities transiting between
several states in their lifetimBigure2-4, shows an instance of the statechart used to graphically
represent the agentds states, the transition

timing, and agentds actions.

Sawhney et al(2003) reviewed the evolution of simulation in the construction industry and
concluded thaABShas a great potential for applications in research concerning the emergent
behavior of a construction project and the implications of human factors on issues safgtyas

and construction supply chain. As a proof of concept, a case study was conducted in which
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different probabilities for the maderformance of different crews, which will result in repair
work, were considered to investigate the importance of thetyjoalwork executed by different

crews in reducing the overall cost and time in a house building project.

Can be triggered by an external or internal
event, condition or time out. Has Action

Simple State
-~ Control is always located in one of the simple
e sy AN states. States have entry and exit actions
State A N Transition
State E

S e S Composite State
""""""""" A group of states with common behavior

History Pseudo State
Denotes last visited state in thengposite state

______ StateD )

Branch Pseudo State
Specifies conditional branching of transitions

State C

Final

Figure 2-4: Example of Statechart in an ABS ModelAdapted from Borshchev and
Filippov 2004)

Rojas and Mukherje@006)conceptualized a general purpose madjent framework in order to
establish a situational simulation for the educational purposes. This framework alldests to

interact with a set of agents that can autonomously change the environment based on the
combined contents of: (1) knowledgebases, i.e., dosyaific rules, (2) databases, i.e., project

data, and (3) user feedbacks. This composition enabéegsay trigger events that are either the
results of the user decisions, e.g., the need for rework as a result of the lower quality
performance caused by the userés decision to
environmental factors, e.dbad weather or a labor strike. This framework creates an educational

platform for students to observe the consequences of their decisions in a construction project.

Although not used principally as a simulation platform, an abased framework was
dewloped by Van Tol and AbouRizkKR006) to evaluate the simulation model. The main

function of the developed framework is to partially relieve the modeler of the burden of utilizing

17



a large personal knowledge bdsethe analysis and verification of the simulation model. In this
framework, agents use the belief network, which encapsulates a set of correlations between
simulation variables and potential inferences/actions therefrom, to continuously observe the

simulation model and adjust the model so that desired conditions are met.

Marzouk and Ali(2013)developed a mukagent simulation framework for a piling operations,
which considers a variety of spatial, operatioaatl safety constraints to better replicate the
actual site condition. Constraints include the minimum radius around a freshly bored pile within
which no new boring can be scheduled until certain duration is passed and the avoidance of the

spatial overlap &tween cranes and riggers.

Among the reviewed simulation techniquédk S better suits the scope of this research for the
following reasons: (1) With the focus of the research being on earthwork projects, the analysis is
performed at the process levahd thus the analysis at the higher degrees of abstraction or
strategic level does not provide the level of detail required for the operational planning and
optimization; (2) While the integration of Monte Carlo simulation &DBM allows the
probabilisticcalculation of the project duration, the method is dismissive of the role of resource
availabilities in the analysis, and thus does not provide any information about the performances
of different types of equipment; (3) construction operations are hightepsoriented and thus

the simulation model needs to give special attention to the sequences of the activities rather than
the behavior of the equipment/operators, as is the ca&B$hand (4) there is a relatively rich
know-how and knowledge in thetdirature on how to accurately model construction operations in
DESmodels, insofar as some tatoradeDESplatforms are developed for exclusive application

in the constuction industry, e.g., CYCLONHEHalpin 1977)and STROBOSCOPHMartinez
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1996) an asset which is ostensibly lacking for the case&sbBfand ABS. This makes the

application ofDESvery convenient and effective.

2.2.2CONSTRUCTION-SPECIFIC DES PLATFORMS

According to Martnez and loannou1999) several modeling paradigms exist DES
developments, most notable of which are Process Interaction (PI) and Activity Scanning (AS).
The major distinction between the two methods is Wiate PI models focus on the flow of
entities through the system from the viewpoint of entiti®S,models focus on identifying
different activities and their starting conditions. In spite of the fact that all construction related
operations can be simudat with both modelsASmodels are more suitable on account of being
better able to handle operations where several complex logical conditions and intricate resource
interactions exist. An advanced variation A modeling called threphaseAS combinesAS

paradigm with EvenrBcheduling (EV) method.

Several constructieapecific simulation platforms have been developed, including CYCLONE
(Halpin 1977) INSIGHT (Kalk 1978) MicroCYCLONE (Lluch and Halpin 1982)RESQUE
(Chang 1987) STROBOSCOPEMartinez 1996) SIMPHONY (Hajjar and AbouRizk 1999)

etc., mostly based o~hSor ThreephaseASparadigm. A comprehensive elaboration of different
tools falls outside the scope of this research, and only CYCLONE architecture, as the basis for

most of the subsequent simulation platformsl be discussed.

Halpin and Riggq1992) describe CYCLONE (CYCLic Operations NEtwork) as a modeling
system that uses Activity Cycle Diagram (ACMartinez and loannou 199 to represent a
cyclic operation ACD in CYCLONE comprises four main elements namely, Normal, Combi,
Queue, and Arrows, which indicate the flow direction of resources amid the network, as shown
in Table2-2.
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For the modeling purposes, a cyclic operation needs to be initially decomposed into (1)
distinctly-discretized timesequenced activities or tasks, (2) resource units that perform those
activities, and (3) ource unit flow routes. The flow of resources is represented by the transition
of resource units between two possible states, namely, active and idle. Active state implies the
engagement of a resource unit in an activity. On the other hand, when rasuts@e retained
behind an activity because the starting condition of that activity is not satisfied, they are in idle

State.

Table 2-1: CYCLONE Elements Used to Build the Simulation ModelgHalpin and Riggs
1992)

Symbol Name Definition

The normal work task modeling element, which is
NORMAL | unconstrained in its starting logic and indicates active
processing of (or by) resource entities.

Theconstrained work task modeling element, which is
COMBI | |ogically constrained in its starting logic, otherwise sim
to the normal work task modeling element.

The idle state of a resource entity symbolically
QUEUE | representing a queuing up or waiting frse of passive
state of resources.

—> ARROW | The resource entity directional flow modeling element.

Activities are timeconsuming tasks that are represented by NORMAL or COMBI elements, with
the difference being that the earlier denotes unconstrained work task that does not have a starting
condition, e.g., combination of multiple resources, while therandicates a constrained work

task that requires a starting condition to be satisfied. The duration of NORMAL or COMBI

elements can be defined deterministically or stochastically depending on the nature of tasks they
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represent. Resource units are modddy QUEUE symbols, which basically act as storage for
resource units that are in idle state. With this formalism, a QUEUE can only be used where there
is a chance of resource units transiting to idle state due to théotdisatisfied starting

condition of the succeeding activity; in other words, a QUEUE can only precedes a COMBI.

In addition to the above mentioned principal elements, CYCLONE supports an additional
element of FUNCTION, which can be diversified into multipurpose FUNCTIONs and special
purpose COUNTERSs. The latter can be used to count the number of time a resource unit passes a
designated point in the network. This information can then be employed to calculate the
productivity based on the quantity of the counter divided by the unitnaf. rUNCTIONS, on

the other hand, are used to emulate CONSOLIDATE and GENERATE functions.
CONSOLIDATE is used when a multiple number of a resource unit need to be accumulated
before the succeeding activity can take place. On the contrary, when a resounezds to be
disintegrated or divided into smaller portions that fits one run of the succeeding activity, the

GENERATE function should be used.

2.2.3NEAR REAL -TIME SIMULATION IN CONSTRUCTION

As stated in Sectioft.2, conventional simulation approach uses the historical data as the main
input for the analysis of future scenarios. While this approach is efficient for the representation
of fairly staldle and recurrent phenomena, it can be suboptimal when applied to the analysis of
construction activities, where simdproject specific parameters introduce a degree of
uniqueness to each activitNRTSapproach emerged from the effort to address theliability

of historic data in capturing unstructured and highly volatile phenomena. Many researchers
studied the applicability oNRTSfor construction industryLu et al. 2007; Akhavian and

Behzadan 2012; Song and Eldin 2012; Pradhananga and Teizer 2013; Akhavian and Behzadan
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2013) The effort was made to capture raale data from the ongoing projects and use this data

to continuously finetune the simulation model and thus improve the accuracy and realism of the
simulatonb ased anal ysi s. NRTSEpligsdhe nrimefay eeguiréd for the
simulation to capture enough dditam the site so that the captured dada be considered as a
generalizable pattern based on which the simulation can be updated. The window of time needed
for this purpose depends on the purpose for which the simulation is being used, e.g., safety or
planning and control, and projegpecific haracteristics, e.g., the length of one full cycle of the

operation, etc.

Central toNRTSmethodology is the automated site data acquisition that uses a continuum of
RTLSand other data capturing tools along with data communication and transmission rnethods
capture the project state and compare it with the project plan to generate the progress report of

the project.

A NRTSsystem calledHKCONSIMReattime was developed by Lu et §2007)in which the
vehicle trackng system, discretevent simulation and evolutionary optimization are integrated
to optimize the productivity of the readlyixed concrete operations. In this system, a set of
control and location data are integrated to identify the state of the truck amdeptimize a set

of variables including time interval for dispatching concrete deliveries for each site and the

configuration of the truck mixer fleet.

Song and Eldirf2012)described a method &fRTSfor heavy construction operations. Réate

data and process knowledge are coupled to enable-adsgifive modeling process that validates
and refines a process simulation model, as sheégure 2-5. This method is presented at a high
level of abstraction without providing a detailed description of the method. Furthermore,

although a good basis for the identification of different states of the equipment is prdkieled
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fact that different pieces of equipment are isolated as independent units renders the state

identification prone to errors and inefficient in capturing more detailed states of the equipment.

Sensors/Info. Project personnel/Statistical

o

Operation logic refinement Input model relinement

U Updated model

4. Simulation services
= Model validation
= Experiments etc,

I

Figure 2-5: Adaptive Real Time Tracking and Simulation (Song and Eldin 2012)

Another NRTSmethod is developed based on the collection of 3D orientation tracker data by
Akhavian and BehzadgR012) This method pursues a dual objective of updating the simulation
model and creating the live 3D animated scene of the operations. This method was further
improved through the addition of location and weight data for the state idatndih of a truck.

Also, K-means clustering is used to automatically identify the dynamically changing dumping
and lading zones(Akhavian and Behzadan 2013Nevertheless, although this method
concurrently considerseveral pieces of equipment for the stdémtification, only the trucks

have been the subject of investigation. Additionally, the assumption that every discrepancy with
the estimates requires model update does not consider the environmental fattongiha

transiently affect the operation cycle time.

Pradhananga and Teiz@013)suggested the application GPSand the concept of work zones

for the capture and analysis of the cycle time informationyTdiso proposed a spebdsed
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method for the automatic zone detection for trucks. However, this method is inefficient in

congested roads and also cannot be applied to other equipment such as excavators.

Szczesny et al2013) proposed a highevel conceptual method for the integration of +t@ale
logistic data into ESmodel using alph&ut technique in order to capture uncertainties in the
scheduling. The new retime data are injected to the schedule asvdyndefined constrain in a
constrairtbased modeling approach. This method is applicable to theldughof integration
where the possibility of delay in a project is calculated through defining new scheduling
constraints based on re@he data. On thiground, this study does not provide an insight on
how to capture the operatidevel data to study the delay of operations based on the productivity

of different pieces of equipment.

As mentioned in Sectioh.2 to t he best of the authordos knowl
methods are tightlgoupled with the availability of certain types of information or the
application of certain types of technologies. Additionally, both the scope and level of data
capturing islimited to one type of equipment, i.e., trucks, and Heylel equipment states, e.g.,
hauling and dumping. Similarly, those proposed methods are dependent on smooth and
uninterrupted flow of operational events and, therefore, do not consider the hmedks i
expected chain of events that may be caused, for instance, by accidents. In the wake of this
assumption, in most cases, different pieces of construction equipment are treated in isolation
from the reset of the fleet, even if they are working conjuelst resulting in the
oversimplification of the construction dynamism. Another notion, common amid the reviewed
methods, is that any discrepancies between the parameters of the initial model and the observed

operation require the model update. This aggtion tends to ignore the transient nature of some
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of the discrepancies that may have been caused by temporary environmental factors, e.g., bad

weather.

23PRODUCTI VI TY MERROVE&EI NG AUNOMMHKDI DGS

Equipment automation has been researched and igatst by several researchers as a stepping
stone to improved productivity of construction operati(Rassell and Kim 2003 Automation
development in the construction is not solely fueled by the need for thasedr@roductivity

but is also approached as a response to poor safety and shortage of w¢Bdotes et al.
2011) This line of research is founded on the application of emerging technologies in tracking,

surveyirg, robotics, and machine control.

Tatum and Funk€1988)drew on the development of laser technology and its applications in the
construction industry and delineated a lag@ded grading mechanism. Such mechanis
claimed to result in an expedited grading, greater quality control, efficient material usage, shorter
weatherdependent time window, less equipment hours and all together increased productivity
and reduced costs. In virtue of applying this mechanisrh70,000 # increase in the average
daily production and a $0.067freduction in cost were reported. They also enumerated the
shortcomings of the existing lasguided grading systems to outline the future areas of

development.

A system called Hazama Intelligent Vehicle Automatic Control System (HIVACS) was
developed by Saito et g1995)for a semiautonomous dump truck with the adaptability to the
changing surroundings, such as longatse driving, higkspeed driving, driving within road
width, change of route, etc. THIVACSuses a combination of fiber optic gyroscope, rotary

encoder sensors, and laser transmitters/receivers to drive the position and direction of the truck.
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Additionally, a hybrid system incorporating laser radar and image processing is used for the
detection of obstacles. This system was reported to have resulted in 17% labor saving in total

workers at the dam construction where the case study was carried out.

Several studies have been conducted on the autonomous excavation in Carnegie Mellon
University (Singh and Cannon 1998; Stentz et al. 19889) Lancaster Universit{Bradley and
Seward 1998) The autonomous excavation requires several layers of analysis including: (1)
strategic planning of the sequence of dig regions which includes the definition of gross vehicle
movement, vehicle positioning and the excavation tiamet on the geometry of the site and the
goal configuration of the terrain, as shownHigure 2-6(a); (2) tactical planning of the best
configuration in every dig ggon considering the setbol interactions, as shown Figure 2-6

(b); and (3) the execution of the d{®ingh 1995) In other words, the strategic planning
determines the position of the excavator and the tactical planning ascertains the pose of the

bucket.

Singh and Cannor(1998) proposed a methodology for the muksolution planning of
excavators that performs strategic and tactical planning and executes the dig using two onboard
range sensors that can generate terrain map. The criteria for the strategic planning are defined
based on a set of expert rules, which for instdacer starting from upper surfaces, as shown in
Figure2-6(a). Tactical planning is done by the determination of the distance along the radial line
from the excavatordj and, the angle of attack)( as shown irFigure 2-6(b), considering three
parameters, namely volume swept, time required fer dily and the required energy. The
execution is done using a closed loop control scheme. Stent ¥3%9)extended this work by

adding a mechanism to detect the location of the truck and plan the dumpingfpbenbed of

truck, as shown ifrigure2-6(c).
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Figure 2-6: (a) Strategic, (b) Tactical, and (c) Dump Planning for an Autonomous
Excavator (Adapted from Singh and Cannon 1998; Stentz et al. 1999)

However, given that most of the abewventioned research has been conducted at the time when
GPSand other realime location techrlogies have not been as popular and available as today,
these technologies have not been incorporated in the proposed systems. Furthermore, the lack of
supporting tool for 3D models leads to the application oftised scanning tools that reduced

the accuacy of the results as well as adding to the computation efforts required for site scanning.
The wide acceptance and applicationG#Stechnology along with the emerging 3D models at

the industrial level have changed the landscape of automatous equipment since the beginning of
215 century towards more practical systems that incorporate more reliable and avaksble
technologies and es3D models for redime analysis.
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For example, Makkonen et §2006)developed a methodology for the excavator control based
on the integration of 3D models and tw@&PS receivers and an inclinometer. The major
distinction of this work from the previous efforts on autonomous excavation is the consideration
of 6 Degrees of Freedom (DOFs) for the excavator instead of the convento@#&is4 based on

the addition of twdOFs for Rototilt.

Also, Kaufmann and Andegg (2008) described a methodology for an automated control of
vibratory compaction machinery that analyzes the-limear dynamics of the sethachine
system to adjust the amplitude, frequency and roller sped¢deirmachine and its vibratien
inducing mechanism. The retine measurement of the attained stiffness and temperature is
integrated with theGPS location data to visualize the compaction process for the operator.

Figure2-7 shows the visualization of the compaction.
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Figure 2-7: Compaction Visualization Integrating GPS Data and Reallime Compaction
Measurement(Kaufmann and Anderegg 2008)
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The advent ofsPSand the industrial adoption of the research on the provision of different levels
of autonomy to the construction and mining equipment have culminated in the growing types of

equipment using thAMC/G technology. WhileAMC/G, as a special type @afGSthatis being
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offered by major heavy equipment manufacturers, uses m@RI$ and total stationsl.GS

extends the range &TLSthat can be used to obtain the equipment location data.

2.3.1AUTOMATED MACHINE CO NTROL/GUIDANCE (AMC/ G)

AMC/G integrates 3D computer models of the design, DTMs and tracking technologies (e.g.,
GPS robotic total stations, laser systems) to increase the precision of machine operations and, in
turn, improve productivity and safefKiongoli 2010) This integration can be used to either
guide the operator for more accurate machine handling and adjustment, while granting the
operator the full autonomy in controlling the machine, or take over some, e.g., blade, or all of the
control units in the equipmenJackson 2008)Viljamaa and Peltoma&2014) developed a
framework for an ontologpased information management system that builds up on tsingxi
AMC/G infrastructure to establish a standard for data communication among different parties

involved in earthmoving operations.

The application oAMC/G carries implications not only on how projects are executed in terms of
the technical aspects balso on the statef-the-practice in design, data communication, design
approval, planning, scheduling and control of the project. This is due to the input requirements of
AMCI/G, i.e., 3D design models ardTMs, and the significant departure from the tiadal

design convention that the administrative regulations and organizational workflow need to be
adjusted to accommoda®®MC/G. At the administrative level, foAMC/G to be effectively
utilized, a streamlined workflow needs to be established amongédimestakeholders including

the contractors, clients and design@fsnderohe and Hintz 2010)

23.1.JAMC/ G COMPONENTS
AMC/G comprises three main components, namely: (1) the input data, (2) hardware, and (3)
tracking tehnologieqSingh 2010)
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Input Data

The two main inputs oAMC/G are theDTM and 3D computer models of the design. DTM
represents the natural surface on which the construction is to be performed and can be used to
geneate topographical contour maps, surface modeling, volume computation, and engineering
design work(Acharya et al. 20000ne of the common forms of the computerized representation

of a surface is the Triangulateddgular Network (TIN) which is a network of spaidéng non-
overlapping triangles constituted of points with known coordin@€asiler 1994) TIN requires

a large amount of input data that consist of the coordindtepat elevations and breaklines.

While spot elevations are representing the locations of significance such as peaks and pits, the
breaklines are a set of line segments that represent significant changes in the slope. Several
methods can be used to colldot input data depending on the magnitude of the project, ranging
from the conventional surveying techniques to Light Detection and Ranging (LIDAR)
(Vonderohe and Hintz 2010n LIDAR-based mapping, laser puldesm a lowaltitude aircraft,

or a ground based station, are used to transmit and receive electromagnetic radiations. The
analysis of the reflected light based on the time of flight and the speed of light allows the
calculation of the vertical distanceon the station to the grourfdddin 2002) This information

in conjunction with theGPSdata and the orientation data, which are obtained from an Inertial
Navigation System (INS) installed on the station, help generate the point cloud of the area that
can be in turn used for the development ofTthé (Veneziano et al. 2002frigure2-8 illustrates

the aeriaLIDAR scanning method. Also, an exampleDdiM is shown inFigure2-9.
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Figure 2-9: Example of DTM (Stanfords Business Mapping 2015)

A 3D model is a graphical file that, at a minimum, contains a representation of the design surface
and analignment tied to the project coordinate sysi@fnderohe et al. 2009 ther types of
information that a 3D model can contain include existing surface, centerlines, shoulder breaks,

ditch line, etc(Vonderohe 2009)

Hardware

The number and types of hardware used on an equipment to Mak€4G compatible depends

on the type of tracking technology, e.GPS total station, etc., the type of equipment, e.g.,
dozer, exceator, etc., and the level of automation offered, i.e., guidance or control. However,
typically, AMC/G requires the following basic hardware: (1) sensors, (2) data transport devices

(cables or wireless transmitters), (3) control devices, e.ghoard Cetral Processing Unit
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(CPU), (4) displays, (5) actuators, and (6) working {&#tschko 2008)Figure 2-10 depicts a

set of AMC/G hardware.

L=
ImE

(a) GPS Antnenna (b) Total sfation Prism

(c) Cabin display (d) Control device

Figure 2-10: Different AMC/G Hardware (Leica Geosystem2015)

Sensors, essentially, compriseBSantenna(s) or total station prism(s), depending on the type of
tracking technology. Additional sensors can be deployed to avoid adding more exg&RSive
antennas or total station prisms for the capturing othelDOFs. Tilt sensors and Inertial
Measuring Units (IMUs), for instance, are two types of sensors that can be used to capture the

equipmenDOFs.

Data transport devices are used to transfer measurement data from sensors to the control device.
Bus systms, e.g., Serial, Content Addressable Network (CAN) and Ethernet, are usually used
for this purpose. The control device compares the sensory data with the design data and finds the
right machine action. Depending on the level of automation offeredguilance or control,

either a display is used to provide the operator with the relevant information or commands are

sent to the actuators, e.g., motors, valves, etc., for a¢tatschko 2008)
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Furthermore, in ma sophisticated systems that offer fleet management capabilities,
communication tools can be used to enable MaetusMachine (M2M), Machingo-Office
(M20) and Officeto-Machine (O2M) communications and allow sharing of different types of
data, such as achine condition, location, productivity, work quality, and 3D design model
updates. Mesh radio networks in a standardFi\@nvironment is an example of methods used

for the data transport and shar{@urm and Vos 2008as shown ifrigure2-11.

Figure 2-11 Example of Communication Network between Multiple Pieces of Equipment
(Sturm and Vos 2008)

Tracking Technologies

Several types of technologies can be used as the tracking compoAMCEE. When selecting

the type of tracking foAMC/G, multiple factors have to be considered, including the required
level of accuracy, site layout, visibility, compatibility with the fleet, etc. Most common types of
tracking technologies used fé&tMC/G include different variations of GPS and robotic total

station.
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(i) GPS

Given that urmaugmentedsPShas the accuracy of around-30 meters without corrections and
2-5 meters with some corrections, it is required to use enhd&e&that can provide sulmeter
accuracy forAMC/G (Vonderohe et al. 2009As shown inFigure 2-12(a), Differential GPS
(DGPS) uses the grousimthsed reference stations, whose coordinates are/nkntm apply
corrections to the coordinates @PSrovers and can improve the accuracy to below (Gian

Mor et al. 2007) Realtime Kinematic (RTK), also referred to as Carrier Phase Enhancement
GPS(CPGPS), uses ageference receiver with a known location and a transmission antenna,
which bridges communication between rovers and reference receiver, to correct the coordinate of
GPSrovers, as shown iRigure2-12(b). The main difference between DGPS and R3RSis

that the earlier bases the calculationtba analysis of the pseudorange while the latter uses

carrier phase for this purpose.
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Figure 2-12: (a) DGPS and (b) RTK GPS ConfigurationgVVan Sickle 2008)

As a part of RTKGPS utilization for AMC/G, a process called site calibration or localization
needs to be carried outhis process involves the rovers visiting a set of geodetic control points

whose coordinates have been previously measured during the initial surveying. The juxtaposition
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of the surveying coordinates and the coordinates measured BPthallows defininga set of
parameters that transfor@PS reference frame into local reference frame. Once determined,
these parameters will be embedded inGHISrovers, allowing them to perform the coordinate
transformation in reaime (Vonderohe et al. 2009). RTK caropide an accuracy of about 1 cm

(GanMor et al. 2007) which makes it a suitable choice for the applicatiéivi@/G.

Where a high accuracy of vertical alignment is required, e.g., fine grading, laser augmented RTK
GPS can be used to achieve a vertical wacy of 1.53 mm (Bryant 2006) as shown in

Figure2-13.

(i) Robotic Total Station

Safeguarding the millimeter level accuracy, robotic total stations can sub&iRfen the
congested urban areas or densely wooded areas where the lack of visibility hinders the
application of GPS In the total statiolbasedAMC/G, a set of dedicated it stations are
tracking the location of prisms that are mounted on the equipment withta-one relationship,

as shown irFigure 2-14. The realtime location data is then sent back to the equipment for the

guidance or control purposésingh 2010)

Figure 2-13: Laser Augmented GPS for Improved Vetical Precision (Singh 2010)
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Figure 2-14: Total Station Based AMC/G Used for PavingJahren 2013)

Figure 2-15 illustrates a set of differenAMC/G equipment that can be used in different
operations. Several manufactures offer th&MC/G solutions for multiple construction and

mining operatia s , such as Ca t(Gaterpillai 205y 6 k e iMd anfgssch dr g s a w
2015) Topcon(Topcon 2015)and Trimble(Trimble 2015) These solutions providAMC/G

capabilities at different levels from mere operator guidance to fully autonomous machine control.
For instance, Cat er p-fleddechavearaschiny ifleetentaiagemenosiystemr s  a
that inegrates machine health monitoring, proximity detection, M2M/M20/02M
communications, productivity management and optimization to ensure safety and optimized
productivity (Caterpillar 2015) However, due to the proptay nature of these solutions, only

very limited information is available on the structure and the underlying algorithms used in these

solutions.

(i) Other types of Sensory Data Used in AMC/G
AMC/G requires other type of sensory data, in additiotheoaccurate location data in order to
perform control mechanisms. Subsequently, a set of dedicated sensors, e.g., engine speed

sensors, engine temperature sensors, transmission shift sensors, transmission speed sensors,
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pump and motor displacement seiss@teering angle sensors, angle sensors associated with the
pivot joints, etc., dynamically communicate with thelward control device to gather such data
as the condition of equipment and status of various hydraulic véiedder and Vitale 2010;

Mintah et al. 2011)

-

(d) Paving (f) Curb installation (e) Barrier installation
Figure 2-15: Different AMC/G Equipment in Operation (Singh 2010)

To the best of t lkiespiteathetwide raidge of kumctionalitiesd thee existing
AMC/G solutions are limited to the machi#tevel productivity improvement, or fleet
coordination based on simple heuristics following linear and deterministictoydecalculation

of the hauling unit, which is not sufficient to address the prég&l monibring and decision
making needed in complex projects. As mentioned in Sedtignin the complex setting of
earthwork operations, mere optimization of machewe| work may not necessarily result in a
well-coordinated management of a fleet. Another limiting fact aBME/G s the cost. The cost
of newAMC/G-enabled equipment can bs high a$80,000, which may not be very inviting for

contractors. The use of other types of more affordRdleSfor LGS has not been investigated

37



yet. Additionally, the capabilities AMC/Gare solely employed to improve the productivity and
are not utized effectively to enhance the safety of the project, and the existing safety measures

are limited to proximity warnings.

Therefore, a mechanism is required(1)p deploy more cost effective tracking technologies for
LGS and (2)harness the control drtracking power oL GSfor designing an intelligent system
that allows projectevel coordinationof fleet visavis all the complex interactions of different

teams of equipment in a project.

231 ADMI NI STRAT I VSEH RUCFTRUR E

Some governmental bodieadaconstruction companies have started to appreciate the value of
employingAMC/G in heavy earthwork and road construction projects. For example, Wisconsin
Department of Transportation (WISDOT) has conducted research on adopting regulations for the
applicdion of AMC/Gin highway construction project¥onderohe 2007; Vonderohe and Hintz
2010) Their efforts are mainly focused on the implementation strategies for regularizing 3D

design mods andDTMs in their projects.

Dunston and Montey(2009) in collaboration with Indiana Department of Transportation
(INDOT), have also investigated the issues for streamlining the applicatidNGfG systems
focusing on: (1) Analyzing the data needs and provision, (2) Investigating standards, codes and
permission concerns, (3) Analyzing the liability distribution and project information security,

and (4) Reviewing implementation costs.

The benefits of employingMC/G are manifold, although some obstacles caused mainly by the
current state of the practice can be also identifledhle 2-2 summarizes th&MC/G perceived

benefits and obstacles.
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Table 2-2: Perceived Benefits and Obstacles of AMC/G ImplementatiofAdapted from
Vonderohe and Hntz 2010; Jahren 2013)

Advantages Obstacles
T More accurate grading and smoothe | { Lack ofagency specifications
ride 1 Lack of equipment

) évotldance oft_raNork { Lack of knowledge concerning
1 Faster operations benefits

1 Significant cost reductions 1 Budgetary limitations

1 Improved safety of operations .
1 EnvironmentalFuel savings 1 Cor(;wlersmn of paper plans to 3D
models

E Eeas: dofecon:t:]uc;taénlIrlltycrewevx(/) N 1 File preparation to achievement of t
P y appropriate model

expertise 1 Lack of competent personnel for
' Reduced surveying and staking implementation

time/effort {1 Dependency on thikgarty
1 Reduction in reengineering from consultants for DTM creation

design to construction process owing
to using 3D models
1 Reduced traffic interruptions
1 Safety of the traveling public

Most noticeably, significant cost savings, faster operations and improved precision are identified
as chief advantages of t#eMC/G implementation. Similarly, the project could benefit from
AMC/G through reduced dependency upon the expertise of operators, less time and effort
required for staking and surveying, and less need for the dmsapnstruction process +e
engineering. It is also reported that by virtue of faster operation, less ini@nriggmade to the
traffic. Despite these potentials, the implementationAMC/G is hindered by the lack of
administrative regulations and lack of equipment as well as budgetary limitations. In addition,
given that the technology is still under developim¢here is little awareness of the benefits of
AMC/G amid stakeholders. The difficulty of converting the plans and preparing the model for
AMCI/G, lack of competent personnel and dependency on a consultditKbcreation are also

reported to forestalhie implementation cAAMC/G.
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24PROJECT MONI TORI Q@GN AROL

Delays and variations are an inextricable part of construction prdMmbeke et al. 2010;
Rebolj et al. 2008)and often can be atiuted to the poor estimation at the planning phase
or/and unforeseen circumstanc@davon and Sacks 20Q7Bubsequently, regardless of the
soundness of the initial plan in terms of the optimized time and costfitigamal importance to
constantly monitor and control the project as to ensure the smooth progress, early detection of
anomalies and prompt corrective measures. Nafaf97) presented a framework for the
performanceontrol cycle which encompasses steps for measuring the project performance using
Project Performance Indicators (PPI), identifying deviations based on the comparison of actual
and planned performance, and devising and executing corrective measuregwas irsh

Figure2-16.
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Figure 2-16: Performance Control Cycle(Navon 2007)
Conventionally, the monitoring of construction projects and the measurement of PPIs are

performed using manual methods of data collection, which are@ooe, timeconsuming and
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costly(Navon and Sack2007; Azimi et al. 2011Yhe inadequacy of the traditional methods has

led to the adoption of modern automated data capturing technologies, e.g., Radio Frequency
Identification (RFID), GPS Laser Detection and Ranging (LADARYWSB, inertial based
systems, video/audio capturing, etc., for the monitoring of constructionBegeet et al. 2000;

Navon et al. 2004; Navon 2007; Navon and Sacks 2007; Alshibani and Moselhi 2007; Rebolj et

al. 2008; Perkinson et al. 2010; Azimi et al. 2011; GolpaRaad et al. 2013)

RFID is an atomatic identification technology to capture and transmit data using radio
frequencies(Motamedi and Hammad 2009)Ysing three main components, namely, antenna,

transceiver and transponddrs; 1D emits radio signalt read/write data from/to tags.

UWB is a wireless technology for transmitting large amounts of digital data over a wide
spectrum of frequency bands at very low power (less than 0.5 millivf@itgvami et al. 2004)

Owing to its wide bandwidthUWB provides a high accuracy and overcome the multipath
problem. The multipath problem refers to the phenomenon of a radio signals being received by
more than one path, which is mainly due to the reflection of signals wffugasurfaces. The
combination of the high accuracy, permeability and immunity to the multipath issue renders

UWBa robust solution for localization probleriolodziej and Hjelm 2006)

In a UWB system,a set of several sensors working as a single operating unit tracks objects of
interest. Of the network of sensors, one is assigned as a master sensor and is responsible to
synchronize the timing of sensors. The synchronization of sensors is done usiggsiigmals

from each sensor to the master sensor. Location data are collectedWiBriags that are
attached to objects of interest. The tag data recording by the sensors is done using Time Division
Multiple Access (TDMA) method that splits the signabisieveral time slots and allocates each

slot to one tagUbisense 2015) Tags6 data are received in qui
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slots. Optimization is used for the time slot allocation so that the requestety gtizlervice is
safeguarded while enough space is maintained in the schedule for new tags registration (Zhang

2010).

The signals emitted frodWB tags are received by all or some of the sensors in the cell, as
shown inFigure 2-17. The signals received by the slave sensors are decoded and the angle of
arrival and timing information are sent to the master sensor, using EthernetFocivinection.
Trilateration is used to compute the location of tags based on the accumulation of data from all

sensorgZhang 2010; Zhang et al. 2012)

2.4.1IMONITORING AND CONTR OL OF EARTHWORK PROJ ECTS

The monitoring and control of earthwork operations, as a sizable proportion of thadalge

construction projects, have been subject to a comprehensive research.

Peyret et al(2000)developed two separate systefor the reatime control and monitoring of
compactors and pavers. These systems are designed to fulfill the dual objective of: (1) Assisting
the operators in performing their tasks through the provision ofirealdata; and (2) Helping

the site managys in conducting quality control and analysis via collecting the spatporal

data of the operations.

Slave ’ —— Network T
sensor 5 \7

1

Master
sensor

/ \

UWB Pulse

Tag

Figure 2-17: Signals Sent to Sensors Are Used to Calculatiee 3D Position of a Tag
(Ubisense 2015)
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Navon (2007) presented several frameworks for the management and control of labor,
equipment, materials, and preventive measures against falls from heights. The framework for

eat hwor k equi pment control, for instance, sugg
using such technologies &S and the schedule, planned productivity and the geometric model

of the design are known, it is possible to calculate the duresioh piece of equipment spends in

different work envelopes that are associated with different activities. These durations can be used

to measure the actual productivity of different equipment and further compare them with the

planned productivity for anadys and decision making.

A framework was proposed by Alshibani and MosdR007) based on the integration of a
Geographical information system (GIS) aB&Sto collect earthwork data, calculate cycle time
andestimate the project time and cost. According to this frameworlG Btgattached to a truck
transfers the data to a Giased system for the visualization and analysis. The calculation of
cycle time is performed based on the entrance and departure dfuttketo/from certain
predefined activitystamped areas, e.g., loading areas. The cost and time forecasting is also
performed using the ratio technique and the earned value concept in form of PPl and Cost

Performance IndexQPl).

UWB was proposed for aomated monitoring of construction activities by Teizer e(2008)
This research provided an overview on the general benefits of the technology as compared to
other tracking methods and demonstrated thatB mantains accurate enough measurements,

both indoor and outdoor, for applications in the tracking of materials and work task productivity.

Perkinson et al(2010) proposed a framework to make useGR®Scollected data for enhanced

management and decisiomaking purposes. The central objective of their methodology is to
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ensure that all the productivitglated data can be efficiently collected in the course of the

project development and further used for planngepeduling and control.

On the application of visicbased technology for automated earthwork monitoring and control,
Rezazadeh Azar and McCa(2011) proposed a framework to use computision techniques,

both in form of static image processing and video analysis, for the extraction of data about dump
trucks. Such a framework is claimed to serve thetres estimation of productivity, calculation

of service/idle time and detection of accidents. Alsdhatdetailed level of recognizing actions
instead of objects, Golparv&ard et al.(2013) proposed an algorithm which is capable of
detecting single actions of construction equipment, resulting from articulated motions, based on
the video captured form a fixed camera. The success rate for the classification of equipment

action was reported toe 86.33% and 98.33% for excavators and trucks, respectively.

Montaser and Moselhj2012) presented &FID based system for the tracking of earthwork
equipment. This framework is based on fixiR§ID readers at certain locations as the gate
system. The data from several readers are later fused to extract the data about the full cycle of a

hauling unit in a simple loadirlgaulingdumpingreturning operation.

The reviewed literature on the automated iowimg of the earthwork operations indicates the
significance of automated solutions to reduce cost, increase accuracy and shorten the analysis
time. Nevertheless, the computasion based techniques are still immature in terms of (1)
tracking and captumg the fulkcycle of equipment travelling across a wide area, and (2) reliably
and economically maintaining the functionality under climatic variations. Other tracking
technologies, in the context of their proposed uses, although able to provide fudgsoamd
seamless data fusion between various sources, are limited in the level of detail they can capture

and are proposed for equipment that tend to travel over long distances, e.g., trucks. On the other
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hand,LGSprovides accurate set of data that cameba wide array of location and sensory data.
These different types of data can be fused and used to capture the location and orientation of
equipment in a stable manner and further calculate the cycle time of both relatively fixed

equipment, e.g., excawas, and highly mobile units, e.g., trucks.

25SAFETY OF EAROPRBRRKI ONS

With only less than 5% of the U.S. work force, the construction industry claims around 20% of
fatalities and injuries in workplacé&acCollum 1995) In Britain, in addition to 250630000

injured, approximately 1500 people are losing their lives on construction sites in a typical decade
(Davies and Tomasin 1996figure 2-18 illustrates the fatal injuries on construction sites
between 1997 and 2007, happened to different target groups and in total, according to the Health
and safety Executiv@HSE) statistical datéHowarth and Watson 2009 Canada, construction
industry has accounted for more than 22% of the weldted fatalities between 2011 and 2013,

which is more than any other industries (AWCBT 2).
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Figure 2-18: Fatal Injuries in Construction Industry in the U.K. (Adapted from Howarth
and Watson 2009)
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Earthwork equipment accounts fotasge share of injuries on the construction sitehinU.K.,

of the total number of fatalities the period of 7 years (1998003), 14% were identified to have
been caused by being struck by a moving vehelewarth and Watson 2009)According to

Hinze and Teizer(2011) onefourth of construction fatalities are due to equiprmefted
incidents. Equipmentelated incidents are usually categorized into stimckand caught
in/between accideni{#inze et al. 2005)These two types of accidents differ in that while in the
struckby accidents the impact alone is the cause of injury, in caught in/between cases the injury
is caused by crushgnbetween object®OSHA 2011) In the U.S., 428 equipmenglated struck

by and caughin/between accidents were reported between 1995 and (2008t al. 201Q)

While federal level dat is missing for Canada, the statistics from Occupational Health and
Safety (OHS) of Alberta suggests that 28% of the reported injuries in construction industry in

2010 are caused by strubl, struckagainst, and caugim accidents (OHS 2011).

McCann (2006) provided an extensive overview of equipmegiated fatalities on excavation
sites based on the BLS data. According to this researthe period between 1992 and 2002,

the causes of 30%24% and 12%o0f equpmentrelateddeaths on the excavations sitgere
identified to be struck by vehiclestruck by objectand caught irbetween(e.g., vehicle parts,
vehicle loads, or falling vehicles), respectively. Based on the distribution of fatalities amid
differenttypes of equipment, trucks, excavators, loaders, and bulldozers collectively account for
79% of the excavation fatalities. Of the different target groups fallen victim to these fatalities,
equipment operators and construction labors constitute the damgintit, together adding up

to some 63% of fatalitiePifferent typical accidents on an earthwork operation, risk factors and

their root causes have been also investigated by Chi and Q&0ddg as shown iTable2-3.
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Table 2-3: Accident Risk Factors Identification for Typical Accidents in Earthwork

Operations (Adapted from Chi and Caldas 2011)

(road) edge

Poor Operating
Condition

Mechanical/Hydraulic
Failure

Accident Risk Factor Root Cause

Rolled over Operator Error Limited visibility to objects

Fell over (road) High operation speed

edge Access taunstable pile, edge or ground
Travel through edge or berm

Hung up on Close access to edge or berm

Overloading

Inadequate rules or signs

Narrow working area or road width
Steep grades

No berm or poor berm condition
Undercut pile or pooground condition

Poor Operating
Condition

Collision Operator Error Limited visibility to objects
High operation speed
Access to unstable pile, edge or ground
Poor Operating Inadequate rules or signs
Condition Narrow working area or road width
Steep grades
Poor ground condition
Mechanical/Hydraulic
Failure
Bounced or Operator Error High operation speed
Jarred Access to unstable pile, edge or ground
Poor Operating Overloading
Condition Narrow working area or road width
Steep grades
Mechanical/Hydraulic
Failure
Contacted Operator Error Limited visibility to objects
power line High operation speed

Access to unstable ground
Inadequate rules or signs

Narrow working area or road width
Steep grades

Inadequatg@ower line clearance

Pinned between

Operator Error
Mechanical/Hydraulic
Failure

Carelessness

Safety concerns in excavation are not limited to the collision with hunaguipmentand are

as well extended to the collision with underground utilities, which can lead to tremendous
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financial damages, injuries or even fatalities. Based on the statistics published by Common
Ground Alliance (CGA), a total of 232,717 of damages to undargt utilities were submitted

to the Damage Information Reporting Tool (DIRT) in Canada and U.S. in @)GA 2012)
However, a linear regression model for 11 states, estimated the number of underground
excavation damages 2012 to be approximately 350,000, only in the WFi§ure2-19illustrates

the submitted and estimated damages as well as the construction sgestied in the period

between 2004 and 2012GA 2012)

$1,200,000

51,000,000

$800,000

I 5$600,000

i e 388

BT ] I

Excavation damages to underground utilities(U.5.)
Construction spending [millions of 2005 dollars)

2004 2005 2006 2007 2008 2009 2010 2011 2012

675,000 estimated 350,000 estimated
damages In 2004 damages In 2012

Figure 2-19: Estimated Number of Total Underground Utility Damages Resulting from
Excavation in the U.S(CGA 2012)

2.5.1ACTIVITY WORKSPACE

The above suggests that earthwork operations are in need of enhanced safety to avoid damages,
injuries and fatalities. Therefore, many researchers have investigated the safety of earthwork
operations as well as equipment, exploring a wide range of sautiom sensebased safety
systemsWith this need in mind, many researchers have explored a wide range of solutions to

mitigate the risk of accidents on excavation sites through reducing the possibility of collisions
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between equipment through a propernpiag method (Chavada et al. 2002, Mallasi and
Dawood 2004, Tantisevi and Akinci 2007, Hammad et al. 2007, Moon et al. 2013). These
methods identify the spaces required for the safe completion of different activities, i.e., activity

workspaces, and try teduce the overlap between them.

A workspace is an area defined for the purpose of the safety and progress monitoring around
locations where several cyclic actions take place. Unlike the strategic plargctifiéy

workspace does not require the equipment to be at a fixed location at a given time, but
alternatively ascertains that the equipment is expected to be working within a certain boundary at

a certain time to ensure safety and compliance with the schedule.

In a diagnostic study of the causes of lower productivity, Kaming €tL888) identified the

work interference, resulting mainly from poor scheduling, as the most influential cause of
productivity problem. Mallasand Dawood2001) indicated that in excess to 30% of the fnon
productive time could be attributed to space conflicts resulting from poosspanee planning.

On this premise, the concept of workspace, which helpadeate the space that needs to be
reserved for a certain work within a period of time, are being recommended for space planning.
In addition to productivity related functionalities, workspace analysis can tremendously
contribute to the identification angreemption of potentially hazardous circumstances through

the concurrent consideration of the temporal and spatial details of various activities.

An automated method for the generation of con
Akinci et al. (2002) based on the application of the qualitative description of the location of an
activities and the quantitative description of the size of workspace in arbds€l 4D

production model.
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Mallasi and Dawood(2004) proposed a framework for workspace planning using 4D
visualization technology. In this framework, work progress rate, the initial schedule, information
about the process geometric specifications and the S[grdare integrated into a 4D model, in

order to minimize the workspace congestion.

Hammad et al(2007) proposed a method for the automated generation of workspaces around
construction equipment and the arsadyof workspace conflicts between various activities based

on the project schedule.

Decomposing the workspaces into four main categories, namely main, support, object and safety
workspaces, Chavada et @2012)have proposed a nD modeling approach that is committed to
the identification of spatitemporal conflicts, analysis of workspace congestion and resolution

of the timespace conflicts.

Moon et al.(2013) have developd a schedule optimization framework that uses temporal and
spatial information of various activities to identify the schedule with minimized simultaneous
interference level of schedweorkspace. The proposed framework further uses 4D modeling for

the visialization of the optimum schedule.

While most of the abovementioned methods are devised to serve at the design stage, where
designs are to be made over the constructability of the developed schedule, Setayeshgar et al.
(2013) have proposed a framework based on the integration cfimealsimulation with the
workspace analysis. In this framework, the sptgimporal analysis of the site is repeatedly
performed in view of the site monitoring data and theltesi reattime simulation in order to

identify the impact of the most recent changes in the site on safety.
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Despite the effectiveness of these methods in reducing the possibility of collisions between
different teams of equipment at a macro level, taeynot fully capable of averting safety risks
emanating from human errors and unforeseen circumstances. Additionally, space is a limited
resource that many of earthwork projects do not have. These methods are not able to effectively
improve the safety ircongested sites, given that activity workspaces may overlap in many

instances.

2.5. DYNAMIC EQUIPMENT WO RKSPACE (DEW)

While there could be various different root causes behind the equipelaterd fatalities, as

shown inTable2-3, the majority of equipmesrelated accidents can be avoided if the dangerous
areas around the equipment is monitored in real time and the operators are warned against any
intrusions into these area®s a result, it is of a paramount importance to devise a
complementary regime mechanism to reduce safety risks based on the current pose and state of
the equipment. To this end, researchers considered systems that gersratg \@gainst
dangerous proximities using raelzased proximity senso(Ruff 2006; Choe et al. 2014)ision

based trackingChi and Caldas 2011andRTLS such asGPS RFID, andUWB (Burns 2002;

Chae and Yoshida 2010; Teizer et al. 2010b; Carbonati €011; Zhang and Hamma§12

Wu et al. 2013; Zolynski et al. 2014)hese methods are applied at the monitoring phase with

the intention to ensure that different pieces of equipment do not collide with one another. Similar
to the methods used at thanning phase, these methods consider the space around the
equipment that should not be trespassed by other equipment to avoid potential collision in the
immediate future. Because these spaces are applied to equipment, as opposed to the activities,
and heir shapes are dynamically changing based on the current pose of the equipment, they are

referred to as Dynamic Equipment Workspad2s\(5) in thisresearchThe correlation between
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the two types of workspace is that an activity workspace must be thieateat contains all

the DEWs generated by the fleet assigned to that activity over the scheduled period. Although
DEWsar e alternatively ter med i(Burn$2002; Zblyingdkieer at ur e
al. 20140 r f s af €SAFEmne20lel)given the above correlation, it is preferable to use

the unified term fiworkspaceso for both activi

Two approaches can be found in the research addressing the gener&iewsofWhile some
researchers use only the equipment geometry and pose for the gener&tieWsyfothers also

consider the speed characteristics of the equipment.

2521DEWS BASEBEOEQUI PMENT GEGMBTROSE

Several methods have been developed to genBiaWs based on the application of different
types of RTLS. Generally, the methods of generatibgWs based on the proximity
measurements can be categorized into two groups. 8wtieds are totally independent of the
pose, state and speed data; and therefore theycomservatively reserve the space within a
radius () of the equipment (called here cylindrical workspdtare 220(a)). For instance, CRC
Mining (2015) developed the Shovel Load Assist System that uses the combined data from a
laser scanneGPSand pulse radio to locate the trucks and dozers in the vicinity of the shovel to
avoid the potential collision with them. Thesee many examples of cylindrical workspace in
proposed systems for collision avoidance on constructior(Gitae 2009; Teizer et al. 2010a;
Cheng and Teizer 2013; Marks 2014; Pradhananga 2014; Luo et al. @#i€) methods detect

the shortest distance between the two pieces of equipment and use a minimum acceptable
threshold for generating the warningshich is equivalent to considering only the pose of the
equipment and creating a buffer of width) (around the equipment (called here buffer

workspace, Fiure 220(b)).
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(a) (b)

Figure 2-20: (a) Cylindrical Workspace, and (b) Buffer Workspace (the Model of
Excavator Is Obtained from Google 3D Warehous¢2015))

For instance, Kim et a(2006) proposed method for reaime collision avoidance systems that
uses laser range finders to model the obstacles on the site and then calculates the shortest
distance of the equipment to various surrounding obstacles. If a threshold distance is violated, the

warning is generated.

Teizer et al(2010b)proposed a practive reaitime system for automated warning and alerting

to the workers and operators using very high frequency active radio frequency technology. In
this system, workers and operators are equipped with separate units, called PPU and EPU
respectively, that runs on batteries and emit signals for proximity detection. The adjustment for
the safety distances are performed based on the equigperitic blind spomeasurement. The

system alerts the operators and workers if the safety distance is violated.

A similar RFID-based system was developed by Chae and Yo4B@E)) to automatically
estimate the working areas, analyze collision risk and warn concerned operators and workers.
The three main functions supported by the system are: (1) providing early information about the

approaching workers to avoid delayed actions

53



locatont o avoid operatorsodé misjudgment, and (3)
hazard areas to avoi BRFIDrnmthekpeoposed systemdis used ordyttd o n .
identify the presence within a certain radius of the tags/readers and is net @ppineasure

distances between objects.

Yang et al(2012)developed an integrative system comprising ZigBeabled Wireless Sensor
Network (WSN), passivRFID and ZigBeeRFID sensor network structure to recordiadentify

accident precursors. The system tracks and collects data such as staff IDs, photos, access
authorities, time of inspection, access control, checking personnel, machine conditions, repair
work, etc. The core objective is to provide a good-maeigs accident database to the managers so

as to facilitate safety decisianaking.

A GPSbased collision avoidance system was developed by Wu @04I3) with the central
objective to assist crane operators with hagdtoncrete buckets in a dam construction project.
Talmaki and Kamaf2014)proposed the application of hybrid virtuality for the simulation of the
actual jobsite and detecting hazardous proximities between saslgacts using a combination

of 3D CAD models, terrain modelsGPS and sensory data, and input from a Geographic
Information System (GIS). This method uses proximity measurements as the basis for the

collision detection.

Zolynski et al.(2014)developed a twtayer safety mechanism for autonomous excavators that
generates a safety buffer around the equipment based on the present pose of the equipment and
avoids collisions with the surrounding objects using arlasanner. Another instance of the

methods that use buffer workspace is developed by Guenther and(3ai&y

However, the cylindrical workspace reserves a large space for the safe performance of the

equipment, considerably diminishing its effectiveness for the application in a congested site. On
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the other hand, while performing better in terms of economic use of spadrjftar workspace

takes more time to detect potential collisions compared to the cylindrical workspace. In both
cases, the shape DEWs generated through these methods is determined HyQlke and the
geometry of the equipment. Ignoring the movementattaristics of the equipment, i.e., the
magnitude and direction of the instantaneous speed, results in reserving a large space around the
equipment. However, a portion of this space can be safely used by other equipment if the
workspace is defined morefiefently through considering the movement characteristics of the
equipment.

2522DEWS BASED ONITPHENEHQ GEOMEIR,Y, AN SPEED
CHARACTERI STI CS

Other researchers have deployed the information pertinent to the equipment movement
characteristics to enhance the proximity measurement with a degree of prediction about the
possible states of the equipment in the near future. These methods do nothomy tee
proximity between various equipment and objects as the indication of imminent hazards, but also
use the movement characteristics of the equipment to foresee if the equipment is likely to engage
in potentially risky situations if it follows its ctent trajectory. For instance, Buri8002)
proposed a method for the generation of workspaces around autonomous equipment based on a

set of characteristics such as the current position, trajectory vector, sp&ted) tolerances, etc.

Oloufa et al.(2003) proposed a&PSbased collision avoidance system which is based on the
simulation of potenti al collision through the
vector is measured by a server computer which wirelessly receives data fr@P3receivers

mounted on the equipment. The system considers the required braking distance and the speed of

the different pieces of equipment to generate warnings.
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A probabilstic approach was proposed by Worrall and Né¢p008)that uses the speed profiles
of the equipment to account for the properties of the road network when detecting the impending

vehicle intersection.

Having scutinized the best practices in the mitigation of the risk factors, as discussed earlier,
Chi and Calda$2011) concluded that speed and proximity measurements are the two types of
essential data required for the réate risk assessment. A visidiased system is proposed for

the speed and proximity measurements and identification of safety rule violations, e.g., speed

limit or dangerous access violations.

Zhang and Hamma@012 usedUWBHto track the movement of equipment, and further used the
location data to create a buffer around the equipment based on its speed, which is in turn used to

identify the potential collision between different pieces of equipment.

Cheng(2013)suggested the use of pose and speed data for the generatioDBithelowever,
the proposed method does not consider the equipment state as a means to economize the use of
space around the equipment and does not ciheerequipment with rotary movements, e.g.,

excavators.

In another instance, @PSand Radio Frequency (RF) based collision avoidance system was
developed by SAFEmin€@014) where the speed characteristics and the pose of the equipment
are used to generate the dynamic workspace of the equipment and generate warnings when

workspaces of different pieces of equipment collide with one another.

In a more recent work, Wang andzaai (2015)suggested considering the breaking distance, the
reaction time, the equipment heading, and speed to create a workspace with a lower false alarm

rate. Despite making a distinction between moving and sggtigpment, the method does not
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fully exploit the equipment state information. Additionally, the adapted approach in this research

treats equipment as a single point and disregards the geometry of the equipment.

In general, the existing methods do notidmiish between different states of the equipment

when generating the workspaces. The valuable information about the state of the equipment can
help better determine the size of MEWIin view of the potential dangers that may emanate not

solely from thespeed characteristics of the equipment but also from the nature of the
equi pment s current state. Therefore, it coul
geometry, current pose, state, and speed characteristics are properly leveraged, ililéstposs

economize the space usage without sacrificing the effectiveness of the collision detection.

2.5.3LOOK -AHEAD EQUIPMENT WORK SPACE (LAEW)

As mentioned in Sectiora5.1and2.5.2 researchers have addressed the need for the enhanced
safety of earthwork equipment in two different streams, aeivity workspaces andEWs. The
integration of the two approaches can result in the overall mitigaficghe equipmentelated
collision risks through considering the safety both at the planning and monitoring phases.
However, there is still a middlevel that is left uncovered. This is because, while the activity
workspaces can be used to perform the initial path planning of different equipment, such
planning tends to lose its efficiency in the face of the multitude of unforeseen circumstances that
may occur during a project. On the other hand, the dynamic equipment workspaces are merely
d e s i g nthallastalise ofidefense(Zolynski et al. 2014)to warn the operators against
imminent collisions and, thus, are not able to provide the information and time window required
for the path replanning of the equipment. Accordingly, there is a need for a middét

solution at the monitoring phase thg@ble to reliably predict the operation of the equipment for

57



a longenough time window to enable different pieces of equipment adjust their planned paths to

avoid collisions in neareattime.

In one of the efforts to address this ndddkkeri (2012)proposed a safety mechanism based on

the intention mapping technique in which every piece of equipment speculates the potential path
of other mobile objects on the site and tries to avoid collisions. Howéiemethod is based on

a statistical modeling approach that ignores the underlying logic of a construction operation to

predict the future movements of the equipment.

The emerging methods for neaaltime simulation of construction operations mentiomed
Section2.2.3 are providing the adequate inputs for a middies| solution. Such methods are
trying to build on the underlying logic of the eqation, which is embedded a simulation

model, and use the data collected from the operation to continuously update its initial simulation
model. On this ground, the valuable information about the cyclic pattern of equipment activity,
which is an inhenet feature of different types of earthwork equipment, and their movement
characteristics can be fully leveraged to correlate the shape of the workspaces with the future

expected poses and states of the equipment.

Stentz et al(1999)proposed another middlevel solution based on the prediction obtained from

a parametric motion planning technique. Although the presented approach is efficient in finding
a collisionfree path for a single excavator, it is not ablecéosider a fleet of equipment and
their interactions in determining the potential collisions between different pieces of equipment.
Additionally, only predicted collisions are used as the basis for the warning. However, given the
uncertainties involved ithe predictive models, neariss instances can present as much risk as
collisions. Furthermore, in addition to distadused risks, the blind spots of the equipment can

place the safety of other equipment and crews a{@skani et al. 2002)
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It is imperative to develop a method to generate LAbkad Equipment WorkspacdsAEWS

that consider not only the proximibyased risks but also the visibility conditions of the siteavis

vis the future states of thew@gment. Such a method needs to consider the operation pattern of
the equipment and the visibility conditions of the space around the equipment, in addition to the
input information used for the generation@EWS, to determine a relatively longarm spéal

risk assessment (e.g., for the next 10 s) of the space surrounding the equipment. The spatial risk
analysis leads to the generation of equipment risk maps that represent the risk distribution in the
space around the equipment. These risk maps cam¢hesed to generate thAEWsassociated

with a certain risk level.

26MULTAGENT SY SMAERM

The rise of empiricism and logical positivism, and the advent of modern theories in philosophy
of mind, cognitive sciences and mathematics have inspiedarches to structure human
thinking in terms of imitable formalisrfRussell and Norvig 2003Artificial Intelligence (Al)

has emerged from such efforts to mimic human ratiocination and to humanize computer systems
(Ferber 1999), so much so that the Turing T@string 1950)determines intelligent systems
based on the extent to which the computer response to a problem is indistinguishable from that of
a human beingsAs mentiord in Sectiorl.2, when a problem grows in the complexity and the
extensiveness, the centralized problem solving approach becomes less efficoemtingy to

Ferber (1999) distributed problem solving can be an effective approach for such complex
problems. In order to solve problems through distributed intelligence, a system consisting of
several agents witlocal views of the problem are developed. Such systmseferred to as

MASwherein a group of autonomous agents interact to collectively solve a problem. The main
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ingredients ofMAS are intelligent agents capable of social interaction, which encapsh&te

notions of agency, intelligence and interaction.

2.6.1INTELLIGENT AGENTS

An agent is defined as an entity situated in an environment with the capability to form a
perception of the environment and act upon it, which in the context of Al is materialized through
the application of sensors and actuatdtsssell and Norvig 2003JFigure 2-21 visualizes the

basic architecture of an agent. Inextricably, agency is tightly associated with such notions as
situatedness, perception, and autonomy. Agents are situated in an environment which basically
represents the problem for which a solution needs to be sought. For agents to create a frame of
reference for the environment, they need to perceive. Perceptiorysimple f er s t o t he
perceptual inputs at any given point in tifRussell and Norvig 2003nd intends to elicit the
understanding of the environment in which the agents are situated. Autonomy in agents refers to
their ability to maintain partial control over their behavior and act without the intervention of
humans or other systen(i@/eiss 1999)Unlike the conventional reasoning entities in classic Al,
agents are capable of réag to the changes in their environment, i.e., reactiveness, and carrying
out actions and changing their environments based on their limited perception of the global
environment even without external stimuli, i.e.,qaivenesgFerber 1999)

According to Russell and Norvi@003)the typology of agents comprises four main categories,
namely: (1) simple reflex agents, (2) motlesed reflex agents, (3) gdssed agents, ar(d)
utility-based agents. Simple reflex agents will react to certain environmental stimulus solely
based on the present perception. It is possible for agents to keep track of its perception and
maintain an internal state for aspects of the environmennthgtbecome wperceptible later.

Such agents tend to possess a form of knowledge that allows them to know how the world works
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through a model. Accordingly, this type of agents is known as rba$sd reflex agents. While

the aforementioned two agent typgesd to be acting solely based on knowing the state of the
world, this may not be sufficient to opt a right course of action when there is a goal to be
satisfied. If agents are endowed with the ability to search and plan for an action that contributes
to meeting a goal, they are known to be goated agents. Finally, although gbaked agents

are able to realize a goal, they might choose for a suboptimal course of action. In face of such
phenomenon, utility is defined as the extent to which an agerst fegdpy about a state. A
utility-based agent tries not only to attain its defined goals but to realize them with a maximized
utility. The first two types are also known asactive agentsbeing only able to act upon

environmental impetus, and the second types are referred to asgnitive agents

|
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Figure 2-21: Agents Interact with the Environment through Sensors and Actuator
(Adapted from Russell and Norvig 2003)

Referring to the last type of agenistelligenceis defined as the ability of an agent to pursue its
own goals in such fashion to optimize some given performance med¥ieess 1999)where
performance measures are defined as the indication of successful behavior of afRagsel

and Norvig 2003)As such, an intelligent agent should not be misconstrued as omniscience or

omnipotence entity with infallible d@gésions(Weiss 1999)as it more pertains to the notion of
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rationality, which requires an agent to choose a course of action that maximizes the expected, as

opposed to the actual, utilifRussell and Norvig 2003)

2.6.2AGENTS AS SOCIAL ENTITIES

Imposed by the inherent structure of distributed problem solving approabhA# which
disintegrates the problem into segments pertinent to different functional or expertise areas and
allows each agent to have only a limited view of the problem, agentdAs are bound to
interact in order to solve the problem communditgeractionin agents implies the possibility

of agents being affected by humans or other agents while they are in ptitbeit andividual
goals(Weiss 1999)Various interaction situations can be instigated by different stances of agents
against one another in relation to their goals, available/required resources angFskilkr

1999) Basically, agents can be indifferent, cooperative or antagonistic towards one another, as
shown inTable 2-4. Indifference represents a situation where agents do not need cooperation or
competition to satisfy their goals. When agents face a shortage of required resources but have
compatible goals their mode of interaction is known to be cooperation. On thargpmthen

two agents with incompatible goals compete with one another over the scarcity of resources or

insufficient skills, they are said to be in antagonistic towards each other.

With the ultimate objective of the interaction between agentsNtA& being the creation of a
more coherent system through s&fulated actions and behavior of individual actions,
interaction is as well referred to as coordination. The level of coordination is determined by the
extent to which extraneous activities canftmestalled by dint of reducing resource contention,
avoiding livelock and deadlock, and marinating applicable safety condifidnbns and
Stephens 1999)With reference to the classification of interaction situatipnssented in

Table2-4, two types of coordination can be organized between agents based on the compatibility
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of goals, namely, cooperation and negotiation. Whereagdhlier is the coordination mode of

choi ce

when

t her e e x

antagonistic agen{#iuhns and Stephens 1999)

Table 2-4: Classification of Interaction Situations (Adapted from Ferber 1999)

i sts

compatibility

Goals Resources Skills Types of situations Category
Compatible Sufficient  Sufficient Independence .

: . . : . Indifference
Compatible Sufficient  Insufficient Simple collaboration
Compatible Insufficient Sufficient  Obstruction
Compatible Insufficient Insufficient Coordinated

collaboration Cooperation
Incompatible Sufficient  Sufficient  Pure individual
competition
Incompatible Sufficient  Insufficient Pure collective
competition
Incompatible Insufficient Sufficient Individual conflicts ,
Antagonism
over resources
Incompatible Insufficient Insufficient Collective conflicts
over resources

26.21COOPERATI ON

bet w

According to Ferbe(1999) when cooperating, agents identify and adopt a common goal and

subsequently engage in a common action. Cooperation between agents takes place in six

different modes: (1) grouping and mplication, (2) communication, (3) specialization, (4)

collaborating by sharing tasks and resources, (5) coordination of actions, and (6) conflict

resolution by arbitration and negotiation.

26.22NEGOTI ATI ON

Through negotiation, agents are purported to read@ntagreement based on concessions and

compromises so that the collective utility of agents in the conflichagimized. Huhns and

Stepheng1999)introduced two different types of negotiation approaches, namelypament

centered and agenentered. The earlier is committed to embed some rules in the environment to

63



ensure that agents can fairly and productively interact. On the contrary, thecagiemed
approach addresses negotiation as a mechanism withits digahdetermines the best strategy in

the encountered conflicts.

2.6.30RGANIZATION OF MAS

The organization iMAS addresses two different aspects. The first aspect is about the formation

of a team of agents in terms of types of different functions in agents, relationship between
various agents, team structure, etc. The second aspect of organization revolves aound th
structure of the agents individually in terms of the process through which a perception results in
an action. The criteria that constitute variations in organizations at the team and individual

structure level are presented in Fer{i€99)

Different approaches could be adopted in terms of the underlying design mentality that
determines aMAS structure. Ferbe(1999) categorizes these approaches into objectered,
spacecentered and functional. In the objeeintered approach, agents represent different objects
in the real world and the control and analysis are exercised from the point of view of objects. The
alternative spaceentered approach manages the operatidarms of various spagscupying
objects. In other words, in a spaoentered design, agents are representing different portions of
the environment in which real world objects are engaged. Finally, the functional approach
disintegrates the real worlgstem into several functional areas and assigns each function to an

agent.

Another taxonomy of theMAS organization refers to the centralized versuscelgtralized
structure. The distinction can be made at two levels, namely at the planning levether at
coordination level. The centralized planning refers to the process where a single agent is

delegated as a planner, and usually the same agent ensures that the execution of the plan between
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the subordinate agents is synchronized. On the other hassdpatssible to only centralize the
coordination of the agents. In this mode, agents develop their own partial plans and send them to
the coordinator agent for the synchronization and synergization of the agents plans, through
removing the potential conflistbetween agents. The-dentralized (distributedylAS structure,

on the contrary, requires each agent to develop its own plan and execute it autonomously. In this
structure, the conflicts between agents are resolved en route, i.e., while agents aireyekeaut
respective tasks, through different modes of negotiation and collaboration explained earlier

(Ferber 1999)

2.6.4MAS AREAS OF APPLICATION

The areas for whicMASis used are manifold. However, based on the purpose of the application
two main streams can be identifi@dojas and Giachetti 2009Dne stream is focused on the
enhanced decision making through the applicatiomtaligent agents that can perform tasks

and take over part of decision making. Agents, in this context, are used to substitute humans,
partially or completely, on tasks that require high computational efforts or complex coordination.
Examples of such sy&ins can be found in the work of Tami®97) Yen et al(2006) and Fan

and Yen(2007)

Another major line ofMAS application, as elabord in Section2.2.], is dedicated to the
simulation of processes with the objective to make predictions about a system in view of
complex organizational, individuand environmental interdependencies among its components.

Examples oMASbased simulation were presented in Sec@@nl
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2.6.5APPLICATION OF MAS | N CONSTRUCTION

Although, as shown in Sectiad 2.1, the MAS application for the simulation of construction
operations has been investigated, the applicatidnABas a decision making and planning tool

with the capacity to partially or completely substitute human is palpably understudied.

Ren and Anumb&2002) have developed MAS framework with the learning capabilities to

facilitate the construction claim negotiations. In this framework, three types of agents are used to
represent contractors, engineers and clients, as the main participants of a claim negotiation. A
negotiation strategy i s slkelilmpdokriskdacceptability basedl c ul a

on the amount of the utility the agent achieves in different scenarios.

Kim and Russe(2003a; 2003bproposed a framework for an intelligent eartikveystem based

on the application of MASarchitecture. In this framework, three main subsystems, namely task
planning, task execution and human control, have been suggested to provide complete coverage
for an earthwork project task assignment and exatu®he focal points of this research have
been threefold: (1) identifying an optimal task sequencing, which uses heuristic rules based on
the shortness of distances and low space interference to determine Hifistlistribution over

an equally gridde area; (2) determining the optimal configuration of resources, using
simulation, and assigning different pieces of equipment to different tasks based on agent
negotiations; and (3) identifying the collisibree path for the equipment. The proposed
strucure, while providing a good structure for the distribution of responsibilities between a
multi-layer agents hierarchy, assumes ardewiated execution of the schedule and does not
cover functionalities to monitor the actual progress of the operatiorsswssthe generated
schedule in order to provide proactive corrective measures for keeping the project on schedule.

Additionally, safety issues of construction site are not addressed by the propdSestructure.
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Overall, this research is conducted ateaywhigh level of abstraction, with a limited scope, and
refrains from elaborating the communication protocol between agents and the formal description

of using agentsdé knowledge for the analysi s.

In another effort, an agebtsed system was proposed the communication in construction
project by Lee and Bernol@008) In this framework, a set of agents are used to collect weather
data from internet and egite instrumentations, forecast hazardous weather toamsliand warn

the cranes. Also, agebaised communication was used to facilitate-tedeffice communication

with the intention to reduce, or eliminate, the hindering process of information request. The

onsite communication between agents is realizexughir WiFi network.

A multi-agent approach was developed by Zhang and Hani@@4@ for the reailtime collision
avoidance and path replanting for cranes. In this research a hybridized planning approach that
combires distributed and centralized problem solving method is proposed to represent several
agents on a construction site. A thigpe agent structure, comprising site state agent,
coordinator agent and crane agents, was used to track the movement of cthrestenpredict
possible collisions and generate a new path for the crane with the lower priority to avoid the
detected collisions. This research is the starting ground for the present research, in the sense that
the present research is aimed to extdredproposed framework to the earthwork operations and

to multiple construction equipment.

Overall, although the applications WIASfor the conflict resolution at the managerial level and
for claim management have been subject of an ongoing investig#te operational aspect of
MASfor the autonomous control and monitoring of the construction project is evidently studied

only scantly. This research draws on the research of Zhang and Ha@diZdand Kim and
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Russel(2003a; 2003b)o extend the application dMASfor the task assignment and monitoring

of an entire fleet of earthwork equipment.

27SUMMARY AND COMWMGLUSI

This chapter was dedicatedttee review of the literature on the several areas that pertain to the
topic of the present research. As showifable 2-5, the research gaps wedentified based on
the extensive review of the literature, and these gaps wadbdeessedh the following chaptes

usingthe proposed framework.

Accordingly, Chapter 3 will present the overall propo$&dS framework and together with
Chapter 8 they address the limited macHewel scope of the preseib&Ss. Chapter 4 will focus

on a method to improve the pose estimation of the equipment based on aff(dalse
Chapter 5 will address the shortcomingste existingNRTSapproaches and presents a novel
approach that covers a wider range of tracking technologies and can also account for the
environmental impacts on productivity fluctuations. Finally, focusing of the safety management
of earthwork sites, Gipters 6 and 7 will present new methodsO&Ws andLAEWS. These two
workspaces can conjointly provide a tkyer shield for the equipment that can be used to

perform near redime path replanning and collision avoidance.
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Table 2-5: Summary of Literature Review

Area of Chapter
Literature Researchgaps Points of focus in this research | covering
Review the area
Coordination| { Limited functionalities at| { Developing a mechanism Chapter3 &
Improvement| theprojectlevel through which the monitoring | Chapter 8
Using and guidance of equipment are
Automation performed with the
and LGS consideration of the entire fleet
1 High cost of retrofitting | 9 Developing an optimizatien Chapterd
the equipment for based method to improve the
AMC/G and the accuracy of loncost RTLS
insufficient accuracy of
affordable RTLS
Realtime 1 Technologydependent | §Developng an environment Chapter 5
Simulation frameworks aware framework that
1 Limited equipment accommodates a range of
coverage technologies for a fleet of
1 Equipmentrestricted equipment with the
view consideration of the entire fleet
1 Indifference to for stateidentification
environmental factor
Project { Limited coverage of { Fusing a wide array of location| Chapter 4
Monitoring equipment (mainly and sensory data that can be |and 5
and Control trucks) used to capture the location an
7 Low level of captured orientation of equipment and
detail about the further calculate the cycle time
equipment of both relatively fixed
equipment, e.g., excavators, ai
highly mobile units, e.g., trusk
Earthwork 9 Dependence on the { Considering a wide range of | Chapters 6
Safety proximity measurement | sensory data to develop effectii and7
using different DEW.
technologis {1 Building on the results of
7 Lack of predictive safetyy NRTSs to evaluate and identify
evaluation based on the| safety risk in a predictive
results of NRTS manner in a wider time frame
than possiblevith existing
proximity-based methods.
{ Limited coverage for the|  Extending the application of | Chapter3 &
MAS monitoring and control o] MAS for the task assignment | Chapter 8

earthwork equipment.

and monitoring of the entire

earthwork equipment fleet.
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CHAPTBR OVERVI EW OBGPOBHED PRRAMEWORK

31l NTRODUCTI ON

As mentioned irSection2.6, although the applications ®ASs for the conflict resolution at the
managerial level and for claim management have been subject of an ongoing investigation, the
operational aspect MASs for the autonomous control and monitoring of construction projects
has been studied only scantly. This research draws on the research of Zhang and @a&t2nad

and Kim and Russ€R003a; 2003bjo extend the application diASs for the task assignment

and monitoring of an entire fleet of earthwork equipment.

320VERVI EW OF TMHEE I*¥ RFOPPA ME WORK

Figure 3-1 shows an overview of the scope for the propob&&S framework. The main
assumptions are that every piece of equipment on the construction site has a sufficient number of
RTLS DCs attached at specific locations tiack its movement, and that every equipment
operator is supported by an agent that can communicate with other ageMa8framework.

The proposedVAS supports the project at three different levels, namely (1) Planning, (2)
execution and monitoring, dn(3) replanning. At the planning level, thBIAS is able to
streamline the operation and task assignments to different equipment as well as to support
equipment path planningZzhang and Hamma@012, which is operatinalized in terms of

strategic and tactical planning as explained in Chapter 2.
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Operation and Task Assignment
Planning {
Strategic and Tactical Planning
Visua Guidance to Equipment
Operators

N Collecting and Processing RTLS
Data

> Equipment Pose Identification

A

Execution and Monitoring

Equipment State Identification

A,

> Near-real-time Simulation

> Safety Management

Reporting (Progress Tracking,
Safety Warnings, and Delay Notice)

> Task Re-assignment

A

Re-Planning > Path Re-planning

> Design Change Requests

Figure 3-1: Overview of the Scope for the Proposed MAS Framework

At the execution and monitoring level, tNeASis committed to: (i) proviohg visual guidance to
equipment operatsey (ii) collecing and procesag RTLSdata, (iii) applyng appropriate error
correction techniques to identify the pose of the equipment,identifying the state of the
equipment, (v) apping the NRTS (vi) performing safety management, i.generang DEWs

and LAEWs, and (vii) reporhg the necessary information to pertinent agents. The
aforementioned two types of workspaces differ iat twhile DEWs are generated based on the
equipment pose, state, geometry, and speed irtingalto form a safety buffer around the

equipment that can help prevent collision8EWs are built based on the predicted future motion
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of equipment and operatorisibility in near realtime to help find a collisioiiree path for
equipmentMore detailsabout thewo workspaces cae found in Chapter@ and7. Finally, at

the replanning level, the proposddAS framework addresses the need for {sskssignment,

pah replanning, and design change requests, which may become necessary in view of the
potential unforeseen safety risks identified at the monitoring level. As can be d&guare3-1,

while the proposeAS framework offers advantages at the operational and managerial levels,

only the operational aspect tbike framework is addressed in thissearch

33MAS STRUCTURE

A multi-layer agent architecture is proposed in which agents supporting the operators of
equipmentconstitute the lowermost layer of the agent hierarchy. These agents process and
manage the huge amount of sensory data, provid&irhy into useful informaon that can be

used in decisioimmaking at different operational and managerial levels.

Figure 3-2 shows the proposedASarchitecture where several teams working in the proximity

of each other are supported by different types of agents with different tasks and project views.
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Figure 3-2:Multi -Agent System Architecture
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Three functional agent types can be distinguished according to the distribution of the
responsibilities, namely, operator, coordinator and information agents. In a nuBberigtor

Agents (OAs) support the equipment operators and have the essential knowledge about their
current task, state and pose. In a construction site, often a group of equipment is teamed up to
serve one particular operation, for instance several tranksan excavator work together to

move the earth. The team coordinators are supported by Team Coordinator Agahss, (

whose main objective is to track the progress of operations based on the data gathered from their
subordinat€As and to ensure safecan s moot h del i very of the opera
on the level of coordination eadiCA offers, several layers GfCAs and a General Coordinator

Agent GCA) can be defined. Furthermore, these different types of agents are fed by Information
Agentswho provide the required site, project and desglated data to the site agents, and
frequently get updated based on the changes happening in the site as the construction progresses.
These encompass the Site State Ag&8A), Project Document Agen{PDA), and Design

Document Agent@DA).

Although it is outside the scope of the present reseamchn iextended architectureprkers,

surveyors, designers and project managers can also be represented by unique agents, to further
enhance the smooth humbhoman and humarequipmentinteraction, negotiation, conflict
resolution and document manageménirthermore, the consideration of werkon-foot is of a

great importance for effective safety management of earthwork sites. All the workers working on
the site must be supported by dedicated agent
necessary information (primarily safety warnipgssing personal digital assistants or smart
phones. Therefore, this research assumes that all the workers are supported by simple Worker

Agents (WAs) that can send and receive such information.
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It is worth mentioning that in addition to the technicalexs$p of the proposed framework, some
administrative issues need to be considered for the future implementation of the pidp&ed

in earthwork site. The details of these administrative aspects are presented in Appendix A.

34ARESEARCH COMP@GNBNTHESSTRUCTURE

In line with the research objectives presented in Sedti@rof the various scopes covered by the
proposedVAS and shown irFigure 3-1, this research focuses on the execution and monitoring
phase of earthwork operations. Therefore, the subsequent chapters focus on the major functions
of MAS in the planning andexecution phasedrigure 3-3 shows the functions that will be
discussed in this research. Accordingly, Chapter 4 addresses the second objective of this research
(i.e., to provide a method for improving theerformance of pose estimatibased on lowcost

RTLS) and describes a novel pose estimation method that can be utilized to improve the quality
of low-cost RTLS In this optimizatiodbased method, a set of equipment geometric and
operational constraints are used to apply required correctiof®Tks DG. The proposed
method will be tested using a case study and will be compared with a method previously

proposed ¥ Zhang et al(2012)

Focusing on the third objective of this research (i@.devise a generiapproachfor NRTS

based on data fromGSs), Chapter 5 elaborates the methods for statification andNRTS
appro&h. In this approach, the input from the pose estimation method is used to identify the
equipment states (e.g., loading, swinging, and dumping) and to detect the potential discrepancy
between the expected and actual productivity of the operation. If #atmm is found to be
progressing slower or faster than expected, the simulation model is updated and a new schedule
is generated. The proposed approach will be validated using an implementation and two case

studies.
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Chapters 6 and 7 aim to pursue thertb objective of this research (i.e0,develop a mechanism

for improving the safety of earthwork operations using the capabilitiéisedfGSs, NRTSand

MASS) and introduces two types of workspaces, narb&yVandLAEWrespectively. Using the
outputs ofpose estimation and state identification methods, these two types of workspaces,
conjunctively enable the equipment to perform-teak collision avoidance and near réiahe

path replanning, as explained in Secti@2 These two methods will be verified through the

developed implementations and case studies.

Chapter 8 provides an-mepth discussion of thBIAS structure and aims to address the first
objective of this research (i.¢q enable the projedevel coordination, monitoring and control
through the integration ci MAS architecture ané LGSto help better resolve operational and
managerial conflictsn earthwork projects) by demonstrating how the smooth integration of
functions presented in Chapters 4 to 7 can be realized in the proji@dsgedlrhe highlevel
definitions of the structure of each type of agents, their functionalities, inputs, and @arputs
presented. Also, the communication scheme between different agent types for certain scenarios
are introduced and tested. Several simulated case studies will be used to demonstrate the
feasibility of the proposed framework. Finally, Chapter 9 pred@etsontributions, conclusions,

limitations, and future work of this research.

35SUMMARY

This chapter presented the overview of the propdsa8framework, where every operator and
worker onfoot on the construction site is represented by a dedicated sofiagant. The overall

scope and functionalities of the proposed framework were discussed. As mentioned in Section

3.4, the following chapters present the main functions of the proposed framework that have been
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addressed in this research. Also, a more lgetaaccount of this framework is presented in

Chapter 8.
Data Processing and Chapter 4:
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Figure 3-3: Research Methodology
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CHAPTER OPTI MI ZBAASEEXQUI PMENT POSE
ESTI MATI ON

411l NTRODUCTI ON

The pose of a piece of equipmenk., its location and orientation) is the most basic and
fundamental information required for the monitoring and analysis oédindnworkoperations.

When the pose dd piece of equipmerns known, it can be effectively used to detect hazardous
conditions and identify the state of the equipment, which in turn can be used to calculate the
productivityrelated indices. Advanced technologies embeddedAMC/G are capable of
generating the tracking information with a high level of accurdttywever, as expined in
Chapter 1, the high cost of procuring this technology for every piece of equipment limits the
availability of AMC/G for small and medium size contractors. On the other hand, the lower
accuracy of more affordabRTLS, renders them impractical fire use inLGS As a result, a
method needs to be devised to process and refine the caiiitetldatg as explained in

Section2.3.1.1

The presenthapteraims to propose a novel and robust optimizati@sed method that uses the
geometric and operational characteristicagfiece of equipmerib improve the quality of the

data captured by lowostRTLS so that the pose of tleguipmentcan be estimated with good
accuracy. The method is purported to ensure that while the pose compliance with the-machine
imposed constraints is maximized, it is estimated with a minimum amount of required

corrections.
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The proposed method is explained and framed using excavatothe main focal point. The
excavators are chosen due to their level of complexity and the fact that they are able to
concurrently perform two types of movement, namely rotational and traversal.oflgarious

types of equipment engaged in earthwork projects, excavators account for the largest proportion
of fatalities on site, with 36 reported incidents in the U.S. only in 2BI2S 2012)
Nevertheless, the proposed e is generic in nature and can be applied to all types of

earthwork equipment.

It is noteworthy that the pose estimation method, as will be explained in S&c#dn is
performed by th®A of each piece of equipment. The output of this method is then usedsdy
to generate th®EWS, as will be discussed in Chapter 6. SimilallAsuse the pose data to
enable the execution &fRTS as will beexplained in Chapter 5, and to genela#d&=\W\s, as will

be discussed in Chapter 7.

42PROPOSED EXCAOBEORSPI MATI ODN METHO

The pose of a piece of equipment is a spatial feature that encompasses its location and orientation
at any given point in timelhe location can be measured in various formats, e.g., the triplet of
longitude, latitude, elevation or the Cartesian coordinates in relation to a local reference frame.
The orientation can be manifested in terms of the roll, pitch and yaw between thee fram
representing a rigid body and the reference fré8ahaub and Junkins 2003)he orientation
reference frame can be established using either Rifé& DG installed on the upper structure

of the excavator or alternatively oRFLS DCand a digital gyroscope.

In this research, it is assumed that an excavator is equipped with a R&LSfDG, which

continuously provide the location data of the objectw/ich they are attached with a certain
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update rate, and the pose is estimated during certain integqvdlse(g.,every 5 s. Note that the
value ofp Tdepends on the maximudt that can be offered by the usBILSunder the site
condition. To decrease thestimation interval, a high rate &TLSupdate is required. Alson

order to improve the accuracy of the location data, it is assumed that every rigid part of the
equipment is represented by at least I@s. This redundancy helps increase the dataracgu

and the visibility, i.e., the chance of missing data is reduced. In order to compensate for the
missing or erroneous data, the raw data gathered fronRTh&S DG require a mulistep
processing before they can be used for the pose analygise 4-1 shows the highevel
flowchart of the proposed method, which consists of several steps to increase the accuracy of the
pose estimation. The process begins with d@keraging of data over a period of time and
applying interpolation for filling the missing data. Next, the optimizabased correction is

applied and the pose is calculated.

( Start h
{ i
o

[

/ Read raw data for gt /

v

Average over dt

'

Fill the missing data
using interpolation

b

Applying Correction

v

Calculate the pose

X
/// . \\
_— Operation ~_ N
\\\flnlshed?///

~— /

Y

End

e
.

Figure 4-1: Flowchart of the Proposed Posestimation Method
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4.2.1AVERAGING OVER A PER 10D OF TIME AND FILL ING THE MISSING DATA

The first step in the method is averaging over a period of tithewhich is less than the analysis
interval (qp). For instancegptcan be 5 s andt can be 1 s. It should be noted that the lengttp bf
determines the extent to which the processing isti@al. The impact of averaging over a period

of time on improved location data is elaborately discubyedhang et al(2012) However in a
nutshell, knowing that th&TLSrecords the location data with a certain frequency, which
depends on the specifications and configurations of the used system, it is possible $e therea
accuracy of data by averaging several consecutive datalbvére rationale behind this step is

that random errors that typically exist in the capturRdLSdata commonly follow a normal
distribution, which enables the averaging to improve theracy of theRTLSdata by allowing

the negative and positive errors to level each other. The degree of impact of the averaging
depends on the number of consecutive location data averaged. In determining the required
averaging perioddf), it should be notdthat while a long period debases the smoothness of the
data by introducing jumps between two successive averaged data, a too short period may lead to
insignificant improvements. The optimal averaging period should be devised according to the
required smothness and the update rate of RIELS Figure4-2 shows an example of tHeTLS

data capturing pattern and the rows and columns in this figure represent the jiragtidels of

DC; anddt, respectively. In this pattern, every cell contains the averaged location datdt,over

i.e., X, Yjk, Zk- On the other handptrepresents a Iger period of time over which a neagal

time analysis is performed. Evemptis represented by the index q and contains sewtral

periods, which are represented by the inklex
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dt
Figure 4-2: The data capturing pattern for RTLS
Once the data is averaged oderthere is a chance that there are some missing data Bl
failure in registering data. In order to provide a smooth stream of data for further analysis, the
missing data can be filled out using linear interpolation between preceding and succeeding data

points.

4.2.2APPLYING CORRECTION USING SIMPLIFIED CORRECTION METHOD

The DCs attached to an excavator are governed by a set of Geometric ConsB&isitsand
Operational ConstraintsO0Cs). A GC requires thé®Cs data to respect a specific geometric
relationship that exists between the parts of the excavator to wieddGs are attached, e.g.,
fixed distance or fixed orientation. The number and typ&G$ depend on th®OFs of the
excavator and the number of tlECs. An OC, on the other hand, pertains to the type of
restrictions put on the excavator based on a p#atiacondition of the terrain, e.g., rolling
resistance and slope, or tlperational specifications of the equipment. While this research
presents a comprehensive optimizati@msed method for correction, the simplified method
previously presented by Zhaweg al. (2012)is explained in this section for completeness and in

order to evaluate the proposed optimizati@sed method against the simplified method.

The OCs are applied through ensuring that the difference between two consecutive data entries

pertaining to &C does not violate the maximum operational speed limit of the equipment or the
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part they represenEigure4-3 can be used as an example to clarify this methothis figure,
the subscripts of letters, e.g. 1 and Xinando , represent the sequence in time, and the
superscripts 'and ", as O andod , show already corrected points based orfis and already
corrected points based on tH@Cs and GCs, respectively.For example, as shown in
Figure4-3(a), in the context of location data, if the distance between two consecutive readings,

and" , of aDC attached to a piece of equipmentLiswhile based on the maximum

e.g."
operational speed of the equipment this distance cannot be mord.hara correction is

applied to the latter point and the new location is calculdted

Y B, &» oc, Y
A
t .\
0\‘* B, /
— s o e
L
A" /
@ Corrected Points :.A"Z @  Corrected Points
A2 Initial Points N ./1 GG, Initial Points
oc” A,
() (b)

@ AveragedPoints

Initial Points

(©)

Figure 4-3: (a) Corrections Based on the Operational Constraintsp) Corrections Based on
the Operational Constraints, and €) Averaging of Several Data Collectorshat Are
Attached to the Same Part
It is noteworthy that the maximum operational speed is the speed typical of various types of

earthmoving equipment in a given project type and terrain conditionsGUyeon the other

82



hand, is applied through adjusting the data based on a fe@ohegric relation between any
given two DCs attached to a rigid body at any point in time. For example, as shown in
Figure 4-3(c), if the calculated idtance based on the readingsdofand 6 is different from
what it is measured to b®), the amount of error is calculated, and the correction is equally

distributed between the two parts, resulting in poitsando .

It should be notedhiat the data correction is an iterative process of operational and geometric
corrections. The flowchart of the iterative correction process is givieigime4-4. In this figure,

i represents thiD of the DCs, t represents the sequence of data enfridsnotes the number of

GCs between a certain pairB€s and$ #and$ # implies theDCs involvedin the GG. Yo, on

the other hand, represents the interval between two successive entries. The process begins with
checking theDCs of every singléCs. For this purpose, the speed of every adjacent readings of
aDC is analyzed and if a violation of theC of thatDC is identified, the error is corrected as
shown inFigure 4-3(a). Once all theOCs are controlled, the data will be analyzed for the
compliance with th&Cs. To materialize this, first the number of exist®s and their values

are determined based on the user input. Then, if the standard deviations@d alle acceptably
small, baed on the user requirements, the process will end; else the correction will be applied to
the GCs that have high standard deviation as showHRigure 4-3(b). If any GC correction is
applied, then the data needs to be checked for the possible violat®sdhat may have been
caused by th&C corrections. The process will continue to the point that the standard deviations
of all GCs are acceptablynwll. The reason for the possibility of convergence is that the
operational correction is an intC process while the geometric correction is an H€r

process; and thus, corrections are made along different lines.
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Figure 4-4: Flowchart of the Simplified Correction Method
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The various user inputs required for the datacessing is given to the system only once at the
inception of the project, based on the consideration of the pispecific characteristicRTLS
features and used equipment. The process flows automatibalgafter, for as long as the
project is running and the input values are valid. These inputs, e.g. distance between tags, the

update rate, number of tags, etc., are seldom subject to variations in the course of a single



Although the earlierwo stepscan be sufficient to obtain accurate results, under certain
circumstance and if severBICs are not required for further analysis, the data can be further
enhanced through averaging the data of sevefd attached to the same solid object. For
instance, if the blade of a loader is represented byUWi tags on the right and left sides, and

if the angle of the blade is not required for further analysis, the data of the two tags can be
averaged and represented by the intermediate pdint Figure 4-3(c) illustrates the processes

where corrected readingsBCs (0 andd ) are averaged and represented by .

4.2.3APPLYING CORRECTION OPTIMI ZATION -BASED CORRECTION METHOD

The simplifiedcorrection method has several shortcomings: (1) the increased number of required
iterations when the number of constraints increases, (2) the inaccurate assumption that the error
is equally distributed between tWRTLSDCs along the axis formed betweenrhewhich may

lead to a failed convergence when the number of constraints increases, and (3) the inefficiency in
capturing nordistance geometric constrains, e.g., angular constrains. On this premise, it can be
argued that the abovaentioned iterative caection method is not enough to maintain the full
consistency of the data required for accurate pose estimation, especially when the number of

DCs attached to one piece of equipment increases.

The optimizationbasedcorrection for the excavator location dahcludes two phases, each of
which has an optimization algorithm. A Standard Genetic Algorithm (@G&9ldberg and
Holland 1988)is proposed to solve the optimization problems. GA is a robust optimization
algorithm that is proven to be capable of searching the complex solution spaces with the reduced
likelihood of restriction to a local optimuili and Love 1997)GA has been widely used for
solving complex optimization problems & wide array of engineering contexfseng et al.

1997; EtRayes and Khalafallah 2005; De Giovanni and Pezzella 2010; Peralta et al. 2014)
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As shown inFigure 4-5, the first phase of the correction is dedicated to finding the Center of
Rotation CR) of the excavator. It should be highlighted that two forof CRs can be
distinguished: (1)CR as a mechanical element of the excavator that represents the swinging
hinge of the excavator underneath the upper structure, which can be calculated based on the
geometric characteristics of the excavatond is refered to a<CRea in this research; and (R

as a fixed point on the site with respect to which swinging takes place, which can be measured
using the statistical method introduced in Secto®.3.1 and is referred to aSR* in this
researchThe first phase of the proposegtimizatiorbasedmethod is trying to locat€R*. It

should be added that whi8R.a always exists as anindivisb | e part of the exca
CR* is only available when the excavator is not relocating. Therefore, when the excavator is
swinging during a nomelocation period, the tw€Rs have to overlap as will be explained in
Section4.2.3.1 This shouldnot be perceived as a limitation on the possible swinging action
during the relocation, sincERai s al ways cal cul able based on
Instead, it uses extra information about the existen€&Rdfduring the norrelocation period to

further improve the data.

The second phase of the correction aims to minimizeDg errors in sucla manner that a
number of geometric and operational constraints of the excavator, including the rotation around

CR¥, are respected.
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Figure 4-5: Flowchart of Optimization-basedCorrection
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423 1PHASE | : | DERONI BIFCEENTERTIOBNROT

Given that theCR* imposes a tim@ependent constraint that needs to be respected based on the
status of equipment over time, i.e., relocation or-redacation, and knowing that there is ne-pr
determined location for th€R* during each period when the excavator is not relocating, its

approximate location needs to be determined using statistical analysis.

As shown inFigure 4-5, the determination o€R* begins with capturing th®C data over a

period ofgpt Next, it is required to isolate the data pertaining to the period when the excavator is
not relocating. This can be done using a simple calculatitimeoéxcavator speed at every point

in time. The relocation is identified when the value of the measured speed is greater than a
threshold for allDCs over a longenough period of time. The rule for the identification of
relocation state of an excavatordatne definition of longenough period of time for the state

identification of equipment is presentedGhapter 5

If a period ofgptis identified as nomelocation period, the algorithm uses the characteristics of
CR to determineCR*. CR is characterize as a fixed point to which eveiyC on the upper
structure of excavator maintains a unique but fixed distance throughout the operation during
everynoar el ocation period. The wupper structure
super structureéhat includes the operator cabin and engine, excluding the boom/stick/bucket
system. For this purpose, first the range of possiti®e, is determined over the period qdft

The minimum and maximum possib@ER.a are measured by the two extreme value€Rfa
obtained from the raw data of tags attached near the actual CR duringre@auaing period,

and are constant for all the solutions in evgryThe CR.a of the equipment can be calculated
considering the relationship between the location of ttetiom engine on the equipment and the

positions of theDCs on the upper structure. For instance, in the excavator shown in
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Figure4-7(a), the hinge is positioned at the intersection between (1) the line crd3€ngnd
perpendicular to the boom axis and (2) the boom axis itself. It should be highlighted that
although in majority of the model€Ra is located on (or very near to) the axeb
boom/stick/bucket, the shown relationship is a representation d@Rhein the model of the

excavator used as an example in thapter

Next, the GA optimization is used to find the coordinate€Rf (cx, cy, ck within the range of
values ofCR.a that results in the smallest total standard deviatiBib€v,) of the distances
betweenCR* and all theDCs attached to the upper structure of the excavatorgidrhe GA
begins with generating a population ©R.* of size W. Diw represents the distae between
eachDCj and everyCRy* in the population duringt within gptwhereCRy* is membem of the

population ofCR* in the current generation as showrkiguatiord-1.

0 O 00w 0 W a W Equation 4-1
Where:

j: index representing th® of DC;, j N [1, m;

k: index representing an averaging perdwithin otk ™ [1, K];

w: index representing a solution in the CR* population of di¥egenerated by the GA,
wN [1,W];

@ ,U , andU : the coordinates d»C; duringdtc; and

~ o~

A @A U, andA U the coordinates of @R* duringopt

O is the matrix that includes all tH®@ for each CR* in the population as shown in
Equationd-2.
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StDey, is the summation of the standard deviations of rows in the niauiStDey, represents
the fitness function of the GA optimization that should be minimized in Phase | of the proposed

optimizationbased methqdand is calculated as shownkquationd-3 andEquatiord-4.

30$A0 A3 kS 8IS A$ B BB E Equation 4-3
O'Q0 £'@0i & w 0 "WEREYO O QU Equation 4-4
Subject tad Y 0Y oY

Where

m: the number oDCs.

The merit of Equation 4-3 and Equation 4-4 over other methods that require the actual
measurement of the distancesDfs to the hinge is that it does not require these values. Given
the difficuldt accessae,the dalculatyon af the actha¢ disenceta theat o r ¢

hinge can be a cumbersome process.

It should be noted that the assumption at this phase is that the captured locations of tags on the
upper structure of the excavator, which as explained before are theafeauéraging several
readings ovedt, are erroifree. However, the locations have residual errors that will be dealt
with in Phase Il of the metho&igure4-6 shavs an example of the optimizatidrased method

for finding the CR* in a 2D space oveet where the rows and columns represent different

members of a populations GR.* and different averaged locations, respectively. The minimum
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and maximum possibIE€R:al (Xmin, Xmax Ymin, Ymay) are represented by the dotted rectangles in
Figure4-6. For instance, ifrigure4-6, StDey, for the first and second members of a population
e q U a Dss1, Dtpi Dzzi] + Mafs, Dazi, D4y a NDdio, B, Dsszg + Mz, Dazz, Dazd,
respectively. It is worth noting that the coordinateC&,* in each solution in the population,

i.e., in each row ifrigure4-6, are fixed.

Once the stopping criteria of GA are satisfied, @R* is identified. However, given that in
everyptonly a certain number d®TLSdata K) is recorded, which are typically mudess than
the total duration of a nerelocation motion, theéCR* needs to be corrected incrementally.
Therefore,CR* is calculated as a weighted average of @& as measured to the point of the
latest gptand theCR* measured during the latespt provided no relocation has happened
between the intervals. For instance, assuming that (1) the excavator isnglowation period,
(2) + averaged location data of each tag are obtained overgehahd (3) so far n number of
data is registered fronm& beginning of this nerelocation period up to the beginning of thyxt

the coordinates of the progressi€® (cx, Cy, C%) are defined as shown tquation4-5 to

Equation4-7.
. 1 A@ E AQ
AQ TE Equation 4-5
. . 1 AU E AU
AU TE Equation 4-6
.. 1 AU E AU
AU TE Equation 4-7
Where:

o o XD &€ Q& The coordinates dER* in the nonrelocation period from the beginning of the

current norrelocaton period up te™ interval;
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o g0 @ & Q& The coordinates oER* found by the GA for the data captured over the last

intervalp; and
¢: The number of data registered in tffenon-relocation periods up to thg interval.

On the other hand, if a period gfis identified as relocation, it is determined whether this is the
first instance of relocation or a succession of a previously identified relocation. If the beginning
of a relocation period is identified, the averagoi@CR* will reset. Lastly, all the coordinates of
previous intervals will be adjusted so that they respect the up@&ecbnstraint. Although this
postprocessing step is not effective for the pose estimation for safletyed decisions, it can
help impove the quality of data to be used for the identification of state of the equipment and

calculating the cyckiime of the excavator operation, as will be explained in Chapter 5

92



Period

Population k=1 k=2 k=3
Y Y
A A A
—
%
| _iilielpe B R Q 4
Ymax| o 1 5% 1 Ymax 15y Ymax y
Cy [T . ! Y1 CY1 ;
E : 421 :
Ymin| T U Ymin Yir 4---1----5
S X >X X
Xmin CX1 Xmax Xmin  CX1 Xmax Xmin CX1 Xmax
Y Y
A A A
AN
1
= ymax_________l_______. Ymax Q Ymax | .o __ 5 = new L 4
O 1
32 ¥
CY2 [~y Cy2 D; Cy2 :
Ymin[77777 Ymin Y ;
: ‘ >X ' —>X
Xmin Xmin CX2 Xmax Xmin CX2 Xmax

Figure 4-6: Example of Phase | of theProposed Optimizationbased Method
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4232PHASE | | : | DEQNI 6F CAHE REXRREREID ONS

In the face of errors associated with b€ data, the proposed correction method, shown in
Phase Il ofFigure 4-5, is committed to determining the minimum amount of correction
applicable to eacbC that will result in a pose with minimum amount of violation of G{Cs
and OCs. This converts the problenom a simple error distribution problem, iasthe case of

simplified correction methqdo an optimization problem.

Figure4-7(a) shows examples @Cs that exist btween severdDCs attached to the excavator
andFigure4-7(b) shows the elements used in the calculation of the total violations of constraints

(E) for this excavatr.
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fa) Geometric Constraints (b)) Optimization-based Correction

Figure 4-7: Schematic representation of GCs and OCs

Phase Il begins with moving back to the first instancdtoin the period ofpt As opposed to
Phase | of the method, where the periodpdivas analyzed by considering the entire dataset in
one optimization algorithm, Phase Il of the method performs a separate optimization for every
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dt« to apply the required corrections to every tag in the periedidis stated earlier, this means

that themethod is near redime with the update rate apt Next, the radius of possible
corrections in the solution spaag (s set to a threshold defined as the minimum nonRTdlS

error (e.g., 15 cm). The method proceeds with the generation of an initialapop for the
amounts of correctior) to be applied to eaddC;. Subsequently, the values of @Cs (d) and

OCs §) are calculated and the overall fitness function is evaluated. These values are used to
calculate the summation of violatiors) for this excavator, whelis defined as the summation

of the normalized violations from tl&Cs andOCs, as shown iquatior4-8.

E=B S L, _ - Equation 4-8
where:

E: summation of violations fror®@Cs andGCs;

i: index representing the number of distanelatedGCs,i N [1, u];

Di: value of a distaneeelatedGC as measured;

di: value of a distaneeelatedGC as calculated (after correction);

U value of the indicated angle as measured;

b: value of the indicated angle as calculated (after correction);

j: the index representing the IDDLC), j N [1, m[;

§: distance between two consecutive location®6f within df;

Smax Maximum distance between two consecutive locatiom¥@Wwithin dt based on the speed

OC;

R: distance betwee@R:q after correction an@€R*; and
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r: the radius of possible corrections in tlséusion space.

The violation fromGCs is represented by the summation of (1) violations from the distance

relatedGCs, i.e.B % * and (2) violations from the angielatedGCs, e 2 Similarly,

the violation fromOCs is defined in terms aofhe summation of (1) the normalized relative
distance €) betweenCR.a andCR*, and (2) the integer value of the ratio between the distance

(s) and the maximum distance that is allowed by@@s (Sway. The reason for the integer value
is that if thedistance is less thasnaxit is acceptable because it represents a speed less than the

maximum possible speed.
Depending on whether or not the excavator is in relocation, two different types of the fitness
function can be defined, where the first typensiders the term—} in Equation4-8 and the

second type disregards it.

Next, the penalty functiof is calculated, wher€ is a weightA multiplied by the totabmount
of corrections applied to tHeCs normalized by r. As shown tquation4-9, C helps identify
the optimum solution with the minimum amount of imposed correction to[@@cEquation4-9

shows the calculation of C.

C=6 B - Equation 4-9

where:
A: the weight of the penalty function;
Cj: the amount of correction applied ;.

The weight of the penalty functioA)is aratio that defines the relative value of the corrections

(B —) versus the summation of violations fradCs andGCs (). The greater the value &f
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the less inclined is the objective function to reduce the v&8uat the cost of increased
correctons. While a high value of results in poor performance in terms of ensuring the
compliance withOCs andDCs, a low value may result in high error rate in the detection of the

orientation of the equipment.

The fitness function of the optimization in Padkof the method is defined as the summation of
E and C as shown inEquation4-10. It should be clarified that although the problem can be
formulated as a mulbbjective optimization problem, where the minimization of errgrand

the amount of correctionS are sought, in order to enable the automation of the process, it is

favorable to formulate it as a single objective problem that results in a unique pose.

OoE JOd ¢ wo "EREO 06 Equation 4-10

Subjectt@d i

If the stopping criteria of the optimization are not met, the optimization proceeds with the GA
population reproductionroutine, i.e., elite selection, crossover and mutation. The optimization
continues until the stopping criteria are met. Subsequently, if E of the found solution is more
than an acceptable threshold, the optimization will be repeated with an increasedofatil
possible corrections in the solution spage The solution space is incrementally enlarged, with

a userdefined rate @}, until it is equal to the maximum nomirRITLSerror (e.g., 30 cm). IE

is greater than a maximum acceptable thresHelgy), the pose for that data point is considered

to be undefined. Upon the completion of the correction of one set of data in the time series, the
method repeats the optimization until all the data entries are correctegb v then returns to

the firstphase of the method for a new set of data over thegpéexttil the operation is over.
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4.2 ACALCULATING THE POSE

As stated earlier, the pose is defined as the combination of location and orientation of an
excavator. Once the errors are corrected, theosgugta can be used to identify the pose of the
equipment. The method for the pose calculation depends ddQRs and the configuration of

DCs on the equipment. Nevertheless, regardless of these conditions, the main ingredient of the

pose calculation is the correctB@ data of all the rigid elements of the excavator.

It is worth mentioning that, the excavator kinematic chain, which repregentgpes of joints
between different rigid bodies in an excavator, can be used to guide the calculation of the pose of
the excavator. A selected set of location and orientation parameters may suffice for this purpose.
For instance, if an excavator is eggoed with a set oRTLSDCs as shown irFigure 4-8, the

pose could be represented in terms of the location of a single point on the central axis of the
excavator, e.g DCi, the orientation of the frame representing the upper structure of the
excavator { , ¢ )bthe angle between the upper structure and the base of the excdsjatnd

the angles between the several rigid parts of the boom, the stick and the (backst ).
Figure4-8(c) shows the anglefi~ dz when projected onto a plane parallel to the central axis of
the upper structure of the excavator.

The reason for the installation of thrB€s on the upper structure of excavator, as shown in
Figure4-8(b), is that the determination of the representing frameeoéxtavator upper structure
requires the location of at least three points that are arranged inl@meampattern. Therefore,

DC:; is placed so as to form a triangle wili€; andDCs. The remainindCs are placed on the
centr al axi s odm. Mone®Csecancha adadd dor iricieasebtioe visibility and
reduce the chance of missing data. As a result, it is preferable to use tags attached to the upper

structure of the excavatoD(Ci, DCp, and DC3) as the representing frame rather than those
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attachedo the base¥C7, DCs). The angle between the upper structure and the bgsea6 be

easily measured usingpandi g as shown irrigure4-8(b).

y
A
» X
(b)
"0
4 DC
l P
1p P
D . - DC
\V ‘I m
DCs \
DCs \ e DC; DC
ip
> X"(iD)
(c)

Figure 4-8: Example of Pose Identification for an Excavator Shown in (a) 3D View, (b) Top
View, and (c) Parallel to the Central Axis View (The Excavator in Figure (a)s Taken from
Trimble 3D Warehouse(2014)
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With regard to the orientation of the excavator upper structure, the three dngles pare
calculated througfEquation4-11 to Equation4-13. Of these angles)is the angle between the
projection of the vectar jponto thex-y plane andx axis. b is the angle betweanpand its
projecion onto the xy plane.d represents the angle between axisi.e., the vector on the
horizontal plane of the excavator and perpendiculargpand the perpendicular vector from
DCxtoli i as shown irrigure4-9. In order to calculate, it is required to calculate p, which is
the angle betweenpandi p Figure4-9 shows the underlying geometric relationships between

the vectorO i pandi i the excavator frame, and the reference frame.

Figure 4-9: Orientation of the Excavator Body Using Three Vectors

- YD )
1 Al O 5 0 Equation 4-11
h h
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Omp Equation 4-12

&
c
¢

™

10 Y@z A1,0 YUp ORI OFI
Om OB Equation 4-13

The anglesl~ efcan be easily determined. For instance, the calculatiah of Figure 4-8 is

presented ifEquation4-14.

. . Omp Owp O
¢ Op O Equation 4-14

431 MPLEMENTATI ON

As a proof of concept, a module is developed using ViBaaic for Applications \(BA) in
Microsoft Exce] as shown irFigure 4-10. This module is capable of connecting to two-GA
based optimization models developed in Mat{dathworks 2015) and collecting the output

value of CR and the corrected location data for an excavator. While the SthGRamused in

Phase | is structured to find the optimum solution based on a population size of 100 generations,
the number of generations in the standaiiused in Phase Il is set to 400. In order to reduce the
chance of the local optima phenomenon, thesSan mutation with the scale factor of 7 is used.
Additionally, the hybrid functionfminsearchis applied to the final results from th@A to

increase the optimization accurgdathworks 2015)As a stopping criteon, the tolerance of

e?%is specified.
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VBA in Microsoft Excel

MModule for averaging interpolation _ _
and state identification Pose Estim ation
. de2
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¥
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Optim ization =1 . Iy

Module [ ‘_

Figure 4-10: Architecture of the Implementation for Poseestimation

The input data, presented in the form of tistemped Cartesian coordinates of Bies, arefed

to the module and the averaging over a period of time and interpolation are performed. Upon the
completion of this step, tiéBAmodule invokes Matlab and rsithe required optimizatiorthis
moduledetermines the status of the equipment, and if ¢merelocation period is identified, the

associated optimization model fGRis invoked.

Finally, it should be elaborated that the pose estimation of every perihdadk approximately
55 s and 3.5 s on a personal computer with Intel Co260D0 CPU3.40 GHz for the
optimization based on data from 6 and 4 tat@ched to the scale model excavatespectively.

44CASE STUDI ES

Two case studies were conducted to demonstrate the feasibilitye gfroposed optimizatien
based methodrigure4-11 illustrates the equipment used in the case stuahédsthe location of

tags. All pieces of equipment are radiontrolled RC) using remee controls with different
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buttons and joysticks that allow the movement of i@ at a time. As for th®OFs of the
equipment, the truck is empowered by two motors which propel the body (drive
forward/backward, turn right/left) and the bed of the truck (up/down). The excavator, on the
other hand, is able to move the body (drive forward/backward, turn righttledtboom (swing

and move up/down) and the stick (move in/out) using its five m¢8etayeshgar et al. 2013)

The reason for selecting this environment is that it can be fully controlled and can be repeated as
many times as necessary. The crane was kept stationary as will be explained in the second case

study.

The case studies were developed based on the 2D location data because th&)\WiBzext a
lower accuracy in the axis than in the x and y axis, whigifhen combined with the small scale

of the excavator used in the case studies, renders the z values unreliable.

Boom
i Boam
Buciest .1. ,./ right \

It Cabin  Bofly \ .ﬁ""\

| ey Crarns

(@) (®) (c)

Figure 4-11: Equipment Used in the Case Studieand Location of the Attached Tags

Furthernore, two other outdoor case stad were conductedon an actual construction stéor
the purpose ofoller andexcavator pose estimation. The description eddicase stugsand the
analysis of the results are presented in Appendikhse field casstudies have been done in a

collaborative project with Siddiqui (2014).
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4.4 1FIRST CASE STUDY

In the first case study, a test was designed to validate and verify the proposed optirheseithn
method. TheRC excavator is employetb simulate the swinging $& of the equipment. As
shown inFigure 4-11(a), six tags were strategically attached to different components of the
excavator for the collection of location data. dwags were attached to every part of the
excavator for which location data is required in order to provide redundancy. However, as
explained in Sectiod.2.4 and Figure 4-8, threeDCs are required to be attached to the upper
structure in order to obtain the pose of the excavator in 3D. The other pieces of equipment shown

in Figure 8 are used in the second casdys

For the tracking purpose, Ubiserid#/B technology, with a nominal accuracy of 15 cmdaal
conditions, was utilizedUbisense 2015)In order to evaluate theroposed optimizatichased

method, it is requiredot calculate the accuracy of tHéWB system under the case study
environment. For this purpose, a static test was performed in which a single tag was placed at the

| ocation of the excavatorodos CR and itdaactual
from the UWB system. In this case study, as showrrigure 4-12, the excavator was working

near the edge of the room. Based on this test, the accuraciepaondiag to 90% and 95%

confidence levels are 45 cm and 48 cm, respectively.

A Sony Network Rapid Dome camera with the update rate of 30 frames per second was used to
record the video of the test to provide a ground truth for comparison. In order to anable
accurate validation of the pose estimation method, the setting of the pan and tilt angles of the
camera were adjusted so as to achieve a view which has two characteristics: (1) the view plane is
parallel to the room floor, and (2) the edges of the yame are parallel to the edges of the

room, as shown ikigure4-12.
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Figure 4-12. Adjustment of Camera View

The excavator was controlled to perform two swings, one cceultdekwise and one clockwise,
over a period of 91 s. The update rate for th&B was set to 17 readings per second. The
experiment corroborated this update rate by showing the average ra€04freéading per

second.

In the implementation of the proposed methdidyas set to 50éns the minimum and maximum
RTLSerrors were set to 20m and 50cm, respectively, and the threshold for the error after
correctionEmaxwas set to 5. Also, the valwé the penalty weigh# in Equation4-9 was set to

0.1. These values were determined based on several rounds of trial and error for identifying the
best combination of parameters. The best combination of the parameters is defined based on the
lowest error in the estimation of the locationGR and the orientation of the equipment. Given

that the purpose of this case study was to validate the accuracy of the pose estimatiommiethod,
was set as the entire length of the test, i.eseélThe GCs andOCs applied to this case study

are shown irFigure4-13.
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Figure 4-13: Constraints Used in the First Case Study

As no relocation has taken place during this testcamdas defined as the entire length of the
test, CR was found using thalgorithm discussedh Section4.2.3.1over all the captured data.

The proposed optimizatieibased correction method, discussed in Seetidr8.2 was applied to

all data entries after averaging owdirat three different levels: (1) considering o®(Cs, (2)
consideringGCs and OCs, and (3) consideri@fs, OCs, andCR Of the 182UWB averaged
location data, corresponding tit= 500ms, in two cases the algorithm was not able to find a
pose. The orientation of the equipment was measured in 2D, meaning that of the angles shown in

Figure4-9 only Uwas calculated.

The location error was calculated based on the comparison of the known loca@iBrand the
location of CR as calculated before applying any correction, applying simplified correction

method, and after the three levels of optimizatbased correction mentioned abokegure4-14
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shows the cumulative distribution of location errors for the five scenarios and the scenario with
static tag. As expected, the location errolCét before correction is approximately equal to the
location errors calculated througlecing a static tag at the location©R, as explained above.
Contrary to the expectations, the simplified method of correction had adverse impact on the
location accuracy. This can be attributed to the fact that the ar@Glawere not captured by

this method. However, the application of each type of correction resulted in a degree of
improvement in the accuracy of the location data. For example, when all constraints are applied,
the error corresponding to 90% and 95% confidence levels are equal tomiér&l 18.2cm,
respectively. This shows more than 60% improvement in the accuracy of location estimation
when compared to the results of the data with before correction. The sharp slope of the error
distribution of data after applying the correction wéth constraints is due to the fact that the
proposed optimizatichased method is adjusting the location€Bfbased on the location found

in the first phasegxplained inSection4.2.3.1 and this had 16.dmerrors. Therefore, all théRs

are centered very tightly around the found CR location.
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Figure 4-14: Cumulative Distrib ution of Location Error for Different Levels of Correction

For the validation of the estimated orientation, the captured video of the test was used. For this
purpose, the video is decomposed into frames, and one frame per second was chosen for
measuringU. Each frame was imported into AutoCAD Civil 3ButoDesk 2014)n order to
measurell Since the video is timstamped, each frame and the corresponding vallubnafre

used for the comparison with the orientations from the corrétfél data.

Figure4-15 shows three frames obtained from the test with their correspondingteditBy/B

data, orientations and calculated errors for the case where all constraints are considered. A
statistical analysis is performed in order to determine the accuracy of the estimated orientation at
the simplified method of correction and, the threeele of optimizatioAbased correction. For

this purpose, the orientations (before and after corrgdiiom a sample of 9UWB data points,

i.e., 50% of the available dataset were plotted, as showigure4-16. It is worth mentioning

that the swinging speeaf the scale equipment is low compared wtiis speed in the case of
actual excavatar With the actual equipment, if the high update ratRBESis maintained, high
swinging speed of the equipment is not expected to affect the performance of the proposed

method.
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Figure 4-15: Comparison of the Result of Pose Estimation
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Figure4-16(a) compares the orientation of th&VB data before the correction with the ground
truth obtained from the analysis of images. Similafigure4-16(b) compares the orientation of

the UWB after the simplified method of correction with the ground tritgure4-16(c), (d), and

(e) illustrate the same comparison for the cases whereG@dy the combination o&Cs and

OCs, and all the constraints are considered in the correction method, respectigely.oBahe
comparison of the five figures, it can be observed that while the simplified correction method did
not improve the orientation accuracy, the addition of each type of constrainb@s QCs and

CR) to the optimizatiorbased method has contutied to reducing the orientation error to a
certain degree. As can be seerFigure 4-16(e), the proposed method of optimizatioased
correction inproved the accuracy of estimation considerably. Note thdigare 4-16 what

seems to be a great error arbuoduanigbdtesadeunad

Figure4-17(a) shows the cumulative distribution of errors in five different scenarios, namely (1)
before correction, (2) after the simplified correction, (3) after optimizdiased correction
consideing only GCs, (4) after optimizatiofbased correction consideri@Cs and OCs, and (5)
after optimizatiorbased correction considering all constraints. Phexis in Figure 4-17
represents the absolute value of the boundaries of an error, range for the range of error

between {U ,] and theY axis represents the percentage of data within that range.

112



Improvement in the Percentage of Data in the Error

Percentage of Data in the Error Range (%)

100_ A= o e O e D O D = D = O D= O -
P o ”,J.li--':r"_
» -0 (5;?.
90 7 "” Vg "M/j“ﬁ'"
| A
80 o
2o P .o
70 - }5,1'3 .
---=--- Before Correction

60 - e
5o x/ — x — Simplified Correction Method
40 - - -~ - Correction with GC
30 - — # - Correction with GC and OC
20 1 —e— All Constraints
10 -

O T T T T T T T T T T T T T T T T T 1

0O 10 20 30 40 50 60 70 80 90 100110120130140150160170180
Orientation Error (degree)

(a) Cumulative Distribution of Error foDifferent Levels of Correction

70 -
60 - .
O Improvement by applying all
constraints
50 -
O Improvement by applying GC
40 - and OC
S B Improvement by applying GC
S 30 -
g
@

NOoOMmMowowoLwoLwmOoLwmnolwmo
A N NN T IO O ON~MNOO

-10 - Orientation Error (degree)

(b) Improvement After Each the Addition of Each Level of Optimizatsed
Correction

Figure 4-17: Distribution of Errors in Orientation Estimation

11¢



According toFigure4-17(a), only 20.9% of the estimated orientations are within an accuracy of
t15e before the correction. However, the perc:t
to 72.5% when all constrains were applied using optimizdiased correction. Similarly, the

errors associated with 90% and 95% confidence levels improved fton®. 75¢e¢ and N13
before correction, to N2 4ha®damrredaiondrespedtOely7Thig, af
corresponds to more than 77% improvement in the estimation of orientation. Nevertheless, the
simplified correction method only margihalmproved the accuracy of orientation estimation. It

can also be discerned froRgure 4-17(a) that each type of constraints in optimizatb@ased

method improved the data to a certain degree.

To better put the contribution of each type of constraints in perspective, the percentage of data
added to each error range after the introduction of each type of constraint to the optimization
based correctio is plotted inFigure 4-17(b). For example, after applying the correction
consideringonyGCs , 29. 7% of t he dat a i nitprraddwgtiie OChei r ¢
to the correction method, 4.4% was added to the data within this accuracy. Finally, by adding the

CR to the correction method, there is another 17.6% increase in the percentage of data with the

accuracy of Ni5e.

Another interesting obseation is that the average amount of violations from distalatedGCs

and angleelatedGCs bef ore correction are 21 c¢cm and 2
optimizatonb ased met hod, these average violations
represents a high degree of compatibility with the geometry of the equipment. As @Cshe

the rawUWB data indicated 163 instances of violations of@@s. This number has dropped to

8 instances after the optimizatimased correction with alhe congraints.
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It should be noted that the orientation accuracy is relative to the scale of the equipment, and
given that a small piece of equipment is used in this case study, it is expected that in a setting

with an actual equipment the accuracy would ineeasmsiderably.

4.4 2SECOND CASE STUDY

In the seond case study, the data from anothertégh was used to further study the proposed
method in the context of an operation. This case study pursues two objectives: (1) Show that the
geometric integrity of theexcavator is preserved through the proposetimizationbased
method even when the excavator is relocating; and (2) Demonstrate that the smooth rotational
movement of the excavator during R@ocation movement is captured, even after the

relocation of he excavator.

This test was carried out in the laboratory environment, wttexréhreeRC machinesshown in

Figure 4-11 were utilized to simulate a simple loadihgulingdumping operation. The three
pieces of equipment are equipped withWBtags. Careful scrutiny was carried out as to identify
how many tagsa use and where to attach the tags to get the best results. Every part of the
equipment for which location data is required is represented by two tags, in order to reduce the
errors. A total of eight tags, four for the excavator, two for the truck andomtbe crane, were

used. Except the elimination of tags on the boom,D€s,andDCs, the location of tags and the

GCs andOCs used in the second case study are identical to those of the first case study shown in
Figure4-11 and Figure 4-13. The elimination of the two tags from the boom was necessary in
order to keep the update rateldfVB as close as possible to the first case stlithg. truck is not
considered in the scope thfis chapter because it was only equipped with two tags, which have

only oneGC. In this case, the simplified correction method is sufficienthe pose estimation.
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The case study covered four full cycles of loading and hauling, which consisted afgloadi
hauling, dumping and returning operation for the truck and the loading, swinging, dumping,
swinging back and relocation operations for the excavator. The crane is used only to show that
this system can still work in a congested site where several tagmaorking on different
operations. Zones within which each of the aforentioned operation takes place were marked

and their corresponding coordinates were measured. These zones later establish the base for the

state identification of the equipment,\aidl be shown in Chapter 5.

Figure 4-18 shows this setting of the case study which contains four main parts, namely, the
excavation area, loading arehauling area and the dumping area. The length and width of the
simulated site are 7 m x 3.5 m, respectively. The truck is loaded in the loading area by the
excavator; it moves to the dumping area and dumps its load. On the other hand, the excavator
obtans a load from the borrow pit, swings to the loading area, dumps the material into the truck
and swings back. The excavation area is divided into two work spaces. After two cycles of the
truck, the excavator relocates to a new work space within the sezagaéion zone, which is
marked byWS2in Figure4-18(a), and continues to load the truck for two more cycles. With the
intention to create a congedt site, a crane was placed near the excavator without actively
engaging in the simulated operation. Also, upon the completion of the fourth loading cycle, the
excavator was intentionally steered to collide with the crane, to evaluate the effectivethess of
proposedDEW in preempting the potential collision, as will be explained in Chapter 6. The test
included four cycles of loadingnddumping, which took 4 minutes and 45 seconds. The update
rate was set to 9.6 readings per second. However, after tlysiamd the test results, the actual

average update rate was found to be about 8 readings per second. The proposed correction
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method was applied to the excavator with the same setting as in the first case studgtexcept

which was setto 1 s amdtvas setto 5 s.

Switch

(a) (b)

Figure 4-18: (a) Schematic Layout and(b) Snapshotof the Site Layout in the Second Case
Study

The truck is not considered in the scope of dhapterbecause it was only equipped withio
tags, which have only or@C. In this case, a simple averaging method is sufficient for the pose
estimation The results of the correction for eadhVBtag attached to the excavator, i[2GC; to

DC.s, over the entire period of the case study are presentadure4-19.

As can be seen iRigure4-19(c) and (d), the proposed optimizatibased method managed to
preserve the rotational motions with minimal amount of correction applied to each tag. Unlike
Figure 4-19(c) and (d), the smooth curve did not appeaiFigure 4-19(a) and(b). This is
becauseDC: and DC,; can move towards or away from the base, wheBas and DC4 are

attached to the upper structure of the excavator that can only rotate &BuRdesenting the



results of several instances of the extended correction metfigdre 4-20 depicts the

effectiveness of the method in preserving the geometry of the equipment throughout the case

study. The analysis of the location estimatiorswat possible in the second case study because

the excavator was moving, which makes the measurement of the ground truth difficult.
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Figure 4-20: Results of the Correction Method

In order to demonstrate thprovement caused by the proposed optimizabased method in

the orientation estimation, the orientation data before correction and after correction were
compared to the results extracted from the video of the test, as shbignrne4-21.

Given that in this case study the excavator was not stationary and the size of the test bed was
considerably bigger than the first case study, the adjustmehe afamera location for the full

top view of the operation, as shownhigure 4-12, was infeasible. However, &lald s s pat i al
transformation from control point paifdathworks 2015)was used to apply the required
transformation on thenages obtained from the video of the operation so that the orientation of

the excavator can be accurately extracted from the images. It is clearly demonstrated in
Figure 4-21 that the proposed optimizatidrased method improved the orientation estimation.

To better put the level of improvement in perspective, the cumulative distribution of orientation
errors before and after simplified and optimizatimsed corrections is presentedrigure4-22.

This Figure suggests that while only 34.9% o

correctio, the percentage improved to 62.7% after applying optimizaésed correction. As



for the simplified method of correction, the percentage of data Similar analysis to casenstudy

suggests that errors associated with 90% and 95% confidence levelsvingpd

N54. 16e, before correction, to N35.87¢ and

18% improvement in the estimation of the orientation.
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Figure 4-22: Cumulative Distribution of Orientation Error Before and After Correction

The improved quality of the pose estimation combined with a safety buffer around the equipment
can help identify safety hazards. For instance, near the end of the test, the excavator was
deliberately moved near the statoy crane to simulate a potential collision. As shown in
Figure4-23, a warning can be triggered when iEWs of the two pieces of equipment collided.

The descriptios of DEWgeneration can be found in Chapter 6.
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Figure 4-23: Warning Triggered by the Identification of Potential Collision
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45D1 SCUSSI ON

Given the difference in the level of orientatiamprovement offered by the proposed
optimizationbased method in the two case studies, two observations can be made. First, the
accuracy of the orientation estimation before correasaignificantly better in the second case

study, where the averageemr was 23. 40e, as compared to the
error was 53.07e. This can be attributed to
Figure 4-18(a), the excavator was working near the center of the room, which gives a better
visibility, while in the first case study the excavator was working near the edge of the room, as
shown inFigure4-11. To test this hypothesis, another static test was conducted by placing a tag

at nearly same location as the excavator in the second case study and its results were compared
to the results ofhe static test presented in the first case study, Se¢#bh It is observed that

the location errors associated with 90% and 95% confidence level in ibeettibf the second

case study decreased2d cm and 46 cm, respectively, compared to 45 cm and 48 cm calculated

in the static test of the first case study. Similar observations are reported in the li{@/atiek

ard Sadeghpour 2013)Second, although the average error after the optimizhtsad
correction for the first and second case stud
the proposed optimizatigpased method performed better in thestficase study. The slight
reduction in the performance of proposed optimizabased method can be attributed to the

ef fect of the excavatorods relocation and the
Based on these two observations, it carcdrgcluded that the change in the performance of the

UWB RTLSbased on the location of the tags is the main cause of the difference in the level of

improvement offered by the proposed optimizaft@sed method.
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It is worth noting that data redundancy is the underlying principle for the proposed optimization
based method, meaning that for the method to be applicable it is required that every rigid body
part of the equipment is represented by one or nid@e This edundancy enables the
identification of theGCs that are represented in terms of fixed distances on the rigid body and
angular dependencies with regards to the relative orientation of various parts of a piece of
equipment, as explained in the case studibgrefore, as stated in Sectidri, this method is
particularly applicable to the less expensikRé@LS, e.g.,UWB. Additionally, the proposed
optimizationbased method is not restricted to location data, and can as well work with other
types of sensory data (e.g., digital gyroscope, Inertial Measurement Units (IMUs), sensors for
measuring the level of extension of the hydraulic cylinders, etoyiged the redundancy

requirement is met.

Also, as mentioned in Sectichl it should be noted that although in this chapter the pose
estimation method was presented in the context of an excavator, it is easily extensible to other
types of equipment. Depending on the type of equipment and the nunf®&L8fags used for

data coléction, specifidlGCs and OCs can be identified for that type. However, the first phase of
the proposed optimizatidnased method, discussed in Sect®.3.1 is exclusive to the
equipment with swinging movements, and if the method is to be applied to equipment without

this type of movements (e.g. rollers), this phase is not necessary.

46SUMMARY AND CONGLUSI

Although advanced®MC/G-enabled equipnmé are capable of providing highly accurate pose,

the high cost of the technology renders a large number of contractors unable to have access to

accurate information about the pose of the equipment. cHaipterpresented a novel approach

to improve the qality of data captured by less expensR&LS so that the pose of the
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equipment can be estimated with an acceptable level of accuracy.-phage optimization

based method was proposed that uses a set of geometric and operational features of the
equipmemn and the information about the position BCs attached to different parts of the
equipment to correct the location data captured bYReS The method identifies the minimum
amounts of corrections that need to be applied to the data captured by gagached to an
excavator to achieve a pose with minimum violations ofGfis andOCs. The first phase of the
proposed optimizatiochased method applies a statistical approach to identifyfCRef an
excavator when it is not relocating. Two case issigvere conducted to validate and verify the
method and to demonstrate its applicabilitythe light of the resultsf this researchit can be
concluded that (1) the proposed optimizatimsed method improved the location accuracy for
more than 60%;(2) the proposed optimizatidmased method improved the accuracy of
orientation estimation by 77%, in the first case study, and 18% in the second case study; and (3)
the estimated pose can be used to identify the potential safety hazards and also toedeterm
different states of the excavator, which can be later used to calculate the cycle time as will be

explained in Chapters 5 and 6.

Finally, although the proposed optimizatibased method is very effective in improving the
accuracy of the pose estimatidhe computationally intensive GA detracts from the-tiead-

ness of the data. Given that the pose of the equipment is an integral part of the safety analysis of
earthwork site, it is required to study other optimizatidgorithms that are capable ofl\aag

the presented objective functions faster.
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TI ME SI MULATI ON

51l NTRODUCTI ON

Although the planning and optimization of smsitte and some mediusize projects can rely on

the professional intuition and experiences of project managers, large scale earthmoving projects
require a very meticulous and delicate planning, if productaity efficiency are not to suffer.
Therefore, in order to compare different scenarios for a given operation, and thus optimize the
operation planning and resource allocation, it is indispensable to develop a digital simulation

model of operations, in ternod time-sequenced activities and the flow of resources.

However, as mentioned in Secti@i2.3 in the traditional modeling approacthe modele
intuition and the historic data are the main input for the development of the simulation model.
This approach is unable to capture the pregpelcific characteristics that tend to introduce
uncertainties to the initially developed model parameters.eforey, there is a need to develop a
method that can leverage the accurate pose data, wkeigdiscussed in Chapter 4, to identify
different state of equipment and then use the state information to continuously update the

simulation model.

This chapter msents a comprehensive approachN&TSusing the pose information as the
main input. The structure of the chapter is as follows: first the-statgification method is
introducedn Section5.2and then the approach fRTSis presenteth Section5.3. Finally, the

proposed method is verified usitwo case studiem Section5.5.
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The data obtainefifom the pose estimation is nagable for statedentification unlesput under

another round of processing. TBEs provide information about the location or sensory data of
particular objects and the time in which the readings were made. However, for these readings to
be transformed into meaningful information usablethe simulation purpose, the data need to

be converted to modeling parameters, e.g. durations and speeds. To materialize this, it is required
to develop a knowledgebase which encapsulates expert rules that help interpret and transform the
data. For instancdérom an array osPSreadings coming from a receiver attached to a truck, we
need to identify when the truck starts traveling to the dumping location or how long it has been

in a queue before it is serviced by an excavator.

As shown inFigure5-1, the proposed state identification method wseslebased system that
applies a set of expert rules to the pose data to identify the states of difflgugmnent and

measure the cycle times.

Rule-based System for State Identification

—_— Inference Engine
Pose Data™ N
L_Knowledgebase (Reasoning Mechanism)

o State Data

Figure 5-1: Structure of State Identification Method

The rulebased system transforms location/sensory/time data to states and simulation parameters
and comprises a knowledgebase and a reasoning mechanism. The knowledgebase contains all the
rules and heuristics which determine the states of machines amdctineint phase in the
operation. These rules are experieddgen and casdependent. On the other hand, using the
knowledgebase, the inference engine helps determine the modeling parameters that are of

interest for the simulation.
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Expert rules need te developed based on the exclusive characteristics of the project, the types
of machines in the operation, the condition of the site, and the types of available data and the
employed tracking technology(s). Of these parameters, the last two play aalinbégin the
formation of the expert rules. Different types of data that may be used for the expert rules include
location data, sensory data, e.g. accelerometer and Inertial Measuremefi¥viUpjtvideo data

and any combination of these types. The emcyof the expert rules varies according to the type
and number of available data types and the rate of expected error associated with each type. In
caseAMC/Gis used, a variety of sensory data is available along with the location data coming
from GPS These sensory data include measurements indicating the level of extension of the
hydraulic cylinders and the trigger signs for different control units available on the(Eibder

and Vitale 201Q) It should benoted that with the increased number of available data types,
although the accuracy increases, so does the complexity of tHeasdd systems. However, the
stateof-the-practice suggests that possible scenarios for the combination of data typesr in orde
of the lowest to the highest accuracy, include: (1) only sensory data, (2) 2D location data, (3) 3D
location data, and (4) Location data (2D or 3D) augmented with the sensoryANET4G).
Consequently, it is of crucial importance to develop the-lbaked system in view of the
available data types. Akhavian and Behza(012)showed that a minimal state identification

can be performed using only sensory data. Moreover, it is possible to structure tbawdle

solely based on the 2D location data, even in the absence of elevation data. This possibility offers
the opportunity to take advantage of the proposed approach even when the sophigicited

enabled fleet is not available, using alternative-tmstUWB technology oiGPSreceivers.

To provide a tangible example, a simple haufignping project is used. In this example, a

team of several trucks, an excavator and a conveyor belt, as the indicator of the dumping point,



are assigned to a hauling taSkucks move to the loading area, get loaded, haul the load to the
conveyer belt, dump and return. The operation for the excavator, on the other hand is to swing to

the load, obtain a load, swing back to the truck and dump.

Depending on the type of track) technologies used, many different rules can be applied. For

i nstance, the state of dumping c a3Dodeetatondent i f
tracker is use@Akhavian and Behzadan 2013)terndively, in the presence of the location data

and with the assumption that the locations where different activities take place are fixed and
unchanging, getences can be used for the stalentification. Geefences are virtual contours

drawn around an aaethat help detect if a unit has entered a known @ealus and Drouard

2009) In such cases, the dumping state of a truck, for instance, can be detected when the truck is
in the dumping area, it is the closesiit to the conveyer belt and it is not moving. If the
elevation data is present, the dumping is identified when the truck is in the dumping area and the
elevation of the bed is increasing. Finally, if sensory data are also available, the dumping is
identified when the truck is in the dumping area and the bed rise control is activated. However,
the assumption of the fixed locations for activities can often be violated in practice. In such
scenarios, the activities are taking place over dynamic z@treslhananga and Teizer 2013)

One approach for the detection of dynamic zones is to apply pattern recognition methoeds, e.g. k
means clusteringHartigan and Wong 1979However this approach is more suitable for post
processing, where a large pool of data is available and also a priori knowledge of the number of
times the locations have been changed exists. Ostensibly, in nemmesapplications, the rule

based apmach is more practical. For instance, the dumping state can be identified when the

truck is further than a threshold from the excavator and has a low §#e5-1 summarizes
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the states of a truck in the hauling operations and how they can be identified for the fixed and

dynamic zones in four different scenarios where different types of data are available.

As for the excavators, given their high2©Fs and finer mbons that segregate different states,

the statadentification rules are more sophisticated. The states can be identified without zone
detection on the account that the information regarding the velocity of the bucket and the
direction of its move sufficéor the state identification of the excavator. Like trucks, several
states can be identified based on different types of data. For instance, a swing to the load is
identifiable by sensory data through the detection of the rotational motion of the bdbm of
excavator. In case 2D location data are available, this state can be identified when the bucket is
moving toward the truck with the swinging speed. If elevation data is available, the additional
rule of predominant horizontal motion can help more aely identify this state. Finally, in the
presence of sensory data, the swing to the load state is identified when the excavator is in the
swinging mode and it is approaching the truck. Six different states can be identified for the

excavator in this exaphe, as shown ifable5-2.



Table 5-1: Example of RuleBased System for Truck in a HaulingDumping Operation

Identification Rule

2D Location Data

3D Location Data

Truck
(Dynamic
Zones)

truck is raised

it is in thevicinity of the
conveyor belt and it is the

closest to the conveyor be|

zero, it is in the vicinity
of the conveyor belt an
the elevation of the bed

Unit State Sensory data Location (2D or 3D)
and Sensory Data
In the Unidentifiable | The truck is in the dumping| The truck is in the The truck is in the
Dumping zone, it is not the closest ul dumping zone, its dumping zone, its
Queue to the conveyobelt and its | velocity is zero and the| velocity is zero and the
velocity is zero elevation of the bed is | bed is not raised
not increasing
Maneuvering | Unidentifiable | The truck is in the dumping zone and it is moving
for Dumping
Dumping The bed of the | The truck is in the dumping The truck is in the The truck is in the
truck is raised |zone., itis the closest to th¢ dumping zone, and the| dumping zone and the
conveyor belt, and its elevation of the bed is | command for raising
velocity is zero increasing the bed is triggered
Returning Truck is The truck is in return zone and its velocity is not zero
Truck moving
(Fixed Zones) | Idle Unidentifiable | The truck is in the return zone and its velocitgéso
Maneuvering | Unidentifiable | The truck is in the loadingoneand it is moving
for Loading
In Loading Unidentifiable | The truck is in the loading zone but it is not the closest truck to the excavatt
Queue its velocity is zero
Waiting for | Unidentifiable | The truck is in the loading zone, it is the closest to the excavator and its vel
Loading is zero but the excavator is not in dumping
Under The ex c|Thetruckis inthe loading zone, it is the closesh®mexcavator, its velocity is
Loading bucket is zero and the excavator is dumping
opened
Hauling Truck is The truck is in the hauling zone and its velocity is not zero
moving
In the Unidentifiable |The truck isinthevicinity |The trucko63The truck?q]
Dumping of theconveyor belt, its zero, it is in the vicinity | zero, it is in the vicinity
Queue velocity is zerdut it is not | of the conveyor belt, | of the conveyor belt
the closets to the conveyor| and the elevation of thg and its bed is not raise|
belt bed is not increasing
Maneuvering | Unidentifiable | The truck is in the vicinity of the conveyor belt and its velocity is not zero
for Dumping
Dumping Thebedofthe [The truckds |[The trucko6sfThe truck?qd,j

zero, it is in the vicinity
of the convegr belt and
the command for

is increasing raising the bed is
triggered
Returning Truck is The truck is moving towards the excavator
moving
Idle Unidentifiable | The truck is not in the vicinity of the excavator or conveyor belt and its velo(

is zero

Maneuvering

Unidentifiable

The truck is in the vicinity of the excavator and its velocity is not zero

for Loading
In Loading Unidentifiable | The truck is in the vicinity of the excavator, its velocity is zero and it is not tl|
Queue closest truck to the excavator
Waiting for | Unidentifiable | The truck is in the vicinity of the excavator, its velocity is zero, it is the close|
Loading the excavatobut the excavator is not dumping
Under T he e x c|Thetruckis in the vicinity of thexcavator, its velocity is zero, it is the closest
Loading bucket is the excavator and the excavator is dumping

opened
Hauling Truck is The truck is moving away from the excavator

moving
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Table 5-2: Example of RuleBasedSystem for Excavator in a HaulingDumping Operation

Identification Rule
Unit State Sensory data | 2D Location Data 3D Location Data Location (2D or 3D)
and Sensory Data
Excavator Idle Any state that does not meet the conditions of the other states
Relocation | Excavatoris | The excavator track is moving (or alternatively therg The excavator is in the
moving a break in the swing pattern and a shift in the tram mode
excavatoro6s | ocation i
Swing to the | The body of the| The bucket is moving The bucket is The swinging is
Load excavator is toward the truck with the | predominantly moving in| triggered and the buckg
rotating swing speed a horizontal plane and it| is approaching the trucl
is moving toward the
truck
Loading The bucketis [The bucket 69gThebucketis The excavator is in
lowered or almoststationary and it is | predominantly moving in| bucket tilt mode and th
raised far from the truck a vertical plane with a | bucket is being lowereq
low velocity to theground
Swing to the | The body of the| The bucket is moving awg The bucket is The swinging is
Truck excavator is from the truck with the predominantly moving in| triggeredand the bucke
rotating swing speed a horizontal plane and th is moving away from
bucket is moving away | the truck
from the truck
Dumping The bucket is | The bucket imlmost The bucket is relatively | Bucket open is triggere|
lowered or stationary and its location| stationary vertically and | and the bucket interseq
raised intersects horizontally and its with the t
bed location interects with
the truckds

As can be seen iifable 5-1 and Table 5-2, the rules about the state of equipment can be
reformulated in view of the types of a\eble data. For instance, the rules are different when 3D
location data are available as compared to when 2D location data are used. Also, the presence of
additional sensory data helps enhance the accuracy of thbaséd system significantly. It is
noteworthy that, as shown in the research of Akhavian and BehZ204&) and Table 5-1,

although sensory data alone carubed to identify different states, in case of the truck, the level

of detail that can be obtained is very loligure 5-2 and Figure 5-3 represents the state

identification flowcharts for trucks and excavators developed for 2D location data, respectively.

131



Sart

Identify the
Zone of the
truck
Truck is
. Seed more than the .
? (-
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Figure 5-2: Flowchart of the Stateldentification Based on Location Data for Trucks in the
Rule-Based System

132



Gompare the bucket and
body position with the
previous enteries

v

Calculate the speed of
Bucket

v

Apply curve-fitting to the
bucket speed

v

Calculate d asthe distance
between the truck and the
bucket

Yes Excavator is
Dumping

dislessthan
threshold

Excavator is
Swingingto the —
Truck

Excavator is
Swinging to the End
Load

Excavator is
Loading

oving toward:
loading area?

Bucket isMoving ?

) 4

Far from the truck?

No

» Excavatorislidle —

Figure 5-3: Flowchart of the Stateldentification Based on Location Data forExcavatorsin
the Rule-Based System

53NEAR RHAME SI MULATI ON

As stated earlierNRTSis a concept based on the continuous update of a model initially
developed for a particular process. The initial model is inherently established on a large amount
of speculations and postulations, extracted mainly from similar previous projects. This mode

requires constant adjustment and tuning to remain accurate in the face of many anomalies and
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discrepancies that are rampant in the course of the work execution. The model refinement can be
performed using near retime data fromthe OAs. With referenceto the shortcomings of the

previous NRTSmethods reviewed in Sectiah2.3 a genericNRTSapproach needs to: (1)
accommodate different types aftking technologies and function with different levels and

types of information; (2) adopt a holistic view of the operation for the identification of the states

of different pieces of equipment involved in an operation; (3) provide a detailed accobat of t
equi pment 6s states that can, in turn, furnis
variety of purposes such as productivity measurement and safety improvements; (4) account for

the environmental factors that determine the persistency chfitared discrepancies.

In the proposedMAS architecture OAs are capable of performing detailed sidentification

based on a variety of the sensory data at their disposal and with the consideration of the location
and position of otheOAs in the tem. These capabilities already fulfill the first three of the
abovementioned requirements for a geneN&TSapproach. The forth requirement will be

discussed in this section.

In the proposed MASNRTSIis performed by th& CAs based on the stai@entification data
provided to them by their subordina@#s. Data about the current-bsilt status of the operation

and site conditions are provided via DBA and SSA respectively. Integrating this information,

the NRTScan more realistically perform opemati forecasts at desired intervals or at critical
times. It should be emphasized that the notion of-treed should not be construed as an
uninterrupted chain of simulations as the operations proceed, but instead it should be understood
as periodically pdormed simulation in intervals that are determined by the criticality of the
operations or when a simulation is requested byGB& in response to an urgent unforeseen

occurrence. These intervals are referred to a
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In this sense three roles folRTSare defined in the proposed MAS: (1) To periodically report to
the GCA (2) To provideupdated forecast about the operations triggered in response to the
design change update; (3) To provide predictions about the future stabéisep pieces of
equipment to ever@A for the purpose ot AEWgenerations, as will be explained in Chapter 7;
and (4) To simulate the various scenarios requestgd@¥when an unforeseen circumstance
befalls. TheGCAwill generate a set of possible scenarios through varying the time and resource
values associated with the elements of an operation and request TiOAutle feedback on the
performance, e.g., productivity and cost, of different scenarios. Subsequbatl/CA will

present the results to tl&CAfor selecting the optimum scenario, basedN&TS

The structure of the propos®&RTSapproach is presented kiigure5-4. The proposed approach
encompasses the following steps: (1) Once the data transfer from all the subdbdiaate
completed, it is required to direct the state data through another round girposssing to
ensure that individually capted OA states can be integrated to form meaningful and coherent
simulationusable operation cycligme data; (2) Upon the completion of the data {post
processing, if a mismatch is detected between the estimates, coming from a moduldaddied
Analyzer and theOAs 6 dat a, the sates ar dnfognatiort Filtéro anot
which will collect and analyze the external and environmental factors, §&/to determine
whether or not the mismatch emanates from a temporary cause; (3) Dependiegdecision
made by thdnformation Filter, either or both of the following is performed) the simulation
model is updated by th®lodel Refinerbased on the captured site data, andigroply the
schedule is updated based on the amount of the meadelsd (4) The updated simulation

model is then used by the Simulation Engine to update the schedule; (55ICeecides that
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an action is required, different scenarios can be consulted through the sensitivity analysis of the

simulation model by a made called Scenario Analyzer.

&‘ w ; ﬁ Subordinate OAs
|

‘ Data Post-processing

Initial Simulation

State Data |<

Model
Change .
Detected No—> Noaction
Vs |
Environmental data v Undated cvcle
and Additional Data —»| Information Filter PO Oy, Model Refiner |« Model Analyzer
times
from SSA A
l Refined Model
Schedule fro PDA TS <— Simulation Engine < A range of resource
combinations
Results
\ 4
l}"i' — Sensitivity Selection of Resource
“ Analysis Combination
GCA -
Scenario Analyzer

Figure 5-4: Architecture of the Proposed NRTS

The proposed refinement is based on the assumption that in every round of simulation update, if
the simulation parameters are found to have been altered, the previous assumptions are
invalidated and a new simulation model needs to be generated and exé&betdshckbone of

this assumption is to notify the project manager about the expected finishing time of the project,
should the operation follow the same regime as the last update interval. The merit of this
assumption over simply accruing the sample datx time is that it represents the most recent
working pattern based on the most recent changes in the site, with the condition that no major

onetime or shortime occurrences have contributed to the mismatch between existing model
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and the captured dat@n the other hand, this assumption requires capturing enough number of

cycle times before evaluating the need for simulation update.

5.3.1DATA POST-PROCESSING
Data posfprocessing comprises two layers of analysis, narRalitem AnalysisandCycle Logic

Check

5311PATTERN ANALYSI S

Stateidentification based on the strict rules explaime&ection5.2is susceptible to errors, even

after the error correction of the radata. The cause of these errors is the fact that the motion of
equipment in practice is not uninterrupted and has a degree of intermittence. As a result, the
analysis of equipment state at one instance of time without the consideration of the preceding
and succeeding states is prone to inaccuracy. In order to offset these errors, a pattern analysis
needs to be performed, as showrkigure5-5. The pattern analysis runs through the results of

stateidentification and pinpoints states that do not constitute a pattern.

This threshold can be defined in view of the averaging timeapad in the correction phase
(dt), the typical duration of the shortest state in operatiprafid the logical shortest duration for

an activity to be legitimized as a valid activity and not a fluctuatiar).(Based on these values,

for every entry inthe data,n entries on each side of the current entry, i.e. preceding and
succeeding, need to be included in the pattern analysis. Nevertheless, at éaases should
have the same state for the current entry to be recognized as a part of a pattrer. Words,

the threshold states that percent of the total range chosen for the analysis must have an

identical state. The, mandp can be obtained using the Equations (1~3).
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Figure 5-5: Flowchart of the Pattern Analysis and Cycle Logic Check in the RulBased
System
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For example, if the duration of the typical shortest state in the opergjim10 sec., the logical
shortest dur@gon of that statetfin) is 6 sec., and the data is averaged over 2 dg¢ctifen the
analysis should be performed over a range of 2 entrjdsefore and after every entry, altogether

encompassing 5 entries. Of these range, at least 2 emjigsusthave the same state as the
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current entry, corresponding to a threshqlp f 60%. Nevertheless, very highwill result in

the elimination of a large quantity of the data and setting it too low will cause no change in the
stateidentification. The patter analysis eliminates the states that do not satisfy the threshold.
Then, it assigns a state to the slass entries based on the prevalent state preceding or
succeeding the statess entry, using the same threshold. Fhpact of pattern analysis oneth

smooth data capturing correlates directly with the timespan used in the pose estimation. The
greater the timespan, i.e. the more data are bundled together, the less the need for the pattern

analysis.

5312CYCLE LOGI C CHECK

Although the pattern analysis sigfs to capture a good account of the equipment states, an
additional cycle logic check is required. Given that the result of-statdification needs to be

used in the simulation, and that the simulation model has a predefined logical sequence of states
the captured data need to be mapped to this logical sequence, as sliogunab-5. The need

for this operation stems from the fact that in ptihere can be minor breaks in the logical
sequence. For instance, take a truck that enters the dumping state, maneuvers for dumping and
stops for dumping but, due to some reasons, readjusts its position before the actual dumping. In
this case, the rulegiven in Table 5-1 identify the following states: (1) maneuvering for
dumping, (2) dumping, (3) maneuvering for dumping, and (4) dumping. Thus, the main
functionality of cycle logic check is to reinterpret the states in the context of the logical sequence
of states. The inewruity with the simulation logical sequence is induced by two possible types

of breaks. First, the captured sequence of states represents an expected break, i.e. irregularity
caused by the repetition of the same states in a close proximity or interchasigkdoring

states, e.g. the example given above where an extra maneuvering for dumping is identified



between two dumping states. Second, the captured sequence of states contains an inexplicable
break, caused by missing states or-neighboring states,.@ the state of loading is not
identified for the truck and the truck is identified to proceed to the hauling after maneuvering for
the load. Although cycle logic checks can identify both types of breaks, only the first type can be
subject to modificatios. In the case of inexplicable breaks, the cycle logic can only generate a
warning to inform the modeler or manager of the anomaly. For the modification of the first type

of breaks, a predefined knowledge of the ranges of possible breaks needs to barasstbtm

the captured states. The decision about what state should be transformed to what other state
depends on the hierarchical precedence rules, and can be determined by the simulation modeler.
For instance, in the above example, two options exitteEthe middle maneuvering state is
transformed to dumping state or the middle dumping state is transformed to the maneuvering
state. The selection is made based on the preference of the manager or simulation modeler to
truncate maneuvering time towardsimping time or vice versa. Also, cycle logic can help
identify the states that have been unreasonably long, usinglefseed thresholds. It is worth
mentioning that unlike pattern analysis, which is performed for every entry, cycle logic check
combinesall the adjacent entries with the same state and operates at the state level, i.e. it only

compares the states.

Upon the completion of the cycle logic check, the shAsed system calculates the durations of

every identified state and transfers the data torttoemation filter.

5.3.2INFORMATION FILTER

The Information Filtermonitors various sources, and should itedetdiscrepancies that demand
a change of the model, it will send a request to Nfuelel Refinerfor further actions. The

flowchart of thelnformation Filteris shown inFigure5-6.
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Figure 5-6: Flowchart of Information Filter

For this component to be able to distinguish refinermequiring discrepancies from negligible

data fluctuation, tree types of data are required, namely: (1) expected conditions at the planning
phase, (2) data capture from the site in near-tnea, and (3) the most recent weather
forecasting data. These data can be captured fresit@ata capturing tools, e.getmometers

and hygrometer, and a wide range of public weather stations. The parameters that may carry
transient implications on the process include, but are not limited to, temperature, humidity,
precipitations, oper at or sghousktime bf the day, wyngmce n t

changes to the site layout, accidents, etc. For the brevity, these parameters are termed
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Environmental FactorEFs) in thisresearchWhile any of theEFs could affect the progress of
the project, it is conceivable thdtteir impacts are temporary. Accordingly, every machine state
and the pertinent simulation parameters need to be processed and analyzed in line with a set of

correspondingeFs.

The Information Filteris triggered when state data are generated by théasked system and a
mismatch is identified between the current assumptions in the model and the most recently
captured data from the site. Needless to say, if no discrepancies are identified, nis sakiem,
otherwise thdnformation Filterchecks if there have been any accidents. Iif@mation Filter

adjusts the schedule based on the amount of delay if an accident had happened. It is worth
mentioning that the case of broken equipment is alsodenesl as a type of accident. If a piece

of equipment has been broken only during the last updating int@ig+dl:}, only the impact is
reflected in updating the schedule, as showhigure5-6. However, if the equipment is known

to be unavailable in future, this change has to be performed manually by the manager via
adjusting the simulation modellable 5-3 shows three scenarios that may follow when
discrepancies are identified and no accidents were detected. In thisTiganelT1 represent the

start and end of the update interval, respectively. First the current EFsegieed against the
expected values at the planning time to identify any unforeseen environmental conditions. If all
the EFs are according to the expectations, the model estimates need to be updated (Scenario 1 in
Table5-3); else the duration of the unexpected EFs should be checked based on the forecasting
data. In case they are shtetm changes, only the schedule is updated based on the occurred
delay but the model is left unmodified, (Scenario 2 in Table 3). If thepsawtad EFs are found

to be longterm, both the model and schedule need to be adjusted, (Scenafial3dab-3), and

also the expected EFs at the planning phase teelee updated based on the most recent data.
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Table 5-3: Different Scenarios Resulting from Information Filter based on EFs When No

Accidents Are Detected

Scenario [Scenario 1: Scenario 2: Scenario 3:
Matched site and planning Short-term unmatched site  [Long-term unmatched site and

Source EFs and planning EFs planning EFs
of EFs

To T2 To T2 To T1
Planning Phase | N | | N | N

[ [ [
Site between d S @ @
and Ti I I l l I 1
Forecasting atir m & N

Decision

Model Update

Schedule Update

Model & Schedule Update

5.3.3MODEL ANALYZER

TheModel Analyzefr nt er prets the 1in

ti al

mo d e |

and

trar

formalized and modifiable format. Then, it disintegrates the model into the constituent

components and formalizes the causal relationships, activities and resourcesseytbahtbe

individually modified and reassembled by thiglodel Refineffor further execution

5.3.4MODEL REFINER

The inputs for this component are (1) the change request coming fromfahmation filter,

which represents a major deviation from the existing values in the model, (2) the state of the

equipment resulting from the rub@sed system, and (3) the parsed model coming from the

Model Analyzer The Model Refinelidentifies the parameters that ndedbe adjusted based on
the change request placed by théormation Filter, and updates the model accordingly. The

Model refiner also performs the statistical distribution fitting to identify the best statistical

distribution that represents the captudadia.
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5.3.5SCENARIO ANALYZER

The scenario analyzer mainly performs sensitivity analysis over a range of resource quantities to
help optimize the configuration of the fleet. For example, if a unit runs out of service, this
component would allow the managemeo explore the possible options they can choose from.
This component includes an engine for the sensitivity analysis, which generates a range of
resource combinations, and a module to opt out the best solution. Sensitivity analysis refers to
the proces®f running the simulation model over the range of options that can be considered
through varying the values of resources. It allows performing a comparative study of various
scenarios in terms of productivity and costs. The selection of the best sasfiasoon the
subjective opinion of the manager or can be performed using a range of methods, from complex

optimization method, e.g. generic algorithm, to simple ranking methods.

5.3.6SIMULATION ENGINE
The simulation engine is a platform on which the procesdel is run and the subsequent report
is generated. This component goes through the model simulation and flows the resources amid

the network of activities to perform the time and productivity evaluation of the model.

541 MPLEMENTATI ON

To demonstrate thepalicability of the proposedpproacha prototype, including two loosely
coupled applications was developed and tested in this research. Both applications are developed
using VBA in Microsoft Excel. The first application encompasses the simplified caoect
method and the Ruleased System and is designed to receive the raw location data as input and

process them through the steps elaborated in Set2oh Oncethe location data are corrected,
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the rulebased system considers many different location parameters to infer the state of different

pieces of equipment, as explained in Seci@hand presents them in a different sheet.

The second application comprises khedel AnalyzeandModel Refiner StroboscopéMartinez
1996)is chosen as the simulation engine due to its palpable strengths in extensibility, robustness,

availability, compatibility with simulation of construction operations and ease of use.

This implementation is generic in the sense that it can accommodatiypanyf operations that

can be represented by a simulation model.

5.4.1DATA CORRECTION AND RULE-BASED SYSTEM APPLICATION

This application requires the user to input the file containing the location data generated by
RTLS At the present state of the prototyiecan be applied to dWB system(Ubisense 2015)

which is based on local Cartesian location data, anGBfesystem, which is based on latitude,

longitude and altitude.

In anUWB RTLSsystem, a sensor cell is cooged of several connected sensors which capture

the location of tracked objects. The synchronization of sensors by the master sensor is done using
timing signals from each sensor. Location data are registeredfWuBitags that are attached to
objects of mterest. The tag data registry allocated by the sensors is doneT¥iy method

that splits the signal into several time slots afidcates each slot to one tag. Tags data are
received in quick succession at their own time slots. The time slot allodatioptimized to

ensure that while enough space is maintained for the registration of new tags, each tag is

receiving the attentiom line with the expected service quali@hang 2010; Zhang et al. 2012)

Oncethedaa i s i mported to the application, t he

names, sorted from the earliest to the latest reading and stored separately in different sheets. At
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the initial run of a new set of data, since the synchronization is esq@ar the pairwise
comparison of tags, correction and averaging over the tags, the user is restricted to perform
averaging over time before any further processing. The data can be averaged over time at the
time span desired by the user. The correctionuil@edxecutes thsimplified correctionmethod

explained in Sectiod.2.2 The averaging over tags module is intended to provide the possibility

for averaging several tags into one represent

coordinates.

The stag-identification module subjects the data to the rebgslained in Sectiob.2 andinfers

the state of the equipment associated with every enulyfather process them using pattern
analysis and cycle logic check. At the present version of the application, only rules for a simple
haulingdumping operation that considers the states of trucks and excavators are embedded. For
this purpose, the uses asked to choose the tags that represent the truck, the excavator body and
the excavator bucket. Also, the user can decide to use fixed zones, for which the coordinates of

the geefencesare required, or dynamic zon@radhananga and Teizer 2013)

With regard to the excavatoros state identifi
the bucket motion and its associated errors may hinder the precise identification of the beginning
and end of swing action, a data smoothening techniquesrieebe used. In this application,

Matlab curvefitting tool is integrated with th&BA code to perform Sum of Sine method for

curve smootheningMathworks 2015)However, as part of the future work, the implementatio

of more robust techniques such as Kalman filtering is being considered.

A module is designed to provide several types of visualization. The first type of visualization is
the chart of the movement tracks of the tags, which represents how a partgutaved on the

site, as shown ifrigure 5-7(a). These charts are animatienabled, meaning that the user can
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chose to see the movement of tags over time. The second type of visualization pertains to the
stateidentification, as shown ikigure5-7(b). This type, which is also animati@mabled, helps

the user pinpoint the state of different pieces of equipment in comparison to the location of
different tags. The third type of visualization allows the usdoad the video of the operation
through the panel shown iRigure 5-7(c) and compare the results of statentification and

movement tracks with the video for therpose of validation.

Furthermore, the user is presented with a table of the averages and standard deviations of the
durations each piece of equipment spent in every state, as showiguire 5-7(d). This
information is obtained through averaging the duration of all the similar states over the period of
analysis, excluding the states where violation of threshold is identifigdre 5-7(e) shows the

loaded video at exact same time as the location of tags shown with small sqilragesah-7(a)

and (b).

5.4.2NEAR REAL -TIME SIMULATION APPL ICATION

In the proposed approach, once the raw location data are processed in-Hasedlsystem by

OAs, and thus transformed to information about the machine states, and then filtered by the
Information Filter, they are sent to th®odel Refiner However, at the current stage of the
application, the assumption is that the input state data coming from the rules are already

classified by thénformation Filteras changes requiring the refinement of theutation model.

The NRTSmodule, as shown iRigure5-8, begins withreceiving the initial simulation model as

an input to the applicatiormhe Model Analyzerthen parses the model and creates the list of
durations and features that are used in the model. At this point, the user is asked to choose the
variables and parameters that are used in the simulation model, e.g. hauling speed, and correlate

thechosen variables/parameters with the relevant state data coming fronfothetion Filter.
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Figure 5-7: Interfacesfor the Presentationof the Resultsof Simplified Correction Method
and Rule-Based System

For instance, the user determines that the actual speed of truck 1 in the hauling state is the state
data appearing in the colundnin an Excel sheet. To establish this correlation, the user chooses

the hauling speed in the interface of e TSmodule andlefines the new value @ Once the
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correlations are made, the application monitors the flow of state data and updates the model
according to the incoming state information. Every time an update is made, the modehigre
the simulation engine ancdesults are published in the Excel sheBhe interfaces of this

application are shown iRigure5-9.

Start

A

Read the
model

h 4

Parse the model

h J

List durations
and features

Model Analyzer

3
v

Correlate
parameters

Model Refiner

Read processed data .| Updatethe
from Rule-based " mode!

v

Run simulation

Publish
in Excel

Simulation Engine

Figure 5-8: Flowchart of the NRTS Module
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Figure 5-9: Interfaces of NRTS Application
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55CASE STUDI ES

The following case studies aim to validate how the state of the equipment can be derived from
the location and sensory data and further used for the decision making and NRTS. Although the
implementation of a fully integrated system is beyond the scopbkeopitesent research, the

developed prototype is used to test the proposed approach.

The case studies demonstrate the tasks related to the following components of the approach: (1)
Simplified Correction Method: correctinthe location data so that errors are minimized; (2)
Rule-based system: inferring the state information from the location data using the rules from
Table 5-1 and Table 5-2; and (3) Model Refiner: updating the simulation model using the
developed applicatiorin the first case studythe proposed method was applied on the lab test
presented in Sectioh4.2 The second case study, on the other hand, is designed to demonstrate

the applicability of rules iTable5-2 for anAMG excavator in a mining site.

5.5.1RESULTS OF THE FIRST CASE STUDY

The module for simplified correction methpdxplained in Sectiob.4.], is used to process the
location data. In order, averaging over time, correction and averaging over tags are applied to the
data.Figure5-10 provides an example of how the applied correction helps improve the quality of
the data. Also, the improvements of statentification by the pattern analysis and cycle logic

check are shown iRigure5-11.
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Figure 5-10: Movement of Track (a) Before and @) After Correction

In these charts, the horizontal axis represents time and the vertical axis indicates the states. The
solid line implies the presence in a particular state. It is evident that these steps helped in

eradicating the minor errors that suggest break in the @ighe cycle.

Comparison of the results suggests that, in conformity with the expectations, if the cycle logic
test is not performed, the result of stmtentification is more ruffled for the stdecond
timespans, where a less number of entries areaged, and thus more readings need to be
modified by the pattern analysis and cycle logic check. This is demonstrakéduie 5-12,

where the results of state iddication of truck before cycle logic check is presented for 0.5, 1

and 2 seconds.
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In order to identify the optimum averaging timespan, the data preparation was performed for
three different timespans, namely, 0.5, 1 and 2 seconds, with the assumption that zones are fixed.
The statadentification outcomes are shownkigure5-13. The upper and lower charts show the
transition and duration of states for the truck and excavator, respectively. As can be seen in
Figure5-13, the cycle logic check uses the udefined threshold to mark the initial dumping as

too long. Also, it can be inferred that with the increased timespan, along with the increased
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smoothness,here exists the loss of detail, which in the case-sé&nd averaging timespan
resul ts i n t he tot al omi ssi on of the- excav
identification with the video, suggests thasdcond averaging timespan yields thet besult, in

terms of smoothness and accuracy, as it is the point after which the increased smoothness causes

the omission of some states, e.g. maneuvering for loading&cé@d timespan.
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Figure 5-13: Results of State-Identification for : (a) 0.5 Sec., (b) %ec., and (c) Zec. Averaging Time Span
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The unrealistic ratio of different states in relation to one another, e.g. the hauling time to waiting
time for the loading, can be ascribed to the combined effects of the scale of the equipment and
site together with the @ giventpatroalndnétackawagsetlized i on a
in this test, states that involve waiting in queues are not pertinent to this case study. Additionally,
with the hauling and return path being identical in this test, no discrimination is made between

the two stats.

Another observation is that wherscond timespan is used, the initial state of the excavator is
identified as loading. This inaccuracy is caused by the loss of detail. Dotted lines depict the states
where the equipment exceeded the wdned threlold. These warnings can help the manager
further investigate the cause of the prolonged presence in a state. However, in the present case
study, all the warnings happened at either the inception or the conclusion of the test, implying
that the cause of ¢hprolonged presence is the mismatch between the starting/ending point of the

test and data registry.

The data was also tested for the accuracy of the rules without the assumption of the fixed zones
for the averaging timespan of 1 secoRajure 5-14 shows the result of the statientification

for this scenario. Since the stadientification of the excavator does not require zdatection,

t he excav aredaendical tosthoset shosvn i Figure 12, and thus not repeated in
Figure 5-14. As evidently shown irFigure 5-14, dynamic zones cause the loss of information
regarding maneuvering for dumping because in this test no tag was used to represent the

conveyor belt.
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Figure 5-14: Results of Stateldentification for Truck for 1 sec. Averaging Time Spand)
without Fixed Zones and b) With Fixed Zones

The output of the stafielentification is presented as shown in the® | u afterd fiTahle5-4.
For the brevity, only the results ofskcond averaging tirmgpan with the fixed zones are
presented. For instance, according toTable5-4, the dumping of the truck took 17.67 sec. in

average with the standard deviation of 2.36 sec. over four cycles.

As shown in Figure 5-15, the simulation model of the operation was developed using

Stroboscope. The data are, then, pass&RibSapplication for the update of the model.
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Table 5-4: The Results of Simulation Before and After Update

Duration Productivity | Total Duration
Equipment Simulation Parameters (sec.) (Truck/min) (sec.)
Before After Before| After | Before| After
Relocation Norm[3, 0.5] |Norm[12, 0]
Swing to Load Norm[14, 2] Norm[20.5, 1.5]
Excavator Loading Norm[8, 1.75] |Norm[10, 2]
Swing to Truck Norm[14, 2] Norm[15.25, 5.63]
Dumping Norm[12, 2] Norm[11.67, 4.19] 112 | 0.96! 199 |249 32
Maneuvering for Dumping | Norm[3,0.5] Norm[2, O]
Dumping Norm[6, 1.5] Norm[17.67, 2.36]
Truck Returning Norm([4, 1] Norm([3.62, 0.48]
Maneuvering for Loading |Norm[3, 0.5] |Norm[7.5, 1.12]
Hauling Norm[5, 1] Norm[3.62, 0.48]

In the NRTSapplication, the user defines how the state information relates to the parameter
defined in the simulation model. The application then runs the simulation model with the new
input and presents the results. The improvement in the simulation model, whestithated
durations are replaced with the actual durations, is demonstraieabia5-4. With the initial
estimates the entire operation should have lasted 1%hd®cwhile the experiment actually
lasted for 285 seconds. However, the update of the simulation suggested that the operation will
take 249.32 seconds which represents more than 17% improvement of simadaticercylt is
noteworthy that the durationd the initial simulation model are usually based on the historic
data and estimati on.

expertos Accordingl vy,

in Table5-4 are based on the specification of the used equipment, and the designed site layout.
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Figure 5-15: Simulation Model for the First Case Study
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5.5.2SECOND CASE STUDY

The second case study was performed to validate the accuracy of the proposed state
identification rules for an actual project where AMG excavator was used. A 30in log of
GPSdata were obtained from akMG-enabled Hitachi EX3600 hydraulic excavator operating

at the Obed Mine in Alberta. It is noteworthy that the obtained data came with no elevation data
but had a limited sensory data that indicate the tram mode of the equipment, i.e. relocation. The

2D and3D plots where time is used as the third dimension of data are shéigume5-16.

15004

161’?\5552&714 4
el

Y(m)

(2)2D View (b)2D and Time (c)Magnified View
Figure 5-16. GPS Data of the AMG Enabled Excavator
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As can be seen ifigure 5-16(a) and (b), some swinging activities can be discerned in the
marked areagrigure 5-16(c) provices a magnified view of a number of swinging actions. The
starting and ending points of swinging are marked with enumerated poiktgure 5-16(c),

which are identified through visual detection of sharp edges. With the coordinates of these points
known, the elaborated status of the excavator can be induced as shdwblerb-5. For
instance, it can be inferred frofrable 5-5 that during loading activities (from point 3 to 4) the
coordinates of thé&PSdo not change gatly, i.e. small length of move, and thus the speed is
low, while during swinging (from point 4 to 5) the moving speed is much higher. A closer
scrutiny of Figure 5-16(c) suggests that subsequent to the dumping represented by point 8 the
excavator relocates to a new loading point.

Table 5-5: The Details of One Cycle of Excavator Basedn Visual Analysis and State

Identification Rules

State

Duration based on Visual
Analysis (s)

Duration based on state
identification rules (s)

Swinging to Load | 7 5
Loading 17 19
Swinging to Truck |8 5
Dumping N/A 3
Total 32 32

The statddentification rules were applied to the isolated section shovigure 5-16(c), using
the 2D location data and sensory data that determine the tram iHodever, with the
information about the position of trucks missing, it was required to speculate a loading zone

based orFigure 5-16. A loading zone was defined in an area that encompasses edges on the
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right-hand side ofigure5-16(c). The results, shown iRigure5-17, present a good account of

the cyclic motion of the excavator.

State
7 3

Dumping j—
Swingto the Truck
Loading f [ [ [ [

Swing to the Load

Relocating

1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400

Time (seQ

Figure 5-17: Results of Stateldentification for the Excavator
For a better visualizatiorkigure5-17 depicts the result for only an excerpg.i6 cycles, of the
overall data, which encompasses 24 cycles. The comparison of the results of visual analysis and
stateidentification rules for one cycle are presentedable5-5. Despite minor discrepancies at
the level of state durations, which is partly due to the fact that dumping state is embedded in two
swing motions in the case of visual analysis, the totaltohns of the cycle match perfectly. This
validates the accuracy of the statentification rules, suggesting that the rules apply to actual
operations on site as well as to the controlled laboratory test. The overall results of state

identification for he entire 30 min of the operation are presentddlyie5-6.
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Table 5-6: The Result of Stateldentification for the Entire 30 Min of the Operation

Equipment Simulation Average Standard
Parameters (sec.) deviation
(sec.)
Excavator Relocation 50.25 32.37
Swing to Load 4.08 1.13
Loading 24.68 7.51
Swing to Truck 3.63 1.25
Dumping 2.95 1.82

56D SCUSSI ONS

In the context ofNRTS it is of crucial importance to determine the update interval of the

simulation model. The update interval has to be selected in such manner that enough number of

cycl esbéd

data i s

captured

f -than optirhad inteaval aekuitssin as

frequent change of schedule and model, and thus is impractical, a -gneat@ptimal interval

and

leads to a more restrictive leeway for corrective measures. In addition to the sufficient number of

cycle times required for sinhation update, the determination of the update interval is also

influenced by the level of flexibility in the project schedule and the type and level of control

severity the manager wants to practice and the duration of typicaltoyels. Basically, théess

flexible the schedule and the more rskerse the manager, the shorter the update interval.

Nevertheless, the analysis of cycle data can be performed in much shorter intervals for purposes

other than simulation update, e.g. daily site managementsaiety managemenas will be

discussed in Chapter. The warning capacity embedded in the cycle logic check enables the

monitoring of the operation in hourly basis, so as to identify the temporary cause of irregular

durations and react to it. On the atlieand, the combination of re@me tracking technologies
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and near redime rulebased system can be used in much shorter intervals, e.g. minutes or
seconds, to capture the potential safety hazards, e.g. possible collision of two pieces of

equipment.

Additionally, as discussed in tltbaptey although it is possible to identify the equipment states
even without the knowledge of the static zones where different states are likely to occur, the
zones offer the ability to capture a more detailed accouafjipment states. On this premise, it

is more favorable to use a wider area for a zone, so that all the possible relocations are

encompassed, than to apply rules for dynamic zones.

It should be highlighted that the notion MRTSis more applicable to opations witha highly
repetitive naturewhich can be represented by a simulation model. For this reason, heavy

earthmoving operations thi@ke placen open mine settings catsobenefit from this approach.

Although the proposedpproachis primarily bult on the vision of future construction sites,
where large and medium scale earthmoving projects are dominate@ ®§quipment and an
immense amount of location and sensory data are made readily available, is design is flexible
enough to accommodate tlapplication of the cheaper and more readily availdRELS
technologies, e.dJWB, to enable the existingMC/G-incompatible equipment to benefit from

NRTS with minimal retrofitting.

557 SUMMARY AND COMGLUSI

This chapter presented the proposed methods for the state identification and the NRTS. The
proposed method for the state identification is expected to be embedded i®Avargrder to

enable them to provide the required information for the executiowRItSby the responsible

TCA Intended mainly to only demonstrate the feasibility and applicability of the proposed
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functionalities, the implementation of these methods were presented outside the comi&$t of
structure at this stage of the research. Tiopg@sedNRTSapproach enables the application of
various types of tracking technologies for fituming the initial assumptions based on the
captured data from the actual operation. To validate the proposed approach, a prototype was
developed and implemesdt. Two case studies, one in the lab environment and Wit
technology and another based on the data from the actual project MUEZES enabled
equipment was used, were conducted to demonstrate the strength and flexibility of the proposed
approach. Inhe light of the results this research, and the shortcomings of the existing proposed
NRTSmethods, mentioned in Secti@2.3 the following conclgions can be made: (1) The
proposed overarchinlRTSapproach provides a trackitgchnologyindependent method for
processing, analyzing, filtering and visualizing the equipment states that can work with various
types ofRTLStechnologies and under theadlability of different levels of sensory data; (2) The
developed rule set is able to capture the finest details of truck and excavator motions through the
concurrent consideration of the fleet as a whole, and for several scenarios where various range of
sensory and location data are individually or collectively deployed. Furthermore, pattern analysis
and cycle logic test further improve the results of the state identification; and (3) The case study

demonstrated the feasibility of the proposed approach.

The developedRTSapproach, as presented in this chapter, does not perform distribution fitting

to the newly captured data from the site and assumes that the statistical nature of data remains
intact in the course of the project. However, this functiopabin be added to the Model Refiner
component so as to enable capturing the variation in the statistical characteristics of various

elements of the cycleme.
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CHAPTEBRBYNAMI C EQUI P NRKNTP AWRE

6.1l NTRODUCTI ON

As stated in SectioR.5, the safety application diGSenabled equipment is not sufficiently
addressed in the literature. The existing methods for the provision of safety supports for the
operators of earthwork equment tend not to take full advantage of the combination of
valuable pose, state, geometry, and speed characteristics of the equipment to accurately estimate
the shape oDEWs, as explained in SectioR.5.2 Consequently, the presectiapteraims to

leverage a set of information regarding the geometry, pose, state, and lseetedstics of the
equipment, which is the output of methods presented in Chapaed 8,to determine the shape

and size of the workspace based on the required stoppage time of the equipment so as to secure

the early identification of potential collisions while making a more economic use of space.

The structure of thehapteris as folows. First, theDEW generation method is elaborated. Next,
a case study is elucidated as a means to validate the proposed method. Finally, the conclusions

are presented.

6.2PROPOSED METHOD

DEWs aim to use the pose, state, geometry, and speed charastefsthe equipment to
generate a space around the equipment that would allow the prevention of immediate collisions
with workers orfoot, other pieces of equipment or obstacles on site, considégugpment
Stoppage Timetd). ts can be used to determine how much of the space in the moving direction of

the equipment is unsafe after the operator becomes aware of a potential collision. According to
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the definition presented by AASHT@ambro et al1997) ts has two main components, namely
reaction time and braking time. The reaction time pertains to the human factors and denotes the
time from the perception of the warning to the application of the break, during which the
equipment continues tralling with its current speed and acceleration/deceleration. The research
of reaction time is a lorgtanding trend for urban vehicles in traffic enginee(Bagerwald et al

1965; Taoka T. 1989; Barfield and Dingus 1998)r instance, Gazis et #L.960)and Wortman

et al.(1985)specify 1.14 s and 1.30 s, respectively, as the meanaeduttie for an unalerted

driver. The breaking time, on the other hand, is the time required for the equipment to come to a
complete halt after the breaks are applied, during which time the speed of the equipment declines
to zero from its current value. Thcomponent ofs is more pertinent to the mechanics of the
equipment and road conditions. Nevertheless, the research about the stoppage time is scarce for
construction equipment where multigd®©Fs should be considered. Guenther and S#Rf¥2)
suggested a value between 0.7 s to 1.5 s as a suitable stoppage time for mining excavation
equipment. In another study, Stentz et(8899)proposed a value between 2 s to 3 s aslae

that is empirically found suitable fdag for excavators. In this research, the valuetsois

considered to be 2 s.

Although according to the definition &f this value includes a period of moving with the current
speed and a period of decelevaf in order to simplify the calculation process, this research
conservatively assumes that the equipment continues to travel with its current speed and
acceleration. Another assumption of the proposed method is that all pieces of equipment are
equipped wth an RTLSso that their poses and statas be calculated accurately. The update
rate of DEWs is equal to the update rate of the corrected pose agiiteoming from theRTLS

used in the equipment. A rubmsed system is used to identify the statediftdrent equipment

167



with a high accuracy by leveraging a set of equipment proximity and motion rules that determine
the states of the equipmeas explained in Chaptér Also, a robust optimizatiehased method
that uses geometric and operational characteristics of the equipment is used to improve the

quality of the pose estimatipas explained in Chaptér

Furthermore, in addition to th®EWs of equipment, workers efioot and semdynamic
obstacles (e.g., temporary structures), also need to be tracked by mdnhkSadnd to be

represented by their own correspondiatesy zones to enable effective collision avoidance.

In this research, two types of equipment, namely excavators and trucks, are used as the main
types of equipment that are typically used in earthwork operations. Excavators represent
equipment that hasrteculated mechanism with rotation&OFs, whereas other types of
equipment, e.g., trucks and rollers, are represented by trucks. However, at the abstract level of
the discussionDEWs of excavators are used as an example because they are more complicated

than those of trucks due to their large numbddOFs.

Figure6-1 shows instances of a workspace that, unlikeDdag\s shown in
Figure 2-20, consider the pose, state, geometry, and speed characteristics of the equipment. In

such a workspace, depending on the state of the excavator, different shapes are used.
Figure6-1(a) shows the DEW of an excavator in the swinging state that uses the magnitude of
the rotation speed to determine the angle However, ignoring the moving direction tife
equipment may result in an uneconomic usage of the space that can be very valuable in a
congested site. Therefore, it is recommended to consider the swinging direction of the equipment
to differentiate between parts of the space to which the equipsapproaching and parts from

which it is moving awayFigure 6-1(b) shows the proposed workspace of an excavator in the

swinging state where the direction of rodatis considered to differentiate between the angles of
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workspace on the rotation directiod) @nd the opposite directiob)( The rationale behind the
asymmetric shape of the workspace is that the risk of collision along the direction of movement
is muchgreater than along the opposite direction. Thus, a greater accent should be placed upon
the space at the moving direction of the equipment. This research proposes asymmetric
workspaces that consider the moving direction of a piece of equipment in dadisstaplained

in the following sections. This arrangement better captures the potentially hazardous space

around the equipment while using the space frugally, rendering this type of workspace very

suitable for congested sites.
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Figure 6-1: (a) Symmetric Workspace, and (b) Proposed Workspace

169



Equipment; Equipment, Equipment;

: Send Location ! |
Send Location R
< Send L ocation Send L ocation
Send L ocation
< Send Location
Alt Send Priority and DEW,
[Equipment in Vicinity ==True] Send Priority and DEW,
Al Collision
[Eq, has priority==True] Detection
Alt | sop
[Collison Detected==Trug] Send Warning
Eq, has priority==Tru¢] Collision
[Eazheep Y ] Detection
Alt Stop
[Collison Detected==True] Send Warning
[Elsg] Collision Collision
Detection Detection
- Stop Send Warni Stop
i —— arning
[Collison Detected==True] Sond Warning
I | |
(@)
Equipment, Worker;
! I
' Send Location !
Alt Collision
[Worker in Vicinity ==Trug] Detection
Alt Sop
[Collison Detected==True] Send Warning

(b)

Figure 6-2: Sequence Diagram of Communicatiobetween (a) Several Pieces of Equipment,
and (b) a Piece of Equipment and a Worker Using DEWSs for Safety Control

170



For theDEWs to be effectively used for the purpose of collision detection and avoidance, every
piece of equipment needs to be able to generate its DEM/ and have neareattime
information about thdOEWs o f ot her equi pment dFigue62@e wor k
shows the sequence diagram (Booch et al. 1999) of the communication between different pieces
of equipment that enables the neaattime exchange oDEWs and the @bhsequent collision
detection. To avoid redundant computation, the equipment can perform pairwise comparisons
only with the pieces of equipment that are in its vicinity. To determine the equipment in vicinity,
the multilayer workspace concept (Chae 2000¢ et al. 2014, Wang and Razavi 2015) can be
applied. In this method the distance between every two pieces of equipment is calculated and if
the distance is less than a specific threshold, then the collision detection betweBikWeiis
performed. In ader to further reduce the computation efforts and avoid redundant calculations,
the priorities of the different equipment can be used to delegate the calculation to the equipment
with the lower priority. If a collision is detected between two pieces wpetent, the equipment

with the lower priority will stop and send a warning to the other equipment. If both pieces of
equipment have the same priority, then both should perform the collision detection and if a

collision is detected they should both stop.

Similarly, Figure 6-2(b) shows the sequence diagram of the communication between a piece of
equipment and a worker doot. It should be clarified that given the Wers vulnerability, they

always have a higher priority over the equipment. As showrigare 6-2(b), every piece of
equipment receives the location of the worked ahecks for the potential collision between its
DEWand the cylindrical workspace of the worker. If a collision is detected, the equipment stops
and sends a warning to the workers to clear out the dangerous zone. While it is indispensable to

account for wrkers onfoot in addition to the equipment and sesynamic structures for
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effective collision avoidance on a construction site, the cumesearchfocuses only on the
collision between equipment. This is because, given the size of the equipment iand the
inherently more complex kinematics, the interaction between equipment is more complex and
more difficult to monitor. Nevertheless, the proposed method can be easily applied to consider

the workers as simple cylindrical workspace to avoid all typeslli$ioos on a site.

Figure6-3(a) and (b) show the flowchart for the generation of the propo&atl for excavator

and trucks. In both flowcharts, with the 3D model of the equipment and its pose and state
information avaible, the method proceeds to determine the linear and angular speeds of the
equipment. For instance, as showrkFigure6-4(a), an excavator can travel on its tracksh the

linear speed o move its bucket with the linear speeddsf or swing with the angular speed of

S b. Figure 6-4(b), shows the speeds corresponding to dhetrollable DOFs of a truck. The
calculation of different speed and acceleration elements of the equipment is based on considering
the changes in the pose of the equipment over two consecutive pose estimation data. It is
previously shownin Chapter 4how the pose estimation method can be used to accurately
determine the 3D pose of the equipment, which includes the corrected location of the equipment
and the orientation of the multiple parts of the equipment. The linear speed elements can be
calculated usig the difference in the equipment location data over the time between two updates
of the pose datagf}. Similarly, the angular speed can be calculated using the difference in the
orientations of the different partd the equipment oveys. The relevant acceleration elements

can also be derived from these speed elements.
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Figure 6-3: Flowchart of the Generation of DEW for (a)Excavator, and (b) Truck

It should be emphasized that the pose estimation method applies the required corrections to the
location data to remove thTLSerror up to an acceptable level (e.g., 20cm), but there is always

a certain degree of residual ermrthe estimated pose that will propagate through the speed and
acceleration calculation. However, as long as the amount of the residual error is within the

acceptable level, the calculated speed and acceleration elements are considered reliable.
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(b)

Figure 6-4: Speed Vectors Corresponding to Controllable DOFs for (a) an Excavator, and
(b) a Truck (Models of Truck and Excavator Are Obtained from Google 3D Warehouse
(2014)

Upon the determination of the speed vectors[XB®/can be generated based on the type of the
equipment and the equipment state as explained in the following sections. It should be
emphasized that this method determines the shapEEWks based on the asaption that the
equipment is going to remain in its present state. Accordingly, the boundary situations, where the
equipment is transiting between one state to another are not considered. However, this is
tolerable in view of the high update rate of DiEWs. The types of thBEWs and the parameters

that determine their shape are introduced in the following sections. Then, as explained above, the
equipment with the lower priority (or both pieces of equipment if they have similar priorities)
applies the coiéions detection betwedDEWs of equipment in the neighborhood. If the collision

is detected, warning is sent to the operators of the involved equipment with a lower or similar

priority to stop.

It is also noteworthy that the generation @EWs can be simgied by first calculating its
projected shape in thewplane and then extruding it along the vertical axis so that the entire
range of movement of tHeOFs along the vertical axis is covered. However, a fullCEDN will

be investigated in the future.
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6.2.1DEW OF EXCAVATORS
Two distinct types of states can be identified for an excavator, namely stationary states
(swinging, loading, dumping, and waiting) and traversal states (relocating, maneuvering).

Usually an excavator can only engage in one of the twestgpa time.

As shown inFigure6-4(a), a typical excavator can be controlled through five controllRBIEs
resulting in the speed vector®] B] B] B and @ However, since the workspace calculation
is done in the s plane, three of the abowveentionedDOFs ( B] B] B) can be combined at
any point in time to generate the instantaneous linear speed vector at the tip of th¢Umicket

This reduceshe number of the speed vectors to threrw, D).

6.21.1DEW OF EXCAVAITARIIONARY STATES

When an excavator performs stationary operations, it only moves along either oribatanof

uB This is because a skillful operator is able to controkiplalDOFs alongy pwhile swinging.

The shape of thBEWIs defined based on the identified current stationary state of the excavator
(swinging, loading, dumping, and waiting). Additionally, since the tracks of the excavator are not
moving during the steonary statesDEW s defined only for the upper body of the excavator in

these states.

(1) Excavator in swinging state: As showrFigure6-5, if an excavator is identified to be in the

swinging state with the angular speed a@fand the linear speed ob the DEW is determined

by the corresponding values ofband0 , where U represents the ang
rotation,b represents the angle in the opposite direction that is reserved for the possible change

of swinging direction instigated by unforeseen circumstances) amatcounts for the combined
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movements of the boom, stick, and bucket in the vertical plane comgdireraxes of the boom

and the stick.

For the simplicity of the calculation, each part of the equipment can be represented by a tight
fitting bounding box, as shown ikigure 6-5(a). The DEW can be generated through the
determination of the rotation radius for each bounding BaxR, R;, Ri, Rs), a buffer b), ts, the

rotation angles U and b opassdownifigure®ifpy. k et moti o

Rii s a variable that I's defined as the distar
furthest point on the boom, stick, and bucket axis in thgobane at the current timB. to Rs are

fixed parameters that are dictated by the equipment geometry and correspond to the distances
from the excavatorods center of rotation to t
excavator.b is also a fixed parameter used in order &firte DEW with a degree of
conservativenes$.is proportionate to the size of equipment and can be defined as a percentage

of the maximum dimension of the equipment, for example 1% of the length of the equipment,

and is applied along the raddi. Other &ctors that may have impact on the valud afre the

update rate and the accuracy of the apdR@dLS Another buffer If) is added to the bounding

box that contains the boom, stick and the bucket, as shokgure6-5(b).

The angleb represents the amount of swing the excavator will do viethe operator stops the
swinging in its current direction and swings in the opposite direction for any reasons. With this
definition, b is a function of , ts, andthe swinging acceleration/deceleratidn)( assuming that

they are equalt is apredefined value due to the fact that it pertains to the acceleration and
deceleration that are expected to happen in case of swing directiorEgiéition6-1 can be

derived from basic kinematic equatig#®rshaw and Smith 2008)r the calculation ob .
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(c)

Figure 6-5: Schematic (a) 2D and (b) 3D and (c) simplified 2Representations of DEW of
an Excavator in Swinging State
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t 0 — — Equation 6-1

The anglel on the other hand, denotes the amount of swing the excavator will be doing in the
current direction provided it continues with its current speeg) &nd acceleration/deceleration

(t ). Unliket , T is a value measured in real time because it considers the current actual
acceleration. Neverthelesk,will be zero during most fothe swinging operation since most
excavators tend to reach to the steady state swinging speed quickly and then continue with that
speed. Similarly, when the swinging is completed, the excavator decelerates to a complete halt

quickly. Based on this defition, Uis a function oft ,] , andts, as shown ifEquation6-2.

T o o) Equation 6-2

Yal o)

bc represents the clearance buffer for the movement of the bucket along the boom, stick, and
bucket axis when the skilled operator is combining the swinging motion with boom/stick/bucket
movement away from the excavat(lRRowe and Stentz 1997)It is determined by b (the
projection ofobpon the horizontal plane), its corresponding measured acceleratipnandts as

given inEquation6-3. To generat®EW conservativelybcis defined based only on the outward

tilting of the combination of bucket/stick/boom movement and it ignores the inward tilting.

RYS)

"allxe)

T 0O U 0 Equation 6-3

Although the accurate representation of EW for the swinging state is as shown in
Figure6-5(a) and (b), a conservative sinfation can be made to the geometry of EHEW by
connecting the corners of the pie shapes resulting from the rotations of each corner of the

bounding boxes, as shownkigure6-5(c).
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(2) Excavator in loading/dumping statdsgure6-6 shows the workspace when the excavator is

in the |l oading/dumping states. Since the exca
is enough to reserve space for the movementeobtdom/stick/bucket using a buffer. The shape
presented irFigure 6-6 is the natural result of the excavator workspace in the swinging state,
shown inFigure 6-6(c), when and?t are zero, and thug and b are zero. Accordingly, the
workspace in these states is determined mainly &gdbc, where the calculation dic is dane

similar to the case of the swinging state throkEgliation6-3.

Figure 6-6: Schematic Representation of DEW o&n Excavator in Loading and Dumping
States

(3) Excavators in waiting statéfhe excavator workspace during the waiting state resembles that
of Figure 6-6, with the dfference that since the excavator is not engaged in any operations, the

value ofbcis zero.

6.2.1.2DEW OF EXCAVATRAREIRISAL STATES
Whereadrigure 6-5 and Figure 6-6 illustrate the basic principle behind the generatioDBiV

for an excavator in stationary statésgure 6-7 depicts the ruling parameters in forming the
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DEW when the excavator is performing traversal operations (i.e., relocating or maneuvering

alongw).
ec |b | L*? |b |
| | | L
b
W,
Ve
IE

Figure 6-7: Schematic Representation of DEW of an Excavator in Traversal States

The workspace in this case is a box whose dimensions are regulated by (1) the dimensions of a
bounding box representing the entire excavdtar\(\k) at a given pose, whete andWe arethe
instantaneous length and width of the equipment, a bulfgr and the excavator motion
clearance’@ Jo Unlike the workspace in stationary states, where the tracks were disregarded from
the DEW, in traversal states, the tracks némble incorporateéh the workspace. This is because

the tracks are not stationary and can be a source of collision risks. Given tBdEWhies an
instantaneous workspace generated solely based on the pose and the speed characteristics of the
equipment, it is defined lineg alongw, even if the equipment is actually moving on a curved
path. However, if the construction site has a road network, then the location data of the
equipment can be integrated with the road data to ensure that the workspace is following the road
alignment. This integration is not currently considered in this research but will be addressed in

the future.
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The rationale behint is similar to the one explained earlier in Secto?.1.1 ecrepresents the
clearance buffer for the movement of the excavator when it moves on its tracks along the speed

vectorw. It is therefore a function af, measured , andts as given irEquation6-4.

Qh -1 o O o Equation 6-4

all o)

6.2.2DEW OF TRUCKS
Similar to excavators, truck can be also engaged in two distinct types of states, namely stationary
states (loading, dumping, and waiting.) and traversal states (hauling, returning, and

maneuvering).

6.22.1DEW OF TRUCKI ONABYASTATES

The stationary stasefor the truck are loading, dumping and waiting. Due to the simple geometry
of trucks, theDEW for the truck is basically represented by a box whose dimensions follow the
dimensions of the equipmerit;(W) with an additional bufferkf). Figure 6-8(a) represents the
DEWfor the truck in stationary states. Note that in the dumping state, an additional buffer should
be added to the rear of the truck based on the speed at which thelnsabailag spread, which

is a function of the type of soil and the rotating angle of the bed of the truck. However, the

presentesearctdoes not cover the details of this case.

b . Lt Ibt tc . b . Lt Ibt
[ [ __bt I I I __bt
21 e i W
| __b[ — __bt

(a) (b)

Figure 6-8: Schematic Representations of DEW of a Truck in (a) Stationary States, and (b)
Traversal States
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6.222DEW OF TRUCKEIRSATRAVMATES

The truck is in a traversal state when it is hauling the material to the dumping area, returning to
the excavation area, or maneuvering at the loading or dumping areaBEWef a truck in

these states is determined by the equipment dimengignaf), a buffer f;) and a truck motion
clearancetf). tcis calculated using an equation similaEguation6-4. Figure 6-8(b) represents

the DEWfor the truck in traversal states. It should be noted that when the truck is maneuvering,

it may be moving backward. In such scenarioss applied at the rear of the equipment.

Once theDEWSsof all pieces of equipment are generated, it is possible to identify the potential
conflicts between them and take the required corrective measures, e.g., alerting the operator or

stopping the equipment.

6.2.3AN EXAMPLE OF THE AP PLICATION OF DEW

Figure 6-9 shows a scenario in which a truck enters a site, maneuvers to the loading area where
an excavator is digging a trench, gets loaded by the excavator aadsdigpm the site. As

shown inFigure6-9, t he ori ent at i obDEWahamge accolirg taoits varyilmge t r
direction and magnitude of its speed vectay (espectively. It is worth mentioning that not all

types of collisions among workspaces and safety zones are actually a safety threat. For instance,
as shown inFigure 6-9, while the collision between the workspaces of the truck and the
excavator may lead to a safety hazard, an overlap between their workspaces is inevitable as part
of the regular excavation work cycle. This limitation is because of the simpdifigpge oDEW

along the vertical axis resulting in seemingly overlapping workspaces. However, in future a full
3D DEWthat accounts for the geometry and kinematics of excavators along the vertical axis will

be developed to address this shortcoming.
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Figure 6-9: Schematic Representation of Safety Analysis based on DEWs
6.2.4ANALYSIS OF CONGESTION LEVEL

In addition to benefiting the safety of site by preempting the potential collisions between
different piecs of equipmentDEWSscan also serve to calculate an index of the congestion level

on the site in preparing site reports. Two approaches are presented in the literature for the
guantification of congestion level on the site. Dawood and Mal2§06) calculated the
congestion level through an index named space criticality, which is the result of dividing the
summation ofDEWSssizes by the size of the site. Nevertheless, this index does not capture the
temporal aspedif the used space. In another approached proposed by Andayesh and Sadeghpour
(2014) the congestion level is represented through the space requirement index, which is the
result of the summation of the multiplicat of DEWssizes by their corresponding durations.
Unlike the previous approach, this approach ignores the volume of the site. Therefore, in this
research it is proposed to integrate the two approaches to capture both the temporal dimension of
the DEWs ard the space availability, i.e., the size of the site. For this purpose, if a precise record
of DEWSsfor different pieces of equipment and the number of hours they have been working on
the site are available, the multiplication of the average volunigEaV (Vi) and the equipment

working hours Ki) would indicate how much space the equipment required to perform its work
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over its working hours. The summation of these values for all the equipment divided by the
multiplication of the site areaA{) and the ovetbworking hours for which the congestion is
being calculatedHo) would present an index that indicates how much space has been used on
the site and for how long. The congestion indék ¢an be calculated as showrEquation6-5.

The greater the congestion index, the more space has been used over the analysis duration.

4 'O u Equation 6-5
o O

Wheren is the number of equipment.

6.3l MPLEMENTATI ONSENSBSTUODY

A case study was conducted to verify and validate the proposed method for geri2iEtilsg
The data from @helab testpresented in Sectiofh4.2were used to demonstrate the generation

of DEWandits ability to effectively preempt potential collisions between equipment.

The proposed method for the generatiod&Wswas implemented using Microsoft Excel. The
implementation at the present stage does not incorporate the equipment communication structure
explained inSection6.2, and generates ti2EWs and controls the collisions using a centralized
method, where the central platform performs all the computations. The recbidii
coordinates, the corrected pose, and the states of different pieces of equipment are imported into
an Excel sheet as the input. The governing equations that geldEsts were developed in

Excel, as explained in Sectio®.2.1 At every time step, the relevant spe and
accelerations/decelerations of the equipment are measured, and the correspdtiding
generated. For the collision detection betwB&Ws, an automated method was used based on

the line segment intersection algoritifbe Berg et al. 2000)n this method, all edges of the two
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DEWs are checked against one another for potential intersection usingtonaany
relationship. The arc part of ti@EW is approximated by two segmen#scollision is detected

when apair of edges is found intersecting. In this case study, which was implemented using a
personal computer with an Intel Cored800 CPU (3.40 GHz), the calculation time for the
generation of th®EWs and the collision detection were measured. The aveedgdation time

and its standard deviation were found to be 23.10 milliseconds and 1.2 milliseconds,

respectively. In the generation DEW, the values ofs, b, andt were set to 2 s, Bm,and?2

— , respectively. The parameters used for different pieces of equipment are shicafoheit: 1.

Table 6-1: List of Differe nt Parameters Used for the Generation of DEW

Excavator-Swing |Excavator-Relocation |Truck-Traversal State| Crane-Stationary State
LR Bow b
.................... - : T z 1R
i __b i T
£ : i
B B i
‘i”-:‘.-' A Lonas ' _ﬁ : 1L
S/al
o - = :
_ - -+ :
&~ it . o EtEe
B L 2 . ) 1,
L i
Parameter| Value |Parameter| Value |Parameter| Value Parameter Value
R Variable |w 20cm W 20cm w Idem
R; R 20 cm Lo 68 cm L 42 cm L Qlem
R3 RS 23 em

Figure 6-10 illustrates several snapshots of the gener@&WVs at different stages of the
simulated operatiorfigure 6-10(a) shows the equipment at the inception of the operation. The

locations of attached tags on the equipment are indicated by the cross symbdéVihef
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different pieces of equipment are shown using the dotted lines surrounding the equipment. The

front of the truck is distinguished by the locations of the tags attached to the front of the bed.

Figure 6-10(b) shows the hauling truck and its corresponddigV. The length of thdDEW

ahead of the truck is determined by the instantaneous speed of the truck at that point in time.
Figure6-10(c) depicts the excavator at the beginning of the swinging state. The exdakator

in the relocation state is shown kiigure 6-10(d). Figure 6-10(e) shows a part of the operation
when the truck was moving backward to adjust itself for loading. In this case, the extension of
the DEW takes place at the rear of the equipment, represetitergotential area of collision.
Finally, Figure 6-10(f) shows the last phase of the operation where the excavator was
intentionally steered towards a collision witte crane. As shown in this figure, tB&Wscould

be used to successfully identify and warning against the impending collision 4 s before the actual
collision. In order to demonstrate the effectiveness of DE&VS, a comparison was made

between the proged method and the alternative types of workspaces shown in

Figure2-20 andFigure6-1. TheR for the cylindrical workspace arufor the buffer workspace

were set to 50 cm and 5 cm, respectivélgble 6-2 shows the results of the comparison, where
different methods were analyzed in terms of the average size (the area reserved by the generated
workspace in different states), the number of grgg warnings, the number of false warnings
(false positive), the number of missed warnings (false negative), and the average time between

the warning and the actual collision (collision detection clearance time).

The workspace area is measured in terfrith® averaged area and its standard deviation, based
on the simplification that the height is the same for all the workspaces. The space saving was
calculated through comparing the averaged areas of every method with the area of cylindrical

workspace, whih is the worst case in terms of the space economy. A collision is defined as any
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instances where the distance between the pair of equipment was less than 5 cm. The false
positive warning is defined as any warnings that did not entail actual collisidma #ié next 5
S. The false negative warning, on the other hand, is the count of unwarned collisions. Finally, the

collision detection clearance time is computed by finding the earliest warnings prior to a

collision.
Table 6-2: Comparison of Different Types of Workspaces
Method Proposed Symmetric Buffer Cylindrical

Parameter Workspace | Workspace | Workspace | Workspace
Swing workspace aregp n d (& 0)] [0.22,0.03] | [0.25, 0.06] N/A N/A
Loading/dumping workspace aré@[ a n(d ) 0 ] [0.24,0.02] | [0.24,0.02] N/A N/A
Relocation workspace are@[ a n @ )G ] [0.49,0.06] | [0.49, 0.06] N/A N/A
Overall averaged workspace argd [a ) 0.25 0.27 0.22 0.78
Space savings (Compared to cylindrical workspace) 67.95 65.38 71.80 0
False positive warnings (%) 24.53 25.00 29.24 68.81
False negative warnings (%) 0 0 0 0
Collision detection clearance tifie® a s 0 ] [4.28,1.16] [4.43,1.05] | [3.28, 1.58] [5.0,0]

It can be discerned that the proposed workspace takes less space than the symmetric workspace,
with the space saving of 67.95%, and the least false positive, i.e., 24.53%, which represents the
reliability of the workspace. Another interesting observation is that both the proposed and the
symmetric workspaces perform efficiently by successfully warning against every collision within

the average of more than 4 s, only 1 s less than the best case that belongsyliodfieal
workspace. In the observed clearance times, no instance with a clearance time less than the
stoppage time was recorded for the proposed, symmetric and cylindrical workspaces. Only in the
case of the buffer workspace, one instance with theraslea time of 1 s was observed.

Therefore, the proposed workspace always provided enough clearance for collision avoidance.
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Figure 6-10: Results of Generated DEWSs of the Case Study
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While the cylindrical workspace provides the best collision detection clearance, it occupies more
than 3 times space than that of the proposed workspace and tends to triggeidarable

number of false warnings. The buffer workspace outperforms other types of workspaces in terms
of the space economy, but has the least clearance time. Although the improvement of the space
saving in the proposed workspace is not significantlyentban the symmetric workspace, the
difference is determined mainly by the length of the stoppage time. In this case study, the
stoppage time was set at 2 s, but should the stoppage time be increased, the difference in the

space saving is expected to ne#iceably.

In all types of workspaces, no false negative is observed. This phenomenon can be explained in
the view of the nature of the workspaces, which is to create a safety buffer around the equipment.
As such, the collision between workspaces alwhgppens prior to the actual collision.
However, false negatives can happen if the communication network between the equipment is
disrupted or the update rate of the corrected pose data is less than the stoppage time. In the case
study, none of these casésppened, and the proposed method assumes that the robust

infrastructure is available for the generatiorb&\\s.

Given that the operation took nearly 6 min, the overall area of the site Wwas, 88d all pieces
of the equipment have been present on die during this time, the required data for the
calculation of the congestion index can be collected as shown in Table 3 Bdsiatipn6-5, the

overall spacausage and the congestion index are calculated as 0.034 E 1 Q@@ 0.019

(—— , respectively.
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Table 6-3: Values Used for the Calculation of the Congestion Index

Equipment
Parameter Excavator Truck Crane
Working hours (hour) 0.10 0.10 0.10
Average volume oDEW (m?) 0.125 0.053 0.162
Overall Occupied Space {rhour) 0.013 0.005 0.016

Although the presented case study is a good indication of the efficiency of the proposed method
in terms of reducing the number of false alarms and more effective use of space compared to
other types of the existing workspaces, the scale of the equipseshtiruthe case study posed
some limitations. First, the effect of the residual error on the accurate pose estimation of the
scaled equipment is relatively larger than the case of the actual equipment, due to the small size
of the equipment. Second, altlghuit was tried to introduce some noise to th&/B tracking

system in the laboratory by partially obstructing the direct line of sight between sensors and tags,
there is a need to test the tracking system under the conditions of actual construction sites.
However, applying such a test will require careful considerations of some technical and logistical
difficulties that might influence the performance of tb&/B system, including the proper
calibration of theUWB system under the pressure of the actual tcocison work, the setting of

the UWB cables, and the smooth collaboration with the contractors.

6.4DI SCUSSI ON

The main contribution of the presented method for the generatiddEd¥Ys is the use of
equi pment 6s stat e, speed, ajyenwark¢he safety warkdpacp o s e
around different pieces of equipment. It is shown in the case study that the proposed method is
capable of warning against all potentially hazardous proximity without using the spaee over

conservatively or generating too maiayse alarms. Nevertheless, there is a positive correlation
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between the level of congestion and the rate of false positive alarms generatedDiE\the
However, this is coming from the nature of the problem rather than the characteristics of the
proposedmethod. Although the rate of false positive rises with the increase in the congestion
level, the rate would still remain lower than the rate of false positive alarms generated by the
conventional methods, e.g., cylindrical workspace. Also, it shoulddidiginted that generally

with the increase in the congestion level, the average speed by which the equipment travels on
site will also decreases, resulting in a smaller avei§®/ area, which in turn results in a

smaller chance of false alarms.

6.5 SUMMARMNDBCONCLUSI ONS

This chapterproposed a novel method for the generation of-tiee@ dynamic equipment
workspaces considering the pose, state, geometry, and the speed characteristics of the equipment.
This method is built on the results of previous chegterhere robust methods for the calculation

of pose and state of different pieces of equipment basedTdus datawere presented. The
present method considers the required operator stoppage time to determine how much space
needs to be reserved in order to ensure that the equipment will not collide with other pieces of
equipment in the immediate future. Excavators indks were used as the representatives of
different types of equipment used in an earthwork project. The appropiafés and their
calculation process for all possible states of the equipment were presented. Finally, the

application oDEWs for the calalation of congestion index was discussed.

In view of the results of the case study, it can be concluded that: (1) the proposed method is
providing a balance between economic use of space and the ability to warn against potential
collisions in an effective manner using the pose, state, geomeatirgpaed characteristics of the

equipment, (2) the flexibility of the method in using more than one speed vector in the
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calculation of DEWs enabled effective capturing of the operation of skilled operators where

multiple DOFs can be used simultaneously.

Finally, some false warnings resulted from capturing the movement along vatssonly in
2D. Therefore, the futurefforts can be dedicated to avoiding this problem by considering the

details of the movement in the third dimensiothia generation dDEWs.
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CHAPTER OOKHEADBQUI PMBAWOIRKSPACE

711 NTRODUCTI ON

As stated in Sectio.5.3 dthoughDEWSsare an adequate means to preempt potential collisions

in a proactive manner, their rehe nature renders them useful only to trigger warnings or
immediately stop the equipme On this premise, they do not provide the predictive
characteristics to foresee the equipment motions for a long enough period to enable path re

planning of the equipment.

Accordingly, the objectives of the presectiapterare: (1) Developing a novel ri@d to
generate equipment risk maps based on the integration of the prekasiéy risks and
visibility-based risks using the pose and state data of the equipment aN&RTiseand (2)
GeneratingLAEW based on the equipment risk maps so that the regulorkspaces can be

used to perform path4@anning when a potential collision is identified.

The structure of thehapteris as follows. First, the proposed workspace generation method is
elaborated, followed by the explanation of the implementationaandse study. Finally, the

conclusions and future work are presented.

72PROPOSED METHOD

LAEWSsare generated for the purpose of ladlead reglanning of equipment motions and are
updated in neareattime with an interval ofit. The update interval isfanction of the available
computational power and the extent to which the future states of the equipment can be reliably

predicted. Generally, the larger the valueipfthe greater the chanoéthe potential changes in
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the predicted conditions, and ththe less the reliability of the generate®EWs. In order to put

the sensible value dit into perspective, it is envisioned that it is most effective in a range
between 10 s to 1 min. While a value less than 10 s has the risk of being impracticaigaote

short for the planning of future motions, a value greater than 1 min reduces the reliability of the

generated risk maps.

The flowchart of the proposed method for the generation df AV of one piece of equipment
(equipmentq) is shown inFigure 7-1. As shown in this figure, the input of this method
comprises the sensory data, the equipment specifications and their accurate 3D models, the
current pose and state data generated bpthef the equipment (OAy), and future state data
coming from theNRTSthat is performed by thECA Additionally, the updated 3D model of the

site, and the project detailed plan (including the location of different scheduled tasks, their time
frame, and theite layout) are available through thdormation AgentThe updated 3D model

of the site includes thBTM and the 3D models of buildings and other permanent and temporary
structures, which can be easily imported into the virtual model fr@tMatool (eg. Autodesk

Revit). Finally, given that a parametric motion planning is proposed to be used for the
determination of the future motions of different pieces of equipment (discusSedtion7.2.7),

a set of heuristic rules that define the operation of a skilled operator is also required to be

available to eacbA
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Figure 7-1: Flowchart for the Generation of LAEW

The generation dfAEWis based on the discretization of the entire site space into cells, and then
calculating the risk associated with each cell given the future expected statdesrehtljfieces

of equipment, which is performed by ed@A. As shown inFigure7-1, the pose data are used to
identify the current state, which is then passed oméd CAto perform theNRTSin order to
generate the operational pattern of e@h These data are then communicated with@iAg

who will first integrate the equipment pose with its 3D model and the updated 3D model of site
to situate the equipment in the virtual environment. Then, the OA will use the project plan, and
the rules that govern the operation of the machine by a skilethtor to generate the risk map

of the equipment, asxplained in Sectiof7.2.1 Finally, the OAs transfer their individual risk
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maps to th& CAs who will first combine these risk maps and then use the tolerable risk level of
eachOA to generate the AEW. The reason why theAEW generation is assigned WCAs
instead of individualOAs is that given the intensive computational effort requiredttics
process, it is more effective to equip only T@Awith high computational resources rather than
doing it for all theOAs. It should be highlighted theAEW}, for equipmenyp is generated based

on the combination of the risk maps from all pieces qfigment surrounding equipmept
excluding equipmenp itself. LAEW, can be used by th@A, to perform path rglanning, if
required. Similarly, the patteplanning performed by tH@Aq at the end of the flowchart shown

in Figure7-1is realized throughAEW,.

Chapters 4 and 5 elaborated tre method to obtain neasal time pose and state data.
Therefore, the scope of the presehapterbegins from the point where all the input data are
transferred to the virtual environment of MASfor the determination of the motion path of the
equipment. In the following sections, thAEWsof excavators are used to explain the proposed

approach.

7.2.1EQUIPMENT RISK MAP

Figure7-2 shows the detailed flowchart for the generation of equipment risk maps. The first step
is to idernify the motion path of the equipmeaver the nexti {discussed in Section.2.1.).

Next, theOAq uses the generated path to identify the space that could be potentially impacted by
the operation of the equipment in the néxtThis space is referred to as the Analysis@pof
equipment (&) and isdiscussed in Sectioh2.1.2 Furthermore, the cells that fall withiare
identified and reserved for the caldida of the risk pertinent to the operation of the equipment.
Upon the completion of this step, three risk indices, namely Shortest Distance to Equgpment

(SDE,g), Time to Shortest Distance to EquipmgniTSD,q) and Visibility Index of equipmery
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(Vlig) are calculated for each c€ll in &. Subsequently, th@Aq combines these risks factors to

generate the overall risk map$p(discussed in Section2.1.3.
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Figure 7-2: Flowchart for the Generation of Equipment Risk Map

721.DETERMI

The first step in the generation of the equipment risk map is to determine the path of the

equipment over the period Gf.tThis step intends to combine the temporal data about the future

NI NG TOE MOTH @VER

states of equipment, coming froNRTS,with their corresponding spat data, coming from a

motion planning algorithm, to simulate the likely future paths of the equipmentlioireithe

virtual environment. It is crucial to highlight that the path planned at this step of the method is
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done based on limited information atbdhe surrounding of eagtiece ofequipment. However,

this path will be evaluated based on the consideration of the risk maps of all the surrounding
equipment (as will be explained 8ection7.2.1.3 and readjusted if a safety threat is identified.
This research adopts the parametric motion planning méRoae 1999; Kamaand Martinez

2005; Sarata et al. 2006)at combines inverse kinematic and rules from the motions executed
by a skilled operator to find a smooth and realistic path for different pieces of equipment.
Although this method is adopted from the abovementioned research, it is elaborated im detalil i

this section for the completeness of the overall proposed method.

Figure 7-3 illustrates the flowchart for the integration of theRTSdata with the parametric
mation planning. The inputs of this step are: (1) the dimensions of the equipment coming from
the equipment specifications and 3D model, (2) the expected location of the equipment at
different states (e.g., loading points and dumping points), (3) the segoémpcoming states

and their expected duratiorg) (for different pieces of equipment based on the resuldR¥S

(4) the current pose of the equipment, and (5) skilled operator rules that define a natural

transition between different poses of theipment.

The first phase of this step is to identify the key poses that express the equipment at the start of
different states. For this purpose, the resultdlBif Sare used to determine the future states of
different equipment and the time passed frombibginning of the present statied], the time to

be spent in the present stabe ( and the expected durations of future stabésd , as shown in
Figure7-4. As shown in this figure, the updated simulation model is able to provide a reasonable
prediction of the future states of different equipment. For instance, the refRT@for an
excavator shown ifigure7-4 indicates that the equipment is currently in the loading state and it

will perform swinging to the truck and dumping otke nextl .tNext, the expected location of
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the equipment at the tigmined states and the dimensions of equipment can be used to perform

the inverse kinematic to identify these poses as progog&bwe(1999) Kamat and Martinez

(2005) and Sarata et a{2006) As shown inFigure7-5, the pose of the equipment at the start of

statek is manifested through the combination of the values of diffdDéf; of the equipment

(— -
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Figure 7-3: Flowchart for the Integration of NRTS data with Parametric Motion Planning
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As shown inFigure 7-5 and Figure 7-6, with the poses of the equipment at the start of the
upcoming states determined frdahe previous phase, it can be determined whiCiFs of the
equipment change during each state. The values of these changes can be calculated by taking the
difference betweer+, and—; . For example, the excavator representeBligure 7-5 would
change the followind>OFs while it is in different states: (1) while loading, it curls the bucket
inwards to dig the soil (rotates aloulgfor di1-dh,0g) and pitches the stick inwards toward the
body (rotates alond:for db,1-cb,0), as shown irFigure 7-5(b); (2) while swinging to the truck, it
swings the upper bodyotates alongl for ds >-ds,1), pitches the stick outward toward the truck
(rotates alongh for db >b,1), and pitches the boom outward toward the truck (abbrigr ds >

d3,1), as shown ifFigure 7-5(c); and (3) while dumping, it curls the bucket outwards to dump the
soil (rotates alongf: for dy s-di2), as shown irFigure 7-5(d). It is worth mentioning that these
steps are subject to change depending on the nature of the operation and-gpectite

characteristics.

However, the sequence of these changes landtart time and the duration of changes in each
DOF; are not known from the previous phase. Depending on the skill level of the operator, the
changes in— can happen with or without overlaps. This is because while a skilled operator is
able to conbl multiple DOFs at the same time, a novice operator most likely controls only one

DOF at a time.

Through observing the skilled operator, the time at which a partial movem&®/fstarts,
represented by the percentage)( of the total duration oftatek (0 ) after which the partial
movement starts, and the duration of each partial movement, represented by the peigentage (

of the total duration, can be determined.
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Figure7-5:(a) Current and Final Poses of the Equi
During (b) Loading, (c) Swinging, and (d) Dumping (Equipment Models Were Imported
from Google 3D Warehousg2015))

Figure7-6 shows the detailed representation of motion paths generated through the integration of
parametric motion planning amdRTSfor the scenario shown figure7-5 andFigure7-6. The

vertical axis shows the values of tBOF and the horizontal axis represents the time. The
horizontal lines underneath the graph shows the starting times and the durations of changes in
— in different states in terms afxx 0 andcikx 0 , respectively. With regard to the first state,

a correction needs to be applied in cases where the beginninga#s not match the beginning

of the state. In these cases, the starting time and duration of chanD&Fjmare adjusted
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according toEquation7-1 and Equation7-2. Notice that the pattern shown Fgure 7-6 is
subject to change depending on the skill level of the opetamdepth of the djghe location of

thetruck and the conditions of the terrain.
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body
Figure 7-6: Detailed Representation of the Motion Path©ver U t
YO (0 QG Qv O O 0 Equation 7-1
001 Gwo@Eeo o 0 Equation 7-2

7212DETERMI NI NG THEI ANKARACE (S)

The size ofSaround the equipment is determined by the equipment dimensions, the equipment
motion path, the equipment boundaries covering the entire space that can be occupied by the

equipment through moving along any of BKOFs when performing stationarstates (e.g.,
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swinging or loading), and a buffds)( The rationale behind the dependency of the analysis space
on the motion path is that if the equipment is completely or partially in a traversal state (e.g.,
relocation) the analysis space needs tasictar the space that is travelled by the equipment over

U tin addition to the space determined by the equipment boundaries in stationary states.

Figure7-7 schematially represents this concept for an excavator.

(c) (@)

Figure 7-7: (a) Top View of S for Excavator in Stationary State, (b) Side View d for
Excavator in Stationary State, (c)S for Excavator in Traversal State, and (d) Cells that Fall
Within S
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Figure 7-7(a) and (b) show the top and side views of an excavator, respectively, when it is
movingalong the extremes of iIBOFs while it is stationary. The result of the shown boundaries
for a stationary excavator is a cylinder, as showRigure7-7(a). Howeer, for the simplicity of
calculation and easier discretization ®fthis space can be conservatively considered as a box
(bo), as shown inFigure 7-7(a) and (c). When the equipment is partially or completely in
traversal statess can elongate along the path of the equipment generated in the previous step.
Therefore, as shown figure7-7(c), if the equipment is expected to move along a curved path,
S follows this path. It should be emphasized that depending on the opesp#ioific
characteristicsthe equipment can be only in stationary states, only in traversal states, or in a
combination of both during .tS represents the conservatively defined potential dangerous area
that requires further analysis.

As shown inFigure 7-7(d), once the boundaries 8are determined from the previous step, the
cells from the global grid that are includedSmave to be determined. This approach facilitates

the integration of analysis spaces of different equipment for pgilan@ing purposes.

As shown inFigure 7-7(a) and (b), the size of a cell is selected based on the required spatial
resolution while considering the available computational capacity. The accuracy of the analysis
increases with the decrease in the size of the cells. However, the limited computataaitlyc
available for the nearealtime analysis necessitates the investigation of the optimum size for the
cell that yields an acceptable level of accuracy without imposing too much computational efforts
on the analysis. The subsequent steps of the pedpmethod are dedicated to calculating the

risk level of cells withirS.
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7213 DETERMI NI NG TIHEDIRCESX FOR EALCN ESEL

Once the analysis space is determined, the indices that determine the level of risk for each cell in

Scan be calculate®&DE;, TSD, andVI; are considered in this research.

SDE is defined as the distance between the center of th€icatid the part of the equipmenpt

that moves closest to the cell durifigtin other words,SDEq for C; is the smallest of the
distancedbetween motion paths of each part of equipnggishown inFigure7-5) and the center

of Ci. Figure 7-8 schematically depicts the conceptSDEq, TSDgq, andVliq using the portion

of the excavator operation shown kigure 7-5(a). Figure 7-8(b) shows the different values of
SDEq using color coding where red and green represent the extremes of the range,
corresponding to low and high valuesSIDE q, respectively. As shown iRigure7-8(c), TSDq

is defined as the temporal distance from to the time when th8DE 4 happens for celCi. The

rationale is that the shorter the timeSDE g, the greater the risk for the cell.

Finally, Vliq is defined as an index representing the visibility of €elbver the period ofi in

relation to the blind spots of equipmeptconsidering static obstacles and the equipmétself.

More precisty, Vliq for cell Ci can be defined as the total time the cell has not been in a blind
spot of equipmenq over the periodofi tA. bl i nd spot is defined as
surrounding space that remains invisible to the operator even if the operator halreational
view at his eyesd position. The assumption
line of sight inside the cabin not to leave any visible space around the equipment overlooked.
Also, since the calculation of risk indices are done by €a&in near real time, the locations of

the other pieces of equipment are not considered in the detéaomin&VI; of a cell. However,

this is not an issue since the blind spot of equipmgdrehind equipmenp is only hazardous if
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parts of equipmerq are planned to reach behind equipmgiotver G ,twhich is a very unlikely

scenario.

(e) () .

Figure 7-8: Schematic Representation of (a) Portion of Swinging and the Corresponding
Indices in Sfor (b) SDEq, (c) TSD,q, (d) Vliq, (¢) Combined Risk Map of the Excavator,
and (f) LAEW!ruck

Figure 7-9 shows the flowchart for the determination\df. The process starts from tinfgow

and from the first cell. Ray tracing is used to check if the cell is visible from the Point of View
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(POV) of the operator considering the terrain conditions and possible obstacles that might lie
between the cell and tH&OV of the operator, including the components of the same equipment.
Upon the completion of this step, if the cell is found to be visible & dperator,VI; is
incremented by one unit of timdt]. This process is then repeated for all cells before the time is

advanced for one steplt], until the calculation is completed far.t The final outcome of this

process is the values f; for everycell in the analysis space.

( Start )

Equipment 3D model 1 Updated3D  /
at the current pose v model of site  /
T=Thow
I‘

v
i=1

Follow aray from C;
to POV of operator

Vlin= Vit dt

i=i+1

T=T+dt —

Figure 7-9: Flowchart for the Calculation of Visibility Index
Figure7-8(d) illustrates an example ®; calculation. It is noteworthy that other climatic factors

that may impact the visibility, e.g., fog, can be also taken into account in the calcula¥ién of



However, these factors affect the space in a uniform manner, meaning that their impact
reverberate equally into all cells. Thus, their impact can be added to the caldil@ga@d post

processing step.

7.214GENERATI ON OFERDURIPMK MAP

Once all the idices are calculated, they need to be normalized so that the overall risk index
associated with each cell can be measured in a range between zero and one; the value of zero
representing a riskee cell and the value of one representing a cell that iadlreolliding with

the equipment and that remains invisible for the entire periad,tidbr example the cell that
contains a part of the excavator superstructure during a swinging operaéble 7-1
summarizes the three indices and their dimensions, initial ranges, and normalization method. In
order to normaliz&DE, it is divided by the largest value 8DE within U &nd then the result is
subtracted from 1, i.e., inverted so that the value of 1 represents the highest risk. Also to
normalize TSD and VI;, their initially calculated values are divided liytand the result is

subtracted from 1.

Table 7-1; List of Different Indices and Their Normalization Method

Index Dimension Range Normalization Risk Index
SDE Distance | [0~"YOO ] RACLS [0~1]
P00 | (lowrisk ~ high risk)
. ~ “Y'YO [0~1]
TSD Time LO~@t 1 p =25 | (lowrisk ~ high risk)
. _ 0 [0~1]
Vi Time [ O~ @t p —" | (owrisk ~ high risk)

Equation7-3 represents the method to combine all the risk indices into one value considering
different weights W1, we, ws) for these indices. Although the weights are defined according to
the risk attitide of the safety manager, it is recommendedSbdt andVI; are given the highest

and lowest weights, respectively. This is due to the fact that while the consideraBoi a$
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coming from the expected movements of the equipnwnis considered fothe cases where the
equipment may deviate from its expected movement and thus might pose a danger to crews and

equipment in its blind spot.

. !‘Y!O lp , !’Y“Y’p , (b !I@
. o)) v To Y To Equation 7-3
YO S
0 0 0
Where:

Y 'R Overall risk index for cell Cof the risk map of equipment

0 hb R : Weights associated with SRETSDg and Vg, respectively
SDE;max Maximum SDEgzinS§over Ot

at : D dor thetLAEhanalysis

The outcome of this step is the risk map of the equipment over the penbdFajure 7-8(e)

shows an example of the excavator risk map based on the weight distribution of (0.8, 0.1, 0.1).

7.2.2GENERATION AND APPLI CATION OF LAEW p

Once the risk maps of all pieces of equipment are generated DAfhehe TCA uses them to
generate th€ AEW, for equipmentp for a specified risk level. As described$ection7.2 it is
important to reemphasize that the risk maps are generated byOths of each piece of
equipment (e.g. equipmeq}, and thelT CA considers all the equipment that impact equipnpent

to generat& AEW.

A TCAdoes not generaleAEW, solely based on the team of the equipment it is coordinating,
given that there might be situations where a piece of equipment from one team is working in
proximity to another team. Therefore, th€A considers not only their subandte OAsfor the

generation oLAEW, but also they communicate with otheCAs to identifyOAs of other teams
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which are working in their proximity to incorporate their risk maps loA&EW,. Nevertheless,
the communication scheme betwéBDAs is out of tle scope of the presecdhapterand will be

discussed in the future work.

The next step in the integration of thAEW, is the readjustment of values of risk indices of
multiple risk maps in view of the nature of interactions between various pieces phegdi

This is important because a piece of equipment does not pose the same level of risk to all other
pieces of equipment. For instance, a truck that is being served by an excavator is more tolerant to
the risks posed by that excavator compared to #ks posed by a loader from another team of
equipment, given that the interaction and proximity between the truck and excavator is expected
as part of the nature of operation they are performing. To consider this issue, the values of risk
indices of the rik map of equipmer that have to be considered to generatd theW, will be

adjusted usingvq,p, Which is a weight representing the level of significance of equiponémnt
equipmentp, as shown inEquation7-4. The smaller the value ofiyp, the more tolerant is

equipmenp to the risks posed by equipment
OV O YR Equation 7-4
Where:

0 'Y{®: Adjusted overall risk index for celli 6f the risk map of equipmentfor the LAEW of

equipmenp
0 j: The weight associated with the level of significance of equipment g for equipment p
Y ' Overall risk index for cell Cof therisk map of equipmerg

After the determination ofAdjusted overall Risk Index¢aRI) for all the equipment that affect

equipmentp, they are combined to generdtAEW,. LAEW, is generated by considering the
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0 'Y{@ for the cells that belong only to o and the maximum ob Y@ for the cells that

belong to multipleS. Given that at the current phase of the research the initial path of the
equipment is forecasted based on parametric motion planning eétearihistic manner, if a

piece of equipment makes a decision based on the maximum overall risk indices of a space
shared by multiple risk maps, it has already adapted itself to the worst case scenario. However, in
future research, the initial path of tequipment used in calculating the risk will consider the
probability of various potential paths and a more sophisticated method can be applied for a
shared space to aggregate various risks posed by different pieces of equipment with different

levels of priabilities.

Finally, LAEW, is generated as the envelope of all the cells wittoth&@ equal to or greater

than a specific risk leveFigure 7-8(f) shows theLEAW;uck generated from the risk map of the
excavator shown ifrigure 7-8(e) with the risk level of 0.8. TheAEWuck can be used by the
truck to analyze its initial future path in terms of whether or not it trespasses-ashigipaces.

The decision of which edgament needs to apply the pathplanning can be made based on the
priorities of the operations of different pieces of equipment. However, once one piece of
equipment performed path-pdganning, steps explained Sections/.2.1.3and7.2.1.4haveto be
repeated for that equipment and thba TCA should generate nelWAEWSsfor all the pieces of

equipment that have lower priority than that equipment.

The generation ot AEWfrom the risk map allows different equipment and crews to define the
tolerable risk level based on their vulnerabilities. For example, while a worker on foot may be
specified to avoidLAEWorker With a risk level of 0.5, a truck might be designed to avoid

LAEW, ek With a risk level of 0.8.

211



With regards to the application for pathpanning,Figure7-10 shows how th& AEWs are used
by differentOAs within a period oft for the purpose of path 4@anning. As shown in this
figure, everyOA controls if the equipment is on the planned path. If the equipment path is found
to have deviated from the planned path, the risk map of the equipment is genathtsht to
the TCA Then, theTCA generates theAEWand sends it back to tl@A. Next, if required, the

OAuses thee AEWto re-plan it path.

Start

*:

Task completed?

All equipment are

on planned path? Proceed

Generate the risk map of the
equipment and send it to TCA

v

Receivethe LAEW
from TCA

) 4

as a higher

Collision with the LAEW? .
priority?

Re-plan the path

Yes

Figure 7-10: Algorithm Representing the Safety Monitoring Exercised by the OABsing
LAEWS
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73 MPLEMENTATI ONSENSYGD

7.3.1IMPLEMENTATION

A case study was conducted to verify and validate the proposed method for genek&itig

The data from the lab test presented in SectidiRis used to demonstrate the generation of risk
maps and. AEWsand their capacity to be used for equipment patblaening. It is assumed that

the generation odf AEWsis happening 2.5 minutes after the beginning of the test. The state and
pose identification methods proposed in Chapters 4 and 5 havedbpkayed toprovide the

required input data. The pose correction methddwBresults in an update rate of is 1 Hz.

In order to demonstrate the applicabilityLdkEWs, a prototype system was developed as shown

in Figure 7-11, where Autodesk SoftimagéAutoDesk 2014)was used as the virtual
environment. It should be noted that the current state of the implementation focuses on
generating théndividual risk maps and combining them to generatd thieWs. The 3D models

of the equi pment similar to those wused in ¢t}
warehous€Google 3D Warehouse 281 The reguired modifications, including the placement

of the operatorés point of view iVhanddeningcabi n,
the tightfitting bounding boxes, were done manually inside Softimage. The pose of the
equipment was importefdom the correctetVWB data using the pose estimation method, and the
results ofNRTSwere used to extract the temporal values of the upcoming states withine

value ofli tvas set to 5.5 s, which is a reasonable timeframe, given the scale of equipment and

their corresponding speeds.
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Figure 7-11: Architecture of the Implementation

A module is developed inside Softimage that enables creating the simulated operations based on
the input for defining: (1) the current poses of the equipment, (2) the durations of different future
states coming froMRTS and (3) the values ofy, gxandcjkused for determining the motion

path of different equipment. The visual programming embedded in Softimage is used to develop
the tool for generating the global grid of the site and calculating the val$3ETSD, andVI.

The movements of didrent parts of the truck and excavator in different states were modeled
based on the operation of skilled operatoree®gslained in Sectior?.2.1.1 The initial paths

generated for the truck and excavator based on the proposed method are sfigune 12

Once the different pieces of equipment are situated in the virtual environment and their
respective movements over the néxtire simulated, the cells that fall within the analyggiace

of each equipment are determined based on its moveaseekplained in Section2.1.2 Then,
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while the operations of the equipment are simulated, the distances to the equipment and the
visibility of each cell are calculated and recorded along with the time of the simulation. Upon the
completion of the simulation, the aggregated values of the abovementioned parameters are used
to calculateSDE, TSD, and VI; for the different pieces of the equipment, as explained in
Section7.2.1.3 These values atben normalized and combined througuation?7-3, using the
userdefined weights, to generate the risk map of each piece of equipment. Finally, the risk levels

assigned by the user are used to generateAE¥\5 of eab piece of equipment.

Dumping ———=

Hauling Zone —

Stockpile 2 ‘

—«——— LoadingZone
CraneZone —
—s——— ExcavationZone
Stockpile 1

Figure 7-12: The Initial Paths Generated for the Truck and Excavator

As shown inFigure7-11, at the current stage of the implementation, the pose estimiSfiors

and parametric motion planning modules are developed outside Softimage. Together, these
modules collect raw location data, generate pose and state data, generate the motion parameters,
and present these results to Softimage. The modules respdositile generation of risk maps
(explained in Sectio7.2.1]) andLAEWs (explained in Sectioi.2.2 are completely developed

inside Softimage. In order to reduce the complexity of the overall system, thegiosation

andNRTSmodules can be developed in the future inside Softimage, using theasoftaR.
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this way, the entire system shownFkigure 7-1 can be developed in Softimage, and only the

results of the location data need to be imported.

7.3.2CASE STUDY

Figure7-13 shows the risk maps of different pieces of equipment, where only the cells with risk
indices greater than zero are shown. The range of color freemdo dark red shows the range

of the risk index from zero to one. To show the impact of changes in the weights shown in
Equation7-3 four different distribution bweights for the parameters are considered, namely
(0.8, 0.1, 0.1), (0.1, 0.8, 0.1), (0.1, 0.1, 0.8), (0.33, 0.33, 0.33)SBE TSD and VI,
respectively. The first three distributions are selected so that one parameter has the dominant
weight (i.e., 08) and the other two parameters share the remaining weights equally (i.e., 0.1
each). This pattern enables the analysis of the effect of the dominant parameter as well as the
pairwise comparison of risk maps where one parameter is fixed and the otherawefers are
changed Figure 7-13(a) to (d) show the risk maps of the excavator for the different weights
distributions. Figures 13(e) to (h) show the risk mapstiier truck, andrigure 7-13(i) to (l)

present the risk maps when the truck and excavator are considered together. It can be observed
from the risk maps with the distribution of (0.8, 0.1, 0.1Figure7-13(a), (e), and (i) that the

cells close to the motion path of the equipment have higher risk indices than those farther.
However, the comparison &igure7-13(e) and (f) suggests that with the decrease in the weight

of SDEand increase in the weight 5D, the risk indices of cells far from the current pose of

the equipment decreases. Theusay of Figure 7-13(b) suggests that the high weight 66D

results in high risk indices for cells with the relatively h§lbEand lowTSD. Nevertheless, this

is not desirable since the risk of short distances at later time is underestimated. The relative
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importance of spatial proximity against the temporal proximity should be used to determine the

ratio of the weight o6DEto the weight off SD.
(a)(0.8,0.1,0.1) (b)(0.1,0.80.1) (c)(0.1,0.1,0.8) (d)(0.330.330.33)
! !

(€)(0.8,0.1,0.1) (f)(0.1,0.80.1) (g)(0.10.1,0.8) (h) (0.330.330.33)

id

RI> 0.75

0.5<RIO0.75

0.25 <RI 005

RIO 0.

() (0.8,0.1,0.1) () (0.1,0.80.1) (k) (0.10.1,0.8) () (0.33 0.33 0.33)

Figure 7-13: Risk Maps for (a) to (d) Excavator, (e) to (h) Truck, and (i) to (I) Combination
of the Excavator and Truck for Different Weight Distribution

Additionally, based on the comparisonFafure 7-13(a) and (b), where the sum of the weights
of SDEandTSDis 0.9, withFigure 7-13(c), where the sumfdhe weights ofSDEand TSDis

0.2, it can be inferred that the lower the sum of the weigh&Ddiand TSD, the less sensitive



the cells to the proximitpased risks. However, sinéégure 7-13(c) attributes greater risks to

cells with low visibility but far from the equipment than cells close to the equipment but with
high visibility, it is not effective. Therefore, the proximityased risks should be given the higher
importance over the visiltly-based risks. This importance can be reflected in the ratio of the
summation of the weights o6DE and TSD to the weight ofVI. As stated earlier in
Section7.2.1.4 giventhe significance of spatial proximity, it is recommended 8REand VI

are given the highest and the lowest priority, respectively. Through several trials and errors, it is
found that the ranges of (0.6~0.8), (0.1~0.2), @nil~0.2) forSDE TSD andVI, respectively,

can effectively capture the risks induced by the future motions of the equipment to the

surrounding environment.

The inputs fromFigure 7-13 are used to generate th&AEWscorresponding to different risk
levels. Figure 7-14 shows LAEW uck, LAEW,xcavator LAEWErane fOr the weights distribution of
(0.8, 0.1, 0.1)Figure7-14(a) and (b) showAEWck corresponding to the risk level of 0.9 and
0.8, respectively. Similar results are presented for tAEWxcavator aNd LAEWErane in
Figure7-14(c) to (f). It can be seen that as the risk level decreasetAtB#/increases in size.
As stated in Sectioid.2.1.4 the LAEW;uck can be used by the truck to check potential collisions
with its initial path, and to perform path-pganning if necessary. On the other hand, the crane
should us&. AEWane to plan a safe path that will hoause a collision with either the truck or the
excavator.Figure 7-15 helps put the application of the general&EWsand the necessity of
ARl q,pin perspectiveFigure7-15(a) and (b) show the side views of the workspaces of the truck
(LAEW k) with the risk level of 0.9 and 0.8, respectively. As can ba se€igure7-15, at a
high risk level, part of the excavator bucket is falling outsideLthEWuck . These workspaces

indicate that given the close nature of th@laboration between excavator and truck, it is
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required to use a higher risk level for the part AEWrcccoming from that excavator to avoid

false alerts. Since the operation of the excavator can be underground, the analysis space for the
excavator isntentionally extended to consider the areas that may fall under the ground. This
arrangement can extend the applicationL&EW for collision detection with underground

utilities, as can be seenfigure7-15.

(@) (b)

(f)

Figure 7-14: Consideringthe Weight Distribution of (0.8, 0.1, 0.1)(a) LAEW tuck with Risk
Level of 0.9, (b)LAEW tuck With Risk Level of 0.8, (C)LAEW excavator With Risk Level of 0.9,
(d) LAEW excavator With Risk Level of 0.8 (€) LAEW craneWith Risk Level of 0.9, (f)
LAEW craneWwith Risk Level of 0.8
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(@) (b)

Figure 7-15: Side Views of LAEWruck with (a) Risk Level of 0.9, and (b) Risk Level of 0.8

Another interesting observation from this case study comes from the sensitivity analysis of the
computation time for the generation IBAEWswith respect to cell size and in the developed
implementation, which was running on a personal computer with Intel C@@0i7 CPU (3.40

GHz). A range of seven cell sizes ¢n 5 cm 10 cm 15 cm 20 cm 25 cm, 30 cm),
corresponding to a rangef the number of cells (930,852, 196,000, 24,500, 7,896, 3,150, 1,568,
1,152) were considered. Similarly, tvas investigated in a range from 1.5 s to 5.5 s with the
interval of one second. The computation time is presented in time per simulated second.
Figure 7-16 shows that with the increase in the cell size from 3 cm to 10 cm, the computation
time per simulated second decreases drastically (almost 82%). Howésethafcell size of 10

cm (corresponding to 24,500 cells) the reduction in computation time becomes less significant.
The calculation takes an average of 0.5 s (depending on the valydasfthe cell size equal to

10 cm. This time is reasonable sirthe ratio of the calculation time to ts approximately 16%,
meaning that the calculation takes a small portion of the-déb@ad window (i.e.fi)t and
therefore leaves enough time for further patipleating and the execution. This ratio increases

to 99% for the cell size equal to 5 cm, which basically means that the entiralh®sald window

was used for the generation [OAEWS. Accordingly, it can be inferred that for the small look

ahead time to work efficiently, the cell size has to be increased.
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Theidentification of theSDEand the ray tracing used for the calculatiorVbfre the first and
second most timeonsuming calculations. In order to put the intensity of the computation of
these two parameters into perspective, the calculati@Dé&fand M accounted for 14.5% and
14.3% of the total calculation time for the generatiohAEWS of the truck when the cell size is

10cmandi t 5.5ss

Computation

time per
simulated
second (s)
20 -
18 -
16 -
14 -
12
10 - —a— 158
---#---25S
8 1 A 358
6 - --%-- 458
4 - -©-558S
2 |
0 a— * . .
0 5 10 15 20 25 30 35
Dimension of the cell (cm)
Figure 7-16: Analysis of the Computation Timeb ased on t he Cel | Di men

74Dl SCUSSI ON

Given that the prediction of future movements of different pieces of equipment obtained through
the integration ofNRTSand parametric motion planning is an integral part of the proposed
method, it should béighlighted that uncertainties are an indivisible part of these predictions.

Consequently, the proposed method does no claim that it can eliminate all types of proximity
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based and visibilitpased risks. Instead, it is committed to leveraging the moableldata that

are available about the imminent movements of equipment during a manageable time window to
mitigate the risks as much as possible. Paths generated usib§El& are therefore the result

of best efforts to use all the available informatioravoid risks. However, the reliability of the
LAEWS is directly correlated to the length @ftsince the shorter the lo@head window, the

fresher and more accurate the prediction of the motion planningRH&.

While one of the main merits of the pmsed method of integrating the risk parameters is that it
grants flexibility to the designer in terms of choosing appropriate risk weights, it has the
limitation of relying on the shortest distance of cell to the equipment and the time associated with
it for the calculation the proximitpased portion of the risk. This can result in potential
negligence of another slightly larger distance that might have taken place earlier. Nevertheless,
the magnitude of this limitation can be reduced by increasing thgveeimportance oSDE
againstTSD By doing so, for the cell to have a higher risk at a time earlier Ti&n it is

required to have a much closer distance to the shortest distance.

Moreover, the ratio of the calculation timeltccan be used to highht that not the entire period

of U tcan be used to effectively avoid the collision risks. Accordingly, LAEWs are most
effective when coupled with tHeEWs. Together, they act as a tdayer safety shield where the
upper layer intends to ensure thiaé tfuture paths of the equipment are collisicee and the

lower layer aims to prevent immediate collisions if the generated paths fail to act as expected in

face of uncertaintieEWs can be used in the calculation portioridb avoid collisions.

Also, it is noteworthy that two levels of path planning were discussed ichhjger The first
level of initial path planning is a part of the proposed method and was explained in

Section7.2.1.1 On the other hand, the second level of pathlaening uses the output of the
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proposed method to generate collisioee paths if necessary. The correlation between the two
levels of path [anning is that while the first level is devoid of full awareness of the surrounding
environment, the second level uses the risk assessment represented Af\Wseand a set of
priority rules to identify the equipment that require patplesmning, and gdst the initial path, if

required.

75SUMMARY GONCLUSI ONS

This chapterproposed a novel method for locakead equipment workspace for earthwork
equipment that uses the predictive poweN&TSto evaluate the site safety based a number of
parametersncluding SDE TSD, and VI. This method enables different pieces of equipment to
ensure that their initially planned paths are collidi@®, or alternatively adjust their path
planning to avoid potential collisions. The discretization of space is agpliddcompose the
earthwork site into a number of cells in a virtual environment. NdRTSand parametric
motion planning are used to predict the future motions of different pieces of equipment over the
period ofl .tUsing this information, the risk ingeof each cell is evaluated in terms SDE

TSD andVI. The generated risk map is then leveraged to determineAthés of the equipment

corresponding to a given risk level. A case study was conducted to validate the proposed method.

In light of the reslts of the case study, it can be concluded that: (1) the proposed method is
providing a reliable basis for the generation of the risk maps of earthwork equipment, using the
expected pose and state and considering the proxiraggd and visibilinbased isks; and (2)

the risk maps can be combined to genek®&EWs with different risk levels that can be used by
different equipment and crews based on the varying levels of risk they can tolerate to adjust their

initial paths.
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CHAPTBR FLEEVEL AUTOMATEDEERQUI
GUI DANCE I N MAS

81l NTRODUCTI ON

Chapter 3presented the overview tfie proposedMAS To recap on the propos@dAS this
research proposed raulti-layer agent architecture in whichultiple layers of agents provide
support for the operators of earthwork equipment. The structure of the prépaSaési shown in
Figure 3-2. Additionally, Chapters 4 to 7 have introduced some of the main functionalities
performed by thé/IASin earthwork operations. This chapteovides an irdepth discussion of

the interaction and communication scheme between multiple layageats and how different
components othe MAS are integrated in a coherent system. Also, the task and operation

management and safety management mechanisms in the proposed MAS are elaborated.

82DESCRI PTI ON GF IANAGEHME PRO®EOSED MA

8.2.10PERATOR AGENTS

Figure8-1 shows the architecture of @A in terms of the contents of its contextareness and
functionalities. TheDA requires information about its surroundings, task and environment. This
combined types of information is referred to as external information because they are provided
by external sources. Surroundings information contains the poses, SlBMS, and safy
warning of other pieces of equipment. This information can be directly used 9Ahe
identify safety threats and take immediate actions, if required. Task information allo@a tbe
perform its (sem) autonomous operations and contains safetyniwgs, LAEWS, a strategic

plan, andNRTSbased schedule provided by theAand 3D design made available by DBA.
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The functionalities of arfDA include: (a) Identifying the pose and state of the equipment; (b)
Generating the tactical plan of the equipin@.e., path (r@ planning); (c) Generating tH2EWs

to ensure the safety of the equipment and workers by stoppingroutneg the equipment if
required or communicating with othéAs; (d) Ensuring the safety of the equipment and
workers by stoppin@r rerouting the equipment if required or communicating with otbés;

(e) Requiring the equipment to execute certain tasks based on the task assignménts dnyd

the generated tactical plan; (f) Calculating the required parameters for the genefatien
equipment risk map; (g) Collecting data about the cycle time of the machine and reporting to the
respectiveTCA (h) Monitoring the equipment conditions; (i) Detecting underground utilities
based on the provided maps; and (j) UpdatingDiii&l upon aay changes to the topography of

the site.
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As for the pose and state identification, knowing that all pieces of equipment are equipped with
RTLSand various other types of sensd@s can use accurate location and sensory data to
determine not only their state but also the pose of the equipmeatpdse of the equipment
refers to the orientation and position of the equipment and represents a particular geometric
relationship between various rigid components of the equipment at a certain position and
changes as the equipment moves along any afiffierent DOFs. A robust optimizatiofased

method that uses geometric and operational characteristics of the equipment is proposed to

improve thequality of the pose estimation, as shown in Chapter 4

State of the equipment, on the other hand, indichiegype of action a piece of equipment is
engaged in, e.g., swinging, loading, dumping etc. A-balged system is used to identify the
states of different equipment with a high accuracy by leveraging a set of equipment proximity

and motion rulesas shownn Chapter 5

OAs have knowledge about the equipment specifications and the types of sensors it carries and
the data needed for the pose and state identifications. Other compon@’s 6f k no wl e d g e
pertain to methods required to extract pose and stiiamation and to serve the functionalities

specified inFigure 8-1. A highlevel flowchart of the functionalities of a®A is shown in

Figure8-2. Given the unequal priorities of various functionalitiesO# and in order to embed

these priorities in the structure, a modified subsumption architecture is chosen for agents.
Subsimption architecture is based on breaking the activities of an agent in vertical modules
where every module has limited responsibilities and the results of the higher modules always
supersede those of the lower modules, if there is a conflict betweenisvanadulegFerber

1999)
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Figure 8-2: High-Level Flowchart of the OA Functionalities

In a nutshellOAs constantly monitor the operations and perform the routine calculations for the
equipment condition monitoring, pose and stdentifications, cycle time, generation of tactical
plans, generation of risk maps, detecting utilities, and genefaiWs. Hovever, this research
focuses orthe methods for the generation DEWs and risk maps, as explained in Chapters 6
and 7. The development of the methods for the other calculations is part of the future work of
this researchOAs also constantly report ITCA about their progresses. Meanwhile, if any safety
risk is observed, immediate actions will be taken and the ongpiaation is halted. The type of

the safety risk is communicated with the relevB@A and the commands for the required action

are providedo theOAs.
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8.2.2COORDINATION AGENTS

Coordination encompasses agents representing team coordinators who are responsible for
making critical decisions, e.g., new work schedules or command for the suspension of the
operation, using data from all other relatsgents, and further communicating their decisions

with the appropriat©As for the execution. Essentially, this component consists oGa#eand
severalTCAs. Each team is coordinated and supported BZA However, depending on the
characteristics otie project, the phase of the project and simultaneous operations, a hierarchy of

several layers of teams and gelams can be formed.

8221TEAM COORDDRNSENTS

As shown in the architecture of a typid@aCA in Figure8-3, the role of aflCAis to assign tasks

to the subordinat®©As or subTCAs and to collect information from them. The contextual
awareness of ACAis established by the information about the statusefthrounding teams,

the operation to be accomplished, the environment, and the progress and status of the tasks for
which it is responsible. T h eeABM and safety warnimggss 6 1 n
from otherTCAs. This information helps thECA to determine whether or not its own operation

will spatiotemporally conflict with the other operations and decide if work rescheduling is

required.
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In order for theTCAto be able to generate an initial work schedule for the suborddrseit

requires information about the operation to be accomplished. This information, termed as
operation information, encompasses: (1) the resource configuration, operation schedule and
operation logic from th&CA or superiofTCA and (2) the 3D designdm theDDA. TheDTM

and weather information from th8SA are categorized as environment information. The
operation logic refers to the essential construction method through which the work is done and
includes the types of equipment required and the prabassletermines how different pieces of
equipment are interacting, as will beplained in SectioB.2.5.1 ThesubordinatéDAs of aTCA

report about their encountered safety issues, tasks progress, risk mapsimejcéruipment
conditions, and detected utilities, together termed as task progress and status information. The
TCAwill use this information to perform detailed progress raimg andNRTSto ensure that

the operation does not deviate from the project schedule. Accordingl{zAaserves the
following ends: (a) Generating the initial strategic plans for all subordDAgeand assigning

the corresponding tasks to them; (b)fBeming task rescheduling when a delay is observed or a
measure is taken to expedite the operation, e.g., a new equipment is added to the fleet or a safety
issue dictated a change of schedule; (c) GeneratingAEMS for differentOAs; (d) Ensuring

the séety of operation with respect to the equipment in the same team and other teams; (e)
PerformingNRTSto ensure that the project will remain on schedule based on the most updated
productivity pattern; and (f) Monitoring the progress of the work based decem such as the

earned value.

The knowledge of & CA comprises methods to perform task assignments, task rescheduling,

performing NRTS and progress measurements. Similar @ds, a modified subsumption
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architecture is chosen fofCA Figure 8-4 shows the higlevel flowchart of theTCA

functionalities.

Start
Input P
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Assign Tasks
Ongoing
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Yes v
Monitor and
Update the OAs
! | , | }
Generate Measure the Report to GCA
Strategic Plan Perform NRTS | | Generate LAEW Progress or Higher TCA
I [ [ I
Yy
No
Inform all
Affected OAS Resolveble
TCAsand GCA y:
Yes l
. Yes
Operation Reschedule
Delayed ? Task

Figure 8-4: High-level Flowchart ofthe TCA Functionalities

At the top of the flowcharfTCA determines whether an operation is ongoing or a new operation
is assigned, in which case the operation is brokenO#teexecutable tasks that are assigned to
the relevant availabl©As. Next, in viev of the reports from subordinat@As, the progress
monitoring,NRTS andLAEW if any risk or delay is identified, either the tasks are rescheduled if

the problem can be resolved locally, or GEA (or higherTCA) is informed for direction. Local
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resolvaility means the problem can be solved by the information present to a 3i@éle
without the need to engage into negotiations with ofti&ks. The negotiation between agents in
a decentralized MAS structure is outside the scope of the present resdaraho@ functions
performed byTCA the detailed methods for performiddRTSand generatind AEW were

presented in Chapters 5 and 7.

8222GENERAL COORIRARNENTS

The GCA is responsible for monitoring and controlling the operations to ensure the smooth
execution of the project. As shown iRigure 85, the GCAal so generates the
schedule and the resource distribution based on a set of input data. The functionalities of the
GCAare realized through the accumulation of informratout the project and the progress of
different operations. The project information is the combination of all essential
documents/information based on which an earthwork project is executed. At a high level of
abstraction, safety regulations, availal#saurces, project schedule, construction methods, and
available sulrontractors, all of which are coming from tABA, are the main ingredients of the

project information.
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Safety regulations are used to derive basic safety rules that need to be observed throughout the
project. Available resources and available -sabtractors are used for the resource
configurations ad distribution. The project schedule is used for the generation of operation
schedules that can be assigned to diffefl@#s. The Construction methods provide tBEA

with the initial information needed to retrieve the right operation procedureDTieand the

3D design are required for the spatial aspects of operation assignments, and later for the task
execution by thé®As. With the exception of the 3D design that comes fronDiDA, all other
ingredients of the project information are furnished bg BDA. The DTM and weather
information are provided by th8SAas environmental information. In addition to the project
information, theGCArequires feedback from thECAs in form of operation progress and status
information. This includes th& CAprovided information about: (a) safety warnings, (b)
schedule change request, (c) forecasted schedule badiRIT&(d) operation productivity, and

(e) the progress made in different operations.

Example tasks of th&CA are: (a) Performing resource mgeaent and distributing available
resources between various operations; (b) Disintegrating the project schedule into several
operations and assigning each operation T€4 (c) Rescheduling the operations if required in

face of delays or safety warning&) Ensuring the safety of the entire project, in terms of
avoiding disruption between the work of varioli€As; and (e) Constantly monitoring the
progress of the project. In order to enableTl&s to generate task plans, 8EAtransfers the
resourceconfiguration, operation logic and operation schedule to them, and provides the design
change requests to the designer and plan change requests and progress reports to the project

manager.
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In order to assign tasks to differéDAs, the types and interaati® of the equipment needed for
every operation must be known. TG&€A has various operation logics associated with different
construction methods as part of its knowledge. AlsoG8é possesses knowledge about how to
perform resource management, operagssignment, operation rescheduling, safety checks, and

project progress monitoring. The hitgvel flowchart of theGCA Functionalities is shown in

Figure8-6.
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No Project?
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Update TCAS Project Progress Manager Designer

[ [ [ I

Yes Resolvable by Design Change
Coordination? Request
Manage N Reschedule
Resources Operations

No

Figure 8-6: High-level Flowchart of the GCA Functionalities

Similar to theTCA, the first task of th&sCA s to identify if there is an ongoing project or if

there is a new project, in which case it proceeds with assigning the operations, managing the
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resources, and generating the operationsodo |
monitoring,if any safety risks are identified that cannot be locally resolved 1§A the GCA

tries to resolve it through coordinating sevar@lAs, reorganizing resources and/or rescheduling
operations. However, if the safety threats cannot be alleviated, deastons such as detecting
unexpected underground utilities, a design change request is sent to the designer. If the project is
found to be delayed, then a similar process is followed to investigate whether the problem can be

resolved through resourcecenfiguration and operation rescheduling.

8.2.3INFORMATION AGENTS

This component is in charge of handling the information required@3and encompasses the

SSA DDA and PDA. In the scope of this research, information agents are inherently reactive
agents inhlie sense that they do not have any reasoning mechanism. They hold information and
react to the requests made by coordinator/operator agents and provide the required information
or update their contents based on the most recent changes on tlreégsite3-7 shows the
structure of thesSA DDA, andPDA. The SSAprovides theDTM, which is often obtained from

Light Detection and Ranging (LIDAR) scans by surveyors. Adddlly, theSSAuses a variety

of local sensors coupled with the information from weather agencies to constitute a database of

0g

the weather conditions as expected at the planning time, at the current time and as forecasted.

The main functionalities of th&SA are to provide information to thECAs andOAs, when

needed, and to update their data whenever a change befalls.
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