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Abstract 

The thesis focuses on evaluating and improving the transport efficiency of two types 
of logistics operations in the supply chain.  

One research area is the production of raw material in heavy construction 
operations, which takes place early in the construction supply chain. The production 
of raw material, specifically earthmoving operations, involves the moving and 
processing of the soil surface. In the thesis, methods and tools are developed to 
provide decision support in improving the transport efficiency performance of 
earthmoving operations at the individual equipment level and the systems level. To 
demonstrate the feasibility of improving the transport efficiency/fuel efficiency at 
the vehicle level, a fuel consumption optimization problem for construction vehicles 
is formulated and solved (Paper III). Construction vehicles consume large amounts 
of fuel due to their large mass and the rough operating environment. Using known 
road topographical information and a GPS unit, an optimal control problem is solved 
to determine the optimal gear shift sequence and time of shifting. Simulations show 
that both fuel consumption and travel time can be reduced simultaneously. For 
decision support at the systems level, a Fleet Performance Simulation (FPS) model 
is developed (Paper IV) to evaluate transport efficiency performance for a given mix 
of construction equipment in an earthmoving operation, in terms of productivity, 
resource utilization and Total Cost of Ownership (TCO). With a long planning time 
horizon, the FPS system is integrated with an optimization algorithm to solve the 
optimal fleet composition problem for earthmoving operations (Paper V & VI). Two 
optimization problems are formulated and solved using the proposed simulation-
based optimization framework: TCO minimization and productivity maximization. 
Construction operations are highly dynamic and the underlying environment is 
changing constantly, which brings difficulties in decision-making. Using GPS data 
from construction vehicles, a map inference framework (Papers I & II) is developed 
to automatically extract relevant information as input to decision support at the 
vehicle and systems levels, which include the locations of various workstations, 
driving time distributions and road networks between workstations. Experiments 
showed that the framework is able to extract the layout of the construction 
environment and construct 3D road maps at a high resolution without any prior 
knowledge of the operating environment. The map inference framework can also be 
used to automatically update the site geometry as the construction site expands.  

The second research area is the transport efficiency of the urban distribution system, 
which is in the final phase of the supply chain. An off-peak delivery pilot project in 
Stockholm is used as the background, designed to evaluate the potential for 
commercial vehicles to make use of off-peak hours, from the late evening to the 
early morning for the delivery of goods. The thesis (Paper VII) evaluates the 
transport efficiency impacts of the Stockholm off-peak pilot. An evaluation 
framework is defined where transport efficiency is studied in a number of 
dimensions, including driving efficiency, delivery reliability, energy efficiency and 
service efficiency. For each dimension, performance indicators are introduced and 
evaluated. Vehicle GPS probe data, fleet management data, and logistic information 
are used to assess the impacts. The results suggest that shifting deliveries from 
daytime peak hours to night hours achieved better transport efficiency in driving 
efficiency, delivery reliability and energy efficiency. 
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Sammanfattning 

Avhandlingen fokuserar på att utvärdera och förbättra transporteffektiviteten hos två 
typer av logistikverksamhet i logistikkedjan.  

Det första forskningsområdet är produktion av råvaror för tung byggverksamhet, 
som är i ett tidigt skede av logistikkedjan. Produktionen av råmaterialet, speciellt 
schaktningsarbete, innebär bearbetning och transport av jord- och stenmassa. I denna 
avhandling utvecklas metoder för att ta fram beslutsunderlag för utvärdering och 
förbättring av transporteffektiviteten hos massatransporter på individuell 
fordonsnivå samt systemnivå. För att visa potentialen att förbättra 
transporteffektiviteten/bränsleeffektiviteten på fordonsnivå, formuleras och löses ett 
optimeringsproblem för bränsleförbrukningen hos anläggningsmaskiner (artikel III). 
Anläggningsmaskiner förbrukar stora mängder bränsle på grund av sin vikt och den 
svåra driftsmiljön. Med hjälp av topografisk information om vägar och en GPS-
enhet, löses ett regleringsproblem för att bestämma den optimala växlingssekvensen 
och tidpunkter för växling. Simuleringar visar att både bränsleförbrukning och restid 
kan minskas samtidigt. För beslutsstöd på systemnivå utvecklas en 
simuleringsmodell av fordonsflottors prestanda (FPS) (artikel IV) som används för 
att utvärdera effektiviteten hos en viss uppsättning av anläggningsmaskiner i en 
schaktningsverksamhet, med avseende på produktivitet, resursutnyttjande och “Total 
Cost of Ownership” (TCO). För beslutsunderlag med ett långt 
planeringstidsperspektiv integreras FPS-modellen med en optimeringsalgoritm för 
att hitta den optimala sammansättningen av fordonsflottan för 
schaktningsverksamheten (artikel V och VI). Två optimeringsproblem formuleras 
och löses med det föreslagna simuleringsbaserade optimeringsramverket: 
minimering av TCO och maximering av produktiviteten. Byggverksamhet är mycket 
dynamisk och den underliggande miljön förändras ständigt, vilket medför 
svårigheter i beslutsfattandet. En metod för kartkonstruktion med hjälp av GPS-data 
från anläggningsfordon utvecklas (artikel I och II) för att automatiskt extrahera 
relevant information som används till beslutsunderlag på fordonsnivå och 
systemnivå, vilket innefattar placeringen av olika arbetsstationer, 
körtidsfördelningar och det tredimensionella vägnätet mellan arbetsstationerna. 
Experiment med hjälp av data som samlats in från en schaktningsanläggning visar 
att metoden kan härleda layouten på den underliggande anläggningen och konstruera 
tredimensionella vägkartor med hög upplösning utan några förkunskaper om miljön. 
Metoden för kartkonstruerande kan också användas för att automatiskt uppdatera 
geometrin när byggarbetsplatsen expanderar.  

Avhandlingens andra forskningsområde är transporteffektiviteten hos det urbana 
distributionssystemet, som ligger i slutfasen av logistikkedjan. Ett pilotprojekt med 
offpeak-leveranser i Stockholm används som bakgrund. Projektets syfte var att 
utvärdera potentialen för kommersiella fordon att använda lågtrafiktimmar, från sent 
på kvällen till tidigt på morgonen, för godsleveranser. Avhandlingen (artikel VII) 
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utvärderar transporteffektiviteten i Stockholms offpeak-projekt. Ett 
utvärderingsramverk definieras där transporteffektiviteten studeras i ett antal 
dimensioner, inklusive köreffektivitet, leveranspålitlighet, energieffektivitet och 
serviceeffektivitet. För varje dimension införs och undersöks ett antal indikatorer. 
Fordons GPS-data, Fleet Management System-data och logistikdata används for att 
bedöma effekterna. Resultaten tyder på att en flytt av leveranser från rusningstid till 
lågtrafiktimmar kan medföra bättre transporteffektivitet med avseende på 
köreffektivitet, leveranspålitlighet och energieffektivitet. 
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1 Introduction 
 

The focus of this thesis is on the development of methods to evaluate and improve 
the transport efficiency performance of two types of logistics operations in the 
supply chain. One is the production of raw material in construction operations 
(which takes place in the early phase of the construction supply chain), and the other 
is the urban distribution system (which is in the concluding phase of the supply 
chain). In the context of this thesis, efficiency is defined as the ability to perform 
activities without wasting materials, time or energy1.  

Both logistics operations have an important impact on the economy, natural 
resources and the environment. The construction sector is one of the largest 
industries. In the European Union (EU), the construction sector accounts for 
approximately 13 trillion EUR (European Commission, 2016), which is 10% of the 
gross domestic product (GDP). In the United States, this number is somewhat lower, 
approximately 6%, due to relatively low energy prices, inflation and unemployment 
in recent years (FMI, 2015). Moreover, the construction industry is a major 
consumer of natural resources and energy, and is also responsible for generating 
high levels of waste and greenhouse emissions (Del Río Merino, Azevedo and 
Gracia, 2009). In the EU, this sector accounts for about half of all material and 
energy consumption, and one third of all waste and emissions (European 
Commission, 2014). Transport activities account for 40% of the energy use in 
construction operations (Smith, Kersey and Griffiths, 2002). Considering the 
economic importance and substantial resource and environmental impacts of 
construction operations, there is an emerging need to address the transport efficiency 
of construction operations.  

Similar impacts also exist in the freight transport sector. It was reported (European 
Commission, 2007b) that logistics and freight transport represent between 10% and 
17% of GDP in industrial countries. In the EU, this sector accounts for 31% of the 
total energy consumption (European Commission, 2007). Moreover, freight 
transport in the EU is likely to increase substantially in the coming years and 
predictions suggest a doubling of freight transport by 2050 (European Commission, 
2007). Freight transport has put a strain on the infrastructure and one of the most 
visible impacts is added congestion in already saturated urban transport networks. It 
is estimated that the cost to freight transport because of congestion is approximately 
1.5% of GDP (European Commission, 2007b). In recent years, policymakers have 
shown growing interest in urban freight logistics. New policy innovations have been 
applied in order to achieve more efficient and environmentally friendly freight 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  http://www.merriam-webster.com/dictionary/efficiency	  
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transport systems. An off-peak delivery pilot project in Stockholm has shifted 
deliveries from daytime to night when the urban road network is less congested. 
With a creative combination of freight policy and modern technologies, the goal of 
the pilot project is to achieve better transport efficiency for urban deliveries and thus 
reduce the burden on the congested urban network. 

Section 1.1 presents the research objectives of the thesis. A background and 
associated challenges in improving the transport efficiency of heavy construction 
logistics are given in section 1.2. Section 1.3 gives an introduction to the off-peak 
delivery pilot in Stockholm and motivates the needs for the study. The outline of the 
thesis is given in section 1.4. 

1.1   Research Objectives 

The aim of the thesis is to develop methods and decision-support tools to evaluate 
and improve the transport efficiency performance of the two logistics operations. In 
spite of being different types of operation, the two studied logistics operations have 
characteristics in common. Both types of logistics are industry operations and 
service-oriented businesses, and the needs and demands from the customers put 
constraints on the operations.  

For the construction logistics, the main research objective is to develop decision-
support tools to improve the transport efficiency of earthmoving operations at both 
the vehicle level and the systems level. Earthmoving is the processing and moving 
of large quantities of soil and raw materials from the earth’s surface (Halpin and 
Riggs, 1992). The characteristics and transport efficiency of earthmoving operations 
are described in detail in the next section. At the individual vehicle level, the thesis 
studies the optimal gear shift problem (choosing the right gear at the right time with 
respect to the road topography) in order to improve the transport efficiency. For 
decision support at the systems level, methods are developed to improve the 
transport efficiency by choosing the optimal fleet composition. Further, methods are 
developed to extract the topographical and operating information using the latest 
sensing technologies in order to provide accurate and updated input to the decision-
support tools at the vehicle and systems levels. The research objectives are shown in 
Figure 1 and summarized in the following: 

• Develop methods to improve the transport efficiency at the vehicle level 
• Develop methods to improve the transport efficiency at the systems level 
• Develop methods to extract topographical and operating information from 

sensor data to serve as input to the decision-support tools at the vehicle and 
systems levels 
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Figure 1 The research objectives in earthmoving operations.	  

The research objective of the study in urban distribution logistics is to evaluate the 
transport efficiency impacts of shifting goods deliveries from daytime to night 
hours, using the Stockholm off-peak delivery pilot project as a case study. 

1.2   Transport Efficiency of Heavy Construction Logistics 

Heavy construction refers to large-scale projects such as construction of 
infrastructure (highways, streets and railways), flood control, and mining and quarry 
operations. The prime function of construction management is to plan, procure, 
organize, and control the activities of the projects and equipment resources 
(Edwards and Holt, 2009). Regardless of its type, size, and timetable, each project 
has to meet the conflicting objectives of time, cost and performance (Cox, Issa and 
Ahrens, 2003). Project management has to balance the trade-offs between these 
objectives at both the strategic and the operational management levels (Lee, Pena-
Mora and Park, 2006). There are a number of characteristics of heavy construction 
operations that need to be taken into consideration in the planning process (Halpin 
and Riggs, 1992; Navon, 2007), including: 

• Each construction project possesses unique characteristics and hence requires 
project-specific planning at different management levels. 

• This category of construction has a high degree of mechanization, which 
indicates high acquisition and operating costs. 

• Construction operations are complex with many resources (manpower, 
equipment, material) interacting to carry out tasks, and often impacted by 
uncertainties. 

• The dynamic nature of construction projects and the frequently re-configured 
environment at the construction sites make the planning process more 
demanding. 

Heavy construction covers a wide range of operations, and it is unlikely that a single 
decision-support tool can be applied to all types of operations. The studies in this 
thesis focus on earthmoving operations, which are a very essential part of heavy 
construction and are normally carried out in the early stage of heavy construction 
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Optimal gear shift
for transport efficiency

Optimal fleet selection
for transport efficiency

Extract topographical
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Vehicle level
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projects. To a large extent, the successful execution of earthmoving operations 
impacts the sequence of completion of the remaining parts of a construction project.  

Earthmoving operations involve processes such as excavating, loading, hauling, 
dumping, crushing and compacting soil (Fu, 2013). Activities in earthmoving 
require specially designed heavy equipment for different purposes in the operations, 
and the frequently used equipment includes excavators, loaders, compactors and 
hauling trucks. Figure 2 illustrates a typical earthmoving operation. Wheel loaders 
and articulated haulers are employed for loading and transport purposes. Wheel 
loaders excavate and load material on trucks at the loading station. Trucks travel to 
the dumping station (haul trip) to unload the material into the crusher at the dumping 
station. After depositing their load, trucks return to the loading station (return trip) to 
start another load-and-haul cycle. 

	  

Figure 2 Illustration of earthmoving operations. 

In the thesis, three performance metrics are used to measure the transport efficiency 
of the earthmoving systems: productivity, Total Cost of Ownership (TCO) and 
resource utilization.  
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Productivity is a key aspect when evaluating the performance of a system and it is 
the most commonly used performance measure in construction engineering. In an 
earthmoving operation, productivity P  is defined as the total output from the entire 
fleet working together, i.e. transported material in ton or m3 per operating hour 
(Kannan, 2011). However, only examining the productivity is insufficient for 
evaluating the performance of an earthmoving operation.  

Heavy construction equipment in general has a significant purchasing/leasing cost, 
as well as high operating and maintenance costs. In addition to the substantial capital 
investment together with the high operational cost, workforce costs are also 
considerable for reasons such as difficult working conditions, training of the 
equipment operators, etc. Thus, it is important to take the cost perspective into 
consideration when evaluating the efficiency of earthmoving operations. The 
concept of “Total Cost of Ownership” is also used in the construction industry for 
the direct and indirect costs of production. Conceptually, TCO is a management 
accounting term, which evaluates the economic value of an investment. A TCO 
analysis includes estimation of the acquisition cost, operating cost as well as the 
productivity (Kannan, 2011), and gives the management a clear picture of the 
profitability over time. The total cost Ctot of TCO includes the capital cost Ccap and 
operating cost Copr of equipment, where Ccap covers the equipment’s purchasing 
price, salvage value, depreciation, interest, insurance and taxes while Copr takes into 
account those costs which result from equipment operation and use. Normally, the 
operating cost contains operator costs, fuel consumption, spare parts, preventive 
maintenance and repair costs. The operating cost is subjected to the uncertainties of 
the operating environment. Finally, TCO is defined as the cost per production unit 
and is obtained as the quotient between the total cost per hour and the production per 
hour. 

Resource utilization is another important performance metric to measure the 
transport efficiency of an earthmoving system. Resource utilization is measured 
using idle statistics of resources, which reveals how well the equipment units in an 
earthmoving system match each other. Bottlenecks in an operation can be easily 
identified using this performance metric. 

Construction management lags behind other industries in performance control 
(Navon, 2005), and planning and decision-making rely heavily on rules of thumb 
and the experience of project managers. Methods and tools to assist management to 
evaluate performance, and further plan and optimize the operations are emerging 
requirements for efficient operations.  

The aim of this research is to develop methods and decision-support tools to 
improve the transport efficiency performance of earthmoving operations at two 
different levels, i.e. the vehicle and the systems levels. First, the research 
investigates how to improve the transport efficiency of hauling vehicles in the 
operation. Then the focus of the study moves to the systems level and examines how 
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to improve the transport efficiency from the system perspective of earthmoving 
operations. Using data from the latest sensing technologies, methods are developed 
to automatically extract relevant information and provide accurate and updated input 
to the decision-support tools at both the vehicle and systems levels. 	  

Section 1.2.1 presents the needs and addresses the research gaps of improving 
transport efficiency of earthmoving operations at the vehicle level, followed by the 
discussion at the systems level in section 1.2.2. The importance of extracting 
relevant information to the decision-support tools and the research gaps are 
discussed in section 1.2.3. Section 1.2.4 summarizes the needs and research gaps 
presented for earthmoving operations. 

1.2.1  Improving transport efficiency at the vehicle level  

In the thesis, the study on improving transport efficiency in earthmoving operations 
begins at the equipment level. Fuel consumption in heavy construction operations is 
one of the critical components in the operating cost. Construction equipment in 
general has high fuel consumption because of its large mass and its heavy loads of 
construction materials. Further, the driving environment on construction sites 
usually has rough terrain conditions and the driving paths often consist of frequent 
steep inclines, which cause high fuel usage and at the same time the vehicles have to 
travel at low speed. Equipment manufacturers work constantly on improving the 
fuel efficiency of the construction equipment both from the vehicle design point of 
view and anticipation of the driving environment, since a decrease of a few 
percentage points in fuel usage can result in substantial cost savings. 

Fuel consumption is greatly influenced by road topography. Several researchers 
have examined fuel consumption reduction methods that use information concerning 
road terrain. Schwarzkopf and Leipnik (1977) first formulated the problem as an 
optimal control problem employing feedback control to reduce the fuel consumption 
under various road conditions. A highly simplified mathematical model for vehicle 
fuel consumption was formulated and the study concluded that a steady state 
velocity minimizes the vehicle’s total fuel usage on level ground. For uphill 
conditions, the authors suggested acceleration in order to gain speed just prior to 
reaching the uphill section and then to allow the speed to drop while climbing the 
hill. They also indicated that a converse behaviour is appropriate for a downslopes. 
More accurate estimations of fuel usage were obtained in Hooker (1988) by 
combining a fuel consumption simulator and dynamic programming to solve the fuel 
optimal control problem. Further, Chang and Morlok (2005) studied the optimal 
speed profile for rail vehicles to minimize work and fuel consumption. Using a 
realistic model of a truck powertrain, Fröberg, Hellström and Nielsen (2006) studied 
the fuel optimal speed profiles for heavy trucks on three different topographical road 
profiles: level road, small gradients, and steep gradients. They derived explicit 
analytical solutions and showed that constant speed is optimal on level segments and 
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segments with relatively small gradients. For steep downhill segments, it was 
optimal to utilize the vehicle’s kinetic energy to accelerate. All above-mentioned 
studies provide the theoretical background of improving fuel efficiency by 
regulating speed/acceleration on different topographical road profile.   

The advancement of new information and sensing technologies has facilitated the 
further development of methods to improve fuel efficiency. In recent years, several 
studies have been conducted to improve fuel efficiency by combining road 
topography and signals from Global Positioning System (GPS). Hellström, Fröberg 
and Nielsen (2006) developed a Model Predictive Control (MPC) scheme to control 
the longitudinal behaviour of a heavy diesel truck to reduce its fuel usage. Utilizing 
a known 3D road map and the current position of the vehicle received from a GPS 
unit, the MPC algorithm determined the optimal acceleration and braking level 
(from a fuel efficiency point of view), as well as the selected gear. The optimization 
scheme was demonstrated using computer simulation and the results showed that the 
fuel consumption could be reduced by 2.5% without significant changes in travel 
time. The MPC fuel optimization approach was further improved for online 
implementation by Hellström et al. (2009) and evaluated with a real truck on several 
highway segments in Sweden. The experiment showed an average reduction in fuel 
consumption of 3.5% without increasing travel time compared to a standard vehicle 
cruise control. Ivarsson, Åslund and Nielsen (2009) studied the fuel consumption 
optimization problem for heavy trucks utilizing the road slope information and a 
known combustion engine fuel consumption map. The reason was the nonlinear 
relationship between the speed and the resulting torque for the same fuel injection, 
making it more beneficial to operate at certain points in the fuel consumption map 
than others. Computer simulations confirmed that the fuel use could be reduced by 
roughly 1%.  

However, these fuel reduction methods utilizing road topography have not yet been 
investigated on off-road construction vehicles due to the unavailability of 3D maps 
of the driving environments. Unlike in road traffic environments, it is not common 
to have 3D maps of the work site in which construction equipment operates. Heavy 
construction environment also has a very dynamic environment, and the layout of 
construction sites and the road topography change continuously as the projects 
progress. It is therefore not very realistic to have updated 3D maps of the underlying 
environment. The driving paths in construction environments usually consist of 
frequent steep inclines, which could make the method of utilizing road topographical 
information more beneficial for construction vehicles compared to vehicles 
travelling in normal road traffic. 

The first task of the thesis focuses on improving the transport/fuel efficiency of 
earthmoving operations at the individual equipment level utilizing 3D road 
information and a GPS unit. Under the assumption of available road topography of 
the driving environment, the problem of reducing fuel consumption and travel time 
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for articulated haulers is studied. Haulers are the most commonly used off-road 
vehicles and are employed for transport purposes on construction sites. First, a 
dynamic model of the articulated haulers needs to be formulated. The fact that 
driving paths in construction environment often consist of frequent steep hills and 
the heavy load on the vehicles make the fuel optimization problem for construction 
vehicles different compared to on-road driving situations. When climbing uphill, the 
speed of the hauler decreases drastically due to the large mass and it is hence 
necessary to shift to lower gears in order to gain more torque so the vehicle can 
climb up the hill. Conversely, in an on-road driving environment where the slop is 
moderate, the speed does not drop very much and the vehicle may not even need to 
change gear. Further, for some models of the articulated haulers, the design of the 
transmission requires sequential gear shifting, i.e. there is no skipping of gears. For 
example, to get from first gear to third, one has to go through second gear. 
Compared to on-road vehicles where skipping gears is feasible, the construction 
vehicles react relatively slower to changes in the road topography. Therefore, the 
fuel consumption optimization problem for construction vehicles is more 
constrained in comparison with on-road driving situations.        

1.2.2  Improving transport efficiency at the systems level 

The discussions in the previous section focused on the performance of transport 
efficiency at the vehicle level. The next step in this research focuses on improving 
the transport efficiency of earthmoving operations at the systems level in the 
strategic planning stage. Strategic planning makes decisions in the design phase of a 
project, and analyses the outcome of the overall performance of a project for 
alternative designs in order to obtain optimal results in terms of various performance 
targets. Decisions during this stage include the project duration and budget, the 
overall operating methods, equipment selection, labour, work schedule, targeted 
production rate, etc. Well-founded decisions ultimately lead to improved 
performance. Equipment selection is one of the most critical decisions in strategic 
planning, since it determines whether a project will be completed within the targeted 
timetable and budget. Without an appropriate equipment fleet, productivity 
decreases and that in turn causes delays and unnecessary cost upturns.  

In the strategic planning stage, the equipment selection procedure normally begins 
with measurement of the underlying construction site and collection of other 
relevant information. Based on the measurement and collected information, sales 
personnel from equipment manufacturers conduct productivity estimation using 
simple calculation and heuristic rules. Alternative equipment fleets are then 
proposed to the project management2. However, when there are many different 
models of each equipment type as well as a large variety of matching tools for each 
model, it is highly challenging to find the optimal equipment fleet composition for 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Erik Uhlin, Volvo Construction Equipment 
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the specific site. The aim of the study is therefore to develop a decision-support tool 
in fleet selection for strategic planning purpose.   

Simulation – evaluating the transport efficiency performance 

With this aim in mind, the first step begins with the evaluation of the transport 
efficiency for a given mix of equipment. Since different types of equipment of 
multiple numbers interact to perform earthmoving operations, it is important to 
consider the dynamic interaction between the types of equipment. Further, each type 
of equipment exists in many different models, which in turn have various attributes 
in terms of capacity, cost, etc. The question here is how to model earthmoving 
operations accurately in order to evaluate these transport efficiency metrics defined 
earlier for a given mix of equipment.  

Simulation has been used for modelling complex processes and has gained 
considerable attention in analysing construction operations. Halpin and Riggs (1992) 
reasoned that construction operations possess linear properties since the work 
processes need to be completed in a particular sequence. Despite the uniqueness of 
each construction project, many processes are repetitive. Thus, this linear and cyclic 
nature of operations makes the problem suitable for simulation modelling. 

Several simulation systems have been developed specifically for modelling and 
analysis of construction processes. In the early 1970s, Halpin (1977) introduced the 
CYClic Operations NEtwork (CYCLONE) modelling technique to model various 
activities that take place in construction operations. A further development was the 
creation of the simulation software MicroCYCLONE (Lluch and Halpin, 1982) and 
WebCYCLONE 3 . Martinez extended CYCLONE and created the simulation 
software Stroboscope (Martinez, 1996) and EZStrobe (Martinez, 2001). Hajjar and 
AbouRizk (1997) proposed a special-purpose simulation approach with a computer-
based visual environment called AP2-Earth, which allows practitioners to model for 
instance an earthwork project with symbolic elements. Extending the work on AP2-
Earth, another simulation tool called Simphony (Hajjar and AbouRizk, 1999) was 
developed for the modelling and analysis of construction operations in general. 
Simphony was recently licensed for modelling construction operations (AbouRizk, 
2010). Other successful applications of simulation in the construction industry and 
collaborations with academia have been reported. Examples of other simulation 
programs for construction operations are COOPS (Liu and Ioannou, 1992), DISCO 
(Huang, Grigoriadis and Halpin, 1994), and CIPROS (Tommelein, Carr and Odeh, 
1994). Halpin and Martinez (1999) mentioned that there were over 20 universities in 
the U.S. and Canada that offered courses using the CYCLONE and other modelling 
environments at both graduate and undergraduate level.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  https://engineering.purdue.edu/CEM/people/Personal/Halpin/Sim/index_html 
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The above-mentioned simulation systems are designed for purposes such as 
productivity analysis or visualization. However, no simulation system of heavy 
construction operations has been developed for the purpose of evaluating the 
transport efficiency performance. Productivity is without doubt a key element when 
measuring the performance of an operation. TCO analysis includes purchasing and 
operating costs of equipment, and addresses both cost and productivity aspects. 
Further, resource utilization information is an indicator that shows not only how 
well the equipment units match each other, but also reveals the constraints in the 
operation. A complete evaluation of transport efficiency accounts for the 
productivity, equipment capacity and cost, and it is essential for decision support at 
the management level. The first task for decision support at the strategic planning 
level is therefore to develop a simulation tool for evaluating the transport efficiency 
performance of earthmoving systems.  

The simulation tool should include various aspects of earthmoving operations in 
order to give a complete evaluation of the transport efficiency metrics described in 
section 1.2. Many of the above-mentioned simulation systems in construction 
include only the interactions between the construction equipment. However, 
earthmoving operations are inter-dependent systems and the interactions between 
the construction equipment and other types of equipment in the operations (for 
instance conveyor, crusher etc.) have significant impacts on the performance of 
transport efficiency. It is important to take this aspect into consideration when 
designing the simulation system. The fleet is also often composed of different types 
of equipment of various models, and therefore the capacity, capital and operating 
cost of each unit are different. Nevertheless, most earlier simulation systems do not 
include the feasibility of specifying the different models of each equipment type. 
The modelling of the desired simulation tool is thus more complex and detailed from 
the design point of view compared to the above-mentioned simulation systems.  

Optimization – improving the transport efficiency performance 

With a proper tool to evaluate the transport efficiency of earthmoving systems, the 
next step is its use to assist decision-making in equipment selection. Construction 
engineering is an experience-based field and heuristics rules have dominated in the 
planning and management process (Navon, 2005). Examples of using heuristic 
methods to choose equipment are Gransberg (1996), Amirkhanian and Baker (1992), 
and Eldin and Mayfield (2005). Simulation-based optimization is an emerging field, 
which has received attention increasingly in construction management. A number of 
studies using simulation-based optimization have investigated the optimal fleet 
selection problem. AbouRizk and Shi (1994) developed an optimization method 
which utilizes the delay statistics of resources and reasonable matching between 
resources to guide a simulation system to search for the most appropriate fleet. 
Marzouk and Moselhi (2000) presented a system that integrates a simulation module 
and a genetic optimization algorithm for optimizing earthmoving operations. Zhang 
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(2008) formulated a multi-objective problem and incorporated simulation within a 
particle swarm optimization algorithm to look for optimal equipment configurations. 
Cheng and Yan (2009) created a mechanism that incorporated a genetic algorithm 
and a simulation engine to optimize resource utilization with respect to the 
production rate or unit cost. More examples of simulation-based optimization in 
construction fleet selection can be found in Cheng and Feng (2003), Feng, Liu and 
Burns (2000), and Zhou, AbouRizk and AL-Battaineh (2009). 

The above-mentioned studies solve the optimal fleet selection problem with a pre-
determined configuration of equipment models, i.e. they optimize the number of 
equipment units (quantitative variables) and the configuration between different 
models of collaborating equipment type (qualitative variables) is determined before 
the optimization procedure. Qualitative variables refer to the models of each type of 
equipment and the attributes of each model, while quantitative variables represent 
the number of each equipment type. In other words, the decision variables in the 
previous studies are the quantitative variables, and the qualitative variables need to 
be computed before the optimization procedure. In this manner, the optimal fleet 
selection problem in previous studies is solved in two steps. A reasonable match in 
terms of capacity between various models of collaborating equipment type is 
normally employed when calculating the	  quantitative variables in the first step, for 
instance the loading equipment of model A is consistent with hauling unit model B. 
The down side of solving the optimization problem in two steps is that as the 
number of different equipment models and their attributes increase, it is time-
consuming to pre-calculate good combinations between different models of 
collaborating equipment types. Further, some solutions might have been already 
eliminated in the solution space when pre-calculating the equipment combination in 
the first step, and consequently potential sub-optimal solutions will never appear in 
the final solution. It is therefore desirable to design an efficient optimization method 
for equipment selection in which both quantitative and qualitative variables are 
taken into consideration.  

The next step for decision support at the strategic planning level is thus with the help 
of the simulation tool to solve the optimal fleet selection problem in terms of 
transport efficiency while considering both qualitative and quantitative variables.  

1.2.3  Extracting input to decision support at different levels 

The problem of improving the transport efficiency/fuel efficiency at the individual 
equipment level is addressed under the assumption that the road-topography 
information of the construction environment is known. Furthermore, for the input to 
the simulation of earthmoving operations at the systems level, accurate 
topographical information is also required in order to extract relevant information, 
such as activities’ duration and fuel consumption. It is therefore necessary to have 
the layout and detailed road-topography information of the underlying construction 
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site for input to the decision-support tools at both the vehicle and systems levels in 
the thesis.   

However, it is not common in construction engineering for the topographical 
information of heavy construction environment to be available. Additionally, the 
layout of construction sites and the road geometry change continuously. As 
construction sites expand, the workstations gradually move further away and the 
driving paths between workstations become longer. 

Extracting the site layout information in construction operations is traditionally done 
by manual collection, which is time-consuming (Davidson and Skibniewski, 1995). 
Manual data collection and updating are hence not frequently performed in 
construction operations (Navon, 2005). At the same time, the procedure requires 
knowledge and field experience, which are often prone to human error. Recently, 
some large-scale heavy construction operations even engage helicopters with 
advanced laser scanning technology to take aerial photographs of the site with 3D 
geographical information. This method can help managers deduce the site layout and 
path geometry with high accuracy, but at a high cost. In general, map-generation 
methods using manual effort or scanning techniques are either time-demanding or 
costly, and not efficient for the purpose of updating. 

The widespread use of mobile sensing devices opens up the possibility of easy 
collection of location data and facilitates the development of a variety of location-
aware applications. Different map generation methods using sensor data have been 
proposed in road traffic applications. The most commonly employed methods are 
clustering methods (Biagioni, and Eriksson, 2012; Birant and Kut, 2007; Davies, 
Beresford and Hopper, 2006; Edelkamp and Schrödl, 2003; Schroedl et al., 2004), 
incremental tracking insertion methods (Ahmed and Wenk, 2012; Cao and Krumm, 
2009; Rogers, Langley and Wilson, 1999), and intersection linking algorithms 
(Fathi, and Krumm, 2010; Karagiorgou, and Pfoser, 2012). Depending on the 
desired application and granularity, some methods may be more applicable than 
others. A comprehensive overview and evaluation of the map generation methods in 
traffic applications can be found in Ahmed et al. (2015). 

The above-mentioned map generation methods are designed to generate/extend 
maps for normal road traffic. Links are normally designed following strict rules and 
regulations, such as maximum curvature, slope, ratios, etc. On the other hand, 
construction sites have much more complex geometry and the vehicles do not 
always follow the standard driving rules as in normal road traffic. The question is if 
the map inference methods can be applied using the available sensor data to generate 
and update road networks in construction environments. 

Agamennoni, Nieto and Nebot (2011) proposed a clustering method to generate a 
2D road map for an open-pit mine using GPS data, with the aim to predict conflict 
places in the road network and prevent collisions between construction vehicles. 
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Experiments showed that the method was able to capture the shape of the network. 
With this successful example, the thesis examines the feasibility of using the latest 
sensing technologies to build road network and extract the topographical 
information for the purpose of improving the transport efficiency at the vehicle 
level.  

Further, for the simulation at the systems level, the required input is the operation 
logic as well as cycle time and fuel consumption of various activities. The context 
information of the underlying environment, i.e. locations of various workstations, is 
therefore needed in order to extract the required input data to the simulation.   

A few studies have examined the possibility of using GPS data to extract context 
information and cycle time distributions in construction operations. Agamennoni, 
Nieto and Nebot (2009) reasoned that vehicle speeds provide meaningful 
information in the case of construction environments. If a vehicle is moving very 
slowly in a particular area, it may be an indicator that the vehicle is performing an 
activity (loading, unloading, queuing, yielding). In the context of safety, they 
proposed an approach to identify activity locations with potential interactions 
between vehicles and risk of accidents, using a probabilistic model based on vehicle 
speed profiles. This method is an excellent example of detecting important locations 
from the safety point of view, but is not suitable for identifying the contextual 
information of construction environment. With the same reasoning, Pradhananga 
and Teizer (2013) presented a speed-based method for automatic work zone 
detection for trucks, and suggested using GPS data and the concept of work zones 
for the extraction and analysis of cycle time information. However, the proposed 
zone detection method is not able to identify the type of work zones and manual 
input is therefore required. Despite the recent advances in sensing technologies, 
having accurate and updated information regarding the contextual information of the 
work environment remains an unsolved issue in the construction industry. 

The research thus also solves the problem of extracting context information of 
construction environment in order to provide input to the simulation at the systems 
level. To summarize the problems addressed in this section, the research develops 
methods using the latest sensing technologies to extract topographical information 
of the underlying environment and capture the changes continuously to facilitate 
decision support at both the vehicle and systems levels. The required information 
differs depending on the problem at hand. For the fuel efficiency problem described 
in section 1.2.1, the required information is the 3D topography of driving paths. For 
the simulation of earthmoving systems presented in section 1.2.2, the necessary 
input is the context information of the construction environment, cycle time and fuel 
consumption of various activities. 
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1.2.4  Summary of needs and research gaps 

This section summarizes the needs and research gaps presented in sections 1.2.1 – 
1.2.3.  

Construction vehicles consume large amounts of fuel and a reduction by a few 
percentage points can lead to substantial cost savings. Anticipating the road 
topography in order to reduce fuel usage has never been investigated for 
construction vehicles due to the unavailability of accurate and updated road-
topographical information in construction environments. Assuming this information 
is known, the thesis studies the fuel reduction problem for construction vehicles, 
which is intended for decision support at the vehicle level.  

Choosing the right equipment fleet is a critical decision at the strategic planning 
stage in order to achieve optimal performance in transport efficiency. Simulation has 
been proven to be a powerful tool to evaluate the performance of various heavy 
construction operations. However, no simulation systems have been designed to 
evaluate the transport efficiency of earthmoving operations. Simulation-based 
optimization techniques have also been employed to solve the optimal fleet selection 
problem in construction engineering. In spite of this, the decision variables in the 
previous studies are the quantitative variables (number of equipment), and the 
qualitative variables (the model of collaborating equipment type) are pre-defined 
before the optimization procedure. When the number of qualitative variables 
increases, it is time-consuming to pre-calculate the good combinations between 
various pieces equipment. With respect to the above research gaps, the thesis 
proposes a simulation-based optimization framework to serve as decision support in 
fleet selection at the systems level. 

Furthermore, relevant information is required as input to the above-mentioned 
decision-support tools at different levels, such as the layout and topography of the 
construction environment, driving time, etc. Traditionally, these types of 
information are extracted using manual input, which is time-consuming and difficult 
to update. Using data from the latest sensing technologies, the thesis develops 
various methods in order to extract relevant information to serve as input to the 
decision-support tools at the vehicle and systems levels.  

1.3   Transport Efficiency of Off-peak Urban Freight Transport  

Urban population and economic growth have increased the demand for goods 
deliveries by businesses and residents. Urban delivery transport is essential to the 
functioning of cities, but at the same time affects accessibility, the environment and 
liveability negatively (Anderson, Allen and Browne, 2005; Giuliano, 2012; Wittlöv, 
2012). Commonly observed negative economic, environmental and social impacts 
caused by urban freight transport include congestion, air pollution, and greenhouse 
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gas emissions, as well as accidents, visual intrusion, barrier effects, disturbance and 
noise (Anderson, Allen and Browne, 2005). 

Traffic congestion is a major problem in metropolitan areas throughout the world, 
and can entail substantial costs for travellers and business operations (Weisbrod, 
Vary and Treyz, 2003). In many urban areas, the road networks are already used 
intensively and freight transport has been viewed as adding to congestion on major 
highways (Figliozzi, 2010; Cui, Dodson and Hall, 2015). Freight deliveries thus 
increase delays in urban networks and passenger-freight conflicts on shared routes. 
On the other hand, congestion in urban areas results in delays and unreliable 
delivery service for the freight industry. It is estimated that the extra costs to the 
freight industry due to congestion are as high as 1.5% of GDP in the EU countries 
(European Commission, 2007).   

Freight transport in general is one of the major contributors to air pollution and 
greenhouse gas emissions, which are among the most severe environmental effects 
(Figliozzi, 2011). In particular, 20-30% of vehicle kilometres and 16-50% of 
transport-related emissions of air pollutants (depending on the specific pollutant) are 
caused by freight transport in European cities (Dablanc, 2007). Urban freight 
transport in particular pollutes more than long-distance freight transport due to the 
stop-and-go conditions on congested urban streets, generally older vehicles, short 
delivery runs and the large number of delivery stops.    

Negative social impacts of freight transport include (Anderson, Allen and Browne, 
2005) the physical consequences of pollution emissions and traffic accidents, 
disturbance and noise caused by freight vehicles while travelling and making 
deliveries, double parking that reduces road capacities, etc.  

Efficient and reliable urban delivery systems are essential to urban economic 
development (Behrends, Lindholm and Woxenius, 2008; Visser, van Binsbergen 
and Nemoto, 1999). Given the importance of freight transport, efficiency of urban 
freight logistics has been extensively studied in the literature. Topics frequently 
studied in the literature are for example delivery truck routing and scheduling (Ben-
Akiva et al., 2016; Golden, Raghavan and Wasil, 2008; Taniguchi and Shimamoto, 
2004), network design and optimization (Crainic, 2000), and related topics.       

In the development of urban delivery systems, some cities tend to focus on building 
new or improving existing infrastructure, e.g. increasing road network capacity or 
building logistics parks, while others focus on operational changes with 
institutionally oriented initiatives to improve system performance without 
substantial new capital investment (Dablanc et al., 2013). However, urban freight 
distribution is an inter-dependent system with complex distribution networks and 
moreover has a diverse set of stakeholders that includes shippers, recipients, 
logistics service providers, residents and local authorities (Macharis and Verlide, 
2012). The stakeholders certainly have different objectives and each group tends to 



 

	  16 

act in a different manner in order to meet its own needs and achieve its own goals. 
The complex interrelationship between a diversity of stakeholders thus adds 
difficulty to the urban freight distribution system (Taniguchi and Thompson, 2011). 
Stathopoulos, Valeri and Marcucci (2012) suggest that urban freight service 
suppliers and local authorities should seek to manage the relationship between 
freight systems and the urban context in order to maximize economic benefits while 
minimizing the negative social and environmental impacts.  

Traditionally, policymakers have generally left freight transport matters to the 
private sector, who generates the demand for and supplies freight transport services 
(Lindholm and Behrends, 2012; Wittlöv, 2012). Even in countries with strong 
political entities, the policy component as applied to urban logistics is weak 
(Dablanc, 2011). Policy and regulatory measures implemented by urban planners 
and local authorities have aimed at imposing restrictions rather than stimulating 
freight transport operations.  

Recently, however, policymakers have changed their approach on urban freight 
transport due to population growth in urban areas, urban economic development and 
competitiveness, and the increasing environmental concerns (Wittlöv, 2012; Hesse 
and Rodrigue, 2004; Benjelloun, Crainic and Bigras, 2010). Many major European 
cities are now including urban freight transport as part of their overall transport 
strategies (Browne et al., 2007; Hall and Hesse, 2012). Dablanc et al. (2013) 
reasoned that many European cities have more serious urban freight problems 
because of their older built forms, higher density, and greater shares of small and 
independent business. European cities thus stand to benefit from more regulatory 
control over freight transport. Examples of policy instruments considered to improve 
urban freight movements include certification and labelling, traffic and parking 
regulation, and intelligent transportation systems (Ambrosini and Routhier, 2004; 
Crainic, Ricciardi and Storchi, 2004; Dablanc et al., 2013; Goldman and Gorham, 
2006). Certification and labelling programmes are for example various 
environmentally friendly certification programmes that promote the use of cleaner 
vehicles and fuel types. Various policy instruments use traffic and parking 
regulations to reduce and limit freight activities, such as restrictions on truck access 
or parking. Intelligent transport systems (ITS) include technologies that use real-
time traffic and parking information to monitor and manage freight transport.  

Furthermore, it is increasingly recognized that there is available capacity in road 
networks during off-peak hours (typically nights, evenings and early mornings), 
even in cities with severe congestion during peak hours (Sánchez-Díaz et al., 2016). 
By considering policies that shift urban goods delivery from peak hours to off-peak 
hours, there is a potential to increase the efficiency of the freight distribution, as well 
as to reduce negative external impacts and (to some extent) congestion for other 
traffic during peak hours. 
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Between 2014 and 2016, the City of Stockholm ran an off-peak goods delivery pilot 
project, with the objective to examine the feasibility and potential of night-time 
delivery considering factors such as delivery time, environmental and noise aspects, 
workforce utilization, requirements on storage facilities and delivery vehicles, as 
well as work environment (Stockholms Stad, 2014a). Stockholm is a fast-growing 
city and the demand for goods that need to be distributed increases constantly. In 
2010, almost 40 million tons of goods were transported by trucks in Stockholm 
County, and there were approximately 10,000 heavy vehicles (over 3.5 ton) in the 
urban network every day (Stockholms Stad, 2014b). In 2006, light and heavy trucks 
accounted for 17% of all traffic entering the city, and 19% of the traffic exiting the 
city during the congestion charging hours (Transek, 2006). Delivery trucks in 
Stockholm frequently encounter the problem that the assigned loading/unloading 
spaces are occupied by other vehicles so that the trucks have to drive around the area 
in search of other parking options or wait until the assigned space is free. Hence, 
freight transport contributes to the congestion in the urban network, and the delivery 
efficiency is relatively low during peak hours. 

Currently, heavy vehicles above 3.5 tons are forbidden in the inner city from 22:00 
to 06:00 due to noise concerns. Figure 3 shows the geographical boundary of 
Stockholm’s inner city used in the Stockholm congestion charging system (Eliasson 
et al., 2009). Within the pilot project, the City of Stockholm issued special permits 
for two heavy delivery trucks, specially designed to reduce noise and pollution, to 
deliver goods in the inner city during the restricted time period.  

 

Figure 3 The boundary of the congestion charging system in Stockholm and location of toll 
stations. 
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In the past decade, a number of studies focusing on commercial deliveries during 
off-peak hours have been carried out in large metropolitan areas, targeting goods 
recipients and carriers. Successful examples include the New York City (NYC) off-
hour delivery project (Holguín-Veras et al., 2005) and the freight transport strategy 
in London during the Olympic Games in 2012 (Browne et al., 2014). Similar studies 
have also been conducted in the Netherlands (Dassen et al., 2008), Spain, Ireland 
(Forkert and Eichhorn, 2008), and Belgium (Verlinde et al., 2010).  

The off-hour delivery project in New York City is one of the broadest studies 
carried out on this topic. Starting in 2002, the New York State Department of 
Transport investigated the potential of methods for encouraging off-peak deliveries 
in Manhattan and Brooklyn. The project emphasized the design of the delivery 
program and various performance measures were evaluated. While studying the 
necessary conditions for off-peak urban freight distribution systems, it was found 
that the goods recipients play the dominant role in decisions about delivery time. 
The project successfully used GPS-enabled cell phones in the participating trucks to 
transmit location, velocity, date and time. It was found that average travel speeds 
were significantly higher during off-peak hours compared to daytime. Furthermore, 
the service times decreased during off-peak hours, since less time was lost to 
searching for parking and to locating and interacting with the customer. It was 
concluded that off-peak delivery in the New York metropolitan area has the 
potential to lead the economic benefits in the range of 147 to 193 million dollars per 
year due to increased productivity of the freight industry, travel time savings to road 
users, and environmental benefits to society. A recently study conduced by this 
research team (Holguín-Veras et al., 2016) showed that the percentage reduction in 
emissions per kilometre in NYC due to a shift to off-peak hours may be as high as 
60%. 

The above-mentioned studies of off-peak deliveries have showed better performance 
during night-time hours than during daytime hours, and the most evident benefits are 
efficient deliveries and reduced environmental impacts. However, every urban area 
has its local characteristics in terms of urban network, population density as well as 
different demand for goods, and the effects of implementing off-peak deliveries are 
therefore different. In particular, unlike heavily congested major cities such as New 
York City, congestion in Stockholm is generally high during morning and afternoon 
peak hours but moderate during mid-day hours. The incentives for stakeholders to 
adopt off-peak deliveries, and the long-term feasibility of such schemes, depend 
strongly on the associated transport efficiency impacts, including driving times, fuel 
consumption, delivery time reliability, etc. Sufficient analysis and evaluation in 
transport efficiency with respect to local characteristics and dynamics are the critical 
aspects when designing and promoting urban freight policy (Van Duin and Quak, 
2007; Cui, Dodson and Hall, 2015). It is necessary to study the transport efficiency 
impact in order to increase the understanding and expand the knowledge of off-peak 
urban distribution logistics in Stockholm’s urban network. The thesis therefore 
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develops a general methodological framework using data from emerging sensing 
technologies to evaluate the transport efficiency aspects of shifting goods deliveries 
from daytime to night-time hours in the Stockholm off-peak delivery pilot project. 
The evaluation is important for policy-making purposes, and will provide input to 
help planners, decision-makers and local authorities gain a better understanding of 
the local characteristics of urban distribution systems, and thus design and 
implement effective policy initiatives. 

1.4   Thesis Outline 

With Chapter 1 of the thesis providing the background to and an overview of the 
problem, the rest of the thesis is organized as follows. Chapter 2 formulates the 
research questions examined in this thesis. The methodologies developed are 
summarized in Chapter 3. Chapter 4 contains a summary of the papers in scientific 
publications describing the research. Finally, Chapter 5 concludes the thesis and 
discusses future research directions.  

The second part of the thesis consists of a collection of papers: 

I. Fu J., Jenelius E. and Koutsopoulos H. N. (2016a) Identification of 
workstations in earthwork operations from vehicle GPS data. Submitted to 
Automation in Construction. 

II. Fu J., Jenelius E. and Koutsopoulos H. N. (2016b) Driving time and path 
generation for heavy construction sites from GPS traces. Proceedings of the 
19th International IEEE Conference on Intelligent Transportation Systems, 
1141-1146. 

III. Fu J. and Bortolin G. (2014) Gear shift optimization for off-road construction 
vehicles. European Journal of Transport and Infrastructure Research, 14(3), 
214-228. 

IV. Fu, J. (2012a) A microscopic simulation model for earthmoving operations. 
Proceedings of the International Conference on Sustainable Design and 
Construction, 218-223. 

V. Fu, J. (2012b) Simulation-based optimization of earthmoving operations using 
genetic algorithm. Proceedings of the 17th International Conference of Hong 
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2 Research Focus 

This chapter presents the focus of the thesis. Section 2.1 formulates the research 
questions to be addressed, and section 2.2 highlights the scope and limitations. 

2.1   Research Questions 

Condensing the problems in earthmoving operations stated in the previous chapter, 
the following research questions are formulated. The first question is how to 
improve the transport efficiency of earthmoving operations at the equipment level: 

 RQ1 With the help of topographical information of the underlying 
construction environment and the latest sensing technologies, how to 
improve the transport/fuel efficiency of construction vehicles?  

Moving from the individual equipment, the next question is at the systems level of 
earthmoving operations: 

 RQ2 For a given mix of equipment interacting with each other to carry out 
earthmoving operations, how to measure and evaluate the transport 
efficiency performance of the system?  

Given a method for evaluating the transport efficiency of earthmoving operations, 
the next question concerns improving the transport efficiency at the systems level: 

 RQ3 With a long time planning horizon, how to optimize the fleet 
composition in order to improve the transport efficiency performance of 
earthmoving operations? 

The final question concerning earthmoving operations is related to extracting the 
input information to the above decision-support tools: 

 RQ4 Heavy construction operations are highly dynamic and the underlying 
environment is changing constantly. How to use the latest sensing 
technologies to extract relevant information of the operation and 
underlying environment in order to provide accurate and updated input to 
decision support at different levels?  

For off-peak urban freight transport, the thesis addresses the following question: 

 RQ5 What are the important performance aspects when evaluating the 
transport efficiency of off-peak urban deliveries? How to measure the 
transport efficiency aspects for Stockholm off-peak pilot using available 
sensing technologies and data sources? 
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2.2   Scope and Limitations 

The research presented in this thesis involves the logistics of both heavy 
construction and urban freight operations. The research questions formulated in the 
previous section cover several research areas. Due to different characteristics of the 
studied application areas, the performance indicators of transport efficiency also 
vary.  

Regarding heavy construction logistics, one of the limitations of the thesis is that it 
only considers earthmoving operations. Modelling and optimization of other heavy 
construction operations, such as compacting and paving operations, are not covered 
here. However, the methods developed in the thesis are generic, and can be easily 
modified and applied to other types of heavy construction operations.  

Another limitation concerns the implementation of the decision-support tools at 
different levels for earthmoving operations developed in this thesis. At this stage, 
the work examines the possibility of improving the transport efficiency of 
earthmoving operations using sensor data and simulation, and the software 
development of the frameworks is not considered here. 

Some of the methods and results have been applied/implemented in several research 
projects with our industrial partner or have been further examined. For 
confidentiality reason, the applications/implementations are not described in the 
thesis.   

Regarding off-peak urban goods distribution, monetary cost is not explicitly 
included in our study of the transport efficiency of the off-peak urban delivery 
problem. Meanwhile, factors that directly influence transport cost, including driving 
time, delivery time and fuel consumption, are evaluated. Further, the evaluation of 
transport efficiency is conducted using only the two delivery trucks participating in 
the Stockholm off-peak pilot project. Due to the incompleteness of the dataset, some 
of the identified transport efficiency indicators could not be obtained in order to 
evaluate the effect by shifting goods delivery to off-peak hours.   
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3 Methodology and Scientific Contribution 

This chapter summarizes the methodological and empirical contributions of the 
thesis. 

Methodological Contribution 

The thesis tackles the research questions raised in Chapter 2 by developing the 
following five methodological frameworks: 

• Map inference framework for heavy construction environments 
o Workstation extraction (Paper I)  
o Driving time and path generation (Paper II) 

• Optimization of earthmoving operations at the vehicle level (Paper III) 
• Simulation of earthmoving operations at the systems level (Paper IV) 
• Optimization of earthmoving operations at the systems level (Papers V, VI) 
• Evaluating transport efficiency of off-peak freight deliveries (Paper VII) 

The proposed methodology employs machine leaning, simulation and optimization 
techniques, and each method is presented in detail in the corresponding paper(s). 
Some of the methods and results have been applied or implemented in several 
research projects with our industrial partner. This chapter briefly summarizes the 
five methodological frameworks. For earthmoving logistics, Figure 4 shows the 
conceptual relationship between the methodologies developed in Papers I-VI. 

	  	  

	  

Figure 4 The conceptual relationship between the methodologies developed for earthmoving 
logistics. 

Empirical Analysis 

An important contribution of the thesis is the collection and analysis of data in 
connection to the studied logistics operations. Much effort has been put into 
establishing contacts and collaboration with companies, understanding the 
characteristics of the operations and obtaining field data. The empirical analysis 
enhances the understanding in both studied logistics operations.  
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3.1   Map Inference Framework	  

The site layout and driving path change continuously in the development of heavy 
construction projects. Paper I (Fu, Jenelius and Koutsopoulos, 2016a) and Paper II 
(Fu, Jenelius and Koutsopoulos, 2016b) together form a map inference framework 
(shown in Figure 5) for generating and continuously updating the layout and road 
network topology of the construction environment using GPS probes from 
construction vehicles. The results from the map inference framework will provide 
accurate and updated input to the decision support at both the vehicle and systems 
levels developed in the thesis.  

 

Figure 5 The framework of the map inference methodology.	  

The map inference framework makes use of “free” GPS trace data from daily 
operations, and requires neither other signals from vehicle Controller Area Network 
(CAN) buses nor prior knowledge of the operating environment. Compared to the 
commonly employed methods mentioned in Chapter 1 (manual collection or 
manually identifying workstations and site layout from aerial photographs), the 
proposed approach does not require input or experience in the construction field on 
the part of the users. Furthermore, it is less expensive to maintain and update.  
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The map inference methodology consists of two building blocks: workstation 
identification (Paper I), and route identification (Paper II).  

In the first block, a generative probabilistic model is proposed for inferring the 
locations of different types of workstations in heavy construction environments as 
probability distributions over the site geometry. In earthwork operations, various 
units of equipment interact with each other to perform different tasks. Indicators 
based on vehicles’ driving patterns and the interactions between different vehicles 
(Filla, 2011) extracted from GPS measurements provide valuable insights into the 
type of activity undertaken at a particular location. Hence, such indicators may be 
utilized to identify different workstations with high precision.  

A methodology is first introduced in Paper I and is then applied using GPS probes 
from both loading and hauling machines to infer the locations of the two most 
important types of workstations in earthmoving operations, i.e. loading and dumping 
stations. The probabilistic model infers the locations of loading stations, where 
excavated material is loaded onto hauling trucks, based on interactions between 
loading and hauling vehicles, and the locations of dumping stations based on hauling 
vehicles’ turning movements. The proposed probabilistic model yields the 
probabilities of various workstations as continuous functions over the site geometry, 
and provides a clear interpretation of the results associated with uncertainties. 
Further, a clustering method is designed to calculate the number of workstations and 
the spatial centre of each workstation.  

Continuing the work presented in Paper I, Paper II proposes a methodology for 
inferring the driving time distributions and generating detailed driving paths 
between workstations using GPS data from hauling trucks. In general, hauling trucks 
perform the transport tasks and their paths therefore represent the main road network 
in a heavy construction environment. From the results obtained in Paper I, the 
workstation pair is first ordered as an origin/destination (OD) pair, for instance from 
a loading station to a dumping station. The procedure of the driving time distribution 
module consists of the two following steps: 

1. Extract vehicle trajectories between each workstation pair (assuming no 
differences in driving pattern between different operators) 

2. Identify and filter trajectory outliers and compute driving time distributions 
between workstations from the remaining trajectories 

The identified vehicle trajectories are then used to derive a directed path between 
each OD pair, with detailed segment information. The procedure is made up of three 
steps: 

1. Generate clusters along vehicle trajectories between each workstation OD 
pair 

2. Link clusters into directed edges for each OD pair 
3. Compute detailed information on path segments 
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The resulting path between each workstation OD pair is represented as directed road 
segments with information on segment length, grade, curve radius, etc. 

The proposed map inference framework is applied in a case study at a heavy 
construction site in Sweden. GPS data are collected from a group of construction 
vehicles working together. The experimental results indicate that the proposed 
framework is able to extract workstations and the road network in the underlying 
environment. The credibility of the resulting digital map is validated through 
observation at the studied construction site and confirmed by the site manager. 

As a result, the proposed map inference framework does not rely on pre-defined 
thresholds regarding the time spent at workstations or a fixed number of 
workstations. Further, it creates an interpretation of the earthmoving operation, 
including both transport activities and detailed topographical information of the 
transport paths. Compared to the commonly employed methods in construction 
engineering using manual effort or scanning techniques, the approach is fully 
automated and less time-consuming. For a group of construction vehicles 
collaborating on carrying out earthmoving operations, the map inference 
methodology is capable of extracting the locations of important workstations using 
GPS data from loading units and an arbitrary hauling vehicle. In the case of 
earthmoving using one loading unit as in the case study, GPS data are required from 
the loading unit and one of the trucks. For earthmoving with multiple loading units, 
it is necessary to have GPS data from all loading units in order to detect all loading 
stations. It is common in earthmoving operations for each loading unit to operate at 
workstations relatively close to each other and hauling units to serve all loading 
units in the operation. Hence, the cost associated with this approach is the GPS 
devices, which are currently the standard configuration for construction vehicles.  

3.2   Optimization of Earthmoving Operations at the Vehicle Level	  

To demonstrate the possibility to improve transport and fuel efficiency in 
construction operations at the vehicle level, Paper III (Fu and Bortolin, 2014) 
presents an optimization problem to reduce fuel consumption and travel time 
simultaneously given road-topography information. An optimal control algorithm 
based on model predictive control (MPC) (Camacho and Alba, 2013) and dynamic 
programming (DP) is formulated to solve the optimization problem.  

Fuel consumption depends on many different factors of the vehicle and the driving 
environment, and it would not be possible to compute solutions for every possible 
situation. Road gradients have a strong influence on a vehicle’s fuel consumption. 
This effect is even more significant as regards construction vehicles due to their 
large mass and heavy loads. The gear ratio and the time of shifting with respect to 
road inclination are therefore chosen as control variables in the optimization 
problem.  
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Figure 6 illustrates the model predictive control technique used in the optimal 
control problem. The proposed MPC controller uses a model of the vehicle 
dynamics and the recorded road gradient data to predict the future values of certain 
relevant states over a limited position horizon just ahead of the vehicle (prediction 
horizon SP in Figure 6). These predicted states are then utilized in a discrete dynamic 
programming algorithm to find an optimally timed sequence of gear shifts as a 
function of the future vehicle position for the particular prediction horizon. 
Optimality is here considered in the sense of both fuel consumption and travel time 
as a weighted sum. After the optimal strategy over horizon SP has been determined, 
the first steps in the control strategy are implemented over a shorter horizon (control 
horizon SC in Figure 6).  The state of the system dynamics is measured again and the 
procedure – prediction and optimization – is repeated to obtain new control inputs 
with the prediction and control horizons shifted forwards. 

 
Figure 6 Illustration of the model predictive control approach.	  

The proposed control algorithm is evaluated on a typical stretch of road on the work 
site with frequent steep up- and downhill slopes. Simulation results show that both 
fuel consumption and travel time can be reduced simultaneously. In addition, the 
optimal gear shift sequence resembles the behaviour of an experienced driver. The 
optimal gear shifting rules obtained in this study are already implemented by the 
industrial partner in the control rules for automatic clutching in articulated haulers. 
The study of utilizing topographical information to reduce fuel consumption for 
construction vehicles is still ongoing and is ultimately aimed at online applications. 

3.3   Simulation of Earthmoving Operations	  

A fleet performance simulation (FPS) system is developed in Paper IV (Fu, 2012a) 
to model earthwork operations and evaluate the performance of the operations. 
Heavy construction operations are repetitive processes that are well suited for 
simulation techniques (Halpin and Riggs, 1992). The developed simulation system 
uses discrete event simulation techniques to model the underlying earthwork 
operation with a given set of equipment, and to evaluate the performance of the 
operation in terms of transport efficiency.  
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In the FPS system, the transport efficiency of earthwork operations is measured 
using indicators, including productivity, Total Cost of Ownership and resource 
utilization. Productivity is defined as the output per unit of time from the entire fleet 
and is a key aspect when evaluating the design of an operation. However, examining 
productivity alone is insufficient for evaluating the performance of the work process. 
The concept of “Total Cost of Ownership” is used to include the acquisition cost of 
equipment, the operating costs as well as the productivity of the operation. Resource 
utilization is also taken into account in order to examine how well the equipment 
units match each other and to identify the bottlenecks in the operation.  

The inputs to the FPS system are the site conditions and the fleet configuration. The 
site conditions involve information regarding the layout of the construction site and 
the locations of the workstations, which have a direct influence on the choice of 
operating method and the assignment of equipment. The results from the map 
inference framework thus provide the necessary inputs to the simulation. There are 
two ways to obtain driving times for equipment between workstations. One is to use 
the driving time extraction method presented in Paper II, which is a realistic 
representation of how operators actually drive. The other is to compute the driving 
time using the comprehensive vehicle dynamic simulation provided by the 
equipment manufacturers. Similarly, fuel consumption data can be obtained using 
either sensor measurements or the dynamic simulation model.        

The FPS system for a simple earthmoving operation has been validated using two 
independent simulation tools, webCYCLONE and Stroboscope. The FPS system has 
an adaptive feature and it is easy to make changes to model different scenarios of 
operations. Since its development, the FPS tool has been employed in several 
research projects at the industrial partner (Uhlin, 2012) to evaluate the performance 
of various machine concepts and transport solutions. 

3.4   Optimization of Earthmoving Operations at the Systems Level	  

For strategic planning purposes, a numerical optimization algorithm is designed in 
Papers V (Fu, 2012b) and VI (Fu and Jenelius, 2013), which integrates the FPS 
system presented in Paper IV to allocate the most suitable vehicle fleet composition. 
The FPS system in Paper IV and the proposed optimization algorithm thus form a 
simulation-based optimization framework. The FPS evaluates the performance of 
various fleet combinations and the optimization algorithm searches for the optimal 
fleet composition while considering a set of qualitative and quantitative decision 
variables. Quantitative variables refer to the number of equipment units while 
qualitative variables capture the properties of the equipment, such as model and 
capacity. 

A genetic algorithm (GA) is designed to search for potential optimal fleet 
configuration without exhaustively testing all combinations. Genetic algorithms 
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belong to the class of evolutionary computation algorithms that imitate the process 
of natural selection (Gen and Cheng, 2000). In every iteration step of the GA 
optimization, a population with a certain number of chromosomes is generated. The 
chromosomes are made up of genes that represent a fleet combination, that is, a set 
of equipment with varying tool configurations. The fitness value of each 
chromosome (the value of the objective function) is first evaluated using the FPS 
system. All chromosomes are then ranked according to their fitness value, which 
determines if the chromosomes will be further selected in the next iteration. The 
optimization algorithm performs the standard GA procedure of selection, crossover, 
and mutation and then generates the next population. The simulation-based 
optimization process repeats until the termination condition is reached. 

Two optimization problems are formulated and solved using the proposed 
simulation-based optimization framework. One is to minimize the unit production 
cost/TCO subject to a number of constraints such as the production rate not being 
lower than a minimum value and the numbers of equipment being less than a given 
amount. The other problem is to maximize productivity. 

Extending the work presented in Paper V, a two-stage ranking scheme in the 
optimization algorithm is introduced in Paper VI so that fleet combinations that have 
the same value in the objective function are ranked again using a secondary 
criterion. Taking the TCO minimization problem as an example, a fleet with the 
same TCO cost and higher productivity is preferred over the one with lower 
productivity. In other words, productivity is considered as the second aspect in the 
ranking process. The fitness of chromosomes is first arranged according to the 
objective value (TCO), and then ranked again by their productivity. In this manner, 
for fleet combinations with the same TCO values, the one with a higher production 
rate will have a higher rank and hence is more likely to be selected in the next 
iteration compared to the ones with a lower production rate.  

In contrast to using a multi-objective formulation of the problem, the two-stage 
ranking procedure allows the users to define the objectives of a construction project 
at two levels of importance. The users do not need to test different weight 
parameters of each objective before obtaining a satisfactory result. Compared to 
single-objective optimization, the method can find fleets with better performance 
using the second objective. The two-stage method is thus more intuitive and less 
computationally demanding for construction management applications.   

The simulation-based optimization framework is applied in a case study using data 
selected from a heavy construction site. The case study shows that the proposed 
optimization mechanism can effectively find the optimal equipment composition 
without exhaustively testing all combinations. The optimality of the solution is 
verified by computing the transport efficiency performance for all possible fleet 
combinations. The proposed simulation-based optimization framework can thus 
serve as an efficient tool to assist fleet selection for earthmoving operations.  
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3.5   Evaluating Transport Efficiency of Off-peak Freight Deliveries	  

As part of a programme for improving urban mobility, the City of Stockholm ran an 
off-peak goods delivery project between 2014 and 2016 (Stockholms Stad, 2014b). 
The project was the first off-peak trial in the world using environmentally friendly 
vehicles, and the goal was to examine the feasibility and potential of off-peak 
delivery considering factors such as transport efficiency, environmental and noise 
aspects, workforce utilization, requirements on storage facilities and delivery 
vehicles, as well as the work environment (Stockholms Stad, 2014a).  

Currently, heavy vehicles above 3.5 tons are forbidden in the inner city areas from 
22:00 to 06:00 due to noise concerns. Within the pilot project, no restrictions were 
imposed on delivery during normal daytime hours, but the City of Stockholm issued 
special permits for the involved heavy delivery trucks to deliver goods in the inner 
city during the restricted time period. The shippers and recipients of the goods 
deliveries were closely involved in the project and committed to adjusting the 
deliveries to off-peak hours. The two delivery trucks were specially designed to 
reduce noise and pollution. Moreover, various noise-reducing cargo-handling 
technologies, such as silent forklifts and roll cages, and increased noise awareness 
during deliveries on the part of the drivers were designed and used in order to reduce 
noise and vibration levels during delivery. 

In general, freight transport efficiency refers to the ability to deliver goods without 
wasting materials, time or energy. Paper VII (Fu and Jenelius, 2017) evaluates the 
transport efficiency impacts of the Stockholm off-peak pilot. An evaluation 
framework is defined where transport efficiency is studied in a number of 
dimensions, including driving efficiency, delivery reliability, energy efficiency and 
service efficiency. Each dimension is discussed in more detail below. 

Driving Efficiency 
 
Driving efficiency refers to the efficiency with which goods are moved from 
warehouses to delivery points. Average speed is the most straightforward indicator 
for measuring driving efficiency. In a congested urban network, delivery vehicles 
are forced to travel at low speeds and in stop-and-go conditions, which significantly 
increases the driving time and reduces the number of customers that can be served 
during a shift. As pointed out by Holguín-Veras et al. (2011), it is unlikely for 
carriers to pass on the costs associated with congestion and tolls to the customers, 
and this aspect is therefore important from the carriers’ perspective since it directly 
reflects the carriers’ productivity and profitability.  
 



 

	   31 

Delivery Reliability 
 
Delivery reliability concerns the variability of travel times and arrival times to the 
delivery points. Travel time reliability is increasingly being used as a measure of 
congestion and transport network performance (Chen, Skabardonis and Varaiya, 
2003; Fosgerau and Karlström, 2010). High reliability indicates good network 
performance and implies that carriers need to allocate less buffer time in order to 
arrive at the customers on time. Further, the customers need to keep smaller stocks 
in case the expected deliveries do not arrive on time. This aspect is therefore 
important from both carriers’ and recipients’ point of view. Travel time variability, 
however, is difficult to evaluate when the delivery routes and expected delivery 
times are not strictly constrained (Figliozzi, 2010). 
 
Energy Efficiency 
 
Energy efficiency is measured as fuel consumption per driven distance. This 
indicator not only captures the effects of congestion and stop-and-go traffic, but also 
disturbances such as traffic lights and pedestrians. For the same reasons as for the 
driving efficiency dimension, energy efficiency is critical from the carriers’ 
perspective, but it is also an important societal and environmental aspect as it is 
closely tied to emissions of greenhouse gases and other pollutants. 
 
Service Efficiency 
 
The driving and energy efficiency indicators only describe the time spent on the 
road network, but do not include the time spent at the customers. Service efficiency 
is therefore examined using the indicators of service time per delivery stop, service 
speed, and number of service stops versus driving time. Service time is the time 
spent by the delivery vehicle at the customer’s location (Holguín-Veras et al., 2011), 
and includes the time for loading and unloading the goods, walking between truck 
and customer location, contacting the recipient and other related activities. Service 
speed is defined as the goods volume delivered divided by the service time. For the 
goods recipients, long service time and low service speed indicate a longer time for 
the personnel to receive goods, which can lead to disturbances in their regular 
business. This aspect is thus critical for both carriers and recipients. The indicator of 
number of service stops versus driving time is also introduced in the study to 
examine the characteristics of the delivery service. A higher number of service stops 
per unit of driving time means that carriers can serve more customers on a shift. 
However, the distance between customers and the volume of each delivery should 
also be incorporated in the analysis in order to give a complete picture. This 
indicator is important from the carriers’ perspective. 
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New sensing technologies have made it possible to continuously measure and 
monitor the proposed indicators of transport efficiency. Three types of data source 
were used in the evaluation. 

• GPS probe data 
• Fleet management system data (including fuel consumption) 
• Logistics data 

The three different data sources provide all necessary information for computing the 
above-mentioned indicators of transport efficiency. The framework for evaluating 
the transport efficiency of off-peak deliveries is shown in Figure 7. 

The results suggest that shifting deliveries from daytime peak hours to night hours 
achieved better transport efficiency in driving efficiency, delivery reliability and 
energy efficiency. Meanwhile, there were no clear efficiency gains from moving 
deliveries from mid-day hours. The evaluation provides insights into the importance 
of the congestion characteristics of the area where the policy is implemented for the 
impacts of permitting night-time deliveries.	  

 

Figure 7 Transport efficiency evaluation framework based on multiple data sources.	  
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4 Summary of Appended Papers 

This chapter summarizes the papers in the thesis and states the contribution of each 
paper. The appended papers address the previously formulated research questions as 
shown in Figure 8. 

	  	  	  

 

Figure 8 Contribution of the appended papers to the formulated questions (solid black lines 
= explicit focus, dashed grey lines = implicitly covered).	  

As Figure 8 illustrates, each research question is covered by at least one paper that 
explicitly focuses on the question. Each appended paper is briefly summarized in the 
following. 
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Paper I presents a methodology for inferring the locations of distinct types of 
workstations in earthwork operations from vehicle GPS data logs. The model 
incorporates relevant information extracted from the GPS data to compute locations 
of different workstations as probability distributions over the site geometry. A case 
study is conducted at a complex earthwork site in Sweden. The workstation 
identification methodology is used to infer the locations of loading stations based on 
vehicle speeds and interactions between vehicles, and the locations of dumping 
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stations based on vehicle turning patterns. The results show that the proposed 
method is able to identify workstations in the earthwork environment efficiently and 
in sufficient detail. 

The main contribution of this paper is the probabilistic model to automatically 
extract the locations of various types of workstations based on GPS traces from 
construction vehicles. It contributes a partial answer to RQ4, but it also addresses 
research questions RQ1 and RQ2. 

An earlier version of the paper was presented at the Transport Research Board 95th 
Annual Meeting.  

 

Paper II 

Driving Time and Path Generation for Heavy Construction Sites 
from GPS Traces 

 
Paper II describes a methodology for inferring the driving time distributions and 
generating detailed driving paths between workstations at heavy construction sites 
based on GPS data from hauling trucks. The inferred driving time is more realistic 
compared to the traditional methods since it reflects the geographical condition of 
the construction site and also how operators actually drive. Further, the connected 
paths between workstations are composed of road segments with detailed 
information such as driving distance, road grade, curve radius, and maximum 
driving speed. Using the GPS data from hauling trucks from the same dataset as in 
Paper I, it is shown that the proposed method is capable of extracting driving time 
distributions between workstations and producing a directed 3D road map of the 
unknown terrain at a detailed level.   

The main contribution of the paper lies in the methods for automatically inferring 
realistic driving time distributions and generating driving paths between 
workstations extracted from Paper I. Research question RQ4 is clearly in focus in 
this paper, but also partly considers RQ1and RQ2.  

 

Paper III 

Gear Shift Optimization for Off-road Construction Vehicles 

 
Paper III explores the possibility of using available road-topography information 
together with a GPS unit to minimize fuel consumption and travel time for off-road 
construction vehicles. An optimal control problem is formulated and solved using 
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model predictive control and dynamic programming techniques to find an optimal 
sequence and timing of gear shifts. The fuel consumption of an articulated hauler is 
formulated with a dynamic model and is used together with the travel time in the 
objective function to balance the trade-off between these two aspects. 

The main contribution of this paper lies in the development of a dynamic model for 
articulated haulers and the optimal control algorithm to minimize fuel consumption 
and driving time simultaneously. It contributes answers to research question RQ1. 

 

Paper IV 

A Microscopic Simulation Model for Earthmoving Operations  

 
Paper IV presents a Fleet Performance Simulation system for modelling 
earthmoving operations and evaluating the performance of transport efficiency. 
Discrete event simulation techniques are used to capture the interactions between the 
vehicles/resources as well as the randomness of activities in earthmoving operations. 
The performance of earthmoving operations is measured in terms of productivity 
(the total output of the fleet), Total Cost of Ownership, which includes the direct and 
indirect costs in production, and resource utilization. This paper focuses on research 
question RQ2, but also touches on RQ3.   

 

Paper V 

Simulation-based Optimization of Earthmoving Operations 
using Genetic Algorithm 

 
This paper presents a framework for simulation-based optimization of equipment 
selection in earthmoving operations by integrating the FPS system developed in 
Paper IV with a genetic optimization algorithm. Given that the construction site 
layout is static, the FPS system evaluates the transport efficiency performance of 
each equipment combination and the optimization algorithm searches for an optimal 
equipment composition while considering a set of qualitative and quantitative 
decision variables. 

The main contribution of this paper lies in the simulation-based optimization 
framework for decision support at the systems level with a longer planning horizon. 
Research question RQ3 is clearly in focus. 
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Paper VI 

Optimal Fleet Selection for Earthmoving Operations 

 
This paper extends the work in Paper V and the optimization algorithm is explained 
in more detail. A two-stage ranking procedure is introduced in the optimization 
method to further improve the performance of the optimization algorithm.  

The main contribution of this paper is the two-stage ranking procedure in the 
optimization algorithm. Research question RQ3 is the focus of this study. 

 

Paper VII 

Transport Efficiency of Off-peak Urban Goods Deliveries: 
A Stockholm Pilot Study 

 
This paper marks the departure towards new transport applications. Goods deliveries 
constitute an important part of road traffic in urban areas and transport efficiency is 
often low due to congestion. An off-peak delivery pilot project in Stockholm seeks 
to evaluate the potential for commercial traffic to make use of off-peak hours, from 
the late evening to the early morning. Paper VII evaluates the transport efficiency of 
the off-peak pilot project in Stockholm in terms of driving efficiency, delivery 
reliability, energy efficiency and service efficiency dimensions. For each dimension, 
indicators are introduced and examined.  

The main contribution of this paper lies in the evaluation framework, which employs 
various data sources such as GPS probe data, fleet management data, and logistics 
information to examine the four dimensions of transport efficiency. Research 
question RQ5 is clearly in focus. 

An earlier version of the paper was presented at the Transport Research Board 96th 
Annual Meeting. 
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5 Conclusions and Challenges 
 
 

5.1   Conclusions	  

This thesis develops methods for evaluating and improving the transport efficiency 
of two logistics operations in the supply chain. For the earthmoving logistics, 
decision-support tools for evaluating and improving the transport efficiency at the 
vehicle and systems levels are designed. To improve the transport efficiency at the 
individual equipment level, an optimization problem is formulated to find an 
optimal gear shift sequence and timing utilizing the driving path topographical 
information in order to reduce fuel consumption and travel time simultaneously. For 
decision support at the systems level, a simulation-based optimization framework is 
designed to search for the optimal fleet combination in terms of transport efficiency 
for earthmoving operations. The construction sites expand in size and the underlying 
geometry gradually changes. A map inference framework is proposed to deal with 
the dynamic aspects of the construction environment and automatically extract 
detailed layout and road network information using vehicles’ GPS data. The 
extracted topographical information provides necessary input to both the decision-
support tools presented in the thesis. The findings of this study will facilitate 
decision-making in improving the transport efficiency of earthmoving operations.    
 
The thesis also presents a framework for evaluating the transport efficiency impacts 
of transferring goods deliveries from daytime to night-time hours in urban areas. 
Four dimensions of transport efficiency are considered: driving efficiency, delivery 
reliability, energy efficiency and service efficiency. These efficiency dimensions for 
an off-peak urban delivery pilot project in Stockholm are evaluated using multiple 
sources of data collected from two delivery trucks. The evaluation of the pilot study 
shows that night-time deliveries in general achieve better performance regarding 
driving efficiency, delivery reliability and energy efficiency. Meanwhile, no 
significant congestion was observed on the delivery routes in the middle of the day. 
An important reason for this is likely that congestion levels in Stockholm are 
comparatively modest, in particular outside the morning and afternoon peak hours. 
The transport efficiency impacts from the pilot study are thus more significant when 
comparing congested vs. non-congested hours rather than night hours vs. day hours. 
The evaluation gives an insight unto local characteristics of the urban delivery 
systems in Stockholm and thus can serve as a decision-support tool for policymakers 
in designing and promoting efficiency policy initiatives.  
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5.2   Future Research	  

The work on earthmoving operations presented in this thesis shows the feasibility of 
combining GPS data with machine learning, simulation and optimization methods to 
improve the performance of transport efficiency at different levels. However, there 
still remain many aspects to be investigated. 
 
One of the issues that need further investigation is the validation of the map 
inference framework and Fleet Performance Simulation (FPS) model. The map 
inference framework presented in Papers I and II is applied using GPS data from one 
quarry site. It is hence desirable to validate the method using data from other 
construction environments. Using the logistics of a simple earthmoving operation 
with the same activity durations, the FPS system described in Paper III is validated 
against two other independent simulation tools, WebCYCLONE and Stroboscope. 
However, the simulation model is not validated with data from actual earthmoving 
operations.  
 
Fuel consumption is the only environmental aspect taken into consideration in the 
proposed evaluation framework. Among the environmental impacts in construction 
operations, emissions from construction equipment and processes account for one 
third of all emissions (European Commission, 2014). However, there is a lack of 
knowledge on estimating emissions for construction processes. Therefore, 
developing methods for evaluating and improving the emissions and energy 
efficiency is a critical step for the environmental management of construction 
operations.    
 
The thesis proposed decision-support tools at the vehicle level in the operation, and 
at the systems level in the strategic planning stage. However, decision support at the 
tactical level is not included in the study. For instance, in earthmoving operations 
the loading stations tend to move further away from the dumping station during the 
process. As the hauling path becomes longer and the geometry of the haul route 
changes, the transport efficiency performance of the optimal fleet configuration 
determined earlier may decline. In such a situation, it is crucial that management 
take action at the tactical level and adjust the operations so that performance does 
not deviate much from that targeted. Such action at the tactical level might include 
using more suitable construction equipment or changing operating methods. It was 
reported (Rylander and Axelsson, 2013; Rylander, Axelsson and Wallin, 2014) that 
the fuel consumption of hauling trucks could be significantly reduced by 
coordinating the hauling activities using wireless communication techniques. The 
framework of map inference and decision support at the systems level can thus be 
developed further to a self-adaptive simulation modelling that can be used for short-
term planning and control at the tactical level. The real time data will be used to 
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alter the parameters of the existing simulation model based on the latest changes at 
the site.  
 
The map inference framework developed in this thesis only employs the GPS data 
from construction vehicles to extract the layout and road network of the underlying 
construction environment. In recent years, monitoring and control of construction 
operations using advanced sensing technologies has attracted considerable interest in 
both research and practice. Examples of sensing technologies that are appropriate in 
construction operations (Navon and Sacks, 2007; Li et al., 2016) include barcode, 
radio frequency identification (RFID), GPS, ultra-wideband (UWB), video 
technologies, and ultrasound. Using various sensing technologies, methods have 
been developed and made commercially available to identify, track location, and 
detect activities and states of equipment/objects in both indoor and outdoor 
environments (Akhavian and Behzadan, 2012; Akhavian and Behzadan, 2013; 
Akhavian and Behzadan, 2015; Larsson, 2011; Louis and Dunston, 2016; Lu, Dai 
and Chen, 2007; Song and Eldin, 2012; Vahdatikhaki and Hammad, 2014; 
Vahdatikhaki and Hammad, 2015). In addition to the sensing technologies listed 
above, there are many on-board data sources available, such as a vehicle’s 
Controller Area Network (CAN) bus, slope sensors, load sensors, etc. The data from 
external and on-board sensors can be combined to extract more valuable information 
regarding the work environment and vehicles’ status and condition, such as road 
surface resistance, vehicle’s payload, vehicle’s condition, etc. The information can 
be used to provide safety warnings and coordinate operations in order to improve 
efficiency, reduce resource idle time, thus further improving transport efficiency and 
reducing environmental impacts, as well as providing timely maintenance. 
 
Regarding the off-peak urban distribution problem presented in the thesis, the study 
focused on the transport efficiency aspects of shifting goods deliveries from daytime 
to night time. It should be emphasized that a full evaluation of the impacts of off-
peak strategies, such as the Stockholm pilot, should include other aspects such as 
stakeholder satisfaction (carriers, recipients, authorities, the general public, etc.), 
noise measurement, and environmental impacts. Cost-benefit analysis may also be 
an appropriate tool for evaluating such policies. A comprehensive assessment 
framework may also act as decision support for policymakers.  
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