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ABSTRACT 

The objectives of this dissertation are to provide insight in designing off-hour delivery 

programs by developing: (1) policies to optimally distribute financial incentives to 

receivers gained from various funding mechanisms; (2) methods to simulate the 

behaviors of receivers and carriers pertaining to off-hour deliveries; (3) an understanding 

of how different market segments influence OHD operations; and (4) an understanding 

of how policy design will increase participation in off-hour deliveries. These objectives 

were achieved through policy mathematical models and a Behavioral Micro-Simulation 

framework developed here.  

The mathematical policy models developed in this dissertation serve as guidelines to 

optimally distribute financial incentives, and to finance them through cases considering 

an exogenous budget and regular-hour penalties. In general, the optimal incentives found 

depend on: (1) the class elasticity to off-hour deliveries; (2) the average number of class 

tours per receiver; (3) the tour elasticity; (4) the cost to move tours to the off-hours; (5) 

the revenues collected from penalties; and (6) the inverse off-hour delivery market share. 

Using these optimal solutions, numerical experiments were conducted to prove that: (1) 

tours can be shifted to the off-hours when receivers are given incentives to accept off-

hour deliveries; and (2) the penalties considered were all effective at generating a budget 

for OHD incentives. 

The analyses done using the Behavioral Micro-Simulation revealed several key results: 

(a) financial incentives given to receivers in exchange for accepting off-hour deliveries, and 

financial rewards to carriers making off-hour deliveries would increase participation in off-

hour deliveries; (b) time of day toll surcharges have no major impact on increasing off-hour 

deliveries; (c) carriers located close to their urban customers are more likely to participate in 

off-hour deliveries as they can easily begin to accrue the benefits from off-hour delivery 

operations; and, (d) increased enforcement of parking fines for double parking during the 

regular hours could increase the number of carriers participating in off-hour deliveries. 
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CHAPTER 1  
INTRODUCTION 

Urban vehicle traffic congestion is a serious problem (Lomax, 2008). In addition to 

making traveling conditions difficult and more time consuming, traffic congestion makes 

business operations more costly, and worsens environmental conditions. Examples of 

increased costs include longer travel times for employees and higher operating costs for 

facility operations (e.g., wages for extended hours of work for employees and 

supervisors); while examples of decreasing environmental factors are poor air quality, 

and increased levels of pollutants from vehicle emissions. Further, this decrease in 

environmental conditions diminishes the quality of life as increases one’s susceptibility 

to chronic conditions such as: asthma, emphysema, and cancer. This has heightened the 

awareness of many citizens, politicians, and urban planners to be more concerned about 

urban traffic congestion, which in turn has led to the formation of several public and 

private sector entities to discuss strategies to mitigate the problem, which can be seen as 

function of population and economic expansion. As a result of such endeavors, many 

attempts to improve travel conditions. Some of these efforts include: the implementation 

of toll roads, continuous expansion of public transportation systems, and the increase in 

urban roadways and interstate highways. All of these solutions, while showing the 

promise to alleviate traffic congestion in the short term, need the assistance of other 

initiatives in order to reduce this problem, and must compliment other initiatives in order 

to effectively combat this problem. 

Another method in reducing traffic congestion, specific to freight transportation, is 

to change delivery times, in particular, the actions of accepting and shipping of goods in 

congested urban areas. This is because the delivery activities taking place during regular-

weekday business hours (i.e. between 6AM and 6PM) increase traffic congestion 

(Holguín-Veras et al., 2006a). More specifically, it has been proposed to have carriers 

shift part of their shipping operations to the off hours of the day (between 7PM and 

6AM). This solution has the promise to reduce traffic congestion and parking demand 

levels, since for example, the length of one seventy foot semi-trailer truck and trailer 

occupies about three automobile lengths of highway and parking space (Department of 

Transport-United Kingdom, 2006). This is a major problem during the peak hours, when 



 2 

commuter traffic increases congestion, and truckers are continuously circling around 

their delivery stops looking for space to park and load or unload their shipments (Kuse 

and Castro, 2001). Moreover, the shifting of delivery times has the potential to also 

improve air quality, by reducing human exposure to pollutants, and thus minimizing the 

number medical cases of: chronic bronchitis, asthma, respiratory infections, and even 

cancer (Campbell, 1995). 

Receiving and shipping of goods outside of regular business hours, between 7PM 

and 6AM is referred to as off-hour deliveries (OHD). While the practice of OHD is not 

the complete answer in solving urban traffic congestion, it has been considered as a tool 

to effectively reduce traffic congestion in cities like: Barcelona, London, and the 

Netherlands (NICHES, 2008). For this shift in delivery times to occur, two stakeholders, 

receivers and carriers, must agree to participate in off-hour delivery operations, since 

both entities control delivery scheduling. Receivers, who are the customers in this 

business transaction, accept goods from carriers during non traditional business hours of 

the day. Proposals have been made (Holguín-Veras, et. al, 2006b; Holguín-Veras, 2008) 

to provide receivers with financial incentives in return for their commitment to accepting 

OHD as a recompense for the inconvenience caused by this practice. Carriers, who stand 

to gain direct benefits from OHD, can increase their productivity by traveling at faster 

speeds and delivering to customers in less time. Likewise, the carriers could be given 

economic incentives or penalties as encouragement to make OHD (e.g., financial 

rewards for off-hour travel, toll surcharges and financial penalties for regular-hour 

travel). The projected result of implementing economic incentives and penalties for both 

stakeholders is to foster a shift to the off-hours, while substantially decreasing peak-

period traffic congestion. Moreover, in order to gain a better understanding of policies 

for off-hour deliveries programs, analysis techniques are needed to understand how to 

increase the participation in off-hour deliveries by receivers and carriers. 

1.1 Purpose and Breakdown  

The fundamental purpose of this dissertation is to develop insights into off-hour 

delivery programs. This is done through formulations to optimally distribute financial 

incentives to receivers with the intent of moving truck traffic to the off-hours. Another 
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goal of this dissertation is to understand how receivers and carriers are influenced by off-

hour delivery incentives and penalties, using a Behavioral Micro-Simulation framework.  

There are six chapters in this dissertation explicitly highlighted. Chapter 2 gives a 

literature review of relevant publications on: off-hour deliveries, modeling interactions 

between receivers and carriers, freight road pricing, traveling salesman and vehicle 

routing problems. Chapter 3 discusses the scope of work and objectives pertaining to this 

dissertation. Chapter 4 focuses in detail on the mathematical policy formulations used in 

optimally distributing financial incentives and penalties to receivers and carriers. It also 

presents the numerical experiments used to verify the optimal solutions derived. Chapter 

5 describes the Behavioral Micro-Simulation developed here, particularly the policies 

used, and the simulation of receivers’ and carriers’ decisions on OHD. It then discusses 

the numerical experiments conducted using this framework and various policies 

considered to foster OHD and their implications. The final chapter discusses the key 

contributions and findings of the research presented in this dissertation. It is also 

discusses some of the future research that could be expanded from this dissertation. 
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CHAPTER 2  
LITERATURE REVIEW 

This dissertation touches on a number of different subjects. For that reason, this 

literature review is partitioned into several segments. First previous findings and studies 

on off-hour deliveries are discussed, which are then followed by reviews of: freight road 

pricing, modeling interactions between receivers and carriers, and traveling salesman 

and vehicle routing problems. 

2.1 Off-Hour Deliveries 

The first historical account of off-hour deliveries on record stems from Julius 

Caesar’s implementation of a law that prohibited commercial deliveries during the 

daytime in Ancient Rome, which was called the Lex Julia Municipalis or “The Julian 

Law of Municipalities” (circa 48 B.C.). This regulation forced the movement of goods 

by horse-and-carriage, pushcarts, and other modes of goods distributions to be shifted to 

the late afternoon/early evening hours of the day. The goal of this form of off-hour 

deliveries was aimed at keeping the roads clear of traffic, and to give access to Caesar’s 

army operations and other municipal functions within Rome’s metropolitan area. The 

Lex Julia Municipalis also caused Roman commoners to complain about noise pollution 

and the growth in the evening traffic congestion levels of the metropolitan areas of 

Rome (Dessau, 1892).   

There have been several studies of off-hour deliveries, spanning from the 1960s to 

the present. The first of these studies occurred during the first half of 1968 in London, 

England. This experiment involved one-hundred companies (ninety-five retailers and 

five warehouses) changing their shipping and receiving operations to the off-hours. 

During this change, the companies documented the changes in productivity they noticed. 

It was found that company shipping activities benefits the most from this change in 

delivery scheduling, and that off-hour deliveries could be effective when fewer 

deliveries containing larger loads of freight are implemented (Churchill, 1970). 

Separate studies conducted research on OHD and explored its practical implications. 

The first one was done by the Organization for Environmental Growth in 1979 and 

summarized the findings from interviews of carriers, third-party carriers, receivers and 
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officials from public agencies. The study concluded that the impacts for commercial 

companies choosing to participate in off-hour deliveries is uncertain, and pilot testing is 

needed in order to make assessments (The Organization for Economic Growth, 1979). 

The Urban Gridlock Study investigated policies aimed at reducing congestion in 

California’s highway network, including policies to increase OHD. The study concluded 

that: OHD would have a modest influence on traffic congestion as travel time savings 

may not be influenced since increased automobile traffic is projected; vehicle-miles for 

trucks would increase; air quality would improve; and OHD would translate into extra 

costs for carriers and receivers (Cambridge Systematics, 1988a and 1988b; Greenzeback 

et al., 1990). 

 Another study was conducted in the late 1970s based on twenty-four carrier and 

shipper companies located in Atlanta, Washington, D.C., Denver, and San Francisco 

(Noel et al., 1980). This study collected and analyzed data about: company practices, 

off-hour delivery operations, and advantages and disadvantages of off-hour deliveries. It 

was found that: (1) delivery and commodity transportation companies that do off-hour 

deliveries approve of this operation because of the cost and time savings derived from 

the higher productivity; (2) carriers are willing to make deliveries to their customers at 

any time during the day; (3) carriers are not always willing to change their delivery 

operations to meet the delivery demands of their customers; (4) security issues present a 

big obstacle in the implementation of off-hour deliveries; and (5) carriers who do off-

hour deliveries typically do so for “non economic reasons” (e.g., the inconvenience of 

changing work schedules) (Noel et al., 1980). 

Two other studies concerning off-hour deliveries initiatives were conducted in Los 

Angeles, California. First, in the late 1980s, the city of Los Angeles investigated the 

legal implications of mandating OHD. The proposal considered banning trucks from the 

Los Angeles metropolitan area during the peak hours. This notion was soon discarded 

after receivers vehemently opposed it because of the additional operational costs that 

they could accrue (Nelson et al., 1991). Another study, which took place in the mid 

1990s, estimated the environmental impacts of restricting large truck operations to the 

off-hours of the day (Campbell, 1995). This study concluded that shifting operations to 

off-hours could improve air quality levels.  
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The Port Authority of New York and New Jersey, and the Congestion Buster Task 

Force of New Jersey conducted separate studies on off-hour truck movements through 

the New Jersey and the New York City areas.  The Port Authority of New York and 

New Jersey’s study, which was documented by Vilain and Wolfrom (2000), analyzed 

how peak-hour traffic could be reduced on the interstates that connected New Jersey and 

New York City. This was done interviewing carriers. Based on the carriers’ responses, it 

was concluded that: commercial trucking firms already attempt to avoid peak periods for 

travel; trucking firms are highly concerned with meeting customer demands, and not 

violating district curfews and union-agreed working hours; and trucking companies are 

not convinced that peak-hour toll surcharges are effective (Vilain and Wolfrom, 2000). 

The Congestion Buster Task Force of New Jersey Department of Transportation (2002) 

found that the expansion of work hours could reduce peak-hour trips. This expansion of 

work hours could subsequently cause a relaxation in traffic congestion levels 

(Congestion Buster Task Force of New Jersey Department of Transportation, 2002). 

Recent studies were conducted to better understand how the implementation off-

hour deliveries would impact traffic and the environment in Athens, Barcelona, Dublin 

and London. The Athens study examined land use, delivery requirements per type of 

service, traffic mix, traffic flows, and traffic capacities (Yannis, et al, 2006). This study 

used simulations and interview data to quantify the impacts of OHD upon congestion 

levels and environmental pollution. It was concluded that shifting truck traffic to non-

traditional business hours would reduce traffic congestion and improve environmental 

conditions, by reducing nitrogen oxides, hydrocarbons, and sulphur dioxide emissions 

from trucks during regular business hours (Yannis, et al, 2006). 

In Barcelona, OHD were piloted with twenty supermarkets. The original seven 

smaller daily deliveries were replaced with two larger night deliveries to these locations. 

Likewise, in Dublin off-hour delivery operations were pilot tested with supermarkets, 

and combined with external consolidation centers and delivery curfews. The Barcelona 

and Dublin studies concluded that these operations caused: (a) reductions: in logistical 

delays, traffic congestion, emissions, and energy consumption, (b) increases in road 

safety, and (c) economic benefits like lower shipping costs and higher profit margins 

(NICHES, 2008). 
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In London’s borough of Wadsworth OHD were pilot tested using low noise 

equipment and larger trucks for Sainsburys’ Garret Lane grocery store (London Noise 

Abatement Society, 2008). The pilot started in 2007, and suggested that OHD operations 

has saved the company about seven hundred working hours per year, amounting to about 

$24,296 in savings. Other findings include increased efficiency of workers, increased 

sales, and positive customer feedback about service and product availability (London 

Noise Abatement Society, 2008). 

Quak (2008) investigated freight delivery technologies and practices, e.g., 

consolidation centre initiatives, in the Netherlands. The analyses done considered the use 

of central locations in urban areas (e.g., freight villages, buildings, freight terminals, 

drop-off points) where larger deliveries can be made during the night time hours by 

carriers, and ultimately, smaller trucks and vehicles can make deliveries to the receivers 

during the daytime hours (Quak, 2008). The goals of these practices are to encourage 

around the clock delivery schedules, and concurrently, promoting more off-hour 

deliveries due to higher night time accessibility. This research indicates that freight 

delivery technologies could promote off-hour deliveries for selected industry segments, 

but that there is an opposition to these ideas because of higher storage and security costs 

(Quak, 2008). 

The most pertinent research done related to this dissertation focused on New York 

City, (Holguín-Veras, et al. 2006). The goal of this study was to understand how policies 

targeting receivers located in Manhattan, and the corresponding carriers could increase 

OHD (Holguín-Veras, et al. 2006). The study conducted a major outreach effort in the 

form of: focus groups, in-depth interviews, and internet surveys (Holguín-Veras et al., 

2005). From the focus group discussions, it was found that: (1) participants were unsure 

about the effectiveness of toll differentials that might be used to increase off-hour 

deliveries; (2) truckers indicated that receivers are more concerned with accepting goods 

in a timely fashion than on how many hours the truckers drive; and (3) receivers would 

only accept off-hour deliveries when given incentives to do so (Holguín-Veras et al., 

2005). The in-depth interviews indicated that restaurants are good targets for off-hour 

deliveries because of their extended hours of operations the delivery schedules of the 

carriers (Holguín-Veras et al., 2005). The analyses done from the in-depth interviews 
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also suggested that increased operational costs and lack of involvement by receivers can 

prevent the participation in off-hour deliveries for both receivers and carriers (Holguín-

Veras et al., 2005). The final component of the outreach efforts, the internet surveys, 

upheld the conclusions produced from the focus group discussions and in-depth 

interviews, and suggested that avoiding parking fines, increased productivity, and tax 

incentives to receivers could make off-hour deliveries attractive for the carriers. 

The study then analyzed the receptiveness of the restaurant sector to policies aim at 

fostering OHD. It was found that: (1) 40% of the establishments control their delivery 

times, and that another 38% of the restaurants collaborate with their suppliers in 

determining the delivery times; (2) restaurants accept more than 6 deliveries per day; (3) 

the number of deliveries that these receivers generated was a function of the company 

location, number of employees, and number of customers; (4) restaurants were in favor 

of accepting off-hour deliveries in exchange for tax deductions and government 

subsidies, but were less in favor of accepting off-hour deliveries for tax cuts and lower 

shipping charges; and (5) receivers in commercial areas are more receptive to accepting 

larger and more time consuming deliveries during the off-hours (Holguín-Veras et al., 

2006).  

The analyses of a larger data set of receivers and carriers produced other findings 

concerning the effectiveness of policies to increase off-hour deliveries in New York 

City. The analyses concluded that the willingness of carriers to participate in off-hour 

deliveries depends on the participation of the receivers (Holguín-Veras et al., 2006a), 

i.e., the higher the rate of participation in off-hour deliveries by receivers, the more 

likely the carriers would be to shift their delivery schedules to the off-hours. Moreover, 

it was shown that the receivers’ receptiveness to accept off-hour deliveries depends on 

the economic incentive scenarios proposed, meaning that the higher the proposed 

incentive the more likely the receivers are to participate in such a program (Holguín-

Veras et al., 2006a). These analyses revealed that: (1) 4.09% of the goods accepted by 

receivers in Manhattan are during off hours, while 11.76% of the goods delivered by the 

carriers are during the off hours of the day; (2) receivers were most likely to accept off-

hour deliveries when given tax deductions for one employee assigned to accept off-hour 

deliveries; and, (3) carriers were likely to participate in OHD when given toll discounts 
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for off-hour deliveries and financial rewards for making off-hour deliveries (Holguín-

Veras et al., 2006a). 

Further analyses of receivers and carriers were conducted to understand other 

factors that influenced their individual choices to participate in off-hour deliveries 

(Holguín-Veras et al., 2006b; Holguín-Veras et al., 2006c). For receivers, it was found 

that they displayed increased levels of willingness to participate in off-hour deliveries 

operations when given financial incentives (e.g. tax deductions and shipping discounts). 

Receivers of: food, alcohol, wood/lumber, metal, paper products, and medical supplies 

were considered good targets for fostering the implementation of an off-hour deliveries 

program in Manhattan (Holguín-Veras et al., 2006b). Carriers displayed the higher levels 

of willingness to participate in off-hour deliveries when given higher toll discounts and 

financial rewards for off-hour travel; and as the percentage of customers requesting off-

hour deliveries increased so did the number of carriers likely to participate in these OHD 

(Holguín-Veras et al., 2006c).  Also, carriers of food, wood/lumber, metal, 

computers/electronics, textiles/clothing, and furniture are also considered good market 

targets for doing off-hour deliveries (Holguín-Veras et al., 2006c). It was also concluded 

that large traffic generators in Manhattan (i.e. Grand Central Terminal and Penn Station) 

are good target areas for an off-hour deliveries program (Holguín-Veras et al., 2006b; 

Holguín-Veras et al., 2006c). 

As a product of the New York City study, the necessary economic conditions 

needed to foster off-hour deliveries were formulated (Holguín-Veras, 2008). It was 

found that: (1) integrated carrier-receiver operations will participate in off-hour 

deliveries when it is found to be cost effective to do so; and, (2) independent carrier-

receiver operations will participate in off-hour deliveries when the receiver chooses to 

do so since carriers do not have enough market power to transfer costs for regular-hour 

travel. These findings has lead the proposal of an off-hour delivery program, in which 

financial incentives are given to receivers in exchange for accepting off-hour deliveries, 

through use of freight road pricing (Holguín-Veras, 2008). It was also suggested that 

large traffic generators or places where many businesses are centrally located (e.g., 

business buildings, etc.) are good targets for off-hour deliveries since these facilities 

generate a lot of deliveries, and all deliveries are accepted in one specific area. This 
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feature makes off-hour deliveries easier to implement, and the cost may be lower since it 

is being billed to many businesses (Holguín-Veras, 2008).   

2.2 Freight Road Pricing 

Since this dissertation uses freight road pricing, particularly toll surcharges for 

carriers traveling during peak-hours, as a means for financing off-hour delivery policies, 

it is important to highlight some of the purposes and findings of this congestion 

reduction strategy from previous studies. The purposes of freight road pricing are from 

the perspective of transportation planning and its impacts are from the perspectives of 

carriers making deliveries to urban areas. 

From the transportation planning perspective, freight road pricing has been used 

primarily as a means of relieving traffic congestion in urban areas (Vickrey, 1963; 

Vickrey 1969). Some governments throughout the world have implemented this strategy 

to improve travel conditions for commuters since freight trucks occupy a lot of space on 

urban networks during the peak hours (Visser, et. al, 1999). Also, freight road pricing has 

been used for revenue generation (Littman, 2005), and can be used as a means of 

funding OHD incentives as proposed by Holguín-Veras (2008). 

From the perspective of the carriers, who are the main stakeholders affected by 

freight road pricing, it was found that this strategy increases transportation costs (Button, 

1978). Since toll surcharges increase with economic and regional inflation, carriers must 

continually consider these costs when making deliveries and how they hinder profits, 

and ultimately their delivery schedules (Button, 1978).  

It was also found that most carriers do not want to travel during peak-hours, but are 

often forced to do so in order to meet customer demands (Vilain and Wolfrom, 2001;  

Holguín-Veras, et. al, 2006; Holguín-Veras, 2006). This is due to the competitiveness of 

the freight transportation market and the economic power that receivers have as 

customers (Holguín-Veras, et. al, 2006). The influences of freight road pricing on 

carriers has left them to be receptive to other strategies that relax this transportation cost 

(e.g., Changing road usages, increasing productivity, cost transfers to receivers, and 

delivery consolidations) (Holguín-Veras, et. al, 2006; Holguín-Veras, 2006; Button, 1978; 

Quak, 2008). 
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In terms of freight road pricing’s influences on delivery patterns, there are some 

limitations in its effectiveness (Vilain and Wolfrom, 2001). First, it was found that 

freight road pricing may not influence changes in peak-hour deliveries for sensitive 

industry segments (Vilain and Wolfrom, 2001). Secondly, it was found that freight road 

pricing does not affect all carriers the same way economically, meaning that its influence 

is dependent upon the characteristics of the carriers and their travel patterns on toll roads 

(Vilain and Wolfrom, 2001). 

The purposes and impacts of freight road pricing have been significant in 

understanding how urban congestion can be relieved. However research on freight road 

pricing strategies combined with OHD policies is still needed to determine if urban 

traffic congestion can be further mitigated. 

2.3 Modeling Interactions between Receivers and Carriers 

Modeling the interactions between receivers and carriers is a fundamental element 

of this dissertation. As such, several publications were reviewed to gain a clearer 

understanding of the research done related to this topic.  

The interactions between receivers and carriers are very complex in nature, which 

makes it difficult to model and understand. Research done pertaining to these 

interactions found that from the perspective of the receivers, the goal was to accept and 

initiate the shipping of deliveries in a timely and cost effective manner, while 

maintaining the quality of the goods. The carriers, on the other hand, attempt to 

maximize their profits by serving as many receivers as they can, while accounting for 

their own time, pricing, quality assurance, employee, and warehousing constraints (Lu, 

2003). The interactions of these interdependent entities also require modeling procedures 

that will assist in determining the market conditions of urban freight transportation 

environments. One approach in the understanding of these interactions is through the 

simulation of supply chain systems (Lu, 2003). This modeling technique helps to 

understand how carriers can improve their logistical approaches by accounting for 

quality assurance and time efficiency (Lu, 2003). Another approach towards modeling 

the interactions between receivers and carriers is by the utilization of supply chain 

scenarios to make logistics decisions based on utility models (Hensher, 2003). In this 
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work, the selection of transport vehicle types and delivery routes are functions of: 

commodity origins and destinations, distribution time; this formulation demonstrated 

how to increase levels of efficiency when making deliveries and fulfilling scheduling 

requirements (Hensher, 2003). A final approach for modeling these interactions was done 

by the formulation of regression models of carrier revenues as a function of service 

performance (e.g. transit time, reliability, and freight rate) and corporate attributes (e.g. 

company size, advertising expenditures, and financial stability) (Suzuki, 1998). This 

procedure requires extensive sensitivity analyses to understand how revenues can reach 

optimal rates when receiver influenced parameters are maximized, while clearly 

assisting in finding the conditions and customer behaviors where revenues will be 

maximized. These formulations that use simulation, utility, and regression techniques 

have been significant in identifying some of the key elements in the interactions between 

receivers and carriers, but require advanced techniques, which limits their applications to 

known applications where certain information is known. 

2.4 Traveling Salesman and Vehicle Routing Problems 

The traveling salesman problem is a classic problem from graph theory that belongs 

to the field of combinatorial optimization. The problem involves a network or graph and 

the goal for solving this problem is to find the shortest path of visiting each location 

exactly once and returning back to the designated starting point (Lawler, et al., 1995). 

This shortest path in the graph is known in graph theory as the minimum cycle. A typical 

example of the traveling salesman problem is a company making deliveries to its 

customers. In this example, an individual delivery person making the deliveries is 

considered the traveling salesman, while the customers’ locations and the paths between 

the customers are considered the vertices and edges. The goal of the delivery person is to 

start from the company’s facility and to find the shortest round-trip path that will 

complete all of her deliveries to the designated customers.   

 The vehicle routing problem is a more complex version of the traveling salesman 

problem. This type of problem addresses when a company may have multiple networks 

or regions where customers are located. Within these networks, the company’s goal is to 

again find the minimal round trip paths of making all of their deliveries to their 
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customers. The complexity in this problem exists in accounting for the activities 

associated with the deliveries and the actual characteristics of the networks, which 

includes: 1) the time it takes to load and unload cargo; 2) the cost of the distance 

between deliveries; 3) the affects of the number of stops in each round trip; and 4) the 

travel time needed to complete a delivery route (Lawler et al., 1995). 

 There are four different families of approaches to solve traveling salesman and 

vehicle routing problems, which are: algorithms, approximation techniques, heuristics, 

and meta-heuristics. Algorithms are exact procedures for solving optimization problems, 

and have been particularly help in solving traveling salesman and vehicle routing 

problems. These methods require a more detailed approach, utilizing an objective 

function and a set of constraints, with the goal being to minimize that objective function 

while not violating the constraints. The objective functions and constraints for these 

algorithms contain thorough accounts for distances, capacities and costs. Formulations 

of vehicle routing problem algorithms, like the one developed by Christofides et al. 

(1980) are used to solve these large scale traveling salesman problems, through the use 

of computer programming, and in short amounts of time.  Like other algorithms, vehicle 

routing problem algorithms give detailed rules and approaches for handling delivery 

conditions (e.g. distance and cost calculations) amongst a set of destinations. These types 

of algorithms are good for calculating exact distances and costs for a set of traveling 

conditions when a set of distances, costs, system constraints are known (Christofides et. 

al, 1981). 

Approximation techniques are used to estimate solutions to traveling salesman and 

vehicle routing problems, by using asymptotic results usually based on the probabilistic 

traveling salesman problem, which enables the attainment of an expression that 

estimates the minimum traveling distance to the number of stops made in a route and in 

the area of the service region (Beardwood et al., 1958). Specifically, approximation 

techniques are efficient when there are an infinite number of stops within a bounded 

region, where the area and shape are known or can be estimated. Using these conditions, 

the theoretical argument was made that as the number of stops in a route increases, the 

optimal distance traveled in that route approaches the square root of the number of stops 

times the area of the bounded region (Beardwood et al., 1958).   



 14 

Applications of approximation techniques provide estimates of distance models as a 

function of the traveling space area and the number of stops (Daganzo, 1983). With 

approximations, geographic regions are converted into geometric shapes, where the 

traveling locations can be plotted on these shapes. The minimal path traveled amongst a 

set of locations is calculated using mathematical integration techniques, and surface area 

calculations of the selected geometric shape used to represent the traveling region. The 

key components used in this form of approximation are the geometric shape (e.g. a 

square or a circle), and how the distances amongst the traveling locations is calculated 

(Daganzo, 1984a; 1984b). Distance approximations in this context can be done using 

Euclidean or polar coordinate systems. Another type of approximation method is to use 

regression models derive tour lengths. For this method of approximating, optimal 

traveling tour lengths are calculated as a function of the straight line distances between 

destinations, the number of destinations in a tour, the selected regional service area 

shape, delivery capacity constraints. Other variations approximation regression models 

can be derived in order to develop a general understanding of traveling distances within 

a given region or zone (Chien, 1992). Overall, the use of approximations to find minimal 

traveling paths is appropriate when the region and delivery constraints are known or can 

be determined (Daganzo, 1983; 1984a; 1984b).  

 A third methodology used for solving vehicle routing problems is by using 

heuristics. This approach is similar to the algorithms used for solving traveling salesman 

and vehicle routing problems, but heuristics are not exact. One example for solving large 

scale vehicle routing problems is the Radial Sweep Heuristic (Gillet and Miller, 1974).  

This method first uses the Euclidian locations of the delivery points, which means that 

the traveling space is treated like a geometric space, and each delivery point is assigned 

a polar location. Then, using these assigned locations, calculations of radian angles are 

made from a given starting location (Gillet and Miller, 1974). Once all of the network 

angles are computed, the entire Radial Sweep is performed in a two step process: the 

forward-sweep and the backward-sweep. The forward-sweep method reorders the 

network angles from smallest to largest, and then the smallest Euclidian distance is 

computed based on that order. The backward-sweep of this algorithm does the same 

procedure as the forward-sweep, but “in reverse order,” and the minimum computed 
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distance estimated by the forward-sweep and backward-sweep is considered the optimal 

path of travel amongst the locations. The Radial Sweep method is a technique used in 

determining optimal paths for travel within minimal distances, because it accounts for 

geographic distances, which is given by the calculation of the radian angles, using 

longitude and latitude locations as substitutes for polar coordinates. It was also 

highlighted that the computational speed with the use of this algorithm as a benchmark 

to find solutions, through the means of standard computer technology and correct 

implementation (Gillet and Miller, 1974).  

A final group of techniques used for solving traveling salesman and vehicle routing 

problems, corresponds to meta-heuristics, or a more generalized variation of heuristics 

that represents general methods to finding solutions to complex problems. Meta-

heuristics go beyond traditional real-world problems to develop general approaches for 

solving any problem. Some common meta-heuristics are genetic heuristics and Tabu 

Search. Genetic heuristics uses computing techniques and biological and evolution 

principle to find global solutions to traveling salesman and vehicle routing problems. 

Genetic heuristics in this context uses computer simulation and search techniques to find 

macro-optimal solutions, which is generally useful across changing networks. Genetic 

heuristics also store previous network information to attempt to improve optimal 

solutions for current and future network configurations (Crosby, 1973).   

Another type of meta-heuristic is the Tabu Search. For this method, the goal is again 

to minimize an objective function (e.g. cost, distance, and scheduling functions), when 

given a set of system constraints. The fundamental component of this technique is the 

calculations of the optimal solutions, which is done through the use of clustering 

techniques. These clustering techniques are more estimates than exact data, and can 

change when more information is known (Barbarosoglu and Ozgur, 1999). Another key 

characteristic contained of Tabu Search, like genetic heuristics, is its memory structure; 

this practice consistently updates current problems with previous information to attempt 

to improve results on micro and macro-levels of optimization (Glover and Laguna, 

1997). Some secondary objectives of Tabu Search are to continuously increase the 

number of destinations within a tour by increasing the number of computational 

iterations. The Tabu Search heuristic is first carried out by randomly generating a 
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network from a given starting location. Then location distances and traveling costs are 

calculated at each step until all of the locations have been reached, and minimal 

distances and costs are found (Barbarosoglu and Ozgur, 1999). 

Direct comparisons of approximations, algorithms, and heuristics were made to find 

solutions for optimal circular and elliptical travel routes in a geometric space, which 

simulated the Manhattan regional area (Robuste, et. al.  2004). The comparisons of these 

methods, while showing the derivations for vehicle-routing problem distances for each 

approach, are based upon: the number of stops in the tour, the vehicle’s capacity, and the 

traveling area. The comparisons then shift by displaying the similarities and differences 

in the travel routes chosen by the methods, and suggest that these elliptic 

approximations, algorithms, and heuristics offer very similar solutions. This is 

demonstrated within the transformation of the distance calculations formulated by Gillet 

and Miller, into the approximation formulations, which was done to display their 

interchangeability for solving vehicle routing problems (Robuste et al., 2004; Laporte, 

1991).   
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CHAPTER 3  

SCOPE OF WORK AND OBJECTIVES 

3.1 Scope of Work 

As mentioned in the Literature Review chapter of this dissertation, the previous research 

on off-hour deliveries used discrete choice models to estimate market shares, and to 

measure the effectiveness of alternative policies. These methods have significant 

limitations in what they could consider as impacting the decisions to participate in off-

hour deliveries. First, discrete choice models cannot truly account for geographic factors 

such as: (1) delivery route distances in reference to the locations of their receivers; and 

(2) receiver and carrier costs accumulated from accepting and making deliveries during 

each period of the day. Generally speaking, the consideration of the geographic location 

is very important because it dictates logistic operations and delivery routes for carriers. 

Also for receivers and carriers, the costs for participating in off-hour deliveries is a 

driving factor in making a final decision about delivery scheduling. As such and also 

shown in the Literature Review, financial incentives are needed as policy stimuli to 

foster off-hour deliveries. 

In addition to gaining insight into the interactions between receivers and carriers, 

there is also a need to understand how to design OHD incentive policies, and optimally 

distribute financial incentives when budget constraints and other factors are considered. 

This will be done using mathematical programming. These mathematical models provide 

insight into what elements should be taken into account when deciding how to allocate 

financial incentives amongst different classes of receivers. 

Furthermore, the consideration of other real-world conditions should be added to the 

analyses, since their impact on off-hour deliveries is also unclear. These factors includes 

the consideration of: (1) budget constraints imposed on receivers and carriers; (2) 

delivery routes selection; (3) productivity levels (e.g., travel time, and traveling speed 

estimations during regular and off hours); and (4) other government regulations and 

policies that interact with and limit off-hour delivery activities. In conclusion, to 

understand the effectiveness of off-hour delivery operations and policies, there is a need 

to simultaneously consider as many of these factors as possible. This can be done 
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through the use of a Behavioral Micro-Simulation (BMS) model, which will assist in 

developing a clearer picture on how this shift in delivery scheduling affects regional 

freight transportation and other transportation conditions. These analyses have not been 

done before.  

3.2 Dissertation Objectives 

The objectives of this dissertation are to develop formulations to:  

1) Understand how to optimally distribute financial incentives to 

receivers in exchange for participation in off-hour deliveries. 

2) Simulate the behaviors of receivers and carriers to optimize system 

performance. The simulation component will be used to model real-

world receiver and carrier behaviors concerning off-hour deliveries.  

3) Gain a better understanding of how different market segments of 

receivers and carriers (i.e. industry segments, company characteristics, 

receiving and delivery patterns) influence the participation in off-hour 

deliveries.  

4) Understand how to design policies that will increase participation in 

off-hour deliveries.  
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CHAPTER 4  

OPTIMAL INCENTIVES FOR OHD POLICIES 

The models developed here consider the case in which a decision maker seeks to 

optimally distribute incentives to receivers in exchange for their commitment to 

participating in OHD. In all cases, the objective is to maximize the total number of truck 

tours shifted to the off-hours, subject to a budget constraint. Two funding mechanisms 

are considered; an exogenous budget in which an external decision maker decides on the 

total funding to be distributed as incentives, and an endogenous budget determined by 

revenue mechanisms that target either receivers or carriers (i.e., delivery penalties to 

receivers; toll surcharges; traveling penalties; and parking fines). These penalties were 

used for this research because they have the potential in fostering OHD and can be used 

to generate revenues to be given as incentives. Specifically, toll surcharges were used in 

these formulations because they are a common revenue generator from freight road 

pricing, and the implementation of additional charges for regular-hours would not be 

difficult. Delivery penalties were used because it was thought the penalizing receivers 

based on their accepting of regular-hour would be a good revenue generator, and may 

cause a behavioral shift of this key stakeholder to accept OHD. Parking fines, like tolls, 

were used in this research because of its proven revenue generation, and its potential to 

change congestion behaviors when implemented in urban areas. Lastly, freight road 

pricing in the form of traveling penalties were used in these policy formulations because 

of its revenue generation potential based on the carriers’ usage of the urban network. 

The characteristics of the cases considered are shown in Table 4.1. There are two 

main cases. The first case uses an exogenous budget to fund incentives, and the second 

case is comprehensive considering all revenue mechanisms to fund incentives for 

receivers. In addition, Table 4.1 introduces subcases developed of the second case in 

order to provide funding for incentives using various penalty mixes. These subcases 

were formulated since the penalties used may be easier to implement and effective easier 

to revenue generators for OHD incentives based on the characteristics of the urban 

region studied.  
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Table 4.1: OHD cases considered 

Case 

Number

Exogenous 

Budget 

Constraint

Financial 

Incentive

Per Delivery 

Penalty

 Toll 

Surcharge

Per mile 

Penalty

Parking 

Fines

1 √ √

2 √ √ √ √ √

2a √ √

2b √ √ √

2c √ √

2d √ √

2e √ √ √

2f √ √ √ √

2g √ √

2h √ √ √

2i √ √ √ √

Receiver Policies Carrier Policies

 
 

4.1 The Problem 

The mathematical models presented assume that there are different classes of 

receivers and carriers, denoted by i. The classes of receivers are assumed to have 

different attitudes towards committing to accept OHD in exchange for the incentive 

given to the class iw , as exemplified in Figure 4.1. It is assumed that the number of 

receivers accepting OHD OH

iy  monotonically increases with the magnitude of the 

incentive. Generally, the shapes of these behaviors are similar despite having different 

amounts of receiver accepting OHD. For each class, there are a total of BC

iy  receivers 

initially accepting regular-hour deliveries, and portions of them shift to OHD as a 

function of the incentive given. 
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Figure 4.1: Behavioral models of receivers versus OHD financial incentive 

It is also assumed that the receivers produce varying amounts of delivery tours it  

per receiver accepting off-hour deliveries, as exemplified in Figure 4.2 In these tour 

models considered, monotonic behavior is expected as the higher the number of 

receivers in the off-hours, the number of tours switched. In terms of scale, it is assumed 

that the classes have different maximum number of tours shifted to the off-hours which 

is attributed to the class characteristics and demands. However, the shapes of the tour 

models vary based on class characteristics. In addition, it is assumed that for each class 

delivery tour…, carriers: (1) have i  average delivery stops; and (2) travel a total of id  

miles per tour.  
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Figure 4.2: Tour generation models for carriers versus off-hour receivers 

Each class tour has a probability   of being assessed a parking fine per stop in the 

amount of 
 
dollars. In terms of other penalties, receivers are charged 

tp  dollars for 

each tour they generate during the regular-hours, and carriers are charged s dollars for 

each regular-hour tour they make, and charged f  dollars per mile traveled during the 

regular-hours. A   percentage of total revenues collected from penalties over   days per 

year will be used for optimal incentives given to receivers.  

The objective of these mathematical models is to compute the optimal incentives iw

that maximizes the total number of off-hour tours  OH

iT y subject to a budget constraint 

that could be exogenous or endogenous 

Before presenting the cases in terms of mathematical formulations, it is important to 

define the variables used. The next section is a list of the variables and their definitions.  

 

4.2 Notation 

The following are definitions of the parameters and decision variables used in the 

mathematical formulations. 

𝑇 = 𝑇 𝑦𝑖
𝑂𝐻  = total number of off-hour tours 



 23 

𝑖 = class identifier 

𝑤𝑖  = financial incentive given to off-hour receivers in class 𝑖 ($/receiver) 

𝑝𝑡
− = financial penalty to regular-hour receivers per delivery tour ($/tour) 

𝑦𝑖
𝑅𝐻  = 𝑦𝑖

𝑅𝐻(𝑤𝑖) = total number of regular-hour receivers in class 𝑖 

𝑦𝑖
𝑂𝐻 = 𝑦𝑖

𝑂𝐻(𝑤𝑖) = total number of off-hour receivers in class 𝑖 

𝑦𝑖
𝐵𝐶 = 𝑦𝑖

𝑂𝐻 + 𝑦𝑖
𝑅𝐻  = total number of receivers in class 𝑖 in base conditions 

𝑡𝑖 = 𝑡𝑖(𝑦𝑖
𝑂𝐻) = average number of truck tours produced per receiver in class 𝑖 

𝑑𝑖  = average distance traveled per truck tour in class 𝑖 (miles) 

B = exogenous budget ($) 

s = toll surcharge for regular-hour travel issued to carriers ($/tour) 

𝑓− = financial penalty for regular-hour travel to carriers ($/mile) 

𝜙 = budgeting factor to consider administrative costs, 0 ≤ 𝜙 ≤ 1 

n = number of classes 

𝜂𝑦𝑖
𝑂𝐻 =

𝜕𝑦𝑖
𝑂𝐻

𝜕𝑤 𝑖 
 

𝑤 𝑖

𝑦𝑖
𝑂𝐻  = direct elasticity of off-hour receivers with respect to 𝑤𝑖    

𝜂𝑡𝑖
=

𝜕𝑡𝑖

𝜕𝑦𝑖
𝑂𝐻  

𝑦𝑖
𝑂𝐻

𝑡𝑖
 = direct elasticity for tours with respect to 𝑦𝑖

𝑂𝐻    

𝜆 = Lagrange multiplier, i.e., the cost to move one tour to the off-hours (tour/$) 

𝛾 = number of working days in a year  

𝜎𝑖  = average number of stops per truck tour in class 𝑖 

휀 = parking fine per stop ($) 

𝜌 = probability of getting a parking fine per stop during the regular hours 
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4.3 Mathematical Formulations 

The following sections contain brief descriptions of the cases presented in Table 1, 

followed by the derivations used to find the optimal incentives and conceptual analyses 

of the key results. These cases are presented as OHD policies that could be implemented 

when incentives and penalties are given to receivers and carriers. Since it was previously 

found that receivers are the main obstacle in implementing OHD (Holguín-Veras, et al., 

2006b), optimal incentives given to receivers are derived for each case as a means of 

encouraging off-hour operations. 

4.3.1 Case 1: Optimal incentives to receivers subject to an exogenous budget 

constraint 

This case attempts to maximize the number of off-hour truck tours, given an 

external budget to distribute financial incentives to receivers. This case was considered 

because external funds could be initially given to induce a shift in OHD if considered 

plausible by policy makers and stakeholders. The budget constraint considered requires 

that the total financial incentives given to off-hour receivers 


n

i

OH

ii yw
1

 
be less than or 

equal to the given budget constraint (B). The mathematical program is: 

Maximize: 

𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                 (1) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝐵, ∀𝑖 ∈ 𝑛                        (2) 

The Lagrangian is: 

𝐿 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 −  𝜆  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ −𝐵               (3)    

The complementary slackness condition is:                                      

𝜆  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻  − 𝐵 ≤ 0                 (4) 

The partial derivative of L with respect to 𝑤𝑖  is: 
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𝜕𝐿

𝜕𝑤 𝑖
=  𝑦𝑖

𝑂𝐻 𝜕𝑡𝑖  

𝜕𝑤 𝑖
+ 𝑡𝑖

𝜕𝑦𝑖
𝑂𝐻  

𝜕𝑤 𝑖
− 𝜆

𝜕𝑤 𝑖

𝜕𝑤 𝑖
𝑦𝑖

𝑂𝐻  − 𝜆𝑤𝑖
𝜕𝑦𝑖

𝑂𝐻  

𝜕𝑤 𝑖
                                   (5) 

The partial derivative of L with respect to 𝑤𝑖  simplified, and set equal to zero is: 

 𝑦𝑖
𝑂𝐻 𝜕𝑡𝑖  

𝜕𝑤 𝑖
+ 𝑡𝑖

𝜕𝑦𝑖
𝑂𝐻  

𝜕𝑤 𝑖
− 𝜆

𝜕𝑤 𝑖

𝜕𝑤 𝑖
𝑦𝑖

𝑂𝐻  − 𝜆𝑤𝑖
𝜕𝑦𝑖

𝑂𝐻  

𝜕𝑤 𝑖
= 0            (6)           

Solving for 𝑤𝑖 : 

𝜆𝑤𝑖
𝜕𝑦𝑖

𝑂𝐻  

𝜕𝑤 𝑖
= 𝑦𝑖

𝑂𝐻 𝜕𝑡𝑖  

𝜕𝑤 𝑖
+ 𝑡𝑖

𝜕𝑦𝑖
𝑂𝐻  

𝜕𝑤 𝑖
− 𝜆𝑦𝑖

𝑂𝐻              (7) 

𝑤𝑖 = 𝑦𝑖
𝑂𝐻 𝜕𝑡𝑖  

𝜕𝑤 𝑖

1

𝜆

𝜕𝑤 𝑖  

𝜕𝑦𝑖
𝑂𝐻 + 𝑡𝑖

𝜕𝑦𝑖
𝑂𝐻  

𝜕𝑤 𝑖

1

𝜆

𝜕𝑤 𝑖  

𝜕𝑦𝑖
𝑂𝐻 − 𝜆𝑦𝑖

𝑂𝐻 1

𝜆

𝜕𝑤 𝑖  

𝜕𝑦𝑖
𝑂𝐻             (8)             

𝑤𝑖 =  
𝑦𝑖

𝑂𝐻

𝜆

  𝜕𝑡𝑖  

𝜕𝑦𝑖
𝑂𝐻 + 

𝑡𝑖

𝜆
− 𝑦𝑖

𝑂𝐻 𝜕𝑤 𝑖  

𝜕𝑦𝑖
𝑂𝐻                (9) 

Rearranging the direct elasticity of 𝑦𝑖  with respect to the financial incentive, 𝑤𝑖  the 

partial derivative of 𝑤𝑖  becomes: 

 
𝜕𝑤 𝑖 

𝜕𝑦𝑖
𝑂𝐻 =

1

𝜂
𝑦𝑖
𝑂𝐻

 
𝑤 𝑖

𝑦𝑖
𝑂𝐻               (10) 

Rearranging the elasticity of 𝑡𝑖  with respect to the number of off-hour 

receivers, 𝑦𝑖 the partial derivative of 𝑡𝑖  is equal to: 

𝜕𝑡𝑖 

𝜕𝑦𝑖
𝑂𝐻 = 𝜂𝑡𝑖

 
𝑡𝑖

𝑦𝑖
𝑂𝐻               (11)

  

Then 𝑤𝑖  can be rewritten as: 

𝑤𝑖 =  
𝑦𝑖

𝑂𝐻

𝜆
𝜂𝑡𝑖

 
𝑡𝑖

𝑦𝑖
𝑂𝐻 +  

𝑡𝑖

𝜆
− 𝑦𝑖

𝑂𝐻 1

𝜂
𝑦𝑖
𝑂𝐻

 
𝑤 𝑖

𝑦𝑖
𝑂𝐻        (12) 

𝑤𝑖 =  
𝑡𝑖

𝜆
𝜂𝑡𝑖

+  
𝑡𝑖

𝜆
−

𝑤 𝑖

𝜂
𝑦𝑖
𝑂𝐻

         (13) 

Further rearranging 𝑤𝑖 : 

𝑤𝑖 +
𝑤 𝑖

𝜂
𝑦𝑖
𝑂𝐻

=  
𝑡𝑖

𝜆
𝜂𝑡𝑖

+  
𝑡𝑖

𝜆
        (14)
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𝑤𝑖  1 +
1

𝜂
𝑦𝑖
𝑂𝐻

  =
𝑡𝑖

𝜆
𝜂𝑡𝑖

+  
𝑡𝑖

𝜆
       (15)

  

𝑤𝑖 =  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦 𝑖
𝑂𝐻

   
𝑡𝑖

𝜆
𝜂𝑡𝑖

+  
𝑡𝑖

𝜆
        (16)

  

𝑤𝑖 =
𝑡𝑖

𝜆
 1 + 𝜂𝑡𝑖

  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

         (17) 

Equation (17) indicates that the financial incentive is linearly dependent on the 

average number of truck tours produced per receivers in each class 𝑡𝑖  and the 

elasticity 𝜂𝑡𝑖
. This means that receiver classes that generate higher amounts of truck 

tours, and are elastic with respect  𝑦𝑖
𝑂𝐻 , the larger the financial incentives. The term 

 
𝜼
𝒚𝒊
𝑶𝑯

𝟏+𝜼
𝒚𝒊
𝑶𝑯

   indicates that the higher the elasticity of off-hour receivers with respect to the 

financial incentive 𝜂𝑦𝑖
𝑂𝐻 , the larger the financial incentive given. However, as indicated 

by Figure 4.3, this term approaches one as the elasticity increases, which constrains the 

incentive given to off-hour receivers. The shape of the figure is increasing and becomes 

asymptotic as the term approaches one. Lastly, 
1

𝜆
  represents the amount of money 

required to induce a switch of one tour to the off-hours. This term decreases as 𝜆 

increases and is asymptotic at zero as 𝜆 approaches infinity. 
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Figure 4.3: OHD elasticity versus elasticity term 

4.3.2 Case 2: The General Case 

This formulation represents the comprehensive case that considers all penalties 

concurrently as self-sustaining funding mechanisms to encourage OHD. This 

formulation was developed to understand how effective these policies could foster OHD 

when implemented, without the use of external funding to finance the OHD incentives. 

This formulation is shown below, and requires that the total incentives given to receivers 

must be less than or equal to the revenues obtained from the penalties and toll surcharges. 

The left hand side of the constraint seeks to distribute the total incentives to all classes 

with the term  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 . In general, the right hand side of the constraint contains the 

funding gained from penalties, and each term contains   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖  which is the 

total number of regular-hour tours that are penalized. The first term 𝜙𝛾휀𝜌𝜎𝑖  represents 

the expected revenues collected from a parking fine, the second term 𝜙𝛾 𝑝𝑡
− + 𝑠  is the 

revenue stream from regular-hour delivery penalties to receivers and carriers, and the 

last term 𝜙𝛾𝑓 −𝑑𝑖  is the funding generated from regular-hour traveling penalties to 

carriers. 

Maximize: 

𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻

        
        (18) 
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Subject to:  

 𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾휀𝜌  𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝜎𝑖𝑡𝑖
𝑛
𝑖  

  

           
+𝜙𝛾 𝑝𝑡

− + 𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖  

           
+ 𝜙𝛾𝑓 –   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 n

i 𝑡𝑖𝑑𝑖 , ∀𝑖 ∈ 𝑛
                     

(19) 

The Lagrangian function for this formulation is: 

𝐿 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 − 𝜆  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 − 𝜙𝛾휀𝜌  𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝜎𝑖𝑡𝑖
𝑛
𝑖

    

      −𝜙𝛾 𝑝𝑡
− + 𝑠   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖 𝑡𝑖 −  𝜙𝛾𝑓 −   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 n
i 𝑡𝑖𝑑𝑖        (20) 

The complementary slackness condition for this formulation is:   

𝜆( 𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 − 𝜙𝛾휀𝜌  𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝜎𝑖𝑡𝑖
𝑛
𝑖 − 𝜙𝛾 𝑝𝑡

− + 𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖   

  −𝜙𝛾𝑓 −   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 n
i 𝑡𝑖𝑑𝑖) ≤ 0          (21) 

Applying the complementary slackness condition to find the optimal financial 

incentives available, the partial derivative of L with respect to 𝑤𝑖  is: 

𝛿𝐿

𝛿𝑤 𝑖
=

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 +  
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 − 𝜆

𝛿𝑤 𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 − 𝜆𝑤𝑖
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
− 𝜆𝜙𝛾휀𝜌𝜎𝑖

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 −  

  𝜆𝜙𝛾휀𝜌𝜎
𝑖

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖 + 𝜆𝜙𝛾휀𝜌𝜎𝑖𝑦𝑖

𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
− 𝜆𝜙𝛾 𝑝𝑡

− + 𝑠 
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 −  

𝜆𝜙𝛾 𝑝𝑡
− + 𝑠 

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 + 𝜆𝜙𝛾 𝑝𝑡
− + 𝑠 𝑦𝑖

𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
− 𝜆𝜙𝛾𝑓 –𝑑𝑖

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 −

𝜆𝜙𝛾𝑓 –𝑑𝑖
𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 + 𝜆𝜙𝛾𝑓 –𝑑𝑖𝑦𝑖
𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
= 0                                                         (22) 

Solving for 𝑤𝑖 : 

𝜆𝑤𝑖
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
=

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 +
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 − 𝜆𝑦𝑖

𝑂𝐻 − 𝜆𝜙𝛾휀𝜌𝜎𝑖
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 − 𝜆𝜙𝛾휀𝜌𝜎𝑖

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 + 

  𝜆𝜙𝛾휀𝜌𝜎𝑖𝑦𝑖
𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
− 𝜆𝜙𝛾 𝑝𝑡

− + 𝑠 
𝛿𝑦𝑖

𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 − 𝜆𝜙𝛾 𝑝𝑡

− + 𝑠 
𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 +  

                 𝜆𝜙𝛾 𝑝𝑡
− + 𝑠 𝑦

𝑖
𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
− 𝜆𝜙𝛾𝑓 –𝑑𝑖

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖
𝑡𝑖 − 𝜆𝜙𝛾𝑓 –𝑑𝑖

𝛿𝑡𝑖

𝛿𝑤 𝑖
𝑦𝑖

𝑂𝐻 +  

                𝜆𝜙𝛾𝑓 –𝑑𝑖𝑦𝑖
𝐵𝐶 𝛿𝑡𝑖

𝛿𝑤 𝑖
                       (23) 
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𝑤𝑖 =
𝛿𝑡𝑖

𝛿𝑤 𝑖

𝑦𝑖
𝑂𝐻

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 +

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖

𝑡𝑖

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −

𝜆𝑦𝑖
𝑂𝐻

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖

𝜆𝜙𝛾휀𝜌 𝜎𝑖𝑡𝑖

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −  

        
𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾휀𝜌 𝜎𝑖𝑦𝑖
𝑂𝐻

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 +

𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾휀𝜌 𝜎𝑖𝑦𝑖
𝐵𝐶

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖

𝜆𝜙𝛾  𝑝𝑡
−+𝑠 𝑡𝑖

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −  

       
𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾  𝑝𝑡
−+𝑠 𝑦𝑖

𝑂𝐻

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 +

𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾  𝑝𝑡
−+𝑠 𝑦𝑖

𝐵𝐶

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 −

𝛿𝑦𝑖
𝑂𝐻

𝛿𝑤 𝑖

𝜆𝜙𝛾 𝑓  –𝑑𝑖𝑡𝑖

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 − 

   
𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾 𝑓  –𝑑𝑖𝑦𝑖
𝑂𝐻

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 +

𝛿𝑡𝑖

𝛿𝑤 𝑖

𝜆𝜙𝛾 𝑓  –𝑑𝑖𝑦𝑖
𝐵𝐶

𝜆

𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻           (24) 

𝑤𝑖 =
𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻

𝑦𝑖
𝑂𝐻

𝜆
+

𝑡𝑖

𝜆
− 𝑦𝑖

𝑂𝐻 𝛿𝑤 𝑖

𝛿𝑦𝑖
𝑂𝐻 − 𝜙𝛾휀𝜌𝜎𝑖𝑡𝑖 − 𝜙𝛾휀𝜌𝜎𝑖𝑦𝑖

𝑂𝐻 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻 +  

    𝜙𝛾휀𝜌𝜎𝑖𝑦𝑖
𝐵𝐶 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻 − 𝜙𝛾 𝑝𝑡

− + 𝑠 𝑡𝑖 − 𝜙𝛾 𝑝𝑡
− + 𝑠 𝑦𝑖

𝑂𝐻 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻 +  

    𝜙𝛾 𝑝𝑡
− + 𝑠 𝑦𝑖

𝐵𝐶 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻 − 𝜙𝛾𝑓 –𝑑𝑖𝑡𝑖 − 𝜙𝛾𝑓 –𝑑𝑖𝑦𝑖

𝑂𝐻 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻 + 𝜙𝛾𝑓 –𝑑𝑖𝑦𝑖

𝐵𝐶 𝛿𝑡𝑖

𝛿𝑦𝑖
𝑂𝐻  (25) 

Using the results from (11) and (12), 𝑤𝑖  can be written as: 

𝑤𝑖 = 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻

𝑦𝑖
𝑂𝐻

𝜆
+

𝑡𝑖

𝜆
−

𝑦𝑖
𝑂𝐻

𝜂
𝑦𝑖
𝑂𝐻

𝑤 𝑖

𝑦𝑖
𝑂𝐻 − 𝜙𝛾휀𝜌𝜎𝑖𝑡𝑖 −

𝜙𝛾휀𝜌 𝜎𝑖𝑦𝑖
𝑂𝐻 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻 +

𝜙𝛾휀𝜌 𝜎𝑖𝑦𝑖
𝐵𝐶 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻 −

     𝜙𝛾 𝑝𝑡
− + 𝑠 𝑡𝑖 −

𝜙𝛾  𝑝𝑡
−+𝑠 𝑦𝑖

𝑂𝐻 𝜂𝑡𝑖
𝑡𝑖

𝑦𝑖
𝑂𝐻 +

𝜙𝛾  𝑝𝑡
−+𝑠 𝑦𝑖

𝐵𝐶 𝜂𝑡𝑖
𝑡𝑖

𝑦𝑖
𝑂𝐻 − 𝜙𝛾𝑓 –𝑑𝑖𝑡𝑖 −  

        
𝜙𝛾𝑓  –𝑑𝑖𝑦𝑖

𝑂𝐻 𝜂𝑡𝑖
𝑡𝑖

𝑦𝑖
𝑂𝐻 +

𝜙𝛾𝑓  –𝑑𝑖𝑦𝑖
𝐵𝐶 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻                                                                          (26) 

𝑤𝑖 = 𝜂𝑡𝑖

𝑡𝑖

𝜆
+

𝑡𝑖

𝜆
−

𝑤 𝑖

𝜂
𝑦𝑖
𝑂𝐻

− 𝜙𝛾휀𝜌𝜎𝑖𝑡𝑖 − 𝜙𝛾휀𝜌𝜎𝑖𝜂𝑡𝑖
𝑡𝑖 +

𝜙𝛾휀𝜌 𝜎𝑖𝑦𝑖
𝐵𝐶 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻   

         −𝜙𝛾 𝑝𝑡
− + 𝑠 𝑡𝑖 − 𝜙𝛾 𝑝𝑡

− + 𝑠 𝜂𝑡𝑖
𝑡𝑖 +

𝜙𝛾  𝑝𝑡
−+𝑠 𝑦𝑖

𝐵𝐶 𝜂𝑡𝑖
𝑡𝑖

𝑦𝑖
𝑂𝐻 − 𝜙𝛾𝑓 –𝑑𝑖𝑡𝑖 −  

        𝜙𝛾𝑓 –𝑑𝑖𝜂𝑡𝑖
𝑡𝑖 +

𝜙𝛾𝑓  –𝑑𝑖𝑦𝑖
𝐵𝐶 𝜂𝑡𝑖

𝑡𝑖

𝑦𝑖
𝑂𝐻             (27) 

Further rearranging 𝑤𝑖 : 

𝑤𝑖 +
𝑤 𝑖

𝜂
𝑦𝑖
𝑂𝐻

= 𝑡𝑖   1 + 𝜂𝑡𝑖
 

1

𝜆
−  1 + 𝜂𝑡𝑖

 𝜙𝛾휀𝜌𝜎𝑖 +  𝜙𝛾휀𝜎𝑖𝜌𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻        
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                     − 1 + 𝜂𝑡𝑖
 𝜙𝛾 𝑝𝑡

− + 𝑠 + 𝜙𝛾 𝑝𝑡
− + 𝑠 𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   

                    − 1 + 𝜂𝑡𝑖
 𝜙𝛾𝑓 –𝑑𝑖

 +𝜙𝛾𝑓 –𝑑𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻                                             (28) 

𝑤𝑖  1 +
1

𝜂
𝑦𝑖
𝑂𝐻

 = 𝑡𝑖   1 + 𝜂𝑡𝑖
 

1

𝜆
−  1 + 𝜂𝑡𝑖

 𝜙𝛾휀𝜌𝜎𝑖 +  𝜙𝛾휀𝜌𝜎𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻 −    

                              1 + 𝜂𝑡𝑖
 𝜙𝛾 𝑝𝑡

− + 𝑠 + 𝜙𝛾 𝑝𝑡
− + 𝑠 𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   

                            − 1 + 𝜂𝑡𝑖
 𝜙𝛾𝑓 –𝑑𝑖

 +𝜙𝛾𝑓 –𝑑𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻                                           (29) 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦 𝑖
𝑂𝐻

1+ 𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
 

1

𝜆
−  1 + 𝜂𝑡𝑖

 𝜙𝛾휀𝜌𝜎𝑖 +  𝜙𝛾휀𝜌𝜎𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻 −            

         1 + 𝜂𝑡𝑖
 𝜙𝛾 𝑝𝑡

− + 𝑠 + 𝜙𝛾 𝑝𝑡
− + 𝑠 𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   

        − 1 + 𝜂𝑡𝑖
 𝜙𝛾𝑓 –𝑑𝑖

 +𝜙𝛾𝑓 –𝑑𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻                                                               (30) 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦 𝑖
𝑂𝐻

1+ 𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾휀𝜌𝜎𝑖 − 𝜙𝛾 𝑝𝑡

− + 𝑠 − 𝜙𝛾f –𝑑𝑖  + 

     𝜙𝛾휀𝜌𝜎𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻 + 𝜙𝛾 𝑝𝑡

− + 𝑠 𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

 +𝜙𝛾𝑓 –𝑑𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻                     (31) 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦 𝑖
𝑂𝐻

1+ 𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
   

1

𝜆
− 𝜙𝛾휀𝜌𝜎𝑖 − 𝜙𝛾 𝑝𝑡

− + 𝑠 − 𝜙𝛾𝑓 –𝑑𝑖 + 

      𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

  𝑝𝑡
− + 𝑠 + 휀𝜌𝜎𝑖 + 𝑓 –𝑑𝑖                (32) 

In general, Equation (32) is an expanded form of the optimal incentive found for 

Case 1 as it uses all of the considered penalties. As shown, the terms outside the square 

brackets together with the first parenthesis represent the solution to Case 1.  Specifically, 

the fourth term  
1

𝜆
− 𝜙𝛾휀𝜌𝜎𝑖 − 𝜙𝛾 𝑝𝑡

− + 𝑠 − 𝜙𝛾𝑓 –𝑑𝑖 ,  is the expenditure given to 

receivers for one tour shifted to the off-hours. As shown, this term is dependent upon the 

amount of the penalties used. Conceptually this term indicates that these penalties are 

equivalent and can be fixed appropriately to generate equal contributions to the given 
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incentive. However, this term decreases as the number of stops per tour 𝜎𝑖  and the 

distance traveled per tour 𝑑𝑖  increases. The fifth term 𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   𝑝𝑡

− + 𝑠 + 휀𝜌𝜎𝑖 +

𝑓 –𝑑𝑖
 , is the participation expenditure given to off-hour receivers. This expenditure is 

inversely proportionate to the percentage of receivers accepting OHD,  
𝑦𝑖

𝐵𝐶

𝑦𝑖
𝑂𝐻  , and the 

amount of penalties imposed on receivers and carriers. As implied by the equation, this 

term leads to larger incentives to receivers in classes that have smaller percentages of 

participation in OHD. This term was not in the optimal incentive derived for Case 1 

because penalties were not assigned for regular-hour tours aimed at influencing increases 

in OHD tours. Furthermore, this expenditure increases as the assigned penalties increase, 

and as the number of stops per tour 𝜎𝑖  and the distance traveled per tour 𝑑𝑖  increases. 

As previously mentioned, a number of subcases were produced using different 

penalty mixes as funding mechanisms for incentives to receivers. This is done by 

activating certain policy variables while setting the others equal to zero. This was done 

to consider how a funding agency might design OHD programs based on urban region 

characteristics, since all suggested penalties might not be effective revenue generators.  

4.3.3 Case 2a: Optimal receiver incentives financed by toll revenues 

Maximize: 

𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻

        
        (33) 

Subject to:  

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑡𝑖
𝑛
𝑖  

                                                                 
(34)

 

When using the same steps in deriving 𝑤𝑖  as previously shown in the general case 

and fixing the other policy variables equal to zero, the optimal incentive for this subcase 

is: 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾𝑠 + 𝜙𝛾𝑠𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻               (35) 
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4.3.4 Subcase 2b: Optimal incentives to receivers financed by toll revenues and 

regular-hour travel penalties to carriers 

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻             (36) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤  𝜙𝛾𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖 + 𝜙𝛾𝑓 −   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖 𝑡𝑖𝑑𝑖 , ∀𝑖 ∈ 𝑛 (37) 

The optimal incentive for this subcase is: 

𝑤𝑖 = 𝑡𝑖   
𝜂
𝑦 𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾𝑠 − 𝜙𝛾𝑓 −𝑑𝑖 + 𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   𝑠 + 𝑓 −𝑑𝑖    (38) 

4.3.5 Subcase 2c: Optimal incentives to receivers financed by penalties for travel 

during regular-hours assessed to carriers 

 Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (39) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾𝑓 −   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖𝑑𝑖 , ∀𝑖 ∈ 𝑛              (40) 

The optimal incentive is: 

𝑤𝑖 = 𝑡𝑖   
𝜂
𝑦 𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾f −𝑑𝑖 + 𝜙𝛾𝜂𝑡𝑖

f −𝑑𝑖
𝑦𝑖

𝐵𝐶

𝑦𝑖
𝑂𝐻                      (41) 

4.3.6 Subcase 2d: Receiver optimal incentives using regular-hour parking fines  

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                    (42) 

Subject to: 

  𝑤𝑖
𝑛
𝑖=1 𝑦𝑖

𝑂𝐻  ≤ 𝜙𝛾휀𝜌  𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖=1 𝜎𝑖𝑡𝑖 , ∀𝑖 ∈ 𝑛                     (43) 

The optimal incentive derived is: 
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𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾휀𝜎𝑖𝜌 + 𝜙𝛾휀𝜌𝜎𝑖𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻                        (44) 

4.3.7 Subcase 2e: Optimal incentives to receivers financed by toll surcharges and 

parking fines to carriers 

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (45) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖 + 𝜙𝛾휀𝜌  𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝜎𝑖

𝑛
𝑖 𝑡𝑖 , ∀𝑖 ∈ 𝑛      (46) 

The optimal incentive for this situation is: 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾𝑠 − 𝜙𝛾휀𝜎𝑖𝜌 + 𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  𝑠 + 휀𝜎𝑖𝜌        (47) 

4.3.8 Subcase 2f: Optimal incentives to receivers financed by parking fines, toll 

surcharges, and traveling penalties for carriers traveling during regular 

hours 

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (48) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾𝑠   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖 + 𝜙𝛾휀𝜎𝑖𝜌  𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖 𝑡𝑖   

                + 𝜙𝛾𝑓 −   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖 𝑡𝑖𝑑𝑖 , ∀𝑖 ∈ 𝑛                      (49) 

The optimal incentive for this subcase was derived as: 

𝑤𝑖 = 𝑡𝑖  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 +  𝜂𝑡𝑖
   

1

𝜆
− 𝜙𝛾s − 𝜙𝛾휀𝜎𝑖𝜌 − 𝜙𝛾𝑓 −𝑑𝑖 +  

     𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

  s + 휀𝜎𝑖𝜌 + 𝑓 −𝑑𝑖             (50) 
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4.3.9 Subcase 2g: Optimal incentives to receivers financed by a per delivery 

financial penalty for receivers  

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (51) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾𝑝𝑡
−   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖 𝑡𝑖 , ∀𝑖 ∈ 𝑛                            (52) 

The optimal incentive was found to be: 

𝑤𝑖 = 𝑡𝑖   
𝜂
𝑦 𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
  

1

𝜆
− 𝜙𝛾𝑝𝑡

− + 𝜙𝛾𝑝𝑡
−𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻          (53) 

4.3.10 Subcase 2h: Optimal receiver incentives financed by receiver delivery 

penalties and toll surcharges to carriers 

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (54) 

Subject to: 

  𝑤𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾 𝑝𝑡
− + s   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖 𝑡𝑖 , ∀𝑖 ∈ 𝑛          (55) 

The optimal incentive is: 

𝑤𝑖 =  𝑡𝑖   
𝜂
𝑦 𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
  

1

𝜆
 − 𝜙𝛾 𝑝𝑡

− + s  + 𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  𝑝𝑡

− + s        (56) 

4.3.11 Subcase 2i: Optimal incentives to receivers financed by delivery penalties to 

receivers, toll surcharges, and traveling penalties  

Maximize: 

 𝑇 =  𝑡𝑖
𝑛
𝑖 𝑦𝑖

𝑂𝐻                          (57) 

Subject to: 

  𝑤𝑖
𝑛
𝑖=1 𝑦𝑖

𝑂𝐻 ≤ 𝜙𝛾 𝑝𝑡
− + s   𝑦𝑖

𝐵𝐶 − 𝑦𝑖
𝑂𝐻 𝑛

𝑖=1 𝑡𝑖          

   + 𝜙𝛾𝑓 −   𝑦𝑖
𝐵𝐶 − 𝑦𝑖

𝑂𝐻 𝑛
𝑖=1 𝑡𝑖𝑑𝑖 , ∀𝑖 ∈ 𝑛                              (58) 

The optimal incentive for this case is: 
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𝑤𝑖 = 𝑡𝑖   
𝜂
𝑦 𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖
   

1

𝜆
− 𝜙𝛾 𝑝𝑡

− + s − 𝜙𝛾𝑓 −𝑑𝑖    

      +𝜙𝛾𝜂𝑡𝑖

𝑦𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

  𝑝𝑡
− + s + 𝑓 −𝑑𝑖             (59) 

In addition to the optimal incentives derived here, some experiments to analyze 

these optimal incentives numerically were done using basic behavioral and tour models. 

The details and results of these numerical experiments are shown in the next section. 

4.4 Numerical Experiments 

In order to test the solutions derived in the previous section, numerical experiments 

were conducted. This was done to understand the impacts of the penalties on the 

incentives given and number of tours shifted to the off-hours. These experiments have 

several assumptions. Since it is known that classes of receivers vary in characteristics 

and receptiveness to OHD, behavioral models were created with assumed parameters as 

shown in Figure 4.4. As seen in the figure, the number of receivers accepting OHD is 

dependent upon the financial incentives given. It is also assumed that the average 

number of tours shifted to the off-hours for carriers (shown in Figure 4.5) depends on the 

number of receivers willing to accept OHD. In addition to knowing the behaviors of 

receivers and carriers concerning OHD, it was also assumed that: (1) ninety percent of 

the revenues collected will be distributed as incentives (i.e., 𝜙 =.9, ∀𝑖); (2) each carrier 

travels one-hundred fifty miles per delivery tour (i.e., 𝑑𝑖  =150, ∀𝑖); (4) there are two 

hundred sixty working days in a year, 𝛾 = 260; and (3) there are three-hundred receivers 

in each class (i.e., 𝑦𝑖
𝐵𝐶  = 300, ∀𝑖); and (4) the average number of stops used in these 

experiments is 𝜎𝑖 = 5.5, ∀𝑖, as found by Holguín-Veras and Patil (2005). The following 

section discusses the results from the experiments done. 
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Figure 4.4: Behavioral models versus incentives for accepting OHD 

 

 

Figure 4.5: OH tour generation models versus off-hour receivers 

4.4.1 Results  

Assuming that tour characteristics are the same across all classes (i.e., 𝑑𝑖  =150 and 

𝜎𝑖 = 5.5 ∀𝑖), the results for Case 1 are shown in Error! Reference source not found. 

and Figure 4.7: . For this case, it should be noticed that there is somewhat of a linear 

relationship between the amount of incentives given to receivers and the designated 
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budget, which is shown in Figure 4.6. This can be helpful when attempting to understand 

how the budget is being distributed to receivers as incentives. Next, Figure 4.7 shows the 

total number of tours shifted to the off-hours per day as a function of the given budget. 

As shown, there is a rapid increase at the beginning which leads to slower increases in 

the number of tours transferred to the off-hours. This indicates that the budget generated 

for incentives is crucial in dictating tours shifted to the off-hours. From a policy 

perspective, this figure assists in determining how off-hour tours could change between 

budget intervals and their potential impacts on regular-hour traffic congestion without 

imposing penalties on carriers. 

 

Figure 4.6: Financial Incentives versus exogenous budget 
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Figure 4.7: Total off-hour tours per day as a function of the exogenous budget 

Using the subcases for Case 2, some separate analyses were done to understand how 

the penalties contributed to incentives given for increasing OHD. The following section 

highlights the key findings of the experiments conducted.   

Figure 4.8 shows a comparison between the results from Case 1 and the total off-

hour tours with respect to the budget generated from toll surcharges. As shown, the 

results from both cases are similar and suggest that both mechanisms are equally 

effective revenue generators as long as the number of stops and distance per tour are the 

same for all classes. The shape of both sets of results are consistent with the behavior 

models used, and suggests that increasing budgets will lead to more receivers willing to 

accept OHD due to the incentives that they stand to accrue.  
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Figure 4.8: Off-hour receivers as a function of the budget 

When toll surcharges are coupled with parking enforcement to fund incentives to 

receivers, there are two findings that should be noted in terms of the policies. In 

understanding if one penalty is more financially meaningful at inducing OHD than the 

other, some numerical experiments were done in which one pricing scheme was 

changing while the other was fixed and then changing both simultaneously, while 

assuming that the distance traveled per tour are the same for all classes. The results from 

these experiments are shown in Figure 4.9. From this figure, it can be seen both pricing 

schemes are effective at generating a budget and increasing OHD tours when the other 

penalty is not active. Likewise, it should also be noticed that there is no significant 

change in the number of tours shifted to the off-hours when both pricing schemes are 

jointly increasing. This has lead to the understanding that both pricing schemes are 

equally effective in fostering OHD in these conditions.  
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Figure 4.9: Off-hour tours as a function of the generated budget 

When using time of day pricing in the forms of toll surcharges and traveling 

penalties some numerical experiments were done in order to understand how these 

penalties would generate budgets that would affect tours shifted to the off-hours for the 

individual classes studied. The results shown in Figure 4.10 indicate that the off-hour 

tour shifts for the individual classes change in the same manner as the receiver 

behavioral models used. This suggests that both penalties are jointly effective at 

fostering OHD as the budget and incentives given are increased.  

 

Figure 4.10: Off-hour tours versus the generated budget 
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In using delivery penalties and toll surcharges to finance incentives to receivers 

accepting OHD, Figure 4.11 shows how the generated budgets are distributed to the 

receivers. In this figure it can be seen that most of the incentives are given to the Class 1, 

which is due to this class being most receptive to OHD incentives than the other classes 

studied. This is indicated by the behavioral model for Class 1 and suggests that receiver 

classes that are receptive to OHD incentives should be targeted when attempting to 

encourage tour shifts. 

 

Figure 4.11: Financial Incentives as a function of the generated budget 

A sensitivity analysis was done to understand how parking fines, traveling penalties 

and toll surcharges contributed to the budget constraint. The results shown Figure 4.12 

show the number tours shifted to the off-hours in terms of penalties collected per regular 

hour tour. This figure indicates that the number off-hour tours increases as the regular-

hour tour revenues increases. It should be noted that the revenues used as incentives to 

receivers is the direct cause for increases in off-hour tour shifts and not the penalties 

imposed. This is justified by the shape of the figure, which is consistent with the receiver 

behavioral models used in the experiments. 
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Figure 4.12: Off-hour tours versus revenues generated per regular-hour tour  

Using parking fine enforcement and number of stops per tour, another analysis was 

done to understand how these dynamics influence the amount of incentives given to the 

classes of receivers. For this reason, an analysis was done using Class 1 and the results 

are shown in Figure 4.13. The results in this figure indicate that incentives given to the 

class are higher as the average number of delivery stops and parking fine enforcement 

increases. This is due to the larger revenue streams from the penalties for longer 

distances traveled and given as incentives, and not a direct consequence of penalty. 

 

Figure 4.13: Off-hour incentives versus traveling penalty and average distance traveled  
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when receivers are given incentives. The results in Figure 4.14 indicate that the larger 

the tour distances traveled during the regular-hours, the larger the number of tours 

shifted to the regular-hours. This finding is not due to the actual penalty causing the shift, 

but the revenues collected which are distributed as incentives. This finding is helpful 

because it suggests that carriers traveling larger miles on the network to make deliveries 

might be good targets for this penalty. However, this penalty is only useful when 

effective Global Positioning Systems (GPS) can be attached to delivery trucks so that 

distances can be measured. 

 

Figure 4.14: Off-hour tours versus traveling penalty and average distance traveled per 

tour 

Another analysis was done to understand how traveling penalties and distances 

traveled during regular-hours influences the amount of incentives given to the classes of 

receivers. For this reason, an analysis was done using Class 1 and the results are shown 

in Figure 4.15. The results in this figure indicate that incentives given to the class are 

higher as the average delivery distance and the penalty are increased. This is due to the 

larger revenues generated from the penalties for longer distances traveled and given as 

incentives. 
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Figure 4.15: Off-hour incentives versus traveling penalty and average distance traveled 

per tour 

4.5 Policy Implications 

This chapter has just demonstrated how to use policies as revenue generators for 

distributing incentives to receivers with the intent of increasing OHD in urban areas. 

Additionally, there are several implications from the research presented in this chapter 

which should be highlighted. 

It was found that the optimal financial incentives derived in this chapter are closed 

form solutions and are dependent upon the characteristics of the classes studied. In 

general, receivers willing to accept OHD are given incentives based on the average 

number of tours shifted to the off-hours, the funding gained from the penalties 

considered, and their class receptivity to OHD. In developing the functional forms of 

these incentives, OHD programs can be developed in urban areas which are designed to 

reduce the amount of truck traffic during regular hours. 

The numerical experiments conducted have some general findings which should 

also be highlighted. Numerically it was shown that tours can be shifted to the off-hours 

when receivers are given incentives to accept OHD as the number of OHD tours depends 

on the amount of incentives given to receivers. It was also demonstrated through these 

numerical experiments that the regular-hour delivery penalties are effective revenue 
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considered before implementation. In terms of time of day pricing through toll 

surcharges to carriers and delivery penalties to receivers, it was found that these 

penalties revenue generation capability depends on the amounts of the penalties assessed 

and regular-hour truck tours. In general, these penalties may be easily implemented since 

toll facilities are typically established in urban areas. It was also found that increasing 

the parking fine enforcement for double parking during regular-hours is an effective 

revenue generator for inducing OHD. However, this policy is very complex to assess 

because revenues generated depends on the probability a carrier is assessed with a 

penalty, number of delivery stops per tour, and the amount of the parking fine. These 

factors, particularly the parking fine probability and number of stops per delivery can be 

inconsistent variables, thus making this revenue mechanism uncertain. For implementing 

the traveling penalty to carriers based on the distances traveled during regular-hours, it 

was also found that this policy is effective in generating budgets for moving tours to the 

off-hours. Alternatively, this policy is limited in terms of revenue generation by the 

penalty assigned and measuring tour distances traveled on the network. In general, this 

might be an effective revenue generator when urban carriers are forced to attach 

geographic positioning systems to their delivery trucks so that distances can be measured, 

and when carriers have longer delivery routes to receivers scattered throughout the urban 

network.  

In addition to the OHD policies analyzed in this chapter, a Behavioral Micro-

Simulation structure was developed to understand how receptive receivers and carriers 

are to them. The next chapter discusses in detail this framework and the findings from 

the numerical experiments conducted using it. 

  



 46 

CHAPTER 5  

BEHAVIORAL MICRO-SIMULATION  

In addition to the previous research done on the optimal distribution of incentives to 

receivers, a Behavioral Micro-Simulation framework (BMS) was developed, which is 

described here. This chapter starts with a description of the general structure of the BMS, 

which was constructed with the intent of understanding how off-hour deliveries 

participation can be increased. This is followed by a discussion of the simulation 

components of receivers’ and carriers’ behaviors, and then the results of the numerical 

experiments using the BMS are shown. 

The basic outline of the BMS is shown in Figure 5.1. The key components in this 

framework are the behavioral micro-simulation of receivers and carriers (indicated by 

the box with the dotted line in Figure 5.1), and the updating of policies used to evaluate 

the receivers’ and carriers’ decision to jointly participate in off-hour deliveries. In this 

schematic, the receivers’ decision to accept off-hour deliveries is solely influenced by the 

given policy incentive. The analyses recognizes that the decision for carriers to do off-

hour deliveries is directly influenced by the receivers’ decisions of whether or not to 

accept off-hour deliveries, which depends on the financial policy incentives and 

penalties given to both receivers and carriers (denoted Πr and Πc), and the delivery costs 

that carriers must consider. The last components of Figure 5.1 include an updating 

process of policies, computing and distributing optimal incentives, and the assessment of 

payoffs of the optimal incentives. 

The following sections discuss in detail the policy incentives and penalties, the 

carrier-receivers selection process, the behavioral simulation of receivers, and the 

behavioral simulation of carriers. These are the main components of the BMS. 

5.1 Policy incentives and penalties 

As previously discussed, policy incentives are needed to foster more OHD since 

receivers are not inclined to accept goods during the off-hours. This is due to economic 

and non-economic reasons (e.g., extra wages, increased security, and logistical 

inconvenience). Likewise, carriers are likely to do OHD because of economic savings 

they plan to take advantage of, but are often prevented from doing so by customer 
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requirements. For these reasons, incentives for participating in OHD and penalties for 

non-participation have been proposed as policy stimuli to increase these operations. 

The incentive provided to receivers is denoted by Πr. The policy incentive 

considered here is a tax deduction given for one worker to accept deliveries during the 

off-hour. Likewise, the carrier incentive and/or penalty is denoted Πc, and they are able 

to take advantage of financial rewards ($/mile) for travel during the off-hours. 

Alternatively, the penalties used to foster more off-hour deliveries are (a) toll surcharges 

($/axle) for regular-hour travel, (b) financial penalties for regular-hour travel ($/mile), 

and (c) increased parking fine enforcement during the regular-hours. These incentives 

and penalties will be used for the optimization formulation because they were previously 

found as the most efficient in fostering off-hour deliveries (Holguín-Veras et al., 2006c; 

Holguín-Veras et al., 2006d; Silas and Holguín-Veras et al., 2009). 
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Figure 5.1: Behavioral Micro-Simulation framework 

5.2 Carrier selection process 

The objective here is to create a synthetic population of carriers that follows an 

observed distribution of commodities transported. For this reason, a list by industry 

segments most transported into the Manhattan area was used for this simulation process 

(Holguín-Veras, et al., 2006a). The following industry segments were considered in the 

BMS: plastics, jewelry/art, chemicals, wood/lumber, medical supplies, non-alcoholic 

beverages, alcoholic beverages, petroleum/coal, stone/concrete, paper, printed material, 

computers/electronics, office supplies, textiles/clothing, metal, furniture, household 

goods, machinery, and food. The process starts with a random selection of an industry 

segment. Next, a random carrier is selected from the selected industry segment. Lastly, 
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using the selected carrier’s number of delivery stops, that number of receivers is selected 

from the population corresponding to the selected industry. This is the set of receivers 

that will be simulated by the behavioral simulation of receivers. The carrier will then use 

the decisions of this set of receivers to estimate delivery costs during regular and off-

hours, allowing the selected carrier to make a decision on the participation of off-hour 

activities. 

5.3 Micro-simulation of receiver behavior 

The micro-simulation of receiver behavior is driven by the behavioral models 

estimated in Holguín-Veras, et al. (2006a). Since these models are based on Random 

Utility Theory, it is important to provide a summary of this important theory. Generally 

speaking, the estimated discrete choice models are based on Random Utility Theory, 

which attempts to models an individual’s choice as a function of the individual’s 

characteristics and business habits. Conceptually, they have the mathematical structure: 

ininin VU            (60) 

Where inU is the utility for a given choice, i for an individual n . inV  is a vector of the 

explainable components of the utility for the individual n , and in  is the unexplained 

error contained within the data that is used for this model. The systematic component is: 

𝑉𝑖𝑛 =   𝛽𝑖
𝑛
𝑖 𝑥𝑖𝑛           (61) 

Where inx  are the socio-economic attributes for the decision maker n , and i  are the 

coefficients for each of the attributes (Ben-Akiva and Lerman, 2000). Furthermore, for 

the binary logit case (the situation where an individual is given two choices to select 

from), an estimate of an individual’s probability for choosing an alternative i  out of the 

two choices, can be calculated as (Ben-Akiva and Lerman, 2000):  

𝑃 𝑖|𝐶𝑛 =  
𝑒𝜇 𝛽 ,𝑋𝑖𝑛

 𝑒
𝜇 𝛽 ,𝑋𝑗𝑛𝐽 =2

𝑗=1

              (62) 

The discrete choice model used for this formulation is discussed in Holguín-Veras et 

al., (2006b). This model is shown in Table 5.1 and represents the best model found the 

tax deduction scenario. The model is a function of the  tax deduction policy variable 

(TDEDUCT), reasons for not accepting off-hour deliveries, and interaction terms 
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between the policy variable and the industry segments: wood/lumber, alcohol, paper, 

medical supplies, food, printed material, and metal (Holguín-Veras et al., 2006b). In 

terms of utility, it can also be seen in Figure 5.2 that the interaction terms, the previously 

mentioned industry segments, display various levels of utility to OHD, with wood and 

alcohol being most receptive. In knowing how receptive these industry segments are to 

OHD, implementation efforts can be made in these identified markets. 

Table 5.1: Binary logit model for receiver tax deduction scenario 

Variable Coefficient t-value

Utility of off-hour deliveries:

    A tax deduction for an employee assigned to OHD 8.392E-05 1.410

Reasons for not receiving OHD

No access to building/freight entrance after hours -1.234 -1.571

Additional costs to the business if accepting more OHD -0.888 -3.232

Interferes with normal business -0.591 -1.208

Policy interaction terms

   Tax deduction for receivers of Wood/lumber 6.968E-04 2.219

   Tax deduction for receivers of Alcohol 4.356E-04 2.209

   Tax deduction for receivers of Paper 2.627E-04 2.988

   Tax deduction for receivers of Medical supplies 2.598E-04 3.188

   Tax deduction for receivers of Food 1.875E-04 3.973

   Tax deduction for receivers of Printed Material 1.652E-04 1.802

   Tax deduction for receivers of Metal 1.415E-04 1.410

Other interaction terms

   Number of employees in a branch facility 9.867E-03 1.612

Utility of no off-hour deliveries:

Alternative specific constant 1.599 4.151

 R
2

Adjusted R
2
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Figure 5.2: Utility versus tax deduction for interaction terms 

 

The behavioral simulation of receivers’ decisions pertaining to off-hour deliveries is 

shown in Figure 5.3. First, each receiver is given a particular incentive and level, e.g., 

receivers could be given the option to accept off-hour deliveries when given a tax 

deduction. Then that receiver’s utility for accepting this incentive is estimated, using the 

discrete choice models in Table 5.1. Then the following calculations are made: (a) the 

receiver’s probability of accepting off-hour deliveries for this incentive )(OHDP . Once 

those calculations are made, a random number between 0 and 1 is generated, and if 

)(OHDP  is greater than the random number, then that particular receiver will accept off-

hour deliveries for that incentive. This process is continued for the entire population of 

receivers, and for various levels of incentives. 
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Figure 5.3: Simulation of receivers’ decision process on accepting off-hour 

deliveries 

5.4 Simulation of carriers’ behaviors  

The third component of this simulation is the carrier behavioral simulation. After the 

receivers have made their decisions on accepting off-hour deliveries when given an 

incentive, the carriers will then use that information to make their own decisions. It is 

assumed that the carriers’ decision will depend on the financial impact of conducting 

OHD for the receivers want off-hour service. The schematic of the carriers’ decision 

process is displayed in Figure 5.4.  
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the shortest tour distance is calculated using the receivers’ choices to accept off-hour 

deliveries. For example, if the selected carrier makes five stops (illustrated in Figure 

For each selected receiver 

Receiver Policy, Πrr 

Calculate U(OHD), P(OHD) 

Generate Random number = xi 

Is P(OHD) > xi? 

Store all attributes, U(OHD), 

P(OHD), xi in No OHD Industry 

Segment File 

 

Store all attributes, U(OHD), 

P(OHD),  xi in OHD Industry 

Segment File 

 

Is this the last 

Receiver in set? 
Go To Carrier 

Decision Process 
 

No 

No Yes 

Yes 

Next 

receiver 



 53 

5.5), then a set of five receivers is randomly selected; and if three receivers are decide 

against accepting off-hour deliveries and two receivers agree to accept off-hour 

deliveries (shown in Figure 5.6), then optimal routes for off-hour delivery routes and 

regular hour deliveries should be estimated. Next, the transportation costs for the mixed 

case are calculated cost functions. It is assumed that the individual carrier agrees to do 

off-hour deliveries if the mixed operation transportation cost )( OHDCostsRHDCosts   

is less than the Base Case Costs (i.e. the transportation cost for having all of the 

receivers in the regular hours). Alternatively, if the carrier chooses not to accept off-hour 

deliveries, their receivers who are willing to accept off-hour deliveries are put into a 

pool. This pool is then analyzed by the number of tours generated and average total 

delivery costs for each industry segment. 
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Figure 5.4: Simulation of Carriers’ Decision process  
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Figure 5.5: Base condition (all receivers are accepting regular hour deliveries) 

 

 

Figure 5.6: Mixed condition of receivers accepting regular-hour and off-hour deliveries  

 

The simulation of the carrier decision requires the identification of optimal routes 

taken during the regular and off-hours of the day, since the locations of the receivers and 

carriers are known which is needed to estimate travel costs. This is done using the Radial 

Sweep Heuristic shown in Figure 5.7 and Figure 5.8. The Radial Sweep Heuristic first 
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determines the order in which the receivers will be delivered to. The receiver who has 

the minimum calculated angle 𝜃𝑖  from the carrier position to “Receiver i” is first receiver 

and so forth. Figure 5.7 illustrates the second step of this process. In this step, and 

keeping in mind what was done in the first step, the actual calculation of the route 

distances amongst the set of nodes (the carrier and the set of receivers) was done, using 

the Euclidean distances.  In this context, the tour distance is calculated as the sum of:  

the distance to the first stop, the tour distance, and the distance from the last stop to the 

home base. Lastly, it should be highlighted in Figure 5.7 and Figure 5.8 that selected 

receivers for each carrier network have a choice of accepting off-hour deliveries or not 

(their decision process is highlighted back in Figure 5.3), which means that for each 

carrier there will be a regular-hour and an off-hour traveling route as dictated by the 

receivers’ choice (This optimization heuristic will be used on the calculation of both 

regular and off-hour routes.). The overall goal in using this heuristic is to create a 

minimal delivery distance, while accounting for the geographic locations of the receivers 

and carriers. 

 

 

Figure 5.7: Step 1 for calculating the minimal distance amongst receivers 
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Figure 5.8: Step 2 for calculating the minimal distance amongst receivers 

 

After estimating the distances that carriers will travel for the Base Case, Regular-

Hour, and Off-Hour conditions are the estimations of transportation costs for these 

situations. For that reason, the cost functions approximated by Holguin-Veras and Brom 

(2008) were used to assist carriers in making decisions about making off-hour deliveries. 

The functional forms of these cost functions are: 

𝐶𝐵𝐶 = 𝐶𝑑𝐷𝑏𝑐
𝑡 +  𝐶𝑇𝑇𝑏𝑐 + 𝐶𝑇𝑇𝑟ℎ

𝑠 𝑛        (63) 

 

𝐶𝑅𝐻 = 𝐶𝑑𝐷𝑟ℎ
𝑡 +  𝐶𝑇𝑇𝑟ℎ + 𝐶𝑇𝑇𝑟ℎ

𝑠 𝑛𝑟ℎ        (64) 

 

𝐶𝑂𝐻 = 𝐶𝑑𝐷𝑜ℎ
𝑡 + 𝐶𝑇𝑇𝑜ℎ + 𝐶𝑇𝑇𝑜ℎ

𝑠 𝑛𝑜ℎ       (65) 

 

Where 𝐶𝑑 =  .8704 is cost per unit mile, 𝐶𝑇 =  .4342 is the cost per unit minute, 

Trh
s , Toh

s  are the time per unit stop during the regular-hours and off-hours, 

Dbc
t , Drh

t , and Doh
t  are the total distances traveled for the base case, regular-hours and off-

hours. Likewise,  𝑇𝑏𝑐 , 𝑇𝑟ℎ , 𝑎𝑛𝑑 𝑇𝑜ℎ  are the total travel times for these three situations (in 

minutes), and 𝑛, 𝑛𝑟ℎ, 𝑎𝑛𝑑 𝑛𝑜ℎ  are the number stops for each tour in these cases. In 

addition to the previous parameters mentioned, it is assumed that: (1) travel speeds (2) 

carriers are able to travel twice as fast during the off-hours than during the regular-hours; 

(3) unloading/loading times are accounted for in these cost estimations; and, (4) carriers 

spend fifteen minutes at each stop during the regular hours, while spending ten minutes 

during the off hours, which may be due to the extra time needed finding places to park 

Longitude 

Latitude 

(Longn, Latn) 

(Long1, Lat1) 

. 

. 

. 

(Long2, Lat2) 

Carrier Starting Point 

Receiver 1 

Receiver 2 

Receiver n 
(Longc, Latc) 
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and to load and unload deliveries during regular-hours (Holguín-Veras, 2006b). Once the 

cost estimations are made, the carrier can then use the criteria highlighted in Figure 5.4 

to make a final decision about making off-hour deliveries. 

5.5 Numerical Experiments   

To understand the implications of OHD policies, numerical experiments were done 

using the BMS. These experiments analyze the impacts of: financial incentives to 

receivers, distance to first delivery stop, parking fine enforcement, receiver density, toll 

surcharges to carriers, and toll surcharges combined with financial incentives to 

receivers.  

Since it is known that receivers are the key in determining the participation in off-

hour deliveries, it is essential to understand how financial incentives given to receivers 

will dictate the participation of both receivers and carriers. For that reason, the overall 

participation of both stakeholders was analyzed as a function of incentives being only 

given to receivers, by running the BMS for different levels of this policy. The results for 

receivers and carriers are shown in Figure 5.9 and Figure 5.10. These figures show how 

the participation in off-hour deliveries by both stakeholders increases as the incentive 

increases, and further confirms the usefulness of this economic incentive. In terms of 

comparisons, it should be recognized that the carriers’ behavior is similar in shape to the 

receivers. This is due to the fact that the carriers are dictated by the behaviors of 

receivers, even though the receivers are more receptive to the financial incentives since 

they are the main beneficiaries of this policy. Numerically, it should be noted that giving 

a ten-thousand dollar financial incentive to receivers for the acceptance of goods during 

the off-hours will provide close to a fifteen percent shift in receiver and carrier delivery 

operations. This finding is significant because it shows that this policy could help in 

reducing traffic congestion during the regular hours of the day.  
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Figure 5.9: Receiver market share versus financial incentive given to receivers 

 

Figure 5.10: Carrier market share versus financial incentive given to receivers 

Figure 5.11 and Figure 5.12 shows the carriers’ participation as a function of the 

financial incentives and by industry segments. These figures show that in all cases the 

market shares increase as the financial incentives increases with some industry segments 

being more sensitive to these incentives than others. The industry segments displaying 

the most sensitivity, (shown in Figure 5.11) are: Food, Non-Alcoholic Beverages, 

Alcoholic Beverages, Wood/Lumber, Paper, Chemicals, Plastic, and Medical Supplies. 

Their receptivity to OHD financial incentives might be due to: (a) OHD may already be 

done for the industry segment; (b) OHD may be seen as a benefit by stakeholders; and (c) 

data collection limitations. Alternatively, the industry segments least sensitive to 

financial incentives are shown in Figure 5.12. This analysis of the market shares of the 
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individual industry segments might be helpful in identifying good targets for the 

implementation of an off-hour deliveries program. Their lack of receptivity to OHD 

financial incentives might be due to: (a) lack of OHD feasibility; (b) lack of benefit to 

stakeholders; and (c) data collection limitations. 

 

 
Figure 5.11: Most sensitive industry segments’ market shares versus financial 

incentives given to receivers 

 

 
Figure 5.12: Least sensitive industry segments’ market shares versus financial 

incentives given to receivers 
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The output of the BMS was then compared to the behavioral models for carriers 

found by Holguín-Veras, et. al (2006c). The comparison of the market share estimates of 

off-hour delivery participation from both approaches (displayed in Table 5.2) indicates 

that the estimates from the BMS are lower than the ones provided by the discrete choice 

models. This may be a reflection of the fact that the BMS considers more dynamics than 

the behavioral models, specifically delivery costs being the main deterrent from carriers 

making OHD. 

Table 5.2: Comparisons between the behavioral models and BMS  

Financial 

Incentive to 

receivers

Carrier Market Share 

from behavioral models    

(% )

Carrier Market 

Share from 

Behavioral Micro-

Simulation   (% )

% Difference

$0 11.71% 11.71% 0.00%

$2,000 13.25% 12.14% -1.11%

$4,000 14.52% 12.66% -1.87%

$6,000 15.92% 13.38% -2.54%

$8,000 17.19% 14.22% -2.97%

$10,000 18.11% 15.25% -2.86%  
 

An analysis was done to understand if financial incentives to receivers and toll 

surcharges for regular-hour travel would foster more OHD. The results from these 

analyses are shown in Table 5.3, and it shows that are no significant changes in market 

shares when comparing examining the columns. This indicates that there are no major 

changes in off-hour delivery participation with respect to time of day pricing. However, 

when looking at the table vertically, it can be seen that off-hour participation increased 

with the amount of financial incentive. These findings are consistent with the 

understanding that financial incentives are more significant in moving truck traffic to the 

off-hours than toll surcharges, which is consistent with the necessary conditions 

presented by Holguin-Veras (2008). 
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Table 5.3: Carrier market share versus toll surcharges and financial incentives  

 

 

 

An analysis was done to understand how the decision to do off-hours deliveries 

would be influenced by carriers’ traveling distance to their first delivery stop. This is 

important because traveling distances to first delivery stops were mathematically found 

to be influential on the carriers’ decision to make off-hours deliveries, which is due to 

the amount of fixed cost imposed on delivery costs (Holguín-Veras, 2006b). The results 

are shown in Figure 5.13. The general shapes of these market share estimations tend to 

follow the logistic distribution of the receiver behavior shown in Figure 5.13. The figure 

reveals that carriers are more likely to make deliveries during the off-hours when they 

are relatively close to their first delivery stop. This is due to reduced fixed transportation 

costs and higher productivity levels that carriers accrue (Holguín-Veras, 2006b). Overall, 

this analysis is a justification of why carriers located close to congested urban areas 

should be targeted for this OHD policy. 

Financial Incentive $0 $1 $2 $3 $4 $5

$0 11.71% 11.71% 11.71% 11.71% 11.71% 11.71%

$5,000 13.08% 13.37% 13.31% 13.30% 13.31% 13.32%

$10,000 15.25% 15.06% 15.13% 14.76% 15.06% 15.07%

$15,000 18.38% 18.32% 17.81% 18.00% 17.89% 17.77%

$20,000 23.41% 23.90% 23.42% 23.89% 23.57% 23.51%

$25,000 30.20% 31.21% 31.36% 31.48% 31.17% 31.56%

$30,000 38.70% 38.27% 38.43% 38.08% 38.37% 38.47%

$35,000 48.35% 48.10% 47.57% 47.58% 47.64% 47.21%

$40,000 58.77% 58.24% 57.98% 58.20% 57.93% 58.06%

$45,000 68.90% 68.75% 69.11% 69.04% 69.04% 68.87%

$50,000 78.01% 78.32% 78.26% 77.97% 78.46% 78.23%

Toll Surcharge Per Axle
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Figure 5.13: Carrier market shares as a function of the financial incentive to 

receivers and distance to first delivery stop  

An analysis was done to determine if parking fine enforcement during the regular-

hours of the day could influence the decision to do off-hour deliveries. It should be first 

noted that determining the probability that a carrier gets a parking fine is very complex 

in nature, because it is a function of: police enforcement, travel behavior, traffic 

congestion, and other factors. For that reason a sensitivity analysis using the values 

shown in Table 5.4 was done. Using these probability estimations and the financial 

incentives given to receivers, carrier market shares were again estimated, and the results 

are shown in Figure 5.14. The graph shows that there is an increase in the percentage of 

carriers participating in off-hour delivery operations as the probability of getting parking 

fines during the regular-hour increases. This analysis, from a policy perspective, 

demonstrates how the enforcement of traffic ordinances could influence this 

transportation practice, since carriers are forced to absorb parking fines as an added 

transportation cost. 
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Table 5.4: Probability estimations for parking fines 

Number of Stops 

Per Trip

One ticket 

per how 

many 

tours?

Trips Per 

Day

Probability 

for Parking 

Fine per stop

6 10 2 1/120

6 3 1 1/18

5 2 1 1/10  
 

 
 

Figure 5.14: Carrier market shares versus financial incentives given to receivers 

and parking fine enforcement  

The BMS was used to explore the assumption that areas with high densities of 

receivers would be good targets for off-hours deliveries. For that reason, the sizes of the 

service areas were varied following the values shown in Table 5.5. The results from the 

experiments done are shown in Figure 5.15, and indicate that areas with higher densities 

of receivers are good targets for the implementation of an OHD program; this further 

justifies the notion that major urban areas (e.g., Manhattan, particularly the Midtown 

area) could be very receptive to this transportation practice. This may be due to the 

shorter traveling distances carriers have between delivery stops, which makes OHD cost 

effective. 
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Table 5.5: Receiver densities tested 

Case 

Number of 

Receivers

Service Area 

(in square 

miles)

Density (in 

receivers per 

square mile)

1 3800 12.25 310.20

Manhattan 3800 28 135.71

2 3800 49 77.55

3 3800 196 19.39

4 3800 784 4.85  
 

 

 

Figure 5.15: Carrier market share versus spatial density and the tax deduction 

given to receivers 

Another analysis was conducted to determine if financial rewards for off-hour travel 

alone would influence carriers to shift their operations. The results shown in Figure 5.16 

reveal that carrier participation in off-hour deliveries is noticeably influenced by this 

incentive alone, which may be due to the fact that carriers stand to make money for 

traveling during the off-hours. 
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Figure 5.16: Off-hour delivery market shares versus financial rewards for off-hour 

travel (dollars per mile) 

Next, an analysis considering both financial incentive to receivers and financial 

reward to carriers was done. The results displayed in Figure 5.17, again revealed that 

participation in off-hour deliveries can be influenced by both financial incentives jointly. 

This may be due to the both stakeholders being able to make profits for participating in 

off-hour deliveries. 

 

Figure 5.17: Off-hour delivery market shares versus financial incentive to receivers 

and financial rewards for off-hour travel (dollars per mile) 
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5.6 Policy Implications  

The analyses conducted using this BMS have several notable implications. First, it 

can be seen that a ten thousand dollar financial incentive given to receivers there is a 

fifteen percent shift to OHD by both receivers and carriers. This reflects the power that 

receivers have on the delivery scheduling, and that financial incentives to receivers 

would have a definite impact on OHD participation. The results also show that carriers 

located close to their first delivery stop are more likely to participate in OHD than 

carriers located farther away. This suggests that carriers located in close proximity to 

their urban customers might be good targets for OHD programs, because of the fewer 

transportation costs that they accrue. It was found that when parking fine enforcement 

increases during the regular hours carriers are more likely to participate in OHD. This is 

because the carriers are forced to absorb these parking fines as extra transportation costs, 

which is a deterrent in making deliveries during regular hours. In terms of density, it was 

found that carriers are more likely to make OHD to areas with higher densities of 

receivers. This might be because the reduced transportation costs associated with 

traveling lesser distances between deliveries. The analysis regarding incentives to 

carriers revealed that financial rewards for off-hour travel could increase participation in 

OHD. Finally, the BMS revealed that toll surcharges do not really influence participation 

in off-hour deliveries, which is consistent with the theoretical formulations developed by 

Holguín-Veras (2008). This finding suggests that time of day tolls do not do much to 

foster OHD since carriers are likely to travel during the regular hours anyway. With this 

being said, it is important to mention that toll surcharges could be used as an effective 

revenue generator for financing the financial incentives given to receivers in exchange 

for OHD acceptance. 
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CHAPTER 6  

CONTRIBUTIONS, CONCLUSIONS, AND FUTURE RESEARCH 

6.1 Contributions and Conclusions 

The objectives of this dissertation are to gain into the best way to design off-hour 

delivery programs by developing: (1) policies to optimally distribute financial incentives 

to receivers gained from various funding mechanisms; (2) a simulation framework that 

models the behaviors of receivers and carriers concerning off-hour deliveries; (3) 

understanding how different market segments influence OHD operations; and (4) an 

understanding on how policy design will increase participation in off-hour deliveries. 

These objectives were achieved through the mathematical models developed, and the 

Behavioral Micro-Simulation.  

The mathematical models focused on computing the optimal incentives to receivers 

in exchange for their commitment to accepting off-hour deliveries. Two alternative 

funding structures are considered. The first case considered a budget that is exogenous. 

The second case, the budget is a function of various regular-hour penalties (i.e., toll 

surcharges, traveling penalties, parking fines, and delivery penalties to receivers) as 

funding generators for incentives to off-hour receivers. For the second case, subcases 

were developed which considered various penalty mixes as revenue generators for 

incentives. The results are shown in Table 6.1. This was done to in order to consider 

different penalty mixes aimed at increasing off-hour deliveries since not all policies may 

be effective revenue generators, indicated by urban characteristics. 
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Table 6.1: Optimal Incentives 

Case Optimal Incentive 

1 𝑤𝑖 =
𝑡𝑖
𝜆

 
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  

2 𝑤𝑖 = 𝑡𝑖  
𝜂𝑦𝑖

𝑂𝐻

1 +  𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾휀𝜎𝑖𝜌 − 𝜙𝛾s − 𝜙𝛾𝑝𝑡𝑖

− − 𝜙𝛾f –𝑑 + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  𝑝𝑡𝑖

− + 휀𝜎𝑖𝜌 + s + f –𝑑   

2a 𝑤𝑖 = 𝑡𝑖  
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾𝑠 + 𝜙𝛾𝑠𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  

2b 

 
𝑤𝑖 = 𝑡𝑖   

𝜂𝑦𝑖
𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾𝑠 − 𝜙𝛾f −𝑑 + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻   𝑠 + f −𝑑   

2c 𝑤𝑖 = 𝑡𝑖   
𝜂

𝑦𝑖
𝑂𝐻

1+𝜂
𝑦 𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾f −𝑑 + 𝜙𝛾𝜂𝑡𝑖 f 

−𝑑
𝑌𝑖

𝐵𝐶

𝑦𝑖
𝑂𝐻           

2d 𝑤𝑖 = 𝑡𝑖  
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾휀𝜎𝑖𝜌 + 𝜙𝛾휀𝜎𝑖𝜌𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  

2e 𝑤𝑖 = 𝑡𝑖  
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾𝑠 − 𝜙𝛾휀𝜎𝑖𝜌 + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

 𝑠 + 휀𝜎𝑖𝜌   

2f 𝑤𝑖 = 𝑡𝑖  
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾s − 𝜙𝛾휀𝜎𝑖𝜌 − 𝜙𝛾f −𝑑 + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻

 s + 휀𝜎𝑖𝜌 + f −𝑑   

2g 𝑤𝑖 = 𝑡𝑖   
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾𝑝𝑡𝑖

− + 𝜙𝛾𝑝𝑡𝑖
−𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  

2h 𝑤𝑖 =  𝑡𝑖   
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

    1 + 𝜂𝑡𝑖  
1

𝜆
 − 𝜙𝛾𝑝𝑡𝑖

− − 𝜙𝛾s + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  𝑝𝑡𝑖

− + s   

2i 𝑤𝑖 =  𝑡𝑖   
𝜂𝑦𝑖

𝑂𝐻

1 + 𝜂𝑦𝑖
𝑂𝐻

   1 + 𝜂𝑡𝑖  
1

𝜆
− 𝜙𝛾𝑝𝑡𝑖

− − 𝜙𝛾s − 𝜙𝛾f −𝑑 + 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻  𝑝𝑡𝑖

− + s + f −𝑑   

 

The mathematical models developed in this dissertation provide guidelines into the 

optimal way to distribute financial incentives, and to finance them through penalties. 

From these models, there are several conclusions that should be discussed. The optimal 

incentive found depends on the term  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦 𝑖
𝑂𝐻

  which is the ratio of class elasticity of 

receiver participation with respect to the financial incentive provided. This term 

increases with the class elasticity 𝜂𝑦𝑖
𝑂𝐻 . The more elastic the receiver class, the higher 
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the term  
𝜂
𝑦𝑖
𝑂𝐻

1+𝜂
𝑦𝑖
𝑂𝐻

  and the incentive. It should also be noted that the incentives derived 

are also a function of partial yearly collected revenues, which are represented by the 

term 𝜙𝛾. This was considered in order to account for revenues given for non policy 

related costs (e.g., administrative, government and technological costs) that are accrued 

in implementing these polices. 

The optimal incentives derived are also dependent on the average number of class 

tours per receiver (𝑡𝑖), and the term  1 + 𝜂𝑡𝑖
 . In general, there is a linear relationship 

between the incentives given and these terms, meaning that more incentives will be 

given to classes that generate more tours.  

Functionally, incentives given contain the difference between the cost to move one 

tour to the off-hours  
1

𝜆
  and the penalty assessed to receivers and carriers (i.e., toll 

surcharges, parking fines, traveling penalties and delivery penalties) for revenue 

generation. This cost increases as the total number of off-hour tours increases and as 𝜆 

decreases. Lastly, in most cases, receivers are compensated for accepting off-hour 

deliveries based on class participation, which is represented by the term 𝜙𝛾𝜂𝑡𝑖

𝑌𝑖
𝐵𝐶

𝑦𝑖
𝑂𝐻 . This 

means that larger incentives are given to classes that have smaller market shares of off-

hour deliveries. 

In addition to the derivations of optimal incentives, numerical experiments were 

conducted to test these solutions. It was shown numerically that tours can be shifted to 

the off-hours when receivers are given incentives to accept off-hour deliveries. It was 

also found that larger revenues collected for giving incentives translates into larger 

amounts of off-hour delivery tours shifted. For the penalties considered, the numerical 

experiments demonstrated that all were effective at generating a budget for OHD 

incentives, but have different implications that should be considered before 

implementation. For toll surcharges to carriers and delivery penalties to receivers, their 

associated budgets depend on the amounts of the penalties assessed and the number 

regular-hour truck tours. These penalties are also minimally complex since they only 

depend on regular- hour truck tours generated and penalties can be readily collecting 
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from already established toll facilities. It was also found that increasing parking fine 

enforcement during regular-hours is a good revenue generator for giving OHD 

incentives. However, this penalty is very complex to assess because revenues generated 

depend on the probability that a carrier will obtain a parking fine, the number of delivery 

stops per tour, and the amount of the parking fine. The implementation of a traveling 

penalty to carriers based on distances traveled during regular-hours was found to be 

equally effective in generating funding for incentives. Alternatively, this policy is limited 

in terms of revenue generation by the penalty assigned and measuring tour distances 

traveled on the network. In general, this might be an effective revenue generator when 

urban carriers are forced to attach Global Positioning Systems (GPS) to their delivery 

trucks so that distances can be measured, and when carriers have longer delivery routes 

to receivers scattered throughout the urban network.  

This dissertation has also presented a Behavioral Micro-Simulation developed for 

the analysis of off-hour delivery policies in urban areas. This framework simulates the 

off-hour delivery behaviors of receivers using discrete choice modeling. Then the 

carriers’ behaviors were modeled using the off-hour delivery behaviors of receivers and 

transportation costs involving delivery route distances, travel and delivery times. The 

different policies were then input into the Behavioral Micro-Simulation to test their 

effectiveness at encouraging off-hour deliveries. The analyses done using this Behavioral 

Micro-Simulation revealed several key results: (a) financial incentives given to receivers 

in exchange for accepting off-hour deliveries and financial rewards to carriers making 

off-hour deliveries would provide a noticeable increase in off-hour delivery activities; (b) 

the magnitude of the impact varies by individual industry segments; (c) time of day toll 

surcharges have no impact on increasing OHD; (d) carriers located close to their urban 

customers are more likely to participate in off-hour deliveries; since they can easily start 

to accrue the benefits from off-hour delivery operations; and (e) increased enforcement 

of parking fines for double parking during the regular hours could increase the number 

of carriers participating in off-hour deliveries. 

Taken together, the analyses of the policies considered in this dissertation provide a 

comprehensive picture of alternative approaches to foster OHD. For this reason, Table 

6.2 was developed and the results shown have several indications. In terms of generating 
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a budget and influencing receivers and carriers simultaneously, it was found that no 

individual policy was effective at fulfilling these needs. This suggests that joint policies 

influencing receivers and carriers might be best when distributing incentives and aiming 

to influence off-hour delivery participation. It was also found that the financial incentive 

to receivers was behaviorally influential to receivers and carriers. This is due to the 

market power that receivers have since they are considered the customers. Interestingly, 

it was also found toll surcharges is an effective budget generator for incentives but does 

not influence the off-hour delivery behaviors of receivers and carriers. This may suggest 

that this policy could be used with others, particularly the financial incentive to receivers 

to increase off-hour deliveries. Lastly, with exception to the financial reward to carriers, 

the other policies (i.e., traveling penalties, parking fines, and delivery penalties to 

receivers) have mainly demonstrated to be effective budget generators for off-hour 

delivery incentives and behaviorally influencing carriers. 

Table 6.2: OHD Mechanism Impacts 

Policy

Budget 

Generation

Impact on 

Receivers

Impact on 

Carriers

Financial Incentive to Receivers (-) (+)

Per Delivery Penalty (+) (-)

Toll Surcharge (+)

Per mile Penalty (+) (-)

Parking Fines (+) (-)

Financial Rewards to Carriers (-) (+)  

In closing, this dissertation has gained significant insight into how off-delivery 

programs could be designed involving the use of financial incentives and penalties 

aimed at decreasing regular-hour urban freight traffic. However, it is important to 

mention that the use of off-hour delivery incentive programs in urban areas have many 

requirements beyond the ones discussed throughout this dissertation (e.g., political, 

social, technological, and community support). Specifically, other actions are required to 

gain a full picture for implementing off-hour deliveries, including gathering more 

behavioral data from receivers and carriers, and pilot testing of off-hour delivery policies 

on smaller scales to better understand the advantages and disadvantages of this practice. 
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6.2 Future Research 

In order to gain a more comprehensive picture of off-hour delivery policies, there 

are several research steps that should be taken. In terms of mathematical models, more 

work could be done to gain a better understanding on how to design off-hour delivery 

programs. First, more complex mathematical policy models could be developed 

involving the maximization of social welfare conditions, subject to the relevant 

constraints. From these programs, more detailed optimal conditions could be derived. 

Likewise, optimal regular-hour penalties can be derived when the behaviors of receivers 

and carriers are known in relation to off-hour delivery operations. 

With the Behavioral Micro-Simulation, the consideration of bargaining and cost 

transfers by carriers should be developed and implemented. The bargaining could be 

done by using delivery costs differentials between receivers and carriers and game 

theory principles. The cost transfers by carriers to receivers could be done when 

operation costs are known for receivers. These are important considerations since costs 

are a driving factor of off-hour delivery operations, and understanding this phenomenon 

could further enhance the research done on the economic interactions between receivers 

and carriers. The Behavioral Micro-Simulation could be enhanced so that it accounts for 

regular-hour penalties assessed to receivers and carriers. This would be helpful in 

learning how these penalties could influence their willingness to participate in off-hour 

deliveries. Also, off-hour delivery consolidations should also be considered according to 

the industry segments. In this format, the effectiveness of this logistical strategy could be 

understood in the context of off-hour deliveries. 

Other applications of the Behavioral Micro-Simulation could also be done in which 

the output of this framework could be used as an input for urban traffic simulation. In 

this regard, tours shifted to the off-hours and their influences on regular-hour traffic 

congestion could be analyzed. This would helpful in better determining the impact of 

off-hour deliveries on urban congestion.  

In combining the mathematical models and Behavioral Micro-Simulation presented 

in this dissertation, a true simulation-optimization framework could be developed in 

which the Behavioral Micro-Simulation could be used as the objective function for the 
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previously presented mathematical formulations. In this framework, optimization 

techniques could be algorithmically used to find optimal incentives, while 

simultaneously assessing the off-hour delivery payoff to both stakeholders. 
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