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ABSTRACT 

Emerging technologies in transportation engineering including connected and automated vehicles 

(CAVs) exhibit much potential to solve a variety of persistent problems that have impaired the 

safety and mobility performance of transportation systems. A well-known context of such 

problems is the construction work zone where agencies have grappled with solutions that range 

from no closure, partial closure to full closure of road sections during construction, rehabilitation, 

or maintenance work. Road agencies also seek to develop and implement such workzone plans in 

a manner that does not unduly jeopardize the economic, social and environmental resources of the 

road users and the community where the workzone is located. In order to ensure that these three 

components of sustainable development are attained during road construction workzone 

management, road agencies seek to develop and implement tools that they can use to guide road 

users in a network to minimize overall delay, emissions, and fuel consumption. This thesis 

examines this specific context of highway administration. The thesis developed detour routing 

guidance for the road users in a road network with work zones in case of full closure, in a manner 

that is consistent with sustainable development. The research did this for the Automated vehicles 

(this unlikely scenario is merely considered to demonstrate the potential of connectivity in the 

network) and the era of connected and automated vehicles. In doing this, the thesis identified the 

potential benefits that CAV technology can offer in sustainable systemwide management of road 

work zones. The thesis considered the following sustainability-related evaluation criteria: 

economic (accessibility to businesses, user costs of fuel consumption, and user costs of travel 

delay; social (rapid access by emergency services such as ambulance); and environmental (noise 

pollution and Greenhouse Gas (GHG) emissions). The routing optimization was modeled as a 

linear programming problem and numerical experiments were carried out. The road network of 

Sioux Falls city was used to demonstrate the study results. The results suggest that the developed 

optimal sustainable routing scheme yielded significant improvement in terms of the sustainability 

criteria while maintaining the acceptable levels of service The results also provided insights on the 

prospective benefits of routing schemes developed via system optimal management (achieved 

through centrally-guided detour movements that is facilitated by CAV technology) vis-à-vis  user 

equilibrium management, specifically, Nash Equilibrium. 
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 INTRODUCTION 

1.1 Background 

Construction work zones (CWZ) are becoming more problematic compared to a decade ago in 

terms of safety and mobility, and this has posed a serious challenge for the construction agency, 

contractors, the community, and road users. According to the Associated General Contractors of 

America (AGC)’s 2019 nationwide study on highway CWZ’s safety, 67% of highway construction 

contractors reported CWZ intrusions. Of these, 62% involved project delays, 28% worker injuries, 

8% worker fatalities, 70% public injuries, and 28% public fatalities [1]. The AGC’s 2019 study 

also revealed that 73% of contractors reported a greater risk of highway CWZ accidents now 

compared to some past years (Figure 1-1).  

 

 
(a) Percentage of contractors reporting CWZ accidents                                  (b) National CWZ accidents and resulting injuries 
 

 

(c) National fatalities resulted from CWZ accidents over years 

Figure 1-1 Work zone safety trends (AGC, 2019) 
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The CWZ liability issue has been a persistent cause for concern from the perspective of road 

agencies, construction companies, and the general public. This has motivated agencies to provide 

guidelines for highway project contractors for work zone management in ways that decrease the 

CWZ crash rate. One way to do this is to implement full road closure in CWZ [9]. Advantages of 

full road closure includes positive public sentiment, increased productivity, reduced project 

duration, increased safety in the closed link as a result of less exposure between the workers and 

motorists, and cost saving (some cases) [9]. However, full road closure has the potential to cause 

challenges for certain stakeholders [10] [11] by increasing the accident risk and public complaints 

in the detour routes. Moreover, the detour cost should be considered in a full road closure cost 

evaluation.  

 

Recent surveys and interviews of personnel from the Indiana Department of Transportation 

(INDOT) engineers other DOTs, the Federal Highway Administration (FHWA), and the American 

Association of State Highway and Transportation Officials (AASHTO) showed that the main 

challenge of full road closure is assignment of a reasonable detour route that considers the different 

stakeholders and cost components [12]. Moreover, there exists anecdotal evidence that at areas 

where full closure is implemented without sufficient considerations, there can be serious 

disruptions to the social and economic welfare. For example, during the full-road closure of the 

state street with West Lafayette, Indiana, in 2015-16, a number of companies suffer profound 

economic losses due to lack of customer access and reduction in clientele, and in some cases, 

others became bankrupt [13]. As such, in addition to safety, several aspects related to overall 

sustainability need to be considered in CWZ work zone and detour planning [14]. That way, the 

various concerns of the different stakeholders can be adequately considered to achieve a 

sustainable work zone plan. 

 

Attaining safe and sustainable routing in CWZ has always been an important goal for the planners 

and contractors. For example, considerations of route choice estimation, travel time 

reliability/delay assessment, alternate route assignment, local community complaints, and work 

zone scheduling were studied in the literature using either field observation or optimization tools 

[15] [16] [17] [18]. Also, several of them have been implemented in practice. However, these 

efforts appear to be insufficient and therefore the problems associated with CWZ still persist. 
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Fortunately, the advent of new technologies offer some promising solution to the mobility issues 

in CWZ. One of these promising technologies that has been vastly studied in these years, is the 

implementation of Connected and Automated Vehicles (CAV) in CWZ detour routing [19] [20] 

[21]. The connectivity aspect of CAVs can help the road agency develop a central source of 

collecting and analyzing real-time traveler movements on the network, and subsequently can 

provide system-optimal detour route guidance in a manner that accounts for the concerns of the 

various stakeholders in a sustainable manner.   

 

However, investigation of the potential of CAVs to help address the CWZ problem must be 

preceded by an examination of the CAV market share growth. Based on the adoption of previous 

vehicle technologies (e.g., automatic transmission, airbags, vehicle navigation systems, and 

hybrid-electric drive), Litman forecasted that Automated Vehicles (AVs) will constitute around 

50% of vehicle fleet, 90% of vehicle sales, and 65% of all vehicle travel by 2050 [22] [23]. As a 

result, it is generally logical to consider an automated fleet for the future of transportation systems. 

One of the advantages of the automation is that higher levels of automation have the potential to 

increase the capacity of the road by improving the traffic flow characteristics, which will be 

exploited in this study [24] [25]. 

 

Connected vehicles are vehicles that utilize any of a number of different communication 

technologies (also shown in Figure 1-2) to communicate with the driver, other vehicles on-road 

[V2V], roadside infrastructure [V2I], etc. This technology can be utilized to not only improve the 

vehicle’s safety, but also to enhance its efficiency and commute time [26].  

 

 

Figure 1-2 Communication technologies in connected [27] 
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The combination of automation and connectivity is expected to yield an unprecedented opportunity 

to improve the safety and mobility at construction workzones. Previous studies have investigated 

a number of these opportunities as crash elimination, reduced need for new infrastructure, travel 

time dependability, and improved energy efficiency. We briefly illustrate each of them in the 

bullets below [28] [29] [30]. 

 Crash elimination: Improved vehicle safety with monitoring the environment 

continuously by the high-level automated vehicle. 

 Reduced need for new infrastructure: Self-driving vehicles are capable of reducing 

the need for building new infrastructure and decreasing maintenance costs by 

managing the traffic flow. 

 Travel time dependability: V2V, V2N, and V2I can significantly decrease the 

uncertainty in travel times via real-time, predictive assessment of travel times on all 

routes. 

 Improved energy efficiency: Reduced energy consumption will be resulted from the 

more time dependable and more efficient driving. 

1.2 Problem Statement 

In areas of construction work zones, particularly under conditions of full road closure, road 

agencies routinely provide route guidance to road users (through FM radio and electronic road 

signs) so that they can navigate the network with minimal delay and maximum possible safety. 

The agencies seek to provide such guidance in a manner that addresses the concerns of all the three 

key stakeholders (the agency, the road users, and community) in manner that is sustainable 

(addresses social, economic and environmental capital of the area). Therefore, issues of safety, 

mobility, accessibility, and emissions are critical considerations to road agencies as they develop 

such guidance. However, the literature lacks a sustainable routing methodology that addresses 

these concerns.  

1.3 Study Objectives 

Based on the problem statement presented in the previous section, this thesis seeks to develop and 

demonstrate a methodology for routing road users in a network with CWZ, in a manner that 
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addresses the concerns of key stakeholders and therefore is consistent with the three pillars of 

sustainability.  The methodology considers the information sharing capabilities that is made 

available through a cooperative network of connected and automated vehicles. Using the 

methodology, the road agency can suggest to the road users in the network, a sustainable detour 

route (itinerary) for the road users in case of full closure. In this routing problem, the thesis 

considers accessibility to businesses and local communities,  rapid access of emergency services 

such as ambulances, police stations, and fire stations, avoidance of the increased travel time due 

to the closure of any network link, avoiding the violation of noise pollution regulations, and 

minimize the Greenhouse Gas (GHG) emissions. We also aim to minimize the road user cost that 

includes the fuel consumption and the delay costs. 

1.4 Study Overview 

This thesis considers a general road network with its link attributes including link capacities and 

link travel times, with full lane closure on some of its links for construction purposes. It also 

considers a fleet of CAV traveling from their origins to destinations. It is assumed that each vehicle 

reports its origin and destination (OD) to a central operator before its departure. Hence, vehicles’ 

trip schedules are known a priori. The operator of the fleet exploits the connectivity in CAV 

technology to provide route guidance to the vehicles in the fleet. Due to the full road closure, the 

impact on the community is also considered. The main concern is to maintain the accessibility to 

businesses and the rapid access of emergency services such as ambulances, police stations, and 

fire stations. Sufficient access for the residents and school zones should also be considered. 

However, due to the lack of resources and time, it was not possible in this study and is considered 

as a suggestion for the future work. Next concern is to avoid the increased travel time due to the 

closure of some of the network links. Another issue that is considered is the environmental impacts 

including Greenhouse Gas (GHG) emissions and noise pollution. The thesis gives due cognizance 

to accessibility for business owners and emergency services and noise pollution as hard 

constraints, where the minimum requirements must be satisfied. The thesis also defines a 

monetarized cost as a weighted sum of the total fuel consumption cost, the total travel time cost, 

and the total GHG emissions damage cost. Different values of time are used to convert the travel 

time into a monetarized value. As a result, it is possible to prioritize the business trips that have a 

higher value of time. The operator of the fleet seeks to provide route guidance for each vehicle to 
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minimize travel time costs within the given constraints.  Additionally, the thesis utilizes the 

concept of Nash equilibrium to model the routing of a non-cooperative automated fleet of vehicles, 

where each individual aims to minimize their own trip cost. Then, with a solvable optimization 

problem, the routing of the vehicles that follow this greedy behavior is developed. This enables 

the investigation of the potential benefits of a cooperative fleet of automated vehicles in the 

presence and then in the absence of connectivity.  

1.5 Study Organization 

This study is organized in the following order. Chapter 2 is dedicated to the study framework. 

Afterwards, a comprehensive literature review is presented in Chapter 3. Chapter 4 presents the 

methodological contributions of this study and Chapter 5 presents the collected data and the data 

collection procedure. Then, in Chapter 6, the numerical experiment and results are discussed. 

Lastly, the concluding remarks (consisting of the research summary, conclusion, limitations, and 

future work) are presented in Chapter 7. 
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 LITERATURE REVIEW 

The literature review focuses on the CWZ (with full road closure) detour planning challenges and 

the beneficial impacts of Connected and Automated Vehicles (CAV) in facilitating the detour 

planning procedure. To reach this goal, the beneficial effects of operating a full road closure, where 

detour implementation is required, is first presented. Then, the literature containing the challenges 

related to planning a sustainable detour are presented, followed by an introduction to the 

prospective benefits of CAV to CWZ detour planning. Lastly, a summary of the key stakeholders, 

CWZ detour performance indicators, and considered cost components based on the case studies of 

the state Departments of Transportation (DOTs) are presented.  

2.1 Effects of Full Closure in a Construction Work Zone 

Maintenance projects are vital and unavoidable for the smooth operation roads. In some cases, to 

implement these projects, contractors are required to close the road to provide more workspace 

[31]. Full closure is beneficial in terms of the safety of motorists as well as the maintenance 

workers because it eliminates potential spatial conflicts between the motorists and workers. The 

advantages of full road closure include reduction in project duration, enhanced traveler and worker 

safety, increased workspace, higher final product quality, positive public sentiment, and increased 

flexibility in project planning. Moreover, full closure enhances workers’ efficiency because they 

are less distracted with the traffic movements [32]. At this point, this improvement on safety is 

vital because contractors in CWZ have reported several safety issues that has worsened over the 

years [1].  

 

Despite the promising improvements leading to resolving the CWZ safety concern, full road 

closure approach might bring up challenges that hinder engineers from vastly prescribing it at this 

stage of technology [33]. It should be noted that fully closing a road due to a construction work 

urges using other nearby roads to carry the routed traffic. In this procedure, a careful consideration 

of the link capacity usage is necessary to avoid overloading the links that carry the traffic load 

[34]. 
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2.2 Affected Stakeholders in a CWZ with Full Closure 

To understand the affected stakeholders on the closed road and the road that carries traffic, a full 

road closure case studies in urban areas have been carried out by some state DOTs. The case study 

reported by the FHWA on the implementation of full road closure in a work zone in Portland, 

Oregon suggested that the following stakeholders may be considered in detour planning [35].  

 

 Emergency services, i.e., ambulances and fire station trucks. 

 Law enforcement services, e.g., police  

 Hospitals  

 School zones 

 Residents 

 Commuters 

 Local businesses 

 Trucking firms 

 Travel agents/tourism bureaus 

 Special event planners 

 Contractors working on other nearby road projects  

 Airports 

 Metro-cab companies 

 Public/citizen associations or groups 

2.3 Project Performance Assessment in a CWZ with Full Closure 

At least one previous study identified the main considerations of DOTs regarding full road closures 

[36] as shown in Table 2-1.  
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Table 2-1 Performance factors considered in the previous full closure projects 

 

Safety Mobility Cost Quality 
Public 

sentiment 
duration 

Future 

investment 

Environmentally 

friendly 

construction 

I-40 [37]         

I-64 [38]         

I-65         

I-70         

I-84 [35]         

I-95 [39]         

I-295 [40]         

2.4 Impacts of Work Zones on the Transportation Network 

The assessment of the potential environmental, economic, and social impacts of work zones is 

well-investigated in the literature [41] [42]. Traffic flow modeling in work zones is one of the 

considered aspects [43]. Specifically, capacity reduction factors, and free-flow speed reduction 

factors have been analyzed for various activities related to construction and maintenance in CWZ 

[43]. Moreover, several studies have considered the impact of having special plans for CWZ 

project operations. For example, benefits and safety impact of night-time work zone activities, 

which is capable of reducing the project duration, have been studied [44] and been compared with 

the day-time project operations [45].  

 

Although work zone impacts on the network have been well-studied, one major issue is still 

planning sustainable route guidance or detour after closing the road (fully or partially). In the recent 

INDOT study, several surveys, interviews, and case study reviewing were carried out [12]. 

According to the results of surveys (which was filled by fifty engineers working on full road 

closure in the state DOTs, FHWA, and AASHTO) the main reason for their difficulty in 

prescribing often full road closure (which is economically feasible and safer) is the inability to find 

an appropriate routing plan. Due to the importance of this topic, a summary of the available 

literature on the detour planning is presented in the next section.   

2.5 Detour Planning in a CWZ with Full Closure 

A recently published thesis [28] investigated the short and longterm effects of pre-planned detours 

on congestion alleviation and traffic operations at a CWZ. In that study, the road users’ travel 

behavior, e.g., detour route choosing, was studied and the reported results included the traffic flow 
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pattern before, during, and after road construction projects. Recently, new approaches in detour 

planning in work zones have been investigated. The consideration of connected networks in easing 

the deotur planning procedure, reducing emissions, and enhancing safety [46, 47]. These studies 

mentioned the potential of connected vehicles (CVs) in improving mobility, enhancing safety, and 

reducing greenhouse gas emissions (GHG) in a network level model.  

2.6 Connected and Automated Vehicles and Prospective Impacts on CWZ 

Connected and Automated Vehicles (CAVs) consists of two main aspects: (1) automation; (2) 

connection. There are 5 defined levels for automation as shown in (Figure 2-1). 

 Level 0 – No automation 

also called as conventional vehicles with no driving assistance. 

 Level 1 – Driver assistance 

Adaptive cruise control and lane-keeping assistance are provided to assist the driver. The 

former will keep a safe distance between the consecutive vehicles by using radars and/or 

cameras and the latter will help the vehicle stay within the lanes. Although this level of 

automation assists the drivers, it still requires the driver to take the control of the vehicle 

and be aware of the road condition at all times. This level of automation is currently 

available in a great percentage of vehicles, e.g., Toyota Corolla 2018 (Toyota Safety Sense 

1) and Nissan Sentra (Intelligent Cruise Control). 

 Level 2 – Partial automation 

Level 2 automation is helpful in controlling the speed and steering, while the driver must 

have hands on the wheel and be aware of the road condition to take over the control of the 

vehicle at any given moment. This technology assists the driver with the stop-and-go traffic 

by maintaining the distance between the consecutive vehicles, while also providing 

steering assistance by centering the vehicle within the lane. Examples of this level of 

automation are Tesla Autopilot, Volvo Pilot Assist, and Audi Traffic Jam Assist.  

 Level 3 – Conditional automation 

Level 3 autonomous vehicles are capable of driving themselves. Although hands are off 

the wheel in this level of automation, drivers are still required to take over the control of 

vehicle in case of automation failure. The next generation 2019 Audi A8 is expected to be 

the first to market a level 3 autonomous driving system. 
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 Level 4 – High automation 

Level 4 autonomous vehicles are capable to drive without human interactions besides 

entering the destination. However, these vehicles will be restricted to some driving 

purposes because of the restrictive regulations and legal obstacles. These regulations 

mainly concern the safety issues and ethical concerns that might be resulted from the 

implementation of the automated systems [48, 49]. As the first company to examine the 

high automation level, Waymo has developed and is in the process of testing level 4 

vehicles capable of driving themselves in most environments and road conditions [50]. 

 Level 5 – Full automation 

Level 5 autonomous vehicles are capable of monitoring and maneuvering through all road 

conditions without any human interactions, eliminating the need for a steering wheel and 

pedals. These vehicles can be called the “true driverless vehicles”. 

 

 

Figure 2-1 Levels of vehicle automation [51] 

One of the advantages of the automation is that higher levels of automation have the potential to 

increase the capacity of the road by improving the traffic flow characteristics, which will be 

exploited in this study [24] [25]. Connected vehicle technology is also a rapidly emerging 

paradigm aimed at developing and deploying a fully connected transportation system that enables 



 

 

23 

data exchange among vehicles and the infrastructure to improve mobility, enhance safety, and 

reduce the adverse environmental impacts of the transportation systems [52]. In this study, a level 

(1) automated vehicle is considered in all scenarios. 

2.7 Sustainability Definition in CWZ [53] 

The three components of sustainable development are: (1) economic, (2) social, and (3) 

environmental [54] (Figure 2-2). According to this figure, development is equitable when the 

planner considers the social and economic aspects, viable when both economic and environmental 

aspects are considered, and bearable when both social and environmental aspects are considered. 

In terms of mobility in work zones, sustainability components are defined for each of the 

stakeholders, i.e., construction agency, community, and road users in Table 2-2. 

 

 

 

Figure 2-2 Sustainability components in planning 
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Table 2-2 Sustainability considerations for each stakeholder of work zones 

              Pillar 

 

 

Stakeholder 

Economic Environmental Social 

Highway 

agency 

Construction cost 

Work zone cost 

Public outreach cost 

 Public relations 

Community Delay cost for the 

local business 

owners 

Noise pollution 

Hospitals 

Residential areas 

Greenhouse Gas (GHG) 

emissions 

 

Accessibility to local businesses 

and residence 

Road users Travel delay cost 

Extra fuel 

consumption cost 

 Accessibility 

Emergency service 

providers 

Law enforcement agencies 

Airport authorities 

Trucking firms 

2.8 Chapter Summary and Discussion 

Due to the great potential that both connected and automated vehicles bring to the network 

improvements considering the safety and mobility aspects [24], [25], [46, 47], it seems promising 

to consider these concepts in solving the issues with the sustainable routing in work zones. This 

field of research is emerging and there are a numbrt of gaps that should be investigated. First of 

all, there is no study available to propose a model for both connected and non-cooporative 

networks to mathematically prove the potential impacts of connected vehicles comparing to not-

connected ones. Secondly, there is no scalable traffic assignment and solution algorithm to propose 

deotur routes in full road closure. Lastly, there is no mathematical model that considers all three 

aspects of sustainability. In this study, we strive to fill these gaps. 
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 METHODOLOGY 

In this section, we present the assumptions, considerations, and formulations for each of the 

components in the optimization problem. The subsections in this chapter consist of (1) Key 

Assumptions; (2) study framework, where we represent the hierarchy of research in this study; (3) 

network representation; Afterwards, we will show the constraints and cost components as (4) 

business access; (5) Emergency access facilitating; (6) Noise pollution consideration; (7) GHG 

emissions consideration; (8) Link travel cost consideration, which consists of the travel time cost 

and the fuel cost; Lastly, we present the two different formulations in modeling the cooperative 

network; (9) System optimal formulation; and the non-cooperative network; (10) Nash 

Equilibrium formulation. 

3.1 Key Assumptions 

1. Full road closure in work zones is considered.  

2. Two different types of vehicles (i.e., automated vehicles and connected and automated 

vehicles) are studied to demonstrate the potential impacts of connectivity in a road network 

with work zones. 

3. Road closure impact on the businesses only on the closed route is considered.  

4. A specific portion of the capacity of roads (i.e., 5%) with high emergency demand is 

considered for the emergency access. 

5. In calculating the GHG emissions, the best-selling vehicle in the U.S. is considered.  

6. Truck accessibility facilitating, school zones, airport accessibility, etc. are not considered 

in this study.  

3.2 Study Framework 

In this section, the roadmap of the thesis research is presented (Figure 3-1). 
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Figure 3-1 Study framework 

3.3 Network Representation 

We formulate the problem as a physical network 𝐺 = (𝑉, 𝐸), where 𝑉 represents the set of nodes 

in the network and 𝐸 represents the set of links in the network. For each link 𝑙 ∈ 𝐸 in the network 

we denote the link capacity by 𝑢𝑙 and the travel time by 𝑡𝑙. As we mentioned in the introduction 

section, we model the congestion in the network utilizing the capacitated network modeling 

approach by defining the maximum link capacities [55]. We also assume there exist two stationary 

demands for personal and business trips between each origin destination pair (𝑜, 𝑑) and denote 

them by 𝑝(𝑜,𝑑)and  𝑏(𝑜,𝑑), respectively. We also model the flow of personal and business vehicles 

on link 𝑙 from node 𝑜 towards node 𝑑 by defining variables 𝒙𝒍
𝒑,(𝒐,𝒅)

 and 𝒙𝒍
𝒃,(𝒐,𝒅)

, respectively. 

3.4 Business Access  

The main concern for the business owners is the excess delay their customers incur in order to take 

a trip to their business centers due to the closure of some of the links in the network during a 

construction project. To address this issue, for each origin destination pair (𝑜, 𝑑) we set two 

prespecified values 𝑒(𝑜,𝑑)
𝑝

and 𝑒(𝑜,𝑑)
𝑏  as the maximum extra delays for the personal and business 



 

 

27 

trips from 𝑜 to 𝑑, respectively. To ensure a trip does not violate the pre-specified maximum delay 

from its origin to its destination, it is sufficient to ensure that no link on the path connecting the 

origin to the destination violates this constraint [56]. 

 

We can obtain the set of feasible links a personal/business trip can utilize applying a pre-processing 

procedure proposed by [57] [58]. The core idea is to find the links traveling on which would make 

it impossible for the excess delays to remain under the prespecified values. We denote by 𝐸(𝑜,𝑑)
𝑝

and 

𝐸(𝑜,𝑑)
𝑏  the set of feasible links in the network for the personal/business trips from o to d. Below, we 

present a pseudo code to obtain the set of feasible links, 𝑙 = (𝑖, 𝑗), that are included in at least one 

trip from o to d with maximum delay 𝑒(𝑜,𝑑), where o=origin and d=destination. 

 

 

3.5 Emergency Access  

To satisfy emergency access concerns, we consider two main issues. First, the emergency service 

provider should be within the acceptable range of service. Second, emergency service providers 

should not experience more than the minimal delay inside the network. To address the range-

related concerns, we utilize a pre-processing procedure to determine the potential emergency 

providers to any given node inside the network. Doing this for each node 𝑖 ∈ 𝑉, we can determine 

the set 𝐻(𝑖) consisting of all service provider nodes that are within acceptable range of node 𝑖. To 

address the delay concern, we assume the emergency vehicles that provide service from node ℎ ∈

𝐻(𝑖) to node 𝑖 utilize only the links that are on one of the shortest paths from ℎ to 𝑖. We can use 

the pre-processing procedure (Algorithm 1) to obtain the set of links 𝐸(ℎ,𝑖)
𝑒𝑚  that are located on the 

shortest path from service the node ℎ to the node 𝑖. Additionally, we assume a constant demand 𝑣𝑖 

for the emergency services exist at each node 𝑖. The reason for considering a constant demand is 
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that we do not consider the stochasticity in demand at this phase of the project. However, we are 

mentioning this aspect as our future work in Chapter 6.  

 

To mathematically model the emergency service access, we define variables 𝒚𝒍
(𝒐,𝒅)

 to represent the 

flow of emergency vehicles on the link 𝑙 from node 𝑜 ∈ 𝐻(𝑑) towards node 𝑑. We also define 

variables 𝒔(𝒐,𝒅) to represent the part of demand at node d that is satisfied by emergency service 

providers at node 𝑜. We formulate the emergency access problem using the following feasibility 

problem: 

 

∑ 𝒚𝒍
(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬(𝒐,𝒅)
𝒆𝒎

− ∑ 𝒚𝒍
(𝒐,𝒅)

= {

𝒔(𝒐,𝒅): 𝒊 = 𝒐   

−𝒔(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
𝒋:𝒍=(𝒋,𝒊)                            ∀𝒊, 𝒅 ∈ 𝑽, ∀𝒐 ∈ 𝑯(𝒅)               Equation 3-1 

   ∑ 𝒔(𝒐,𝒅)𝒐 = 𝒗𝒅                                                                            ∀𝒅 ∈ 𝑽, ∀𝒐 ∈ 𝑯(𝒅)                          Equation 3-2 

              

Constraint set 1 (Equation 3-1) represents the flow conservation constraint for the portion of 

demand in node d that is satisfied with the emergency provider at node 𝑜 ∈ 𝐻(𝑑) and constraint 

set 2 (Equation 3-2) ensures that the emergency demand in each station d is satisfied. 

3.6 Noise Pollution Evaluation 

In this study, we have utilized the Road Noise Mitigation Program formulation, which is based on 

the results of a three-phase project (MJPG) in Netherlands [59] [60]. The script computes the noise 

level in dB(A) at a given distance from a road. The most effective inputs consist of the number of 

vehicles, number of trucks, the mean speed, and the distance from the road. Each of the 

components in the formulation are presented in the following paragraphs. 

 

In this method, vehicle categories consist of the motorcars, vans (i.e., delivery trucks, and all types 

of buses), heavy vehicles (i.e., all trucks that have more than two axles or 2 tires on any of the 

axles), and motorbikes. Also, in the road surface choices, smooth asphalt, concrete/asphalt 

mixtures, paved bricks, regular porous, sound absorbing asphalt that reduces noise by 

approximately 2 dB(A) at higher speeds, and special sound absorbing road surfaces are considered. 
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The default mean speed for each vehicle class is considered in both  
𝐾𝑚

ℎ𝑟
 and miles per hour (mph) 

and we use the mph system in this thesis. 

 

The shortest horizontal distance between the observer and the center of road is defined as the 

distance to the observer. Regarding the distance from an intersection, in is noteworthy that 

intersections generate more traffic noise compared to the free-flowing segments. However, in a 

distance over 490 ft from any intersection, the noise effect can be considered to be negligible. The 

observers’ height in the calculation is based on the story of the building, and the default value is 

considered as 5 meters. Moreover, the default value for the height of the road is considered as 0 in 

this method. 

 

The standard angle of sight is 127°. However, in case of road impediment by an obstacle, the 

remaining angle may be used. For example, if half of the view of the road is obstructed, the angle 

of sight will change into 
127°

2
. Absorption varies in different types of soils and the range for this 

value is (0-1). The lower bound is for very hard soil without absorption and the upper bound is for 

soft absorbing soil. Absorbing soils consist of grass, forest floor, and also snow. The default value 

for the formulation is 0 (city street) which has been used in this study. Figure 3-1 presents an image 

of the website platform for road traffic noise calculation.  
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Figure 3-2 Traffic noise calculation platform [60] 

 

Our approach to this problem is such that we consider the maximum acceptable dB(A) for hospital 

and residential areas. Afterwards, we enter the average speed on road based on the speed limit, the 

horizontal distance from the center of road, number of cars, and number of trucks. In order to 

calculate the number of trucks, we utilize the truck percentage on road. After computing the results, 

we receive the calculated noise level from this platform and find the number of cars and trucks, 

maximum noise capacity level 𝑢𝑙
𝑛, that will result in having an acceptable noise level.  

3.7 GHG Emissions Consideration 

In this study, the Comprehensive Modal Emissions Model (CMEM) [61] was used to estimate the 

damage cost resulted from the GHG emissions. In this model, in general, the Engine-out Emissions 

Module can be calculated by utilizing a linear formulation as shown in Equation 3-3. 

𝐸𝑋 = 𝑎𝑋 . 𝐹𝑅 + 𝑟𝑋                                                                             Equation 3-3 
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Where: 

𝐸𝑋 is the engine-out emissions rate for the pollutant (x) (g/s), 𝑎𝑋 and 𝑟𝑋 are the emissions index 

coefficients, and FR is the fuel rate module. As such, the emission cost for a vehicle travelling on 

the link 𝑙 can be computed as: 

 𝒄𝒍
(𝒐,𝒅),𝑮𝑯𝑮($

𝑣𝑒ℎ⁄ ) = ∑ (𝐸𝑋𝑋∈𝐺𝐻𝐺  (
𝑔

𝑠⁄ ) × 𝑑𝑚𝑔𝑋 ($ 𝑔⁄ )) × 𝑡𝑙(ℎ𝑟) × 60(𝑠
ℎ𝑟⁄ ) 

 

Where 𝑑𝑚𝑔𝑋 is the unit damage cost of producing 1 g of pollutant 𝑋. 

 

The basic fuel consumption module is calculated as shown in Equations 3-4 to 3-7. 

𝐹𝑅 ≈ (𝐾 × 𝑁 × 𝑉 +
𝑃

𝜂
) (

1

43.2
) (1 + 𝑏1(𝑁 − 𝑁0)2)                  Equation 3-4 

𝐾 = 𝐾0(1 + 𝐶(𝑁 − 𝑁0))                                                           Equation 3-5 

𝑁0 = 30√
30

𝑉
                                                                                          Equation 3-6 

𝑁 ≈
45.4

60
× 𝑆                                                                               Equation 3-7 

 

Where: 

 FR is the fuel usage rate (g/s), P is the engine power output (kW), K is the engine friction factor, 

N is the engine speed (revolutions per second), V is the engine displacement (lit) and 𝜂 ≈ 0.45 is 

a measure of the indicated efficiency for the engines. 𝑏1 ≈ 10−4  and 𝐶 ≈ 0.00125  are two 

coefficients; the lower heating value of a typical diesel fuel is 43.2 kJ/g, and S is the vehicle speed.  

 

In order to calculate the FR, one needs to find the specific vehicle model details from the 

manufacturer’s catalogues and substitute them in the aforementioned formulas. Moreover, the 

index coefficients in the engine-out emissions are calculated based on the vehicle model using the 

standard tables and are presented in the Data Collection chapter of this thesis. 

3.8 Link Travel Cost Computations 

Link travel cost consists of the travel delay and the fuel consumption costs. These are presented in 

3.7.1 and 3.7.2, separately.  
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3.8.1 Travel Delay Cost Computations 

After the construction agency introduces a full closure in the road network, the traffic has to use 

the other links to reach their destinations. This procedure might increase the total distance that 

drivers need to run. The extra distance is calculated using Equation 3-8, and then, by dividing this 

value with the average vehicle speed, the extra travel time as a result of detour will be calculated. 

This is referred to as the travel delay time and is presented in units of time. However, a cost 

representation of this delay is necessary for economic analysis purposes and planning, and the 

concept of Value of Time (VOT) facilitates the conversion of time to money.       

                                                      

 

Figure 3-3 Extra distance representation 

The excess distance that driver drives is presented in Equation (8). 

𝐸𝑥𝑡𝑟𝑎 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑙, 𝑂, 𝐷) = 𝑑𝑖𝑠(𝑙) + 𝑑𝑖𝑠(𝑗, 𝐷) − 𝑑𝑖𝑠(𝑖, 𝐷)                        Equation 3-8 

 

Where 𝑑𝑖𝑠(𝑙 = (𝑖, 𝑗)) is the distance traveled on link l between node i, node j; 

𝑑𝑖𝑠(𝑗, 𝐷) is the distance traveled between node j  and the new node D; 

 and 𝑑𝑖𝑠(𝑖, 𝐷) 𝑖s the distance traveled between node i, node D.  

 

In transportation economics, the value of time is the opportunity cost of the time that a traveler 

spends on the journey. This value is the amount that a traveler would be willing to pay in order to 

save time, or the amount they would accept as compensation for lost time [62]. VOT has most 

often been determined by estimating the mode choice models and evaluating the marginal rate of 

substitution (MRS) between the cost and the travel time for the alternative modes [63]. This value 

can be represented based on different factors, e.g., personal monthly income or trip length and its 

value differs when travel purpose changes [64]. Generally, the total delay cost is calculated via 

Equation 3-9. In these formulas, travel delay time is calculated by dividing the extra distance to 
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the vehicles’ average speed. In this study, vehicles’ average speed is equal to the speed limit in the 

region.  

 

{
𝒄𝒍

𝒑,(𝒐,𝒅),𝒅𝒆𝒍𝒂𝒚
= 𝑡𝑟𝑎𝑣𝑒𝑙 𝑑𝑒𝑙𝑎𝑦 𝑡𝑖𝑚𝑒 (𝑙, 𝑂, 𝐷) × 𝑉𝑂𝑇𝑝

 

𝒄𝒍
𝒃,(𝒐,𝒅),𝒅𝒆𝒍𝒂𝒚

= 𝑡𝑟𝑎𝑣𝑒𝑙 𝑑𝑒𝑙𝑎𝑦 𝑡𝑖𝑚𝑒 (𝑙, 𝑂, 𝐷) × 𝑉𝑂𝑇𝑏

                     Equation 3-9 

 

Where,

𝒄𝒍
𝒑,(𝒐,𝒅),𝒅𝒆𝒍𝒂𝒚

 is the travel delay cost for driving between node o (origin) and node d (destination)𝑖𝑛 𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙 𝑡𝑟𝑖𝑝𝑠;  

𝑉𝑂𝑇𝑝 is the value of travel time for personal trips;  

𝒄𝒍
𝒃,(𝒐,𝒅),𝒅𝒆𝒍𝒂𝒚

 is the travel delay cost for driving between node o (origin) and node d (destination)in business trips; 

and 𝑉𝑂𝑇𝑏 is the value of travel time for business trips. 

 

In this study, we consider two different values of travel time for the business commuters and the 

other personal road users. The data for these two values are presented in the Data Collection 

chapter of this thesis. 

3.8.2 Fuel Consumption Cost Computations 

In order to calculate the fuel cost for a road user, we first need to define the Miles-per-Gallon 

(MPG) concept. MPG is utilized to indicate the fuel economy of a vehicle to represent the expense 

of running it. This concept is also helpful in comparing the fuel efficiency of different vehicles, 

i.e., a higher MPG represents a higher fuel efficiency. Practically, manufacturers test the vehicles’ 

MPG both on road and in a laboratory under strict supervision and report this information to public. 

Afterwards, it will be possible to calculate the fuel consumption cost by having the unit fuel price, 

MPG, and vehicle speed. This procedure is shown in Equation 3-10. 

𝒄𝒍
(𝒐,𝒅),𝒇𝒖𝒆𝒍

= 𝑃𝑓 ×
1

𝑀𝑃𝐺
 × 𝑉 × 𝑡𝑙                                                                                                                            Equation 3-10 

Where 

 𝒄𝒍
(𝒐,𝒅),𝒇𝒖𝒆𝒍

is the Fuel consumption cost ($
hr. veh⁄ ) ; 

 𝑃𝑓 is the average fuel price ($
gal⁄ ) ; MPG is the fuel efficiency factor (

𝑔𝑎𝑙
𝑚𝑖⁄ );  

V is the vehicle speed(𝑚𝑖
ℎ𝑟⁄ ); 𝑎𝑛𝑑 𝑡𝑙 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑟𝑎𝑣𝑒𝑙 𝑡𝑖𝑚𝑒 𝑜𝑛 𝑙𝑖𝑛𝑘 𝑙 (ℎ𝑟). 
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3.9 System Optimal Formulation 

Now, we integrate the components of the problem as a unified optimization problem that aims to 

minimize the total cost, while respecting the feasibility constraints. The total cost in the objective 

function, 𝑐𝑙 consists of three weighted components, i.e., 𝑐𝑙
𝑝,(𝑜,𝑑)

= 𝑤1𝑐𝑙
𝑝,(𝑜,𝑑),𝑑𝑒𝑙𝑎𝑦

+

𝑤2𝑐𝑙
(𝑜,𝑑),𝑓𝑢𝑒𝑙

+𝑤3𝑐𝑙
(𝑜,𝑑),𝐺𝐻𝐺 . Where 𝑤1 is the weight for personal travel delay cost, 𝑐𝑙

𝑝,(𝑜,𝑑),𝑑𝑒𝑙𝑎𝑦
 is 

the delay cost for personal trips on link l as stated in Section 3.7.1 of this thesis, 𝑤2 is the weight 

for the fuel consumption cost on link l, 𝑐𝑙
(𝑜,𝑑),𝑓𝑢𝑒𝑙

 is the fuel consumption cost on link l as stated 

in Section 3.7.2 of this thesis,  𝑤3 is the weight for GHG emissions cost, and 𝑐𝑙
(𝑜,𝑑),𝐺𝐻𝐺

 is the GHG 

emissions damage cost of travelers on link l as stated in Section 3.6 of this thesis. 

 

The optimization problem is stated by Equation 3-11(a)-(e). 

 

𝑴𝒊𝒏 ∑ ∑ 𝒄𝒍
𝒑,(𝒐,𝒅)

𝒙𝒍
𝒑,(𝒐,𝒅)

𝒍=(𝒊,𝒋)(𝒐,𝒅) + ∑ ∑ 𝒄𝒍
𝒃,(𝒐,𝒅)

𝒙𝒍
𝒃,(𝒐,𝒅)

𝒍=(𝒊,𝒋)(𝒐,𝒅)                                       Equation 3-11(a) 

 

∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬(𝒐,𝒅)
𝒃

− ∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

= {

𝒃(𝒐,𝒅): 𝒊 = 𝒐   

−𝒃(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
𝒋:𝒍=(𝒋,𝒊)

𝒍∈𝑬(𝒐,𝒅)
𝒃

                  ∀𝒊, 𝒐, 𝒅 ∈ 𝑽                   Equation 11(b) 

 

 

∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬
(𝒐,𝒅)
𝒑

− ∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

= {

𝒑(𝒐,𝒅): 𝒊 = 𝒐   

−𝒑(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
𝒋:𝒍=(𝒋,𝒊)

𝒍∈𝑬
(𝒐,𝒅)
𝒑

                  ∀𝒊, 𝒐, 𝒅 ∈ 𝑽                    Equation 11(c) 

 

 

∑ 𝒚𝒍
(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬(𝒐,𝒅)
𝒆𝒎

− ∑ 𝒚𝒍
(𝒐,𝒅)

= {

𝒔(𝒐,𝒅): 𝒊 = 𝒐   

−𝒔(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆

𝒋:𝒍=(𝒋,𝒊)

𝒍∈𝑬(𝒐,𝒅)
𝒆𝒎

          ∀𝒊, 𝒅 ∈ 𝑽, ∀𝒐 ∈ 𝑯(𝒅)                Equation 11(d) 

   ∑ 𝒔(𝒐,𝒅)𝒐 = 𝒗𝒅                                                   ∀𝒅 ∈ 𝑽, ∀𝒐 ∈ 𝑯(𝒅)        

 

∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

(𝒐,𝒅):

𝒍∈𝑬(𝒐,𝒅)
𝒃

+ ∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

(𝒐,𝒅):

𝒍∈𝑬
(𝒐,𝒅)
𝒑

+ ∑ 𝒚𝒍
(𝒐,𝒅)

(𝒐,𝒅):

𝒍∈𝑬(𝒐,𝒅)
𝒆𝒎

≤ 𝒖𝒍
𝒕                                       ∀𝒍 ∈ 𝑬           Equation 11(e) 

 

Constraint set 11(b) ensures the flow conservation for the business trips. Constraint set 11(c) 

ensures the flow conservation for the personal trips. Constraint sets 11(d) ensure the emergency 
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access for the emergency service providers, as mentioned in Section 3.4. Constraint set 11(e) 

ensures that the total flow on each link does not exceed the upper-bound, 𝑢𝑙
𝑡 = min (𝑢𝑙 , 𝑢𝑙

𝑛), which 

is the minimum of the link capacity, 𝑢𝑙, introduced in Section 3.2 and the noise pollution capacity, 

𝑢𝑙
𝑛, introduced in Section 3.5.  

3.10 Nash Equilibrium Formulation 

In Nash Equilibrium (NE), no user can reduce their travel time by unilaterally changing their path. 

The Wardrop’s first principle for User Equilibrium (UE) states that the chosen paths’ travel time 

between an O-D pair is less than or equal to the travel time for the other paths in a system with 

selfish users [65]. These two equilibria are shown to be equivalent under special conditions for the 

uncapacitated UE that volume-delay functions are continuous, separable, non-negative and non-

decreasing. Here, we apply the paper published by Zokaei Ashtiani et al. (2020) [66] to find the 

Nash Equilibrium solution for capacitated networks in the optimization problem defined by 

Equation 3-12(a)-(d). 

 

𝑴𝒊𝒏 ∑ ∫ 𝒕𝒍(𝒘)𝒅𝒘
∑ 𝒙𝒍

𝒃,(𝒐,𝒅)
+𝒙𝒍

𝒑,(𝒐,𝒅)
(𝒐,𝒅)

𝟎𝒍=(𝒊,𝒋)                                                                                         Equation 3-12(a) 

 

∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬(𝒐,𝒅)
𝒃

− ∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

= {

𝒃(𝒐,𝒅): 𝒊 = 𝒐   

−𝒃(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
𝒋:𝒍=(𝒋,𝒊)

𝒍∈𝑬(𝒐,𝒅)
𝒃

                  ∀𝒊, 𝒐, 𝒅 ∈ 𝑽                                  Equation 12(b) 

 

 

∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

𝒋:𝒍=(𝒊,𝒋)

𝒍∈𝑬
(𝒐,𝒅)
𝒑

− ∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

= {

𝒑(𝒐,𝒅): 𝒊 = 𝒐   

−𝒑(𝒐,𝒅): 𝒅 = 𝒊      

𝟎: 𝒐𝒕𝒉𝒆𝒓𝒘𝒊𝒔𝒆
𝒋:𝒍=(𝒋,𝒊)

𝒍∈𝑬
(𝒐,𝒅)
𝒑

                  ∀𝒊, 𝒐, 𝒅 ∈ 𝑽                                  Equation 12(c) 

 

∑ 𝒙𝒍
𝒃,(𝒐,𝒅)

(𝒐,𝒅):

𝒍∈𝑬(𝒐,𝒅)
𝒃

+ ∑ 𝒙𝒍
𝒑,(𝒐,𝒅)

(𝒐,𝒅):

𝒍∈𝑬
(𝒐,𝒅)
𝒑

≤ 𝒖𝒍                                       ∀𝒍 ∈ 𝑬.                                       Equation 12 (d) 

 

In this optimization problem, the objective function is the well-known BMW objective function, 

where the function 𝑡𝑙(𝑤) is the link travel time for link 𝑙 if there is a flow 𝑤 on link 𝑙. Note that in 

finding the equilibrium solution the business and personal trips for the same origin destination pair 

have the same effect on the objective function. Constraint set 12(b) ensures the flow conservation 
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for the business trips; Constraint set 12(c) ensures the flow conservation for the personal trips; and 

constraint set 12(d) ensures that the total flow on each link l does not exceed the maximum capacity 

𝑢𝑙. 
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 DATA COLLECTION AND COLLATION 

This chapter presents the data collected from the Sioux Falls, South Dakota network, for which we 

have conducted the numerical study. The chapter is organized as follows: (1) Sioux Falls network 

general data including the nodes, links, link attributes, and origin-destination travel demand; (2) 

Business access data including the land use information, value of time (VOT), and the acceptable 

excess delay; (3) Emergency access data including the hospital location and emergency demand 

on each node (4) Noise pollution consideration data including the hospital areas, residential areas, 

speed limits, truck percentage, and the standards for the maximum acceptable noise level; (5) GHG 

emissions consideration data including the specific vehicle characteristics and energy consumption 

parameters in producing emissions; (6) Link travel cost consideration data including the acceptable 

travel delay and fuel consumption costs. 

4.1 Sioux Falls Network Data 

The data includes the nodes, links, link attributes, and origin-destination travel demand for Sioux 

Falls network in South Dakota (SD) [67], as shown in Figure 4-1, Table 4-1, and Table 4-2.  

 

Figure 4-1 Nodes and links for the Sioux Falls road network 
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Table 4-1 Link capacity and travel time data for the Sioux Falls Network 

Link 
t
a

0

(minute) 

ua   (103 

veh/hr) 

1 3.6 4.5 

2 2.4 8.5 

3 3.2 11.5 

4 3.0 15.4 

5 2.4 46.3 

6 2.4 33.7 

7 2.4 39.5 

8 2.4 25.3 

9 1.2 27.8 

10 3.3 8.5 

11 1.2 46.4 

12 2.4 13.4 

13 3.0 10.0 

14 3.0 9.4 

15 2.4 9.4 

16 1.0 21.1 

17 1.8 15.2 

18 1.2 46.3 

19 1.2 9.3 

20 1.8 15.2 

21 1.8 9.6 

22 3.0 9.6 

23 3.0 19.5 

24 2.0 9.6 

25 1.8 27.3 

26 1.8 27.3 

27 3.0 19.5 

28 3.6 26.5 

29 3.0 9.8 

30 4.2 9.5 

31 3.6 9.3 

32 3.0 19.5 

33 3.6 9.3 

34 2.4 9.3 

35 2.4 46.3 

36 3.6 9.3 

37 1.8 51.3 

38 1.8 51.3 

39 2.4 9.7 

40 2.4 9.3 

41 3.0 9.8 

42 2.4 9.4 

43 3.2 26.5 

44 3.0 9.8 

45 2.4 9.1 

46 2.4 20.1 

47 3.0 9.6 

48 3.0 9.8 

49 1.2 10.0 
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Table 4-1 continued 

50 1.8 38.9 

51 4.2 9.5 

52 1.2 10.0 

53 1.2 9.2 

54 1.2 46.3 

55 1.8 38.9 

56 2.4 7.6 

57 2.4 3.9 

58 1.2 9.2 

59 2.4 9.5 

60 2.6 7.6 

61 2.4 5.6 

62 3.6 9.6 

63 3.0 9.7 

64 3.6 9.6 

65 1.4 10.0 

66 1.8 9.3 

67 2.4 20.1 

68 2.8 9.7 

69 1.2 10.0 

70 2.4 9.5 

71 2.4 9.4 

72 2.4 9.5 

73 1.2 9.7 

74 2.4 10.9 

75 1.8 9.3 

76 1.2 9.7 

 

Table 4-2 O-D matrix for the network O-D trip matrix (× 1000 veh/hr) 

  1 2 4 5 10 11 13 14 15 19 20 21 22 24 

1  1.32 1.32 1.32 1.08 1.1 1.25 0.99 0.95 0.9 0.59 0.59 0.77 0.74 

2 1.32  1.25 1.3 1.1 1.12 0.9 0.95 0.94 1.3 0.59 0.68 0.67 0.59 

4 1.32 1.25  1.32 1.08 1.07 0.95 0.9 0.84 0.8 1.62 0.64 0.59 0.8 

5 1.5 1.3 1.32  1.13 0.97 0.91 0.88 0.81 0.73 0.8 0.81 0.94 0.59 

10 1.08 1.1 1.08 1.13  1.5 1.9 0.99 1.32 1.17 0.95 0.9 1.97 0.59 

11 1.1 1.12 1.07 0.97 1.5  0.94 1.32 1.11 0.95 0.74 0.61 1.1 1.05 

13 1.25 0.9 0.95 0.91 0.9 0.94  0.87 0.86 0.68 0.59 0.62 0.67 1.32 

14 0.99 0.95 0.9 0.88 0.99 1.32 0.87  1.32 2.13 0.95 0.87 0.9 1.13 

15 0.95 0.94 0.84 0.81 1.32 1.11 0.86 1.32  1.32 1.27 1.14 1.32 0.91 

19 0.9 1.3 0.8 0.73 1.17 0.95 0.68 1.13 1.32  1.32 1.11 1.1 0.8 

20 0.59 0.59 1.62 0.8 0.95 0.74 0.59 0.98 1.27 1.32  1.32 1.32 0.61 

21 0.59 0.68 0.64 0.81 0.9 0.61 0.62 0.87 1.14 1.11 1.32  1.32 1.32 

22 0.77 0.67 0.59 0.94 0.97 1.1 0.67 0.9 1.32 1.1 1.32 1.32  1.13 

24 0.74 0.59 0.8 0.59 0.59 1.05 1.32 1.13 0.91 0.8 0.61 1.32 1.13   
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4.2 Business Access Data 

An important aspect of business access is the maximum tolerable detour by drivers. From the 

results of surveys and interviews [12], the maximum acceptable delay for the urban areas might 

increase the travel time (10-20) % which is a hard constraint in the optimization problem. 

Moreover, we reach the maximum of 8% increase in the travel time by using the Value of Time 

(VOT) for business and personal trips [68] as shown in Equation 4-1. 

 

Maximum delay for business trips (%) =
(10+20)%

2
×

VOTPersonal

VOTBusiness
= 15% ×

$12.00

$22.90
≈ 8%                     Equation 4-1 

 

We can obtain the values 𝑒(𝑜,𝑑)
𝑝

and 𝑒(𝑜,𝑑)
𝑏 as the percentages of the shortest paths from 𝑜 to 𝑑, where 

𝑒(𝑜,𝑑)
𝑝

 and 𝑒(𝑜,𝑑)
𝑏  represent the maximum delay time for personal and business trips from o to d, 

respectively. 

4.3 Emergency Access Data 

In this study we focus on the ambulances as emergency service providers. Doing so, we have three 

hospitals in Sioux Falls network that are shown in Figure 8.  
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Figure 4-2 Sioux Falls hospital locations 

 

According to the real-time data [69], the average time it takes for an ambulance to reach the 

demand node in emergency needs in 8 minutes. Therefore, we develop the set 𝐻(𝑖) for each node 

𝑖 ∈ 𝑉as the set of service providers nodes that are in a distance of at most 8 minutes from the 

demand node 𝑖. Moreover, due to the lack of access to emergency demand data, we assume that 

the stationary demand is distributed in the network in a manner that is proportional to the net 

demand at those points. As such, we set the demands 𝑣𝑖 to be 0.05∑ (𝑝(𝑖,𝑑) + 𝑏(𝑖,𝑑))𝑑  as 5 percent 

of the total demand at node 𝑖.  

4.4 Noise Pollution Data 

4.4.1 Sioux Falls’ hospital locations 

According to the Google Maps, Figure 8, there are three main hospitals in Sioux Falls, i.e., Avera 

McKennan Hospital, Sanford USD medical center and hospital, and children’s Specialty Hospital 

at LifeSpace. 
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4.4.2 Sioux Falls’ residential area locations 

The land use data for the Sioux Falls city is presented in Figure 4-3 [70]. 

 

 

Figure 4-3 Sioux Falls city land use distribution 

 

The residential areas in the network are represented by this figure by the following nodes:  1, 2, 5, 

11, 13, 15, 17, 18, 20, and 23.  

4.4.3 Speed limits 

According to the South Dakota Department of Public Safety [71], the speed limit is 65 mph at all 

the secondary highways (unless otherwise stated), 25 mph at the city streets (unless otherwise 

stated, and 15 mph at school zones and obstructed intersections.  

4.4.4 Truck Percentage  

In general, trucks represent 4%-7% of the highway vehicles in the US. More specifically, large 

trucks make up 4.3% percent of all highway vehicles and 10% of the total highway miles traveled 

[72]. Due to the fact that the specific data for the Sioux Falls network was not available for the 
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public, we assumed the average truck percentage for the US on different roads (e.g., highways, 

streets) for the Sioux Falls Network.  

4.4.5 Standards for the maximum acceptable noise level 

According to the World Health Organization guidelines, the maximum acceptable noise level near 

hospitals should not exceed 35 dB(A) with a maximum of 40 dB(A) over night [73]. Moreover, 

based on the US Environmental Protection Agency, the maximum of 55 dB(A) is considered for 

the residential areas [74].  

4.4.6 Calculated noise levels 

Google maps were used for finding the distance from hospitals and the selected residential areas 

to the center of nearby roads. Then, the maximum allowable traffic without violating the noise 

pollution guidelines was determined. Table 4-3 presents the results of this calculation. After 

comparing these binding number of vehicles with the actual demand on links, we realize that two 

links, i.e., link number 59 and 61, near the McKennan hospital bind the traffic and their capacity 

cannot be fully utilized. The values in this table are calculated using the Dutch method as state in 

Section 3.5 of this thesis. 

 

Table 4-3 Maximum allowable traffic without violating the noise pollution guidelines  

Link number 
Maximum number of vehicles 

(noise criteria not violated) 

Link 59 2400 

Link 61 2400 

4.5 GHG emissions consideration 

In order to calculate the GHG emissions’ damage cost, one first needs to find the vehicle type 

because produced emissions in each vehicle is unique and different from the other vehicles. In this 

study, we find and utilize the most popular vehicle in the US for each vehicle class to calculate the 

damage cost for them. Then, we assume all the vehicles in the Sioux Falls network are the same 

as the most popular type and calculate the GHG emissions’ damage cost for the network.  
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As shown in Figure 10, Ford F-Series [75] are the most popular personal vehicle in the US as 

well as the South Dakota.  

 

 

Figure 4-4 The most popular personal vehicle in the US in 2019 

 

In the formulas presented in Section 3.6 of this thesis, data on the engine displacement (V), engine 

speed (N), engine power output (P), and the engine friction factor (K) are need for calculating the 

fuel consumption rate (FR). These values were determined for Ford Platinum F-150, the best-

selling truck (and vehicle) in the US for more than 40 years [76]. Table 4-4 represents the engine 

coefficients for Ford Platinum F-150. 
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Table 4-4 Engine coefficients for Ford Platinum F-150  

Parameter Value 

𝐾0 0.19 

𝑁0 87.83 

𝑉 3.5 

𝑃 260 

𝜂 0.45 

𝑏1 10−4 

𝐶 0.00125 

 

Substituting these parameter values in Equations 3-4 to 3-7 in the Section 3.6 yields the fuel 

consumption rate (Equation 4-2). 

 

𝐹𝑅 = (𝐾 × 𝑁 × 𝑉 +
𝑃

𝜂
) (

1

43.2
) (1 + 𝑏1(𝑁 − 𝑁0)2) = (0.19 (1 + 0.00125

45.4𝑆−87.83

60
) (

45.4

60
) (3.5𝑆) +

260

0.45
)(

1

43.2
)(1 + 10−4(

45.4 𝑆−87.83

60
)2)                                                                                                              Equation 4-2 

 

Where S is the speed limit (mi/hr).  

 

Based on the information provided in Section 4.4 of this thesis, two different speed limits, i.e., 65 

mph and 25 mph, are considered and utilized for the damage caused by GHG emissions. In order 

to calculate the GHG emissions’ damage cost, the index coefficients in Equation 3-3, Table 4-5 

presents the index coefficients and costs for the different greenhouse gas types. 

 

Table 4-5 Coefficients and costs in GHG emissions [77] [78] 
 

𝒂𝒉𝒒 𝒓𝒉𝒒 cost 

GHG 

type 

H M L H M L Damage per 

ton in 2018 

US $ 

𝑪𝑶𝟐 3.20 3.20 3.20 0.00 0.00 0.00 33.57 

CO 7.56e-3 0.70e-3 8.10e-3 0.00 0.00 0.00 509.78 

HC 7.03e-4 0.30e-3 0.90e-3 0.00 0.20e-2 0.30e-2 3.36e3 

𝑵𝑶𝒙 1.95e-2 0.32e-2 0.26e-2 0.00 0.00 0.00 8.33e4 
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With the aforementioned data, the environmental damage that one vehicle makes on the 

considering each of these gas types will be calculated as follows: 

𝐸𝐶𝑂2
= 3.20 × 𝐹𝑅 + 0.00                                                                                                                Equation 4-3(a) 

𝐸𝐶𝑂 = (8.10)10−3 × 𝐹𝑅 + 0.00                                                                                                      Equation 4-3(b) 

𝐸𝐻𝐶 = (9)10−4 × 𝐹𝑅 + 0.00                                                                                                           Equation 4-3(c) 

𝐸𝑁𝑂𝑥
= (2.60)10−3 × 𝐹𝑅 + (1.65)10−2                                                                                        Equation 4-3(d) 

 

Where FR is calculated using Equation 4-2 for the highway and the city streets. Results are 

presented in Table 4-6.  

 

Table 4-6 Amounts of the produced emissions (g/Veh. s) 

Road class 𝑬𝑪𝑶𝟐
 𝑬𝑪𝑶 𝑬𝑯𝑪 𝑬𝑵𝑶𝒙

 

Highway(S=65mph) 4.37× 101 1.11 × 10−1 1.23× 10−2 5.20 × 10−2 

City_Road(S=25mph) 4.55× 101 1.15 × 10−1 1.28 × 10−2 5.35 × 10−2 

 

The results presented in Table 4-6 are calculated for one specific vehicle. To calculate the cost per 

vehicle per second, each of the values should be multiplied in the cost that is presented in Table 4-

7.  

 

Table 4-7 Cost of the produced emissions (g/Veh.s)  

Road class 𝑪𝑪𝑶𝟐
 𝑪𝑪𝑶 𝑪𝑯𝑪 𝑪𝑵𝑶𝒙

 

Highway(S=65mph) 1.47 × 10−3 5.64 × 10−5 4.13 × 10−5 4.34 × 10−3 

City_Road(S=25mph) 1.53 × 10−3 5.88 × 10−5 4.30 × 10−5 4.46 × 10−3 

4.6 Link Travel Cost Data 

Link travel cost data consist of the travel delay cost and fuel consumption cost that are presented 

in the following sections. 

4.6.1 Travel delay cost 

Value of time for personal and business trips are shown in Table 4-8.  
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Table 4-8 Value of Time for personal and business trips [68] 

Road user type Value of Time (VOT) 

Personal use $12.00 

Business use $ 22.90 

4.6.2 Fuel consumption cost 

In order to calculate the fuel consumption cost for a vehicle, the MPG (miles per gallon) and the 

fuel unit price ($/gallon) need to be determined. According to Section 4.5 the best-selling vehicle 

in South Dakota is the Ford Platinum F-150. As such, the MPG for the fuel consumption 

calculation will be 25 mpg on highways, 20 mpg on city roads, and 22 mpg in a combined condition 

[79].  

 

We have considered the average fuel cost per gallon in South Dakota (2019) and the value is 2.59 

($ / gallon) [80] this is because of the fact that the fuel cost has had an unusual trend in 2020 as a 

result of COVID-19 pandemic.  

 

As such, by substituting these values in Equation 3-10, the fuel consumption cost for each vehicle 

will be calculated and is presented in Table 4-9. 

 

Table 4-9 Fuel consumption cost 

Road 

type 

MPG 

(mi/gallon) 

Average 

speed 

(mi/hr) 

Fuel 

Consumption 

Cost 

($/veh.hr) 

Highway 25 65 6.73 

City 

road 
20 25 3.23 
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 RESULTS & DISCUSSION  

In this section, we conduct a number of numerical experiments to quantify the impacts of a 

cooperative routing for CAVs in CWZ. The experiments are conducted on the data of the Sioux 

Fall network as stated in the previous chapter. We define four base scenarios to assess the 

performance of a cooperative routing for CAVs in both presence and absence of the full closure 

and the cooperation. These four scenarios are listed below: 

• Scenario 1: None of the links in the network are under closure and vehicles are following a 

centralized controller that optimizes and assigns the routes to vehicles. 

• Scenario 2: None of the links in the network are under closure and vehicles are following 

their greedy behavior to minimize their cost on their routes toward their destination. 

• Scenario 3: The lane 65 is under full closure and vehicles are following a centralized 

controller that optimizes and assigns the routes to vehicles 

• Scenario 4: The lane 65 is under full closure and vehicles are following their greedy 

behavior to minimize their cost on their routes toward their destination. 

 

In the last two scenarios, the reason for considering link 65 for closure is that it has been subject 

to closure in the previous construction work zones. Also, it is possible to show the difference 

between the detour routes in the cooperative and non-cooperative cases easier. Moreover, this link 

is near the two links near the Mc Kennan hospital and the noise pollution violation in the non-

cooperative scenario can also be demonstrated. 

 

We use MATLAB software for solving the linear programming problems stated by Equations 11 

(a)–(e) and 12 (a)–(d). The computational tests are conducted on a 3.4GHz Dell Optiplex 990 

Pentium i7-2600 computer with 448 8GB RAM on the 64-bit version of the Windows 10 operating 

system. the solution time for both problems 11 and 12 is a fraction of a second in all scenarios. 
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5.1 Traffic flow results in different scenarios 

In this section, the flow is calculated for all the links on the Sioux Falls road network in the four 

scenarios. Values shown on the links in Figures 5-1 to 5-4 represent the traffic flow on the links.    

5.1.1 Scenario 1 flow results 

Figure 5-1 displays the resulting link flows in an optimal system. We obtain these results by 

solving the optimization problem 3-11(a)-(e). This Figure demonstrates that the link flows on links 

59 and 60 are equal to the upper-bound imposed by the noise constraint, 𝑢𝑙
𝑡 = 2400. Furthermore, 

this Figure suggests that under an optimal routing scheme there is a significant flow, 11120 

(veh/hr), travelling through the critical link 65. 

 

 

Figure 5-1 Actual flow in the links in the cooperative network before road closure 

 

Moreover, the two links (59,61) connecting nodes 20 and 19 are controlled by the noise pollution 

constraint and the others are controlled by the link capacity and the accessibility constraints.   
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5.1.2 Scenario 2 flow results 

Figure 5-2 demonstrates the resulting link flows under Nash Equilibrium. We obtain these results 

by solving the optimization problem 3-12(a)-(d). In this scenario, the users’ greedy behavior in 

minimizing their own travel time has been considered. As a result of this assumption, the noise 

criteria has been violated in the links 59 and 61 (connecting node 20 and 19). Moreover, in this 

case, one link has remained unused, while in the first scenario the flow on the same link is 2120. 

Therefore, the total network facilities will not be operated in this case.  

 

 

Figure 5-2 Actual flow in the links in the non-cooperative network before road closure 

 

 

This Figure shows that the link flows on links 59 and 60 exceed the upper-bound imposed by the 

noise constraint, 𝑢𝑙
𝑡 = 2400. Another fact is that the links 43, 63, 68 that are near hospitals are 

more congested comparing to the first scenario, which is because of not considering the emergency 

service access. Moreover, unlike the system optimal case the same link 51 is unutilized. This 

results in an inefficient usage of the capacity of the network. 
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5.1.3 Scenario 3 flow results 

Figure 5-3 demonstrates the resulting link flows in an optimal system with a full closure on link 

65. We obtain these results by solving the optimization problem 3-11(a)-(e) in the Sioux Falls 

network with link 65 that connected nodes 21 and 22 is closed because of the CWZ. This Figure 

suggests under this scenario some of the less utilized links are more congested comparing to Figure 

5-1. However, due to the consideration of business higher value of time, this excess flow has been 

distributed between the links with less connection with the downtown areas. Moreover, this Figure 

demonstrates that the link flows on links 59 and 60 are equal to the upper-bound imposed by the 

noise constraint, 𝑢𝑙
𝑡 = 2400. This means in both system optimal scenarios the noise constraint is 

binding. 

 

 

 

Figure 5-3 Actual flow in the links in the cooperative network after road closure 
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5.1.4 Scenario 4 flow results 

Figure 5-4 demonstrates the resulting link flows under Nash Equilibrium with a full closure on 

link 65. We obtain these results by solving the optimization problem 3-12(a)-(d) in the Sioux Falls 

network with link 65 that connected nodes 21 and 22 is closed because of the CWZ. 

In this scenario, the users’ greedy behavior in minimizing their own travel time has been 

considered. As a result of this assumption, the noise criteria has been violated in the links 59 and 

61 (connecting node 20 and 19). Moreover, in this case, one link has remained unused, while in 

the first scenario, the flow on the same link is 2120. Therefore, the total network facilities will not 

be operated in this case.  

 
 

Figure 5-4 Actual flow in the links in the non-cooperative network after road closure 

 

In this scenario, the same link (65) has been closed and the noise pollution standard on links 59 

and 61 are violated. Moreover, link 51 is remained unutilized even after closure. Next, the 

suggested and the chosen routes for the cooperative and the non-cooperative scenarios both before 

and after the road closure (link 65), are presented. In these Figures, the utilized percentage of the 

link capacity, has been represented. 
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5.2 Routing results in different scenarios 

In this section, the percentage of capacity utilized is calculated for all the links on the Sioux Falls 

road network in the four scenarios. Values shown on the links in Figures 5-1 to 5-4 represent the 

traffic flow on the links. Furthermore, a random origin destination pair (21,19) is chosen and the 

obtained/optimal routes for them has been demonstrated by green color. 

5.2.1 Scenario 1 routing results 

Figure 5-5 on each link shows the percentage of that links’ capacity utilized by the flow in the 

network. This Figure also highlights an optimal routing for the vehicles with origin node 21 and 

destination node 19 by green color. This means in an optimal system the suggested route for the 

entire demand from origin 21 to destination 19 is routed through the critical link 65. Furthermore, 

the noise critical links, 59 and 61, are highlighted by brown color.  

 

 

Figure 5-5 Suggested route in the cooperative network before closure 

 

In this scenario, the suggested route between nodes 21 and 19 has been represented. As can be 

seen in this scenario, the noise binding links are not considered in the suggested detour.  
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5.2.2 Scenario 2 routing results 

Figure 5-6 demonstrates the percentage of link capacity utilized under Nash Equilibrium. This 

Figure also shows the set of obtained routes for the vehicles with origin node 21 and destination 

node 19 by green color. Furthermore, the noise critical links, 59 and 61, are highlighted by brown 

color. As this Figure suggests, under Nash Equilibrium road users prefer to violate the maximum 

noise level to minimize their own travel times.  

 

Figure 5-6 Chosen routes in the non-cooperative network before closure 

 

In this scenario, two different routes are used by the selfish road users for going from node 21 to 

node 19. Moreover, the links that connect downtown to the more residential areas are more 

congested in the non-cooperative case.  
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5.2.3 Scenario 3 routing results 

Figure 5-7 on each link demonstrates the percentage of that links’ capacity utilized by the flow the 

Sioux Falls network with link 65 that connected nodes 21 and 22 is closed because of the CWZ. 

This Figure also highlights an optimal routing for the vehicles with origin node 21 and destination 

node 19 by green color. As we mentioned earlier in an optimal system without full closure on link 

65 the suggested route for the entire demand from origin 21 to destination 19 is through the critical 

link 65. As such, the entire demand for the mentioned origin destination pair has to be rerouted in 

this scenario.  

 

 

Figure 5-7 Suggested route in the cooperative netowrk after closure 

 

In this scenario, after closing link 65, some of the users will be routed through the link with binding 

noise constraint. However, after meeting the noise constraint condition, other users are routed from 

the other route, which is between the following nodes: 21-24, 24-23, 23-22, 22-15, 15-19. In this 

scenario, the downtown area is still less congested comparing to the non-cooperative condition.  
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5.2.4 Scenario 4 routing results 

Figure 5-8 shows the percentage of link capacity utilized under Nash Equilibrium with link 65 that 

connected nodes 21 and 22 is closed because of the CWZ. This Figure also shows the set of 

obtained routes for the vehicles with origin node 21 and destination node 19 by green color. 

Comparing to the results for Nash Equilibrium without full closure on link 65 the portion of 

demand that used to utilize the link 65 along their route towards node 19 changed their route to 

utilize the noise critical link 61.  

 

 

Figure 5-8 Chosen route in the non-cooperative network after closure 

 

Furthermore, the noise critical links, 59 and 61, are highlighted by brown color. As this Figure 

suggests, under Nash Equilibrium and road closure road users maintain their preference to violate 

the maximum noise level to minimize their own travel times.  
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5.3 Objective function values with different weights for the cost components 

The objective function in scenario 3 consists of the delay cost, fuel consumption cost, and the GHG 

emissions’ damage cost. Table 12 shows the values for each of them in the optimal solution by 

considering the weight of the other two equal to zero. This procedure shows us the value of each 

of these components to assist us in finding the appropriate weights for them in the objective 

function.  

 

Table 5-1 Values for the cost components in the objective function  

 Pure delay cost 

Pure fuel 

consumption 

cost 

Pure 

environmental 

damage cost 

cost 

($/hr) 
4.32 × 103 8.54 × 104 2.82 × 106 

 

As shown in the table, the value for the environmental damage cost is significantly higher than the 

other two components. As such, this cost should be considered with a lower weight in our 

optimization problem. To be consistent with the real-world projects, where the green construction 

is less considered as shown in the Literature review chapter, the weight for the environmental 

damage cost is considered as 0.1% for the rest of the results. Next, we emphasize the sensitivity 

of cost to the relative weights of the delay and fuel consumption costs. Results are presented in 

Table 13. 

 

Table 5-2 Cost sensitivity to the relative weight of delay and fuel consumption costs  

 𝒘𝟏

𝒘𝟐
=

𝟏

𝟑
 

𝒘𝟏

𝒘𝟐
= 𝟏 

Delay and fuel consumption cost ($/hr) 9.9233 × 104 9.9185 × 104 

Delay cost ($/hr) 9.6360 × 103 9.5468 × 103 

 

 

As shown in the Table 13, the total fuel consumption and delay cost is not sensitive to the relative 

weight of these two costs. This is because of two facts. First, as shown in Table 13, delay cost is 

significantly lower than the fuel consumption cost. As such, a small variation in the relative weight 

is not capable of changing the optimal solution for the cost. Secondly, the trend for the cost 
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variation in both delay and fuel consumption costs is approximately the same. The main takeaway 

from this sensitivity analysis is that there might exist solutions that have almost the same value for 

the total cost. However, the cost components may defer significantly. This gives the opportunity 

to policy makers to consider different stakeholders without investing any significant further budget 

by changing the weights in the objective function. 

5.4 Cost comparison 

Another important aspect that should be taken into the account in a routing scheme are the cost 

components. Although in a system optimal we can ensure to consider the different stakeholders 

concerns represented by the hard constraints, we have to make sure the total cost as well as the 

separate cost components such as delay cost for business and personal trips, GHG and fuel costs 

are also improved. 

5.4.1 Comparison between the total cost in the cooperative/non-cooperative networks 

In this section we compare the total cost for the four base scenarios. Figure 5-9 shows 

the total objective values Considering the same weights for the delay and the fuel 

consumption. 

 

Figure 5-9 Total system cost in 4 scenarios 

 

Results confirm that the total system cost is higher in the Nash Equilibrium case both in presence 

and absence of the full closure. This result is not surprising, as in the Nash Equilibrium case users 
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try to minimize their own delay and fuel consumption cost and do not consider the routes that 

minimize the total system cost. 

5.4.2 Comparison between the delay cost for business destinations in the cooperative/non-

cooperative networks 

In this section we compare the delay cost for the four base scenarios. The delay cost for business 

users is an important factor that assess the efficiency of a routing scheme. 

 

Figure 5-10 Delay cost for business destinations in 4 scenarios 

 

Figure 20 demonstrates the delay cost for the road users with business destinations in all four 

scenarios. According to the results, the total delay cost both before and after the road closure is 

higher in the Nash Equilibrium case, where the greedy behavior of drivers exists. As such, by using 

a connective network, the delay cost for those who have business destinations will be reduced. 

This reduction is helpful in incentivizing the users to head into those businesses (e.g., shopping 

centers). Moreover, it decreases the delay cost for the business owners.  
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 CONCLUDING REMARKS 

6.1 Summary 

The core problem that this study addresses is the detour routing issues in full closure condition in 

a construction work zone. In this regard, safety and mobility are two important factors that become 

affected in the presence of work zones. In this study, we find a methodology to consider the issues 

in the detour routing in work zones and suggest appropriate detours, accordingly. In this procedure, 

we consider the advancements of advent technologies in Transportation Engineering [81] [82], i.e., 

cooperative network and automated vehicles.  

 

Due to the full road closure, we consider concerns that affect the community. The main concern is 

to maintain the accessibility to businesses and the rapid access to emergency services such as 

ambulances, police stations, and fire stations. Next concern is to avoid the increased travel time 

due to the closure of some of the network links. Another issue we consider is the environmental 

impacts including Greenhouse Gas (GHG) emissions and noise pollution. We respect the 

accessibility for business owners and emergency services and noise pollution as hard constraints, 

where the minimum requirements must be satisfied.  

 

We also define a monetarized cost as a weighted sum of the total fuel consumption cost, the total 

travel time cost, and the total GHG emissions damage cost and use different values of time to 

convert the travel time into a monetarized value. As a result, we can prioritize the business trips 

that have a higher value of time.  

 

Additionally, we utilize the concept of Nash equilibrium to model the routing of a non-cooperative 

automated fleet of vehicles, where each individual aims to minimize their own trip cost. Then, 

with a solvable and scalable optimization problem, we obtain the routing for the vehicles that 

follow this greedy behavior. This enables us to investigate the potential benefits of a cooperative 

fleet of automated vehicles in the presence and then in the absence of connectivity.  
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6.2 Key Findings 

In this study, we are able to demonstrate the beneficial impacts of the CAV technology on 

resolving some of the issues in CWZ full road closure planning. A comparison between the 

connected and non-cooperative networks proved that we are capable of reducing the delay cost for 

business trips in the cooperative network. However, this is not possible for non-cooperative 

systems because of the greedy behavior of the personal road users in decreasing their own travel 

time. Another key finding is that we are able to assign appropriate itinerary (detour routes) to road 

users in CWZ in all the scenarios. In our routing scheme, we also consider the sufficient access to 

businesses and rapid access to emergency services such as ambulances, police stations, and fire 

stations. Results demonstrate that this condition is performable only in the connected network of 

CAVs. The model and solution algorithm we present also calculates the environmental aspects, 

i.e., noise pollution and greenhouse gas emissions. Results prove that GHG emissions have an 

extremely high damage cost comparing to the delay and fuel costs. Mathematically, the model we 

proposed is scalable and able to solve large transportation networks. This is due to the fact that the 

model is simply designed and that it solved the optimization problem for the Sioux Falls network, 

a medium size network, in seconds. 

6.3 Limitations 

The most important limitation in this study is the lack of access to a large-scale network data to 

showcase the performance of our scalable solution algorithm. Moreover, as a result of the lack of 

sufficient resources and time, only one vehicle class and brand is considered in calculations. 

 

Another overlooked aspect is the partial road closure case, which can be superior to the full road 

closure in specific cases [83]. The reason for not considering partial road closure in this study is 

that this aspect makes the model more complicated and difficult to solve. Moreover, data 

stochasticity for demand and vehicles’ speed is not considered in this study because of the 

increased complexity in the model that makes it difficult to solve. One method to decrease the 

complexity in modeling the partial road closure in work zones and considering the demand 

stochasticity is to exploit Microsimulation (Vissim), which is considered for the future study.  
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In the consideration of business access, only businesses on the closed road are considered. 

However, although we acknowledge that businesses on the detour routes might benefit from the 

road closure, we are not able to model this aspect because of the lack of detailed data on the 

business types and trips with business destinations. Additionally, in the estimation of 

environmental pollution, linear models for the human driven vehicles are utilized for estimating 

the GHG emissions. However, we acknowledge that the Next Generation of Transportation, e.g., 

AV and CAV, will decrease the environmental emissions and this study’s technique overestimates 

the GHG emissions.  

6.4 Future Work 

We aim to consider the stochasticity of the problem (e.g., demand variations during the day and 

year both for emergency services and other road users) and evaluate the performance of our model 

by exploiting microsimulation tools like Vissim. Additionally, we want to model and investigate 

the potential impacts of partial road closure in solving work zone issues using microsimulation 

tools.   

 

Due to the fact that the presented model in this study is simple as a result of utilizing linear 

constraints and pre-processing, the scalability is one of the key features in it. However, it was not 

possible in this study to demonstrate the scalability by using a large network data as the resources 

are usually confidential for these network instances. Our goal is to reach out to the DOTs to ask 

for a large network data and run the analysis for such a network.  

 

Moreover, we plan to search for additional data for different vehicle classes and brands to improve 

the GHG emissions estimation. In this regard, our goal is to substitute the current formula with a 

model more suitable for Av and CAV. Moreover, we aim to incorporate several other components 

into our model. Namely, calculating the detour route rehabilitation cost for truck usage, 

considering sufficient access to the airports, etc. Lastly, it will be useful for future researchers to 

consider the inclusion of new and emerging transportation technologies in the study framework. 

For example, the locations of existing or prospective future electric charging stations (Radvand et 

al, 2019a; Radvand et al., 2020) can influence the methodology and outcomes of the framework.   
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Also, it can be shown in future research how a mixed fleet of human-driven and autonomous 

vehicles can influence the study outcomes and optimal solutions.  
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