
ABSTRACT 

SHARMA, SOUMYA. Studying the Impacts of Emerging Truck Technologies at Macroscopic 

and Microscopic Level. (Under the direction of Dr. George F. List and Dr. Billy M. Williams). 

 

This dissertation advances the understanding of emerging truck technologies and their 

implications for travel demand and transportation capacity, with a particular focus on 

autonomous and connected trucks and the influence of e-commerce. Four research objectives 

were identified, each addressing distinct aspects of this evolving landscape. 

The first research objective was to explore the impact of introducing autonomous trucks 

(TAVs) into the urban transportation network. The triangle region of North Carolina was used as 

a case study for this. The Triangle Regional Model (TRM), the four-step macroscopic travel 

demand forecasting tool for the Triangle region of North Carolina, was employed to analyze the 

impacts of autonomous trucks and e-commerce on travel demand. Utilizing scenarios for the year 

2045, and two levels of automation i.e. SAE level 4 and level 5, the research assesses the 

potential of autonomous vehicles (AVs) to alleviate congestion, operational dynamics, and 

infrastructure implications. Findings reveal nuanced interactions between AVs and the existing 

travel patterns within the Triangle Region, providing insights into the future of autonomous 

freight trips. For both SAE level 4 and level 5 scenarios, the shift from traditional trucks (TVs) to 

a mix of TAVs and TVs did not have a significant impact on the urban network. The analysis 

indicated that the redirection of Origin-Destination (OD) flows to make more use of freeway 

segments for AV trips led to increased flows on freeways and additional vehicle miles traveled 

(VMT) on the rest of the network. However, AV segments for trips with central origins and 

destinations were removed, resulting in offsetting changes. The changes in VMT and vehicle 

hours traveled (VHT) were captured. The results showed that, depending on the scenario, there 



were decreases in VMT on certain segments (e.g., urban interstates) and increases on other 

segments, highlighting the complex interplay of TAVs and existing traffic. 

The second research objective focused on the impact of autonomous trucks (TCAVs) on 

freeway performance, specifically examining basic freeway segments and weaving segments. 

The analysis included varying percentages of TCAVs and traditional trucks (TTs). The 

Simulation of Urban Mobility (SUMO), an open-source microsimulation tool was used to 

examine the capacity impacts of connected and autonomous trucks (TCAVs) on freeway 

segments. The study investigates the integration of TCAVs into traffic flow, considering lane 

allocation and communication strategies. Results suggest limited changes to freeway 

performance due to the introduction of TCAVs, offering insights for the integration of 

autonomous freight vehicles within existing traffic infrastructure. The results demonstrated that, 

for the scenarios tested, introducing TCAVs into the traffic stream had limited effects on freeway 

performance, and the simulation outcomes were generally stable. Travel rates were compared for 

different scenarios, considering lane reservation policies and varying truck percentages. The 

results showed that TCAVs had a minor impact on travel rates, with little differentiation between 

scenarios with or without lane reservation for TCAVs. The analysis suggested that implementing 

lane reservation for TCAVs, particularly for the middle lane, did not adversely affect freeway 

operations.  

The third research objective involved modeling the impact of e-commerce on urban 

freight and transportation demand. The impacts of e-commerce on travel demand were assessed 

within the Triangle Region of North Carolina. For this research objective, an updated version of 

the TRM was utilized, namely the Triangle Regional Model Generation 2 (TRMG2), for the 

analysis year of 2045. By adapting trip generation factors based on the National Household 



Travel Survey (NHTS), the study models the shifts in trip patterns induced by e-commerce, 

particularly the transformation of in-store shopping trips into truck-based deliveries. The 

methodology identifies key factors influencing e-commerce impact and lays the foundation for 

future investigations into the dynamic landscape of online retail, while maintaining the 

fundamental model structure of TRMG2. The results revealed that the shift from in-store 

shopping to e-commerce led to reductions in vehicle volumes and roadway congestion, 

particularly during Midday and PM periods. The introduction of e-commerce-induced truck trips 

replaced a portion of single-occupancy vehicle (SOV) trips, resulting in changed flow patterns on 

major arterials and highways. The study illustrated that e-commerce's influence extended beyond 

truck trips, affecting overall travel patterns and congestion levels, although in a nuanced manner.  

The fourth research objective focused on enhancing the methodology to include e-

commerce returns and various modes of delivery. To accomplish this objective, the study 

introduces a package-based approach to model e-commerce deliveries and returns within 

TRMG2, for the analysis year of 2045. This paradigm shift allows for a holistic representation of 

e-commerce dynamics, considering diverse delivery modes such as trucks, automobiles, and 

drones. The approach still maintains the core model structure while accommodating evolving e-

commerce practices and incorporating returns dynamics. The results demonstrated that 

incorporating returns in the e-commerce scenario led to a slight increase in total SOV trips. 

Additionally, the analysis compared the vehicle miles traveled (VMT), vehicle hours traveled 

(VHT), and flow differences between the base case and the e-commerce scenario. The findings 

showed that while overall VMT savings were observed, the savings were slightly reduced when 

e-commerce returns were included. This comprehensive approach of incorporating returns and 



multiple delivery modes provided a more accurate depiction of the influence of e-commerce on 

transportation networks. 

The findings provide urban and transportation planners with methods to assess impacts of 

various emerging technologies on travel demand and transportation capacity. This research also 

identifies the limitations of traditional travel demand models in simulating the impacts of 

driverless vehicle technologies, which will help develop next-generation travel demand 

forecasting tools. The results showcased the nuanced impacts of autonomous trucks, e-

commerce-induced freight shifts, and diverse delivery dynamics on traffic patterns, congestion, 

and overall urban transportation system performance. The findings collectively contribute to a 

better understanding of how these emerging trends can shape transportation planning and policy 

decisions.  
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CHAPTER 1 

1.1 Background and Motivation 

The field of transportation has seen many innovations and technological growth in the 

past decades. Connected and autonomous vehicles (CAVs) and autonomous vehicles (AVs) are 

two such technologies that can potentially change the traffic norms and patterns. They offer 

benefits such as traffic congestion reduction (1), safety (2), capacity gains (3, 4), increased 

productivity of travel time (5), fewer emissions (6) and flexibility with parking (7). Many 

vehicles are now available in the market with features like automated braking systems, adaptive 

cruise control and self-parking. While research on CAV and AV passenger cars is more 

predominant in the literature, it may be autonomous trucks that emerge first in significant 

numbers (8). There are economic drivers, like reduced labor costs, that could attract carriers, 

shippers (and receivers) toward the use of this technology (9, 10) . 

State departments of transportation (DOTs) and metropolitan planning organizations 

(MPOs) across the U.S. have been partnering with public and private organizations to develop 

new planning and modeling processes that include CAVs and AVs in the transportation 

environment (11ï15). CAVs and AVs can influence travel behavior, demand, modes of travel, 

planning and investment decisions and physical transportation infrastructure for both person and 

freight trips. Autonomous taxis could replace some of the individually owned passenger cars; 

trip-making patterns could change as drivers effectively become passengers; and the decision 

calculus around parking will be impacted as cars could park themselves. Freight trips could 

change because autonomous package delivery vehicles may replace some shopping trips. Some 

of these may be free-running vehicles traveling between distribution centers, stores and 

residences. Studies have investigated the impacts of passenger AVs on travel demand (16ï18), 
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capacity (19ï23), and parking (18, 24ï27). Some researchers studied the impact of e-commerce 

on urban and freight transport (28ï30).  Most of the research related to urban travel demand 

models is focused on passenger vehicle automation, and used four-step models (16, 23, 31ï33) 

or advanced methods like agent-based simulation (34, 35) and activity-based simulation (36). 

Some studies have investigated the impact of CAV and AV freight on travel demand, but at an 

intra-regional level (37, 38).  

Prior research has provided valuable insights into future travel demand analysis; 

however, there are several limitations with significant scopes of improvement. These studies 

suggest changes in parameters like Value of Travel Time (VOTT), capacity, increase in travel 

demand due to improved accessibility, parking needs and costs.  

Freight generation is influenced by many other factors except these parameters (39). So, 

factors influencing CAV and AV truck trip generation could be even more complex. Moreover, 

many of these parameters do not pertain to trucks since they serve a different purpose. 

Introduction of CAV and AV trucks might not lead to reduction of parking needs and costs for 

trucks, they might even cause a spatial shift in parking demand rather than decrease. The VOTT 

assumptions also might not apply to trucks in the way that they apply to passenger cars, since 

trucks delivering goods might still opt for an efficient (less travel time) route in order to reach on 

time for same day deliveries etc. If CAV and AV trucks precede passenger CAVs and AVs, then 

e-commerce demand (online shopping) can induce truck trips (home deliveries) in the urban 

area. This is not in agreement with research that assumes passenger CAVs and AVs might cause 

suburbanization and dispersion in land development (Litman 2018b; Meyer et al. 2017; Bansal et 

al. 2016; Zakharenko 2016; Anderson et al. 2014). All these factors indicate that there is a need 

for a framework that is specially created with CAV and AV trucks in mind. In addition, so far, 
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none of the previous studies have incorporated e-commerce induced truck deliveries into a four-

step planning model of a large metropolitan region.  

Therefore, the previous studies fail to provide a framework to assess impacts of these 

truck technologies in a simple four-step model of a metropolitan region. The motivation of this 

research is derived from the need to improve the understanding on the impact of CAV and AV 

trucks and e-commerce on urban travel demand. Therefore, this results of this research will 

provide urban and transportation planners with a framework to assess network-level impacts of 

these emerging truck technologies. Due to the uncertainties associated with emerging vehicle 

technologies, a range of future scenarios not found in recent studies have been examined.  The 

scenario results provide an insight to the patterns in key metrics like Vehicle Miles Traveled 

(VMT), Vehicle Hours Traveled (VHT) as a result of these technologies rather than precise 

predictions.  

1.2 Objectives 

This research will improve the understanding of the long-term effects of emerging 

technologies such as autonomous and connected-autonomous trucks and e-commerce demand on 

U.S. metropolitan regions. The following specific objectives are identified and investigated to 

achieve the research goal:  

1. Investigate the impact of induced travel demand, modified travel behavior, 

infrastructure and policy needs associated with different market penetration rates 

for autonomous trucks (CAVs and AV) on network-level performance of an 

urban transportation network 
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2. Incorporate e-commerce demand into a four-step model of the Triangle region of 

North Carolina. This approach shifts passenger car trips to truck trips and e-

commerce packages are delivered using a truck touring algorithm   

3. Develop an enhanced methodology for e-commerce incorporation in the Triangle 

region that represents e-commerce (online orders) as flows of items and allows 

mode choices other than trucks (drones). 

4. Explore the impact of AV trucks on capacity at a microscopic level using 

Simulation of Urban Mobility (SUMO, an open-source software) 

This research aims to assist planners and policymakers in MPOs and DOTs in making 

informed decisions regarding policies and regulations, land-use planning, infrastructure 

investments, and strategic partnerships with the industry.  

So far, the analysis and results for research goals 1, 2, and 4 are nearly complete. The 

work based on research goal 1 was accepted as a poster for the Transportation Research Boardôs 

(TRB) 2022 annual conference in Washington D.C. The work on research goals 2 and 4 have 

been presented at various conferences. The work on research goal 2 was presented 2021 annual 

conference of the North Carolina Association of Metropolitan Organization (NCAMPO) which 

is widely attended by planners, MPOs and state DOTs. The work done on research goal 4 was 

presented at the North Carolina Department of Transportation (NCDOT) 2021 Research & 

Innovation Summit. The analysis and writing for research goal is in-process and will be included 

in the final defense document/ presentation.  

1.3 Scope 

Research goals 1, 2, and 3 are focused on the macroscopic modeling of CAV and AV 

trucks in the context of a four-step regional planning model. The questions are: how should these 
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flows be modeled; how should adjustments be made to the truck model aspects of the model. For 

the e-commerce part, how should the passenger trip modeling process be altered; and what are 

the impacts. The Triangle Regional Model (TRM) has been employed; in two versions: TRM v6 

and TRMG2. The TRM is the travel demand forecasting tool used by the MPOs in the Triangle 

region of North Carolina. It is a four-step aggregated trip-based model. Since the TRM (and 

theTRMG2) are like the travel demand models used by many MPOs across the U.S., the 

methodological framework presented can be used by other MPOs to simulate the future scenarios 

investigated. Research goal 2 utilizes SUMO, which is an open-source microsimulation tool. The 

results from this study. SUMO was chosen because of its open-source nature, allowing the user 

to select from models available in the literature rather than relying solely on models provided in 

the application framework.  

Insofar as these goals are concerned, for goal 1, the system-level effects of CAV and AV 

trucks have been studied for the Triangle region of North Carolina, using 2045 as the analysis 

year. Scenarios based on the SAE level 4 and level 5 automation have been considered. The 

impacts studied include changes in Vehicle Miles Traveled (VMT), Vehicle Hours Traveled 

(VHT), and flow rates on individual links (by direction). The results and analysis of this work 

have provided an improved understanding of CAV and AV trucks at a system level. 

For goal 2, the research was conducted by studying the impact of e-commerce induced 

truck trips insofar as urban trip making is concerned. A methodology to incorporate e-commerce 

demand was created without changing the fundamental structure of the TRMG2. This work has 

helped capture the key dynamics of urban freight (trip chaining and distribution) in the context of 

e-commerce.  
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For goal 3, the research is currently underway. Our intent is to further expand and refine 

the methodology to better represent e-commerce in the transportation network. The enhanced 

methodology will be able to incorporate various modes of delivery (other than just trucks, e.g. 

drones) for e-commerce. 

For goal 4, the focus was on examining the impacts of CAV and AV trucks on the 

operation of freeway facilities, at and in-between on- and off-ramps. SUMO, an open-source 

microscopic simulation software tool has been employed. See Simulation of Urban Mobility 

(SUMO) (40). Hypothetical situations have been examined. Lane changing was found to be key, 

given that trucks (due to their size) often take longer for lane changing maneuvers. This work 

adds to our understanding of the impacts of CAV and AV trucks on both capacity and freeway 

operations. Our intent is to further refine and extend this work by considering a few additional 

situations and conditions. 

1.4 Organization of the Document 

The thesis proposal is divided into five chapters. This chapter introduces the thesis topic. 

Chapters 2, 3, and 4 address various aspects of the problem being addressed and present results 

obtained so far. Chapter 5 presents plans for further work.  

Chapter 2 relates to research goal 1. It explores the system-level impacts of autonomous 

and connected trucks of a metropolitan region. This chapter predicts the system-level effects of 

CAV and AV trucks for the Triangle region of North Carolina, in 2045. The mode split and 

traffic assignment steps of the TRM were changed and no changed were made to the trip 

generation or distribution steps. Trip matrices for single unit trucks (SUTs), multi-unit trucks 

(MUTs) and light commercial vehicles (LCVs) were altered to create AV trips. The generalized 

cost for AV trips was defined, which was then used to assign AV trips in the network. Scenarios 
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based on the SAE level 4 and level 5 automation were considered. In the level 4 scenario, AVs 

were allowed to operate autonomously on controlled access facilities like freeways (consistent 

with the SAE definitions). The SUT and MUT trips were shifted from traditional truck (TV) to 

ñblendedò traditional-automated trips (TAV). The TAV trips comprised of AV and TV sub-trips 

and the conversion of TV trips to TAV trips was based on various criteria like circuity (allowable 

increase in trip length), time of day etc. The level 4 analysis focused only on ñgoodsò trips rather 

than ñserviceò trips for AVs and LCV trips were not included in AV trips (i.e. only SUT and 

MUT trips were converted to AV trips). AV segments for the trips that originated and terminated 

in controlled access facilities, were moved out of the peak period.  For level 5, it was assumed 

that the AV trucks could operate anywhere on the network and both ñgoodsò trips and the 

ñserviceò trips for SUTs, MUTs and LCVs were included in AV trips. For ñmode splitò, either 

30% or 100% of the TV trips were converted to AV trips (there were no TAV trips). AV trips 

that were either beginning in external traffic analysis zones (TAZs), or occurring between 

external TAZs (i.e. EE, EI trips) were moved out of the peak period. The impacts of AVs on 

metrics widely used by MPOs and DOTs, like VMT, VHT, and flow are studied.  

Chapter 3 relates to research goal 4. It explores the freeway performance impacts of AV 

trucks using an open-source microsimulation tool, SUMO.  Since lane changing was of 

significant interest, lane changing was incentivizing by changing the parameters of SUMOôs 

default lane changing model, LC2013 (41). Three parameters were altered, the look-ahead 

distance for strategic decision making (lcStrategic), the look ahead left distance that vehicles 

look ahead for lane changing opportunities (lcLookaheadLeft), and the willingness to accept 

lower front and rear gaps on the target lane (lcAssertive). The model built on the work of Xiao et 

al was used for the car-following model (42). The simulation runs were conducted for two types 
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of facilities: 1) a basic freeway segment or 2) a ñweavingò segment, technically an on-ramp 

followed by an off-ramp. Different percentages of total trucks were examined, from 10% to 40%. 

For each of these, the percentage of CAV trucks (T-CAVs) was explored from 0% (all traditional 

trucks) to 100% (all T-CAVs). Two variants types of T-CAV operation policies were explored. 

One where they could use all lanes and another where they were required to use the middle lane. 

The analysis results indicate that the introduction of the T-CAVs has an adverse effect on the 

performance of the freeway facility (truck percentage of up to 20% were considered), for both 

weaving and basic segments. The shape of weaving segment travel rate curve was found to have 

longer tales than the basic segment. This difference in the shape of travel rate curves could be 

attributed to the turbulence associated with weaving movements. The results also indicated that, 

for the conditions examined, a policy decision to have the T-CAVs use a specific lane (e.g. the 

center lane) will not have an adverse effect on freeway operation. 

Chapter 4 relates to research goals 2 and 3. It discusses the impact of e-commerce 

induced truck trips on the transportation demand in a metropolitan area. It describes a 

methodology for modeling the changes in trip making due to e-commerce using the TRMG2 as a 

case study. The main aspects of the methodology include: i) reducing in-store trips, based on 

online ordering rates from the 2017 National Household Travel Survey (NHTS) ii) replacing 

these in-store trips with truck trips delivering packages from e-commerce (online) orders iii) a 

touring algorithm constructs tours for the trucks making e-commerce deliveries; these tours are 

segmented by time period converting them into trips which are then be added to the trip matrices 

in the TRMG2. The e-commerce generated truck tours to be incorporated into the trip-based 

TRMG2 without making any fundamental changes to the model, and helps capture the key 

dynamics of urban freight (trip chaining and distribution) in the context of e-commerce. The 
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resulting difference in flows of SUTs, MUTs, LCVs, and single-occupant vehicle (SOVs) by 

functional class was studied.  

Chapter 5 further extends the work discussed in the previous chapter and relates to 

research goals 2 and 3. It provides a commodity-based framework for e-commerce demand and 

also incorporates package returns. Some MPOs that have an advanced freight model, generate 

commodity flows in an area that are then transported throughout the network. This framework 

uses a similar approach but for e-commerce flows in the TRMG2. The framework converts e-

commerce demand (online shopping orders) into package flows between origins (warehouses, 

sortation centers etc.) and destinations (homes) along with the same touring process that was 

used in Chapter 4. These package flows can then be assigned to the network by any mode choice 

i.e. trucks, drones etc. This approach provides a means for the trip-based TRMG2 to deal with e-

commerce generated freight flows in a more realistic manner without changing its basic 

structure. The ability to incorporate various modes of delivery (other than just trucks, e.g. 

drones) and returns for e-commerce (while leaving the fundamental model untouched) is the 

major contribution of this new approach. These are important contributions because while 

advanced freight models are more nuanced, they require a major revamping of the existing 

model along with significant costs associated with data, training of staff and model maintenance. 

Such a framework might be cost-efficient for MPOs of regions that do not have high freight 

activity but are beginning to see a rise in freight flows as a result of emerging technologies (like 

e-commerce). It would save the MPO on costs associated with survey, data collection, and would 

require minimal staff training. At the same time, it will provide them with a starting point to 

assess impacts of e-commerce in their area until more funds are available to conduct a full 

upgrade to advanced methods.  
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CHAPTER 2 

1.5 Introduction  

In the future, autonomous vehicles (AVs) will grow in visibility on our highway 

networks. Although drastic changes are not expected, the fleet will gradually shift to human-

driven (traditional) vehicles and AVs. The current fascination is with AVs for personal trips but 

commercial vehicles may be the actual early adaptors. Cost savings, productivity gains, and 

increased flexibility will pressure carriers to push forward with experimentation and deployment. 

This study discusses the impact of connected-autonomous vehicles (CAVs), AVs, 

connected vehicles (CVs), and TVs on freeway network operation. Also, since the study focuses 

on the freight-related impacts of these technologies, the following nomenclature is followed in 

the rest of the text. The term AVs is used to denote connected- autonomous trucks. The term TVs 

is used to denote traditional trucks. All cars in the study are traditional vehicles. 

Two levels of automation are considered in the study. Automation levels 4 and 5, as 

specified by the Society of Automotive Engineers (SAE), are studied (2). For level 4, it is 

assumed that the AVs can operate autonomously on controlled access facilities like freeways. 

While for level 5, they can use any link although they are encouraged to use ñhigher-typeò 

facilities (wherever possible) through preferential weights. For the purpose of this study, all of 

the AVs are assumed to be connected as well as autonomous.   

The analysis focusses on peak period operation since its considered the most crucial time-

period in the context of capacity/ congestion management. The three main questions addressed 

by this research are as follows: 

1) to what extent can AVs reduce the peak period levels of congestion 

2) what operational changes will be needed 
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3) what if any special facilities might be needed to accommodate these flows. 

This study is based on the Triangle Regional Model (TRM), the planning model used by 

the Triangle Region MPO (Raleigh, Durham, Chapel Hill). The analysis year is 2045, because 

the TRM is validated for that horizon year.   

The remainder of this chapter is organized as follows. First, a literature review is 

presented that is focused on travel demand modeling of autonomous and connected vehicles in 

urban areas. Second, a detailed description of the Triangle Regional Model (TRM) is provided. 

Third, a the SAE level 4 analysis is discussed followed by the level 5 analysis. Finally, the 

conclusions and recommendations are presented.      

1.6 Literature Review 

The existing literature on AVs is sparse, at least insofar as planning-level network impact 

studies are concerned. This is true even though the incorporation of trucks into the planning 

process has a long history. The studies that do exist have examined the likelihood of ñmodalò 

diversions from TVs to AVs. 

Initially, planning models used expansion factors to convert auto-only flows into mixed 

mode flows, including trucks. For a mixed flow rate of f, if the truck percentage p, and the 

passenger car equivalency (PCE) for the trucks was two autos, then the adjusted all-auto flow 

rate, fa, was fa = f*[(1-p) + 2*p] to be consistent with the Bureau of Public Roads (BPR) formula 

and the Highway Capacity Manual.  

The interest in explicitly accounting for truck flows emerged in the 1980's. Zavattero and 

Weseman and Southworth (43, 44) developed a commercial vehicle trip generation model for the 

Chicago region using regression analysis. Truck travel data, land use and employment data were 

used to derive relations between the truck trips generated to subareas of the Chicago region.  
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In response to the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA), 

urban areas and states developed and improved their freight modeling efforts (45). Progress 

continued into the next decade as more sophisticated methods were developed. The Quick 

Response Model and its freight enhancements encouraged these developments because of its 

ease of use; see Cohen et al. (46). Ruiter developed an urban truck travel model for the Phoenix 

metropolitan area in 1992 using a truck travel survey of commercial vehicles. A standard gravity 

model structure was used for the commercial vehicle trips distribution similar to the Phoenix 

person trip model (47). Fischer worked with the Monterey Bay region metropolitan planning 

organization (MPO) in 1996, to provide solutions to their agricultural freight transportation 

problems. The study inventoried existing freight facilities and movements in order to project 

future demand for freight transportation. The study proposed a regional freight logistics center, a 

transportation service center, and a rail-truck intermodal terminal as solutions to the regions 

freight transportation issues (48). List et al. describe the first instance of a freight transportation 

model being used for the New York City metropolitan region. Truck flows were explicitly 

considered in the ñBest Practice Modelò used by the New York Metropolitan Transportation 

Council (NYMTC). Flow estimation was based on List and Turnquist (49, 50). Prem and Yu 

conducted a study in 1996 for the Quad County Regional Transportation Organization in 

Washington State, an agro-based urban area. External survey data was used to inform the trip 

making between communities in the area. They suggested that such areas have unique data 

requirements for freight transportation modeling (51). Marker and Goulias used the Quick 

Response Freight Manual (QRFM) to model truck flows in the Centre County, Pennsylvania. 

Trip distribution was done using a doubly constrained gravity model along with travel-time 

based friction factors. Traffic assignment utilized the user equilibrium method. The model was 
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calibrated by comparing total vehicle miles traveled as obtained from the model results against 

the observed data. The study tested the model by altering the TAZ sizes, one model used census 

tracts as TAZs while the other used census blocks as TAZs. No major loss of accuracy was found 

when comparing results from the two models even though the QRFM methods were originally 

designed for regional truck modeling using TAZs of tracts or larger (52). Slavin reviewed 

models for intra-urban trips and provided an improved framework to model truck trips in an 

urban environment. He also discussed how to use data more efficiently when estimating truck 

trips for better modeling practices (53). Faris and Ismart developed a low-cost modeling 

technique to model freight traffic for small to medium sized urban areas where limited local data 

is available. The purpose of their study was to provide freight modeling techniques that can be 

integrated easily with existing transportation demand models (like a traditional four-step model). 

Default QRFM trip generation rates and trucks classifications were used to evaluate truck trips 

and authors suggested conducting regional surveys in the future to replace the default values with 

local updated parameters (54). 

The advent of AVs has brought a new facet to these efforts. Although the focus is heavily 

on auto-like AVs, researchers are endeavoring to ascertain how these vehicles will be utilized, to 

what extent, and how they might be accommodated. A good example is Hasnat et al. who 

focused on the impacts of auto-like AVs in the context of urban traffic patterns (55).  

For AVs, ñmode choiceò has been the topic more heavily considered. Huang and 

Kockelman examine shipperôs choice between autonomous trucks and conventional or human-

driven trucks using a random-utility - based multi-regional inputïoutput model, driven by foreign 

export demands (56). They simulated the impacts to freight traffic among 3109 U.S. counties and 

117 export zones, via a nested-logit model for shipment or input origin and mode. They found 
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that the adoption of autonomous trucks works in favor of longer truck trips, but railôs competitive 

prices hamper autonomous truck trips for trade distances over 3000 miles. Human driven trucks 

are found to dominate in shorter-distance freight movements, while Autonomous trucks 

dominate at distances of over 500 miles. Cantarella and Febbraro review the existing the existing 

methods for predicting truck trips and conclude that modeling user mode choice behavior with 

autonomous vehicles might require a hierarchically structured model (38).  

The literature on network impacts of AVs is sparser. Smith examines the impacts of AVs 

on freight corridor planning (57). Nasri, Bektas, and Laporte explore the issues of route and 

speed optimization for AVs from a logistics network perspective (58). However, neither of these 

studies examine the impact of AVs on urban network operation and performance. 

 

1.7 Methodology 

The study methodology takes an existing planning model (TRM) and modifies it to allow 

the analysis of truck AV impacts. In the context of the four-step planning analysis, changes were 

made to mode split and traffic assignment, but not trip generation or distribution. The truck trip 

OD matrices for single unit trucks (SUTs), multi-unit trucks (MUTs) and light commercial 

vehicles (LCVs) produced by the TRM are altered to create AV and non-AV trips. Then 

adjustments were made as to how the AV trips are handled and change the generalized costs by 

which the AV trips are assigned to the network.  

The differences between how this is done for the Level 4 and 5 analysis are now 

explained. 

 

1.7.1 Level 4 Analysis 

For both level 4 and 5, trip generation and distribution were left unchanged. For mode 

split, SUT and MUT trips were shifted from traditional truck (TV) to blended traditional-
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automated trips (TAV).  In the Level 4 analysis, the LCV trips were untouched. Consistent with 

the SAE definitions, it was assumed that the TAVs would only be able to operate autonomously 

on limited access freeways. 

In the TRM, truck trips fall into ñgoodsò and ñserviceò categories. In the level 4 analysis, 

the study focused only on the good trips. It was assumed that the ñserviceò trips might not be 

amenable to AV conversion because there would be a person on-board anyhow and much of the 

trip would not be on the freeway network. Since the LCV trips were predominantly service trips, 

they were omitted. 

 

 

1.7.2 AV Truck Routing 

The study assumed that the trucks would operate in AV mode only on the freeways. So, 

decisions were made about: 1) how the mode transitions would occur and 2) where they would 

happen.  

For the first question, it was perceived the truck should be standing still and be in a safe 

place. For this, a ñmode change lotò (MCL) was created. At an MCL, a TV would enter, shift to 

AV mode, let the driver disembark, and then move on. At the end of the AV segment, the truck 

would enter a second MCL,  stop, allow a driver to board (or resume control), and then continue. 

These blended TV/AV trips were designated TAV trips. The model currently has four basic 

types of trips depending on the origin and destination TAZ type. A TAZ can be internal (I) or 

external (E), external TAZs lie on the boundary of the region while internal TAZs lie inside the 

boundary of the region. So, four basic trip types exist in the model i.e. II, EI, IE and EE. An II 

trip starts and ends at an internal TAZ. An IE trip starts at an internal TAZ and ends at an 

external TAZ, the opposite is true for an EI trip. An EE trip starts and ends at an external TAZ. 
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To illustrate, an II  trip, that became a TAV trip had three segments: TV, AV, and TV. 

The first TV segment took the truck from the uncontrolled origin to a MCL. The AV segment 

took it from the first MCL to a second where it transitioned back to TV. This pattern also 

pertained to IE, EI, and EE trips where the ñEò end of the trip was on an uncontrolled facility 

such as a rural arterial. In contrast, an EE trip that went to and from entry/exit nodes on 

controlled facilities would only have an AV segment. Finally, for IE or EI trips where the E node 

was on a controlled facility, two segments existed: TV and AV in the first case, AV and TV in 

the second. The same pertained to EE trips where one of the end nodes, but not both, were on a 

controlled facility.  

The differentiation of the E nodes between ñcontrolledò and ñuncontrolledò facilities 

created a new type of periphery node. The E nodes became controlled (C) nodes on controlled 

facilities and uncontrolled (U) nodes otherwise. Finally, nine trip types (II , IU, IC, UI, UU, UC, 

CI, CU, and CC) instead of the traditional four (II , IE, EI, and EE) were defined.  

Figure 2.1 provides a graphical illustration. Using a slightly more complex notation, a trip 

from I i to I j would have three segments in its TAV trip: I iM1, M1M2 and M2I j, using the subscripts 

ñ1ò and ñ2ò to differentiate between the first and second MCLs. An IU trip would become I iM1, 

M1M2, M2Uj and an IC trip would become I1M1 and M1Cj. CC trips would have only one 

segment: CiCj; no intermediate MCLs would be involved. 
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Figure 2.1 Multi-segment trips involving mode change lots 

1.7.3 Mode Change Lot Locations 

For the second question, i.e. where would AV trips happen? a limited number of MCLs 

required was determined. Ideally, they would be at every interchange; but with more than 40 

interchanges in the TRM network, that seemed unreasonable. One (1) to forty two (42)  MCLs 

were examined and it was determined that about 8-10 MCLs was a reasonable number to serve 

the study area.  

Potential MCL locations were identified near zones with high trip productions and 

attractions. Then, a bi-objective p-Median / p-Center integer programming problem was 

formulated. P-median is a widely used location model, used here to minimize the maximum 

distance to MCL and the average weighted distance to MCL. It was as follows: 

 

ὤ ὓὭὲ ύ Ὠz  ύ Ὠz    (1) 
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Subject to: 

Ὠ  zВ ὕὝ  zὈ   (2) 

Ὠ άὥὼὈ   (3) 

В ώ ὴ    (4) 

В ὼ ρ    ᶅὭ   (5) 

Ὀ  В Ὠ ὼz    ᶅὮ   (6) 

В ὼ ὔ ώz    ᶅὮ   (7) 

Where, 

ύ  and ύ are weights for average weighted distance to MCL (Ὠ  and maximum 

distance to MCL (Ὠ  

i = 1...N are the internal TAZs, 

j = 1...J are the MCL options,  

ὼ  is an indicator variable which represents if a TAZ is assigned to its MCL (i.e. ὼ ρ 

if assigned else 0) 

dij is the distance from TAZ i to MCL j,  

yj is an indicator variable which represents if a TAZ is chosen to be a MCL (i.e. yj = 1 if 

TAZ is an MCL else 0) 

OTi is the total of the originating and terminating truck trips for TAZ i,  

Di the distance to the MCL assigned from TAZ i and 

p is the number of MCLs allowed. 

 

In equation 2, Q is the sum of the OTi values: 



 

19 

 

 

ὗ  В ὕὝ    (8) 

 

Equation (2) computes the OT-weighted average distance from the TAZs to the MCLs. 

Equation (3) computes the maximum distance from any TAZ to its assigned MCL. Equation (4) 

ensures that only p MCLs are selected, where p is a user input. Equation (5) ensures that every 

TAZ is assigned to an MCL. Equation (6) computes the distance from each TAZ to its assigned 

MCL. Equation (7) ensures that TAZs are assigned only to MCLs that have been selected. 

LINGO (59), a commercial math optimization software product was used to obtain the solution. 

To facilitate ex-post-facto analyses, an additional equation was included that calculated 

the actual average distance from the TAZs to the assigned MCLs: 

 

Ὠ  В
Ὀ
ὔ   (9) 

 

Figure 2.2 shows the downward trend in the weighted and unweighted average distances 

to the MCLs as the number of locations increased. There was no minimum. The trend continued 

to decline as more MCL locations was allowed. However, it became clear that the most 

significant drop occurred as the number increased up to about 14. Since adding more MCL 

locations would increase costs, eight (8) MCLs were selected and have been used for analysis in 

the remainder of this study. The reason for selecting eight (8) MCLs is presented next. 

 



 

20 

 

 

Figure 2.2: Downward trend in the weighted and unweighted distances to the internal 

TAZs as the number of MCLs increases 

It is useful to note that the locations chosen changed dramatically at first and then 

stabilized. Figure 2.3 illustrates this. Notice, for example that the site chosen when p =1 did not 

reappear in the chosen set until p = 12. In contrast, site ñ9ò was selected when p = 2 (two sites 

allowed) and was included in every solution thereafter. The frequency with which the sites was 

selected was important information in determining which site should be selected. At eight (8) 

sites there seemed to be permanence in the selections. That is, the sites chosen when p = 8 

remain chosen as part of the ñbestò set thereafter. Hence, from an investment standpoint, not only 

is p = 8 a good solution, but investments in those 8 sites would remain valuable if more sites 

were added later.  
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Figure 2.3: Trends in the sites chosen as the number of allowable MCL sites increases 

The location of sites for the p = 8 solution are shown in Figure 2.4. As can be seen, they 

are predominantly toward the northwest. They happen to center around the regional airport (not 

shown). 

 

Figure 2.4: MCL Locations on the Highway Network for the 8-site solution 

1.7.4 Mode Split / Diversion 

For mode split, which in our case is trip diversion from TV to TAV, three rules were 

assumed to determine which OD pairs were eligible for TAV trips: 

i. the OD flow had to exceed a minimum of 200 trips.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

1 x

2 x x

3 x x x

4 x x x x

5 x x x x x

6 x x x x x x

7 x x x x x x x

8 x x x x x x x x

9 x x x x x x x x x

10 x x x x x x x x x x

11 x x x x x x x x x x x

12 x x x x x x x x x x x x

13 x x x x x x x x x x x x x

14 x x x x x x x x x x x x x x

15 x x x x x x x x x x x x x x x

16 x x x x x x x x x x x x x x x x

Number of 

Mode Change 

Lots 

Mode Change Lots Selected
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ii.  The circuity relative to the straight-line distance between the zones could not be 

more than P percent. P = 15% and P = 25% were used. 

iii.  The AV segment for the TAV trip had to exceed a minimum distance of 20 miles. 

Two diversion percentages were assumed for AV trips, 30% and 100%. The study did not 

attempt to formulate a formal mode split equation akin to Huang and Kockelman but rather 

focused on how the diversions would affect peak hour flows and congestion (37).  

For 30% diversion, 30% of the TV trips were removed and converted to TAV trips. For 

the TAV trips, segment flows were added back into the trip table for OM1, M1M2, and M2D. 

Where M1 and M2 denote the MCLs and O and D denote origin and destination.   

To describe the adjustment process, some matrix notations are useful. Let T be the matrix 

of all trips for a given truck and trip type in time period n. (subscripts for truck type, trip type, 

and time period omitted to simplify notation.) Tij is an element of matrix T. T is partitioned based 

on whether the origin and the destination are of type I, M (MCL), U, or C. This creates 16 

mutually exclusive submatrices: TII, TIM, TIU, TIC, TMI, TMM, TMU, TMC, TUI, TUM, TUU, TUC, TCI, 

TCM, TCU, and TCC. Allowing that the nodes in U and C were originally in set E, nine of these 

submatrices are original: II , IU, IC, UI, UU, UC, CI, CU, and CC. These sub-matrices are used to 

capture the trips that were not converted to TAVs. The five new ones ï IM, MI, MU, MC, UM, 

UC, and CM ï are employed to capture the segments of the new TAV trips.  

The following pseudo code describes the logic that was followed for all ij  pairs in time 

period n for which diversions occurred (M1 and M2 are part of the chosen set of MCLs as 

described above) : 

1) Decrement Tij by P% 

2) For II , IU, UI, and UU trips, add P%* Tij to TiM1, TM1M2, and TM2j in time period n 
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3) For IC and UC trips, add P%* Tij to TiM1 in time period n and TM1j in an 

uncongested time period. 

4) For CI and CU trips, add P%* Tij to TiM1 in an uncongested time period and add 

TM1j to time period n. 

5) For CC trips, add P%* Tij to Tij in an uncongested time period. 

 

1.7.5 Traffic Assignment 

For traffic assignment, a modified version of the TRM process was employed. The TRM 

uses a time equivalent for the path teq based on the congested travel time timep , tolls tollp and 

value of time vot (SUT or MUT): 

 

teqp = timep + tollp / vot    (10) 

 

The times are arc dependent, tolls exist on some arcs, and the tolls are distance dependent 

with rate r. Equation (10) can thus be rewritten based on the arcs a Í Ap that are in path p: 

 

[ ]/
p

p a a

a A

teq time r dist vot
Í

= + *ä    (11)  

 

The modification to (11) for the SUTs and MUTs employed a generalized cost: 

 

p p p p pC time toll dist pena b g d= * + * + * + *   (12) 

Where, ‌ is the costant for time-dependent cost,  

 ɓ is the constant for the toll cost,  

 ɔ is the constant for distance- dependent cost, and  

 ŭ is the constant for penalty associated with choosing lower class facilities.  

 

The terms capture time-dependent costs for the trucks, the tolls, distance-dependent costs, 

and a penalty for choosing lower class facilities (implicitly, a toll).  

Since the third term uses a distance-based rate and the penalties are distance-and-facility-

type dependent, the generalized cost was rewritten as: 

 

p p p p

p a a a a

a A a A a A a A

C time toll dist pena b g d
Í Í Í Í

= * + * + * + *ä ä ä ä   (13) 
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The distance dependency for the second, third, and fourth terms meant they could be 

combined into an equivalent toll for each arc eTolla = ɓ* ra*dista + ɔ*dista + ŭ*pena*  dista. Then 

summing Tolla values across the arcs to create eTollp: 

 

p p

p p p a a

a A a A

C time eToll time eTolla b a b
Í Í

= * + * = * + *ä ä    (14) 

Finally, since vot was the same as the coefficient Ŭ, dividing equation (14) by Ŭ on both 

sides yields: 

 

( )/ /
p p

p p p a a

a A a A

teq time eToll vot time eToll votb b
Í Í

å õ
= + * = + *æ ö

æ ö
ç ÷

ä ä   (15) 

 

A value of Ŭ = $1 per minute, ɓ = $0.15 per mile, ɔ = $1.73 per mile was used. The pena 

values are shown in Table 2.1. 

 

 

Table 2.1: Penalties for facility use ($/mile) by facility type 

  Functional Class 

  11 12 13 14 15 16 21 22 23 24 25 26 99 

New 

Penalty 

(pena) 

($/mile) 

0 0 0.3 1 2 3 0 0 0.3 1 2 3 0 

 

The values of time (VOTs) by vehicle class were adjusted to match the trends in TRM 

median income in terms of 2016 dollars (See Table 2.2). 

 

Table 2.2: Values of Time by Vehicle Type 

Vehicle Class VOT US median income 2016$ 

VOT NC 

median 

income 

2016$ 

VOT TRM 

median 

income 

2016$ 

Median Income 

2016 
$57,617  $50,584  $61,004  

SOV $14  $12  $15  

HOV2 (1.75 x SOV) $24  $21  $26  

SUT  $35  $30  $37  

MUT $70  $60  $75  

 

SUTs and MUTs were also kept from using High Occupancy Toll (HOT) links. 

Consistent with what the TRM, the MUTs were assigned first, choosing all-or-nothing paths 
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based on teqp from equation (15). These pre-loads downward adjusted the capacity values and 

upward adjusted the travel times. 

The SUTs were subsequently assigned as part of the standard multi-modal equilibrium 

assignment process. Equation (15) was used for the SUTs and equation (10) for the SOVs and 

HOVs. 

 

1.8 Level 5 Analysis 

For the level 5 analysis, the study focused on both ñgoodsò trips and the ñserviceò trips. 

As a result of including the service trips, LCV trips were also included. 

 

1.8.1 Problem Setup 

The level 5 analysis assumed that the AV trucks could operate anywhere on the network. 

Our main hypotheses were: 

¶ The logic pertaining to the SUTs and MUTs remains same. 

¶ A percentage pg% of the SUT, MUT and LCV trips could be diverted to AVs. For 

SUTs and MUTs, a 100% for pg% was examined. For the LCVs, 30% and 100% 

for pg% were explored. 

¶ AV trips between EE and EI ODs could be moved out of the peak congested 

period.  

¶ LCV trips converted to AV can be added to SUT trips using PCE. 

For trip generation there was no change. For ñmode splitò (trip diversion), either 30% or 

100% of the TV trips were converted to AV trips (there are no TAV trips). 

1.8.2 Traffic Assignment 

For traffic assignment, the same process employed in level 4 was used. The teqp values 

for the SUTs and MUTs were based on the generalized cost described in Equation (15). The 

MUTs were pre-loaded, and the SUTs were assigned as part of the normal multi-modal 

equilibrium assignment process. The LCV trips that were converted to AV trips were folded into 
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the SUT trip matrix, the LCV-related AV trips were also subjected to the teqp calculation based 

on generalized cost. 

 

1.9 Results 

 

1.9.1 Level 4 

Since SUT and MUT flows were small, changes were hard to see in flow maps or 

aggregate measures. The shift from TVs to a mixture of TVs and TAVs did not have a profound 

impact on the urban network. 

 The redirection of the OD flows to make greater use of the freeway 

network (AV segments), introduced increased flows on the freeways and more vehicle miles 

traveled (VMT) on the rest of the network (trip lengths were longer). The offsetting change was 

that the AV segments for the trips that had C origins and destinations, including CC trips were 

removed.  

Table 2.3 shows the changes in VMT and vehicle miles traveled (VHT) that occurred. 

The top two columns show the total VMT and VHT for the 2045 base case. The remaining rows 

show the decreases (negative) and increases (positive) in VMT and VHT by functional class and 

scenario. In the case of 15% circuity and 30% diversion, the VMT dropped by 10,899 on the 

urban interstates while it increased on the rest of the urban functional classes.  
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Table 2.3: Changes in VMT and VHT by Function Class for the Level 4 Scenarios Explored. 

  Base 2045 
Level 4 

Circuity =15% Circuity = 25% 

FCLASS 

Base 

VMT 

Total 

Base 

VHT 

Total 

30% 

Delta 

VHT 

Total 

100% 

Delta 

VHT 

Total 

30% 

Delta 

VMT 

Total 

100% 

Delta 

VMT 

Total 

30% 

Delta 

VHT 

Total 

100% 

Delta 

VHT 

Total 

30% 

Delta 

VMT 

Total 

100% 

Delta 

VMT 

Total 

Urban Interstate 19.8% 15.5% -7.8% -989.2% -89.0% 64.0% -4.4% 
-

333.5% 
-69.0% 69.7% 

Urban Freeway/ 

Expressway  
9.6% 7.8% 13.4% 291.2% 50.5% -11.4% 14.4% 111.5% 44.1% -14.5% 

Urban Principal 

Arterial 
9.9% 13.2% 28.6% 489.5% 46.9% -6.7% 29.9% 195.0% 42.5% -8.3% 

Urban Minor 

Arterial 
13.0% 17.9% 32.5% 487.2% 55.1% -3.0% 30.9% 155.1% 43.0% -3.4% 

Urban Collector 6.5% 9.4% 12.9% -17.9% 12.5% 7.6% 11.0% -5.1% 10.4% 8.2% 

Urban Local  13.3% 16.9% 25.6% 362.5% 71.5% -9.1% 21.9% 124.6% 58.8% -10.6% 

Rural Interstate 6.7% 3.6% -28.0% -1225.5% 
-

217.7% 
105.9% -27.8% 

-

421.4% 

-

180.1% 
117.5% 

Rural Principal 

Arterial 
4.2% 2.4% 6.9% 286.4% 74.8% -27.9% 7.0% 103.7% 65.3% -32.7% 

Rural Minor 

Arterial 
2.9% 2.1% 0.4% -33.9% 3.0% 2.3% 0.8% -6.5% 3.7% 2.0% 

Rural Major 

Collector 
5.3% 4.1% 4.6% 66.0% 17.2% 2.1% 5.0% 31.3% 15.0% 1.2% 

Rural Minor 

Collector 
2.1% 1.5% 1.2% 44.8% 8.4% -2.1% 1.3% 17.6% 8.3% -2.8% 

Rural Local 6.5% 5.3% 9.1% 322.5% 65.2% -21.2% 9.1% 122.4% 56.8% -25.8% 

Centroid 

Connectors 
0.1% 0.3% 0.6% 16.3% 1.5% -0.5% 0.8% 5.2% 1.2% -0.5% 

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
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The VMT on the rural interstates dropped 26,659 while the VMT for the rest of the 

functional classes increased. The result was a net VMT increase. In contrast, for the 100% 

diversion scenario, the total VMT change was negative. VMT decreased. More broadly, the 

interstates were the source of the decreases, the other functional classes caused increases, and 

only in the 100% diversion scenarios did the VMT decrease. Otherwise, both the VMT and VHT 

increased. 

Figure 2.5 shows a network picture of where the increases and decreases occurred, by 

link and direction. It can be seen that the reductions (on the left) occurred on the freeways. The 

increases (on the right) occurred on other functional classes. The band width scales are the same. 

The decreases seem to be more substantial because they are flows on the freeways. The increases 

seem smaller because they are distributed across the links in the other functional classes. 

Figure 2.5 presents the results only for the scenario with 100% diversion and 15% 

circuity (plots for the other scenarios are similar). So while shifts toward AVs may be beneficial 

for many reasons, expecting these shifts to produce savings in VMT or VHT during the peak 

hours may not be defensible. 

 

1.9.2 Level 5 

Table 2.4 shows the base case results (the numbers are the same as for level 4) and the 

change in total VMT and VHT, by functional class. For both 30% and 100% diversions, the 

VMT and VHT decreased. The savings are substantial for all functional classes. There are also 

cumulative savings in VMT and VHT.  The 100% diversion scenarios produce greater changes 

than for the 30% scenarios.  
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Figure 2.6 shows a network picture of where the increases and decreases occurred, by 

link and direction. The reductions (on the left) occurred on the freeways and increases (on the 

right) occurred on other functional classes (band width scales are same). 
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Figure 2.5: Increases and decreases in the link flow rates, by direction for the Level 4 100% diversion scenario with a 

15% limit on additional circuity  

 

Decrease in flow rate   Increase in flow rate 

(Base Flow> Scenario Flow)  (Base Flow <Scenario Flow) 
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Table 2.4: Changes in VMT and VHT by Functional Class for the Level 5 Scenarios Explored. 

  Base 2045 
Level 5 

30% LCV, 100% SUT & MUT  100% LCV, SUT & MUT 

FCLASS 
Base VMT 

Total 

Base VHT 

Total 

30% Delta VHT 

Total 
30% Delta VMT Total 

100% Delta VHT 

Total 

100% Delta VMT 

Total 

Urban Interstate 19.8% 15.5% 19.8% 15.5% 21.5% 20.8% 

Urban Freeway/ 

Expressway  
9.6% 7.8% 9.6% 7.8% 5.9% 4.6% 

Urban Principal Arterial 9.9% 13.2% 9.9% 13.2% 10.5% 5.9% 

Urban Minor Arterial 13.0% 17.9% 13.0% 17.9% 13.6% 7.0% 

Urban Collector 6.5% 9.4% 6.5% 9.4% 8.3% 5.6% 

Urban Local  13.3% 16.9% 13.3% 16.9% 8.2% 5.1% 

Rural Interstate 6.7% 3.6% 6.7% 3.6% 16.1% 28.3% 

Rural Principal Arterial 4.2% 2.4% 4.2% 2.4% 2.9% 4.7% 

Rural Minor Arterial 2.9% 2.1% 2.9% 2.1% 2.5% 3.3% 

Rural Major Collector 5.3% 4.1% 5.3% 4.1% 4.3% 6.1% 

Rural Minor Collector 2.1% 1.5% 2.1% 1.5% 1.7% 2.6% 

Rural Local 6.5% 5.3% 6.5% 5.3% 4.6% 6.1% 

Centroid Connectors 0.1% 0.3% 0.1% 0.3% 0.1% 0.1% 

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
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Figure 2.6: Increases and decreases in the link flow rates, by direction for the Level 5 100% diversion scenario 

Decrease in flow rate                              Increase in flow rate 

(Base Flow> Scenario Flow)                             (Base Flow <Scenario Flow) 
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1.10 Summary and Conclusions 

 

This chapter presents the findings of a travel demand modeling study focused on 

autonomous freight trips in the Triangle Region of North Carolina for the year of 2045.   

For autonomy level 4, the AVs were assumed to operate autonomously on controlled 

access facilities like freeways; and are assumed to be more amenable to AV operation than 

ñlower classò facilities. For autonomy level 5, it was assumed that they can use any link although 

weights are used to encourage ñhigher-typeò facilities usage.  

The three main questions addressed were: 1) to what extent can AVs reduce the peak 

period levels of congestion, 2) what operational changes will be needed, and 3) what if any 

special facilities might be needed to accommodate these flows. There are different treatments 

done for AV trips depending on the level of automation.  

In level 4, the traditional truck (TV) trips were converted to blended traditional-

automated trips (TAVs). For level 5 it was assumed that all TV trips will become AV trips. Level 

4 also imposed ñcircuity restrictionsò on the trips: that is, an eligible TV-to-AV conversion 

would only become a TAV trip if the extra distance traveled by the TAV trip was below a 

threshold. Two sub-scenarios were considered: one where 30% of both the SUT and MUT trips 

and another 100% of both the SUT and MUT trips would be diverted to AVs. LCV trips were 

not converted to AV, assuming it is a more advanced scenario for level 4 in 2045. This was 

because LCVs are primarily ñserviceò trips where a person provides an expertise based service 

(plumbing) which might not be as easy to automate in the near future. 

For mode split (diversion) of TV to TAV trips, three rules were applied: (a) the number 

of trips had to exceed a minimum threshold, (b) the circuity of the TAV trip had to be no greater 

than p% longer than the straight-line distance (15% and 25% used), and (c) the length of the AV 
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portion of the trip had to exceed a minimum length (20 miles). For OD pairs that satisfied these 

criteria, OD trips were reduced (by p%) and new TAV trips were created. For the IC, UC, CU, 

CI, and CC trips, the AV segment was moved out of the original time period to another time 

period when congestion was not an issue.  

For traffic assignment, a modified version of the normal TRM process was employed. A 

generalized cost equation was created that had four components: a time-dependent cost for the 

trucks, the tolls, distance-dependent costs, and a penalty for choosing lower class facilities 

(implicitly, a toll). The value of time (VOT) was then used to factor this cost into the time 

equivalent for a particular path. Then using the highway assignment process MUTs were 

assigned first (all-or-nothing basis using the new time equivalents). These pre-loads resulted in a 

downward adjustment to the capacity remaining on the links used (by direction) and an upward 

adjustment to the starting values of the travel times. Then SUTs were assigned as part of the 

standard multi-modal equilibrium assignment using time equivalents pertaining to SUTs.  

The level 4 study findings were as follows. First, because the SUT and MUT flows were 

small, significant changes were not seen. Second, treatments like shifting TV trips to TAV trips; 

rerouting the TAV trips with greater circuity (so that they made use of the freeways), and 

shifting the AV trips out of the peak created mixed impacts. The shift toward longer trips for the 

TAVs increased VMTs and VHTs in some facilities while reduced the VMTs and VHTs in 

others. Third, changes in total VMT and VHT by functional class indicated that there were 

decreases in VMT and VHT on the freeways, both urban and rural, but an increase in other 

facilities like urban & rural collector-distributors and urban & rural arterials. This trend was 

observed for both 30% and 100% AV diversion rates at circuity of 15% and 25%.  
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For the level 5 analysis all three truck trips i.e. LCV, SUT and MUT trips, were treated. 

The logic pertaining to the SUTs and MUTs was the same. A percentage of the SUT, MUT and 

LCV trips were diverted to AVs: for SUTs and MUTs, a 100% and for the LCVs, 30% and 100% 

were explored. The AV trips for EE and EI OD pairs were moved out of the peak congested 

period. For ñmode splitò (trip diversion) TV trips were diverted to AV trips. For traffic 

assignment, the same process as level 4 was employed. The time equivalents for the SUTs and 

MUTs were based on the generalized cost as described earlier.  

The same trends in cumulative VMT and VHT as level 4 were observed. However, the 

decreases in VMT and VHT were more substantial.  

The methodology and results presented in this chapter are complete for all the suggested 

scenarios for both Level 4 and Level 5 automation. Hence, no further work is anticipated for in 

chapter. This work has been presented at the North Carolina Association of Metropolitan 

Planningôs (NCAMPO) 2022 annual conference, North Carolina Department of Transportation 

(NCDOT) 2021 Research & Innovation Summit, the 2021 National Travel Monitoring 

Exposition and Conference (NaTMEC), and the North Carolina Section of the Institute of 

Transportation Engineers (NCSITE) 2019 annual meeting. The work presented in this chapter 

was also peer-reviewed and accepted by the Transportation Research Board (TRB) for a poster 

presentation at the 2023 TRB annual conference.  
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CHAPTER 3 

1.11 Introduction  

While connected and autonomous automobiles seem to be the major media focus 

presently, it may be autonomous trucks that emerge first in significant numbers. There are 

economic drivers, like reduced labor costs, that will drive carriers, shippers, and receivers toward 

the use of this technology. 

The question is: how will this technology be accommodated? How will it fit into the 

existing highway environment? Will it be disruptive? Will truck AVs be compatible with the 

existing mix of highway traffic? Will this depend on the percentage of the traffic stream that is 

truck AVs? It is not clear. Pictures of truck AV prototypes suggest they will look very different 

from existing trucks. For example, they do not have cabs. They look more like the push-back 

tractors that move planes at airports - low and boxy ï or overgrown sports cars than present 

tractor-trailers or single unit trucks.  

This study examined the way in which autonomous trucks might inter-relate with the 

existing traffic stream using microsimulation. A model is created for a hypothetical section of 

freeway that included both a basic freeway section with no ramps and one that included an on 

and off ramp in sequence. Simulations of this facility were conducted for reasonable, but not at-

capacity flow rates, and examined the travel rate distributions and lane changing activity with 

and without truck AVs. Also, reasonable ideas about how truck AVs might be accommodated 

were explored, like setting a policy that they should make use of the middle lane and not operate 

anywhere on the facility.  

Technically, CAV trucks were modeled, and not AVs. That is, it was assumed that the 

autonomous trucks could talk to one another. While there is evidence of AV autos, that lack 
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communication capabilities, and in some ways, they are already here, it seems far less likely that 

AV trucks will emerge that cannot communicate. Most trucks, particularly the ones that are 

large, over-the-road tractor-trailers, are already equipped with communication technology and 

sensors. It was assumed that the robotic control will be added. So anywhere in this report where 

AV trucks are mentioned, the implicit assumption is that the autonomous trucks (AVs) are CAVs 

i.e. they not only can operate autonomously and can communicate with each other. The acronym 

ñTCAVò is used in the study to refer to autonomous truck AVs. 

The representation of the TCAVs is based on the premise that they would behave 

differently based on where they were in the traffic stream relative to other vehicles. If they were 

following another TCAV, they would behave one way; and when following a traditional vehicle, 

differently. Hence, the TCAV headways were modeled as dynamic and made dependent on 

whether a TCAV was following another TCAV or not. Adjusted model parameters were used to 

represent vehicular ñcar followingò and lane changing; and models of both that were more 

consistent with anticipated TCAV behavior.  TCAVs were assumed to use shorter time and/or 

space headways and that they can operate in a platoon mode when in a string of TCAV trucks, 

while maintaining longer headways when following other vehicles. This was done by having the 

TCAVs use a car following that depended on the vehicle in front of it. 

The other vehicles in the traffic stream were assumed to be traditional vehicles, including 

traditional vehicles (TVs) i.e. autos, and traditional trucks (TTs) i.e. non-CAV trucks. These 

vehicles were presumed to be human driven.  

Since trucks are generally more limited in their maneuverability, our analysis included a 

major focus on lane changing. The extent to which lane changing was affected by the presence of 
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the TCAVs was monitored. This included an investigation of the extent to which lane use 

restrictions, imposed on the TCAVs, might affect the operation of the freeway.  

This remainder of the study is organized as follows. First, a review of the technical 

literature focused on modeling autonomous and connected trucks in a mixed traffic environment 

is presented. Second, the methodology is explained; where the algorithms used to model the 

behavior of each vehicle type are provided. Third, the analysis and results are described, and 

finally the summary and conclusions from the study are presented. 

1.12 Literature Review 

Hurtado-Beltran and Rilet studied the impact of CAV Truck Platooning on the Highway 

Capacity Manualôs Capacity and Passenger Car Equivalent Values. They used the equal capacity 

passenger car equivalent (EC-PCE) methodology from the manual to estimate capacity and EC-

PCEs for CAV truck platoons on freeway segments. The EC-PCE values for CAV trucks were 

on an average, 34.3% lower compared to the values for non-CAV trucks. The study shows that 

CAV platoons can have a positive effect on highway capacity. The decrease in the EC-PCE 

value depends on the CAV operational assumptions made by the study (60).  

Yang et. al. assessed the safety performance of the Wyoming Connected Vehicle pilot 

deployment program under adverse weather conditions. A 23-mile section representative of the 

I-80 corridor was chosen to for the microsimulation model. Field data under winter snowy 

weather condition were collected to calibrate the base model. Various connected vehicle (CV) 

demand levels and CV penetration rates were studied and the reductions in conflicts displayed a 

decreasing trend with the increase of CV penetration rates. When all trucks were CVs, a 

maximum reduction in in conflicts of 85% was observed. (61) 
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Song et. al. developed a cellular automata (CA) model to simulate the influence of 

autonomous truck platoons (ATPs) on traffic flow. The model used a fine cell size as 0.5 m 

(length) plus 3.5 m (width). To examine the necessity of dedicated lane for ATPs, three scenarios 

were developed based on a three-lane expressway. In scenario 1, light vehicles were allowed on 

all three lanes and trucks on the two right most lanes. In the scenario 2, both the single truck and 

ATPs were allowed on the two right most lanes. In the scenario 3, the ATPs were limited to only 

the rightmost lane. They observed queuing in all three scenarios but scenario 3 was observed to 

have longer queues as compared to the other scenarios. With the increase of vehicles density, 

scenario 3 may encounter serious congestion eventually. An examination of the lane changing 

behavior showed that there was no significant difference in lane changing frequency among the 

three scenarios. The light vehicles were found switching lanes frequently when their front 

vehicle was a truck or ATPs, this was especially true for scenario 3. This caused longer ATPs to 

form naturally such that the rightmost lane nearly became a truck only lane. For scenario 3, the 

two rightmost lanes had worse congestion than the other scenarios. (62) 

Calvert et. al. studied the effects of truck platooning on traffic flow. They proposed 

extensions to simulation to better model truck platoon interactions. They observed that traffic 

flow was negatively affected by truck platooning, especially in saturated states. Effects on 

merging were also explored. Merging was found to be effected but the impact was not too 

detrimental for short platoon sizes. (63)   

Lee et. al. proposed a framework for exploring traffic mobility and safety performance 

for different market penetration rate (MPR) of truck platoons. Their study was based on 

microscopic traffic simulation in VISSIM using a platoon formation algorithm developed by the 

team. The results indicated that the difference in network mobility performance was not 
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significant up to MPR of 80%. For the truck-designated lane, the average speed was found to be 

lower than in other lanes. Moreover, the on-ramp section in the truck-designated lane had an 

average speed that was 33% lower. Increasing truck platoon MPRs were found to have a positive 

effect on longitudinal safety but a negative effect on lateral safety. (64)  

Duret et. al. devised an efficient method for splitting a platoon of vehicles near network 

merges. A model-based bi-level control strategy was proposed. The main motivation was to 

provide a solution to the problem of active platoon maneuver near merges for both CAV and 

mixed traffic conditions. The hierarchical framework proposed uses an analytical car-following 

model to decide optimal tactical decisions. It then uses a more detailed model to predict and 

control operational acceleration dynamics of trucks. The tactical part of the provides optimal 

vehicle indexes in the platoon to yield gaps for merging vehicles and time instants they should 

start the yielding process. This was decided taking into account a speed drop that they can accept 

compared to the equilibrium speed. The operational part utilizes a third-order longitudinal 

dynamics model to estimate optimal truck accelerations so that new equilibrium gaps can be 

formed when the merging vehicles begin lane changing.(65)  

Mesa-Arango and Fabergas assessed the impacts of ATPs on travel time and travel time 

reliability at freeway diverge areas. They proposed a framework to integrate ATPs into a 

microscopic traffic simulator. The impact of four experimental variables on travel time and 

reliability was examined: (i) traffic volume projections, (ii) ATP penetration rates, (iii) ATP 

sizes, and (iv) ATP gaps. Two performance metrics were employed, and statistical analysis was 

done to measure impacts on through and divergent traffic. The results indicated the significance 

and impact of experimental variables on travel time and reliability.(66) 
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Research on autonomous trucks is dominated by autonomous trucking related work, 

however, another largely explored area worth mentioning is the challenges that come with 

human interactions with autonomous and connected vehicle technologies.  A slew of studies 

focus on the behavioral impacts on trucks drives in the context of autonomous driving.  Zhang et. 

al. studied how safe and comfortable transitions of control from the automated system back to 

the human drivers can be made. They examined truck driversô take-over response times after a 

system-initiated request to take back control in non-critical truck platooning scenarios. Truck 

driving simulator experiment was conducted on 22 professional truck drivers and subjects were 

instructed to drive under three conditions during highly automated driving:  

Driver monitoring condition i.e., drivers were instructed to monitor the surroundings,  

Driver not-monitoring condition where drivers were provided with a hand-held tablet and 

were asked to use it, and  

Eyes-closed condition where the drivers were not allowed to open their eyes. The take-

over response time was assumed to comprise the perception response time and the movement 

response time.  

Results indicated longer total take-over times with high variability for the Driver not-

monitoring and Eyes-closed conditions. Hand movement response time was observed to be the 

major component of the total take-over time. It was influenced by the movements done to resume 

physical readiness before taking over control, like putting away the tablet, or adjusting the seat. 

(67) Many other researchers have looked into the taking-over process for truck drivers operating 

AV, CAV, and CV trucks. (<i>68</i>ï<i>72</i>)(<i>68</i>ï<i>72</i>)(<i>68</i>ï

<i>72</i>)(<i>68</i>ï<i>72</i>)(<i>68</i>ï<i>72</i>)(68ï73) 
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1.13 Methodology 

The main objective was to explore the extent to which highway operations, especially on 

freeways, might be affected by the presence of the TCAVs. It was perceived that the best way to 

do this was to create a microscopic simulation model of this mixed vehicular environment and 

apply that model to typical freeway situations; namely, a basic freeway section and a typical 

urban setting that involved an on ramp followed by an off-ramp. The impacts of specifying 

which lanes could be used by the TCAVs, either all lanes or just the middle lane, was also 

studied. 

Many microscopic simulation software options exist ï VISSIM, PARAMICS, 

TransModeler, and CORSIM. Of these, TransModeler is the platform that NCDOT typically 

employs. However, for this study, dependence on pre-programmed logic for TCAVs was 

avoided. The ability to directly control the TCAV lane changing and car-following decided the 

choice of software to be used. Hence, an open source software like SUMO was chosen because it 

allows the user to select from models available in the literature rather than relying solely on 

models provided in the application framework (40). It also offers easy to use output file formats 

that provide a detailed picture of lane changing maneuvers/ events during simulation.  

Since lane changing behavior was of significant interest, SUMOôs lane-changing model 

is described in detail here. The default lane changing model in SUMO i.e. LC2013 (74) uses a 

four-layered hierarchy of motivations to determine what a vehicle will do in terms of its lateral 

behavior. Four incentives are employed to determine if a lane change will take place: 1) strategic 

change, 2) cooperative change, 3) tactical change, and 4) regulatory change. A strategic lane 

change is one when a vehicle must change its lane in order to be able to reach the next edge on 

its route. A cooperative represents the real-world situations when vehicles/ drivers change lanes 

solely to help another vehicle with lane changing towards their lane. Tactical lane changing 
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refers to maneuvers where a vehicle attempts to avoid following a slow leader. Regulatory lane 

changes are motivated by mandatory traffic laws. For example, in countries with right-handed 

driving, drivers are under the obligation to clear the passing lane whenever they do not use it for 

an overtaking maneuver.  

The lane-changing model has several parameters, but only three values were changed 

from their defaults to emulate the TCAVs. As research on this area grows, more information will 

be available about parameter values specific to a vehicle type, but at present, no reference 

sources exist. The following parameters were modified: 1) lcStrategic, the look-ahead distance 

for strategic decision making, which was set to 1000 for the TCAVs and human driven trucks; 2) 

lcLookaheadLeft, the distance that vehicles look ahead for lane changing opportunities, which 

was set at 1000 for all vehicles, and 3) lcAssertive , the willingness to accept lower front and rear 

gaps on the target lane (The required gap is divided by this value), which was set at 2 for all 

vehicles.  

For car-following, the model built on the work of Xiao et al was employed.(75), 

Nowakowski et al.(76) ,  Milanes and Shladover(77) and Xiao et al. (78). It is assumed that the 

TCAVs obtain information about their surroundings using onboard communication and sensing 

equipment. Driving decisions are made using line-of-sight and signals received or intercepted 

from other connected vehicles and/or the infrastructure. The communication capability enables 

the TCAVs to ascertain the real-time motion of other vehicles, respond to driving changes of 

vehicles in their vicinity and the traffic stream almost instantaneously (mechanical delay and 

communication latency make up the essential parts of the delay for the TCAVs. It was assumed 

that the TCAVs can communicate with all other TCAVs in their vicinity and that the TCAVs can 

form platoons that involve shorter following time gaps. The TCAV can operate in three modes: 
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¶ Cruising: the TCAV maintains either a user-defined desired speed or posted speed 

limit in absence of a preceding vehicle; 

¶ Car-following: the TCAV maintains a fixed time gap to its preceding vehicle; and 

¶ Gap closing: the TCAV transitions from the cruising mode to car-following mode 

when it approaches a preceding vehicle that was a long distance away. 

The cruising mode for the TCAVs is treated like AVs. It is activated when there are no 

preceding vehicles in the range covered by the sensors or when the time-gap with the leading 

vehicle is larger than two (2) seconds. However, the car-following mode for CAVs is quite 

different from that for AVs and is triggered when the gap and speed deviations are 

simultaneously smaller than 0.2 m and 0.1 m/s, respectively. Vehicle speed under this mode is 

calculated from the vehicle speed in the previous time step, as well as the gap error in the 

previous time step and its derivative. The details of this calculation for the TCAV car-following 

mode are provided below. 

 

     (4) 

The gap error (en,j-1) in equation 4 is determined as: 

    (5) 

where: 
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The dynamic spacing margins for the TCAVs, d0, is a function of the vehicle speed as 

follows: 

 

The third, gap-closing mode, regulates the transition from the cruising mode to the car 

following mode when a CAV approaches its leader from a long distance. This mode is triggered 

when the time-gap is less than 1.5 seconds. Under this mode, the mathematical formulation of 

speed is identical to that of the car-following mode. However, the values for kp and kd 

parameters are 0.005 s-1 and 0.05, respectively. 

For traditional vehicles, the widely used psycho-physical model by Wiedemann (79, 80) 

was utilized. The model asserts that the driver of a faster moving vehicle approaching a slower 

vehicle will initiate deceleration upon reaching their personal perception threshold. At any given 

moment, a driver is assumed to be in one of the four modes: free driving, approaching, 

following, or braking. Acceleration by mode is determined by the current speed, speed 

difference, space headway and the individual characteristics of driver and vehicle. The parameter 

values for TVs and TTs in this study are given in Table 3.1 and Table 3.2 show the parameter 

values used for the car following and lane changing models for TVs, TTs, and TCAVs (the 

values changed are shown in bold, rest of the values are defaults for the parameters): 
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Table 3.1: Parameter values in car following for Traditional Vehicles (TVs), Traditional Trucks (TTs), and Truck CAVs 

(TCAVs) 

Wiedemann  Car Following 

Parameter 

Traditional 

Vehicles 

(TVs) 

Traditional 

Trucks 

(TTs) 

CACC Car Following 

Parameter 
TCAVs 

CC0 (Stand still distance) 1.5 m 1.5 m ɇ (Desired time-gap in secs) 1.05s 

CC1 (Headway time) 1 s 1.8 s L (Length of the vehicle) 15.25m 

CC2 (Following variation) 2 m 2.4 m  minGap (Minimum gap 

when standing) 
2.5m 

CC3 (Threshold for entering following) -8 -8 SpeedDev (Speed deviation) 0 

CC4 (Negative following threshold) -0.35 -0.35 

CC5 (Positive following threshold) 0.35 0.35 

CC6 (Speed dependency of Oscillation) 11.4 11.4 

CC7 (Oscillation Acceleration) 0.25 m/s2 0.25 m/s2 

CC8 (Standstill Acceleration) 3.50 m/s2 1.97 m/s2 

CC9 (Acceleration with 80 km/h) 1.5 m/s2 0.82 m/s2 

 

Table 3.2: Parameter values in lane changing for Traditional Vehicles (TVs), Traditional Trucks (TTs), and Truck CAVs 

(TCAVs) 

Parameter Description TV  TT TCAV  

lcStrategic The eagerness for performing strategic lane changing.  100 100 1000 

lcLookaheadLeft Factor for configuring the strategic look ahead distance when a 

change to the left is necessary  

1000 1000 1000 

lcAssertive Willingness to accept lower front and rear gaps on the target lane.  2 2 2 
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The simulation runs can be thought of as being of two types: 1) a basic freeway segment 

or 2) a ñweavingò segment, technically an on-ramp followed by an off-ramp.  

For the basic segment case, a hypothetical freeway was created comprised of three 

freeway sections, each 3 miles in length as shown in Figure 3.1. The first segment was treated as 

the ñloadingò segment, the second as the ñobservationò or ñtestò segment, and the third as the 

ñexitò or ñpost-experimentò segment.  

Vehicles entered the system at the left-hand edge of the first segment, transited through 

the system and exited at the right-hand edge of the third segment. The first segment was included 

to buffer out any transients created by vehicle entry. The third segment was included to ensure 

that the operating conditions at the right-hand edge of the ñtestò, second segment would 

implicitly match those at the left-hand edge. That is, no traffic-condition-induced constraints on 

operation would not be removed because the second segment simply ended abruptly. 

Within the ñtestò segment, detailed information about vehicle trajectories was collected. 

Loop detectors were installed 100 ft inside the left- and right-hand edges of the ñtestò segment. 

With these detectors, vehicle ID, lane location, and a timestamp was collected for every vehicle. 

A pre-defined report provided by SUMO was used, that provides details all the lane changes that 

occurred between specific lanes within a given segment.  

Different percentages of total trucks were examined, from 10% to 20%. For each of 

these, the percentage of TCAVs was explored from 0% (all traditional trucks) to 100% (all 

TCAVs). To label the scenarios for analysis purposes, a three-number scheme was used ï the 

TCAV percent, the TT (traditional truck) percent, and the TV (auto) percent. So, 

10TCAV_10TT_80TV would imply 10% TCAVs, 10% traditional trucks and 80% autos.  
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Two variants of the operation policy for the TCAVs were explored. One in which they 

could use any lane and another in which they were required (strongly encouraged) to use the 

middle lane. In the latter case, since all vehicles were allowed to enter any lane at the left-hand 

edge of the first segment, the TCAVs had to transition from their entry lane to the middle lane by 

the time they reached the second segment. To make this happen, a look-ahead ability for the 

TCAVs was included, so that they could see in advance when they needed to be in the middle 

lane. To see that this worked, vehicle movements were monitored during simulation, and it was 

found that the TCAVs were able to comply with this requirement and transitioned to the middle 

lane prior to entering the second segment.   

The weaving section model involved a network of 5 segments, each 1 mile long except 

for the weaving portion which was determined to be 3450 ft. based on HCM recommendation of 

maximum weaving length.(81). The physical arrangement of the weaving model is shown in 

Figure 3.2. 

As with the basic freeway section model, loop detectors were introduced that provided 

detailed information about the vehicular movements within the weaving section. The detectors 

were placed 100ô inside the boundaries of the weaving section, 4330ô apart. are allowed on all 

lanes. Loop detectors were placed 100 ft. inside the weaving segment.  

Also, as with the basic freeway section model, two variants were examined two related to 

the operating conditions: One where the TCAVs could use any lane (implicitly shown in Figure 

3.2) and one where they were ñrequiredò to use the middle lane. The imposition of these lane use 

restrictions is shown in Figure 3.3. It is mandatory that they be varied so that the TCAVs can 

both exit and enter the freeway.  



    

49 

 

 

 

Figure 3.1: The Basic Segment 

 

Figure 3.2: The Weaving Segment 

 

Figure 3.3: Weaving Segment with Lane Reservation
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Three main outputs from the SUMO simulations were utilized. The first was the lane 

change file. It provides information about all lane change events that took place within a given 

segment. For each it shows a time stamp (defined as the moment where the center line of the 

vehicle enters the new lane) and a reason for the lane change maneuver. The reasons for the lane 

change reasons can be: 

i. speedGain (i.e. to increase speed) 

ii.  strategic (i.e. focused on the future route)  

iii.  cooperative (i.e. to yield to another vehicle) 

iv. keepRight (i.e. if the vehicle parameters have been set such that it always tries to 

keep to the rightmost lane) 

v. sublane (i.e. due to a sublane model employed) 

vi. traci (i.e. if a user manually forced a lane change using SUMOôs interface traci) 

The second type of output came from loop detector output files. These files indicate a 

vehicle ID, a time, and an event type for each vehicle detected. The event type is one of three 

options: 

i. "enter": indicates that a vehicle has entered the detector in the simulation step 

ii.  "stay": indicates a vehicle which entered the detector in a prior step is still on the 

detector 

iii.  "leave": indicates that a vehicle has left the detector in the simulation step 

The third was system travel rate estimated using the trip duration, departure delay (both 

in secs) and trip length (in meters) values. These values were used to generate probability density 

functions of the system travel rate (System_TR), which is calculated as shown in equation 7: 
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1.14 Results and Discussion 

The results from the analysis for both the freeway segments are presented here. As 

previously indicated, truck percentages ranging from 10% to 20%, and TCAV percentages 

ranging from 0% to 100% were examined. As stated earlier, a three-number scheme was used to 

identify the vehicle mix. For example, 20TCAV_0TT_80TV indicates 20% TCAVs, no 

traditional trucks, and 80% autos. 

Many traffic mixes and operating conditions were explored. System travel rates for the 

basic freeway section analysis are shown in Figures 3.4 to Figure 3.7 for 10% and 10% trucks, 

and for with and without lane reservation, respectively. Flow rates of 1500 vehicles per hour per 

lane (vphpl), 1800vphpl, 2000vphpl, 2100vphpl, and 2200vphpl were examined for each of the 

scenarios. The x-axis of the figures shows system travel rates that are in seconds per mile. 

Figure 3.4 and 3.6 show travel rates for the no lane reservation case, the system performs 

well up to flow rates of 1800vphpl and then tends to deteriorate drastically. Moreover, when use 

of the middle lane is mandated for the TCAVs (Figure 3.5 and 3.7), there does not appear to be a 

major impact on the travel rates. The same trend is seen when TCAVs are restricted to the 

middle lane in the basic segment. This means that if a policy decision is made to require TCAVs 

to use the middle lane, that decision will not have an adverse effect on freeway operations, at 

least for TCAV percentages up to 20%. 

3.7: Basic Freeway Segment Performance for Various Vehicle Mixes with Middle Lane 

Reservation for 20%Trucks 
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Figure 3.8 to Figure 3.11 shows system travel rates for the weaving section for 10% and 

20% trucks, both for with and without lane reservation. Flow rates of 1500vphpl, 1800vphpl, 

1900vphpl, 2000vphpl, and 2200vphpl were examined for each of the scenarios. The x-axis of 

the figures shows system travel rates that are in seconds per mile. 

The weaving segment was also observed to perform well until flow rates of 2000vphpl 

were introduced and did not show major changes in travel rates when TCAVs were restricted to 

the middle lane only. So, as was observed for the basic freeway section analysis, if there is desire 

to implement a policy where TCAVs are ñrequiredò to use the center lane, this will not have an 

adverse impact on the performance of the weaving section. Although, in case of weaving 

segments the tails of the travel rate curves for flow rates of 1500vphpl to 1900vphpl were more 

elongated. 

The key take-away for the conditions examined appear to be the following. First, the 

travel rates are somewhat higher for the weaving segment than for the basic freeway section, 

which should be expected since weaving movements are taking place. Second, the percentage of 

TCAVs in the traffic stream, at least up to 20% does not appear to have a significant impact on 

the travel rates. Third, restricting the TCAVs to use of the middle lane does not appear to have a 

significant impact either. So, as was observed for the basic freeway section analysis, if there is 

desire to implement a policy where TCAVs are ñrequiredò to use the center lane, this will not 

have an adverse impact on the performance of the weaving section.
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Figure 3.4: Basic Freeway Segment Performance for Various Vehicle Mixes without Lane Reservation for 10%Trucks 

 

 
Figure 3.5: Basic Freeway Segment Performance for Various Vehicle Mixes with Middle Lane Reservation for 10%Trucks 
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Figure 3.6: Basic Freeway Segment Performance for Various Vehicle Mixes without Lane Reservation for 20%Trucks 

 

 
Figure 3.7: Basic Freeway Segment Performance for Various Vehicle Mixes with Middle Lane Reservation for 20%Trucks 
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Figure 3.8: Weaving Segment Performance for Various Vehicle Mixes without Lane Reservation for 10%Trucks 

 

 
Figure 3.9: Weaving Segment Performance for Various Vehicle Mixes with Middle Lane Reservation for 10%Trucks 
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Figure 3.10: Weaving Segment Performance for Various Vehicle Mixes without Lane Reservation for 20%Trucks 

 

 
Figure 3.11: Weaving Segment Performance for Various Vehicle Mixes with Middle Lane Reservation for 20%Trucks
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1.14.1 Sensitivity Analysis 

In addition to the default parameter values used in the simulation, a sensitivity analysis 

was conducted that focused on two key parameters related to the behavior of TCAVs: the time 

gap and the lcStrategic parameter. These parameters were systematically varied to explore their 

influence on the performance and safety of the traffic stream. 

The first parameter considered in the sensitivity analysis was the time gap for TCAVs. 

The time gap represents the minimum desired spacing between a TCAV and the vehicle in front 

of it. In the study, a time gap of 1.05 seconds was initially used for TCAVs. However, to assess 

the sensitivity of the simulation results to this parameter, additional simulations were conducted 

using shorter time gaps of 0.6 seconds and 0.8 seconds. By exploring different time gap values, 

the sensitivity analysis aimed to examine the impact of TCAVs' following behavior on the 

freeway performance and safety. 

The second parameter investigated in the sensitivity analysis was the lcStrategic 

parameter for TCAVs. This parameter determines the look-ahead distance for strategic decision 

making, indicating how far ahead a TCAV considers the road conditions to determine if a lane 

change is necessary. The value for lcStrategic was set to 1000 in the study. To evaluate its 

sensitivity, the simulations were repeated with modified values of 1500 and 500. By altering this 

parameter, the sensitivity analysis aimed to understand how TCAVs' lane changing decisions and 

their ability to anticipate and respond to changing traffic conditions influence freeway 

performance and safety. 

The weaving segment with a traffic composition consisting of 20% TCAVs, 0% TTs, and 

80% TVs, and a flow rate of 2000 vehicles per hour per lane (vphpl) was considered for the 

sensitivity analysis. Both the variants of operation policy for the TCAVs were explored for the 

weaving segment:  
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¶ No lane reservation for TCAVs  

¶ Middle Lane Reservation for TCAVs (MLR) 

Each simulation run was replicated ten times, with a distinct random seed used for each 

replication. Table 3.3 shows all the sensitivity analysis scenarios. 

To evaluate the impact of varying time gaps and lcStrategic values on the system, two 

primary metrics were employed in the sensitivity analysis: Travel Rate (in seconds per mile) and 

Number of Lane Changes, both categorized by vehicle type. These metrics served distinct 

purposes in assessing the system's performance and safety.  

The Travel Rate, provided a quantitative measure to evaluate the efficiency and 

effectiveness of the system. By analyzing the travel rate of different vehicle types, we gained 

insights into how changes in the parameter values affected the overall flow and movement of 

traffic. The number of Lane Changes was used to assess the safety implications associated with 

TCAVs in the system. By tracking the number of lane changes by vehicle type, we examined the 

frequency of lateral movements and their potential impact on the overall stability and reliability 

of the traffic stream.  

The results of the sensitivity analysis, encompassing these two metrics, for different 

lcStrategic and time gap values are presented below. Figure 3.12, Figure 3.13, Figure 3.14, and 

Figure 3.15 show results for time gap sensitivity analysis, for both no lane reservation and 

middle lane reservation (MLR) scenarios.  Figure 3.12 shows probability distribution function 

(PDF) plots of travel rate by vehicle type for different time gap values. Figure 3.6 shows the 

different modes for TCAV and TT vehicles.  Figure 3.13 shows cumulative distribution function 

(CDF) plots of travel rate by vehicle type for different time gap values. Figure 3.6 shows the 

different modes for TCAV and TT vehicles. The last mode for TTs and TCAVs in the no lane 
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reservation scenarios shifts toward the right as the time gap value increases from 0.6 seconds to 

1.05 seconds. The curve for TCAVs for time gap of 0.6 seconds and 1.05 seconds are similar, 

whereas the middle lane reservation curves for time gap of 0.8 seconds has one less mode for 

TVs (TV MLR) and one more mode for TCAV (TCAV MLR) as compared to time gap of 0.6 

seconds and 1.05 seconds. Overall, travel rate has more modes for the scenarios without lane 

reservation as compared to scenarios with lane reservation. Figure 3.7 shows the changes in 

travel rate values for the corresponding modes in Figure 3.12 for TCAVs and TVs. 

Figure 3.14 and 3.15 show the number of lane changes by vehicle type i.e. TCAVs and 

TVs for scenarios without and with middle lane reservation respectively for different time gap 

values. (In Figure 3.8, for time gap of 0.8 seconds there are some TVs with up to 25 lane changes 

that are not shown here.) The median and interquartile range of number of lane changes for both 

TCAVs and TVs remain same with the different time gap values for scenarios with and without 

lane reservation for TCAVs. The number of lane changes of TVs shows more outliers for time 

gap values of 0.8 seconds as compared to values of 0.6 seconds and 1.05 seconds in the scenarios 

without lane reservation. For TVs in the middle lane reservation scenario, the number of outliers 

reduce for a time gap or 1.05 seconds as compared to time gap values of 0.6 seconds and 0.8 

seconds. These results indicate that the TVs make more lane changes when there are no lane 

reservations, which could be to overtake other slow moving TVs and TCAVs. The number of 

lane changes for TCAVs reduces as expected for the middle lane reservation scenario, this makes 

sense because TCAVs are now restricted to middle lane only and hence have lesser motivation to 

make lane changes.  

Figure 3.16, Figure 3.17, Figure 3.18 and Figure 3.19 show results for lcStrategic 

sensitivity analysis, for both no lane reservation and middle lane reservation (MLR) scenarios. 
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Figure 3.16 shows probability distribution function (PDF) plots of travel rate by vehicle type for 

different lcStrategic values. Figure 3.16 shows the different modes for TCAV and TT vehicles.  

Figure 3.17 shows cumulative distribution function (CDF) plots of travel rate by vehicle type for 

different time gap values.  

The scenario travel rate distributions do not show any differences for the different values 

of lcStrategic tested. Figure 3.17 shows the changes in travel rate values for the corresponding 

modes in Figure 3.16 for TCAVs and TVs. 

Figure 3.18 and 3.19 show the number of lane changes by vehicle type i.e. TCAVs and 

TVs for scenarios without and with middle lane reservation respectively, for different lcStrategic 

values. The median and interquartile range of number of lane changes for both TCAVs and TVs 

remain same with the different lcStrategic values for scenarios with and without lane reservation. 

The number of lane changes are lesser for both TCAVs and TVs in the scenario with middle lane 

reservation for TCAVs. This is expected since the TCAVs have lesser motivation to change lane 

due to lane reservation.  

Through the analysis of travel rates and the number of lane changes across different 

parameter values, this study provides insights into the performance and safety implications of 

varying time gaps and lcStrategic values in a weaving segment environment with TCAVs. The 

findings indicate that increasing time gap values have notable effects on the travel rate 

distribution of TCAVs and TVs when no lane reservation is in place. However, when TCAVs are 

restricted to the middle lane, the impact of different time gap values on the travel rate 

distribution is reduced for both TCAVs and TVs. Interestingly, the median and interquartile 

ranges of the number of lane changes remain relatively stable across varying time gap values, 

regardless of whether lane reservation is implemented. Additionally, the investigation of 
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lcStrategic values reveals no discernible impact on travel rates and lane changing behavior in the 

examined scenarios. 
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Figure 3.12: Travel Rate PDF Plots by Vehicle Type for Different Time Gap Values (20%TCAV, 0%TT, 80%TV at 

2000vphpl) 
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Figure 3.13: Travel Rate CDF Plots by Vehicle Type for Different Time Gap Values (20%TCAV, 0%TT, 80%TV at 

2000vphpl) 
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Figure 3.14: Number of Lane Changes by Vehicle Type for Different Time Gap Values without Lane Reservation (20%TCAV, 

0%TT, 80%TV at 2000vphpl) 

 

 

Figure 3.15: Number of Lane Changes by Vehicle Type for Different Time Gap Values with Middle Lane Reservation 

(20%TCAV, 0%TT, 80%TV at 2000vphpl)  
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Figure 3.16: Travel Rate PDF Plots by Vehicle Type for Different lcStrategic Values (20%TCAV, 0%TT, 80%TV at 

2000vphpl) 
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Figure 3.17: Travel Rate CDF Plots by Vehicle Type for Different lcStrategic Values (20%TCAV, 0%TT, 80%TV at 

2000vphpl) 

 



    

67 

 

 

Figure 3.18: Number of Lane Changes by Vehicle Type for Different lcStrategic Values without Middle Lane Reservation 

(20%TCAV, 0%TT, 80%TV at 2000vphpl)  

 

 

Figure 3.19: Number of Lane Changes by Vehicle Type for Different lcStrategic Values with Middle Lane Reservation 

(20%TCAV, 0%TT, 80%TV at 2000vphpl)  
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Table 3.3: Weaving Segment Sensitivity Analysis Scenarios 

Scenarios 

Flow Rate 

(vphpl) TVs TCAVs TTs 

Time-Gap 

(s) lcStrategic 

Lane Reservation 

TCAV 

Middle Lane 

Only 

TCAV on 

All L anes 

1 2000 80% 20% 0% 1.05 1000 x   

2 2000 80% 20% 0% 1.05 500 x  

3 2000 80% 20% 0% 1.05 1500 x  

4 2000 80% 20% 0% 0.6 1000 x  

5 2000 80% 20% 0% 0.8 1000 x  

6 2000 80% 20% 0% 1.05 1000  x 

7 2000 80% 20% 0% 1.05 500  x 

8 2000 80% 20% 0% 1.05 1500  x 

9 2000 80% 20% 0% 0.6 1000  x 

10 2000 80% 20% 0% 0.8 1000  x 
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1.15 Summary and Conclusions 

This study examined the way in which autonomous trucks might inter-relate with the 

existing traffic stream using microsimulation. A model for a hypothetical section of freeway was 

created. This hypothetical section included both a basic freeway section with no ramps and one 

that included an on and off ramp in sequence. Simulation was performed on these facilities for 

various flow rates, and travel rate distributions were examined. Reasonable ideas about how 

truck AVs might be accommodated were explored, like setting a policy that they should make 

use of the middle lane and not operate anywhere on the facility.  

CAV trucks were modeled instead of AVs since it was assumed the autonomous trucks 

could communicate to one another. Most trucks (particularly the ones that are large) and over-

the-road tractor-trailers, are already equipped with communication technology and sensors. The 

truck AVs (TCAVs) were modeled based on the premise that they would behave differently 

depending on their leader in the traffic stream. The model parameters used to represent vehicular 

ñcar followingò and lane changing were adjusted to be more consistent with the anticipated 

TCAV behavior.  TCAVs were assumed to use shorter time and/or space headways and that they 

can operate in a platoon mode when in a string of TCAV trucks, while maintaining longer 

headways when following other vehicles. The other vehicles in the traffic stream were assumed 

to be traditional vehicles, including traditional vehicles (TVs) i.e. autos, and traditional trucks 

(TTs) i.e. non-CAV trucks. These vehicles were presumed to be human driven.  

Our conclusions from this analysis indicate that for reasonable ranges of both truck 

percentage (up to 20%) and for the percentage of TCAVs, from 0% up to 100% of the truck 

flows, the introduction of the TCAVs, does not appear to have a significant impact on the 

performance of the freeway facility. These findings pertain both to weaving and basic segments. 
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There is some difference in the shape of travel rate curves for weaving segment when compared 

to the basic segment. The weaving segment travel rates were found to have longer tales than the 

basic segment, this could be due to the turbulence that comes with weaving movements. Finally, 

if a policy decision to have the TCAVs use a specific lane (e.g. the center lane) is of interest, it 

will not have an adverse effect on freeway operation, at least for the operating conditions that 

were examined. 

The methodology and results presented in this chapter are complete for all the suggested 

scenarios. Hence, no further work is anticipated for in chapter. This work has been presented at 

the North Carolina Department of Transportation (NCDOT) 2021 Research & Innovation 

Summit.  
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CHAPTER 4 

1.16 Introduction  

Advances in technology and the increasing availability of the internet has facilitated the 

growth of online shopping. E-commerce has increased online shopping and added a variety of 

new items and service options. According to the US Census Bureau, there was a 10.3% growth 

in e-commerce from 2020 to 2021 (82). E-commerce has also impacted freight transportation; 

the American Trucking Research Instituteôs (ATRI) 2019 report indicated that the use of single-

unit trucks (SUTs) increased by 7.8 % from 2007 to 2016 and combination truck registrations 

grew by 4.4 % (83).  Individuals are making fewer shopping trips, with about 700 annual one-

way in-person shopping trips in 2001 versus 580 in 2017, a 17% reduction (84, 85).  

Many studies focused on how e-commerce impacted in-store shopping, but the focus in 

this study is on how e-commerce can be incorporated in urban planning models. Promised fast 

delivery times require companies to be more flexible, resulting in different distribution channels 

and fulfillment networks. As distribution shifts toward customer deliveries and away from in-

store shopping, distribution and trucking industries are also seeing an increase in shorter-length 

truck trips. FedEx and UPS have routing algorithms that carefully construct tours for drivers to 

provide maximum delivery efficiency (86, 87). 

This study describes a methodology for modeling the changes in trip making due to e-

commerce. It uses the Triangle Regional Model, Generation 2 (TRMG2) as a case study. The 

methodology reduces in-store trips by using adjustment factors for online ordering rates based on 

the 2017 National Household Travel Survey (NHTS) (84) and replaces these trips with truck-

based deliveries. Figure 4.1 shows reduced home-based shopping trips (N_HB_OME_ALL) on 

the left, and additional truck trips derived from online shopping on the right.  
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The methodology addresses e-commerce demand in two main steps:  

¶ The online orders are used to reduce in-store trips. These online orders are also 

used to calculate total packages to be delivered. This allows conversion of 

forgone in-store trips (i.e. person trips) to ñpackage tripsò.  

¶ These package trips are served by trucks based on their capacities and distribution 

center locations. This step converts package trips to truck trips among the various 

distribution centers and houses. 

In the second step, truck tours are constructed consistent with methodologies used by the 

trucking industry: trucks leave a warehouse or distribution facility and travel to a service area 

(86, 87). This touring process is applied to the e-commerce generated truck trips. This creates 

sequences of tour segments for each truck. These segments are then assigned to time periods, 

creating trips, which are added to the original truck trip matrices. This allows the touring process 

to be incorporated into the model framework without making fundamental changes.  

1.17 Literature Review 

Studying the impacts of e-commerce is an active area of research. The growth in e-

commerce over the last decade is motivated by convenience (next-day or same-day delivery), 

variety in shopping items, competitive prices and customer service (i.e. hygienic facilities like no 

touch drop-off and pickup, temperature controlled packaging for food deliveries, live order 

tracking etc.). The literature is divided on whether online shopping increases in-store shopping 

(complementary trends), reduces it (substitution), or leaves it unchanged (neutral). A fourth 

possibility, not as frequently discussed, is that online shopping modifies in-store shopping in 

multiple ways, as we see with in-store trips motivated by online-purchased item returns and 

window-shopping (browsing) for suitable items to buy online. Researchers are studying the 
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changes in person-trips as well as truck trips from e-commerce and how to represent these in 

travel demand models.  

1.17.1 Online Shopping Attitudes and Urban Freight 

Comi and Nuzzulo (2016) studied the relationship between online shopping attitudes and 

urban freight transport. They present a new system of models for simulating shopping choices, 

including e-shopping. Their models use surveys carried out in Rome where about 800 

households were interviewed. The model is intended to help analysts assess the effects on 

shopping and goods delivery under future demographic and socio-economic conditions in an 

urban area (28). 

1.17.2 E-commerce and VMT, Energy, Household Status 

Stinson et al (2019) analyzed the net effect of e-commerce on Vehicle Miles Traveled 

(VMT) and transportation energy consumption (fuel sources like gas, diesel), accounting for 

reductions in passenger car shopping trips and increases in medium-duty-truck delivery trips. An 

agent-based modeling platform (POLARIS) was used to emulate the decisions of households in 

the Chicago area. They found that e-commerce has net benefits on the transportation system and 

energy use. As e-commerce is used for a greater percentage of retail shopping trips, substantial 

savings in VMT and fuel consumption result. This phenomenon is explained mostly by the auto 

trips being replaced by commercial vehicles (CVs) and medium-duty-trucks making parcel 

deliveries (88). 

Spurlock et al (2020) examined the benefits of e-commerce and the impact on personal 

shopping trips, and how these differed across item types, household child status, and income. 

They found that high-income households and households with children cared relatively more 

about time savings from deliveries. On average, e-commerce replaced 12% of in-store shopping 

trips and resulted in 9% more deliveries and supplemental in-store shopping trips. Significant 
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heterogeneity with respect to the use of delivery was observed across households with and 

without children and with high or low incomes. Although time savings were more likely to 

motivate higher-income households and households with children to use delivery, personal trips 

for both categories of households were found to be relatively more likely to be supplemented, 

and not substituted (30). 

1.17.3 E-commerce Analysis Based on Survey Data 

Xue et al (2021) studied the interaction between online shopping and in-store shopping 

trips by analyzing 2017 NHTS data. They used a structural equation modeling analysis to model 

the bidirectional relationship. They found that online shopping motivates shopping trips while in-

store shopping inhibits online shopping. Their findings also demonstrated that e-commerce and 

in-store shopping behavior is heterogeneous across personal attributes, household characteristics, 

geography, travel distance/duration, and travel mode (89). Many other researchers have 

conducted similar studies on e-commerce interaction with in-store shopping, freight restocking 

and trip-chaining models, environmental and VMT impacts of e-commerce (90ï93). 

McKinsey & Company conducted a COVID-19 US Consumer Pulse Survey in 2020 and 

found that online shopping was highest for high-income earners and millennials (age 26-41 

years). Gen X (age 42-57 years) were also found to shift towards e-commerce but to a lesser 

degree than millennials. Financially secure older populations (older than 65 years) were next 

most likely to engage in on-line shopping mainly due to their concerns about hygiene 

transparency, safety and the ability to get necessary supplies (94) (See Figure 4.2). Gen X has the 

highest rate of online shopping at 46%, closely followed by millennials at 44%. Boomers (39%) 

are slightly ahead of Gen Z (37%) (95). Hence, in general, researchers agree that overall, 

millennials and Gen X are the current main users of e-commerce.  
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1.17.4 The Future of E-commerce 

An attractive feature of e-commerce is its fast and efficient delivery. Companies like 

Amazon, Target and Walmart now offer same-day and/or next-day delivery. ATRIôs research 

highlights that growth in e-commerce leads to an increase in the use of single-unit trucks and a 

change in truck routes and mileage.  Regional and last-mile trips increase as more companies 

promise fast delivery, and more consumers take advantage of it. ATRI shows that this trend 

reduces the average truck-trip length by 37% (96).  

Figure 4.1: TRMG2 E-commerce Included Shopping Trip Generation 

 

 

Figure 4.2: Demographics of Online and In-Store Shoppers by Generation in 2021 (95) 
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1.18 Methodology 

The analysis presented here focuses on the Raleigh-Durham-Chapel Hill metro area, also 

known as the Triangle Region. The Triangle Regional Model Generation 2 (TRMG2) is a trip-

based model which forecasts future trip-making patterns and facility use. The TRMG2 will soon 

be released in an open-source GitHub repository allowing ease of access and feedback options to 

model users. The commercial vehicle model uses a Quick Response Freight Manual (QRFM) 

approach for estimating truck trips. Parameters are re-estimated periodically using commercial 

vehicle surveys. The most recent survey was conducted in 2010 (97). The commercial vehicle 

model does not accommodate truck touring, nor does it account for online shopping. This study 

provides a way to model e-commerce related truck trips with the existing framework.   

Our research assumes that e-commerce reduces in-store shopping. These foregone trips 

are replaced by freight deliveries to the Traffic Analysis Zones (TAZs) that created the e-

commerce demand. To estimate the reduction in in-store shopping trips, trips in the non-work-

tour home-based-other maintenance category are identified (ñN_HB_OME_ALLò).  Other 

shopping trips (e.g. going to the grocery store from work before heading home in the evening) 

are not included. Trip generation rates for the chosen trip purpose are then changed according to 

data from the NHTS (84). The NHTS includes the number of online orders placed in one month, 

and found that for people over 16 years, the average rate was 2.5 orders per month. This 

translates to 0.08 orders per day. It is assumed that one order is equivalent to one trip. Using this 

statistic, two other ordering rates, medium and high, are hypothesized to produce 0.2 and 0.3 

trips per day, respectively. For the base case, trip generation rates for in-store shopping are 

reduced by 0.08, resulting in a new (reduced) trip matrix. The trips removed are converted to 

freight deliveries. The e-commerce scenario discussed here has been named ñE-commerce 

Scenario Aò. As an example, the analysis is shown below for 2020.  
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Table 4.1 shows ordering rates and e-commerce adoption levels for different generations 

(94, 95). The following steps are involved the modeling process: 

i. Identify Distribu tion Center (DC) Locations: Google maps and information available 

on the web was used to identify locations for DCs that will serve the freight deliveries 

(87, 98), as shown in Figure 4.3. There are three types:  

a. ñTransload centersò (TLC), like an Amazon Sortation Center & Distribution 

Center or a Walmart Distribution Center, that receive Multi-Unit Truck (MUT) -

transported shipments from places outside the region and transship them via SUTs 

to the Bulky item distribution centers (BDCs), described next (See Table 4.2: E-

commerce Facilities). 

b. ñBulky item distribution centersò (BDC), like the Amazon Prime Now Hub for 

Raleigh, that receive pallets from TLCs and transship them to PDCs. These 

inbound trips from TLCs to BDCs involve SUTs.   

c. ñPackage distribution centersò (PDC) that deliver orders to purchasersô doorsteps. 

These outbound trips are made using CVs. 

The Figure 4.7 illustrates the above concepts for one TLC, one BDC, one PDC, and one 

home in a study area. 

ii.  Assign TAZs to Distribution Centers (DCs): Midday high-occupancy vehicle (HOV) 

travel times are used to assign each TAZ to its closest PDC. Figure 4.4 shows how many 

TAZs are assigned to each PDC. The x-axis shows the TAZ for the PDC, and the y-axis 

shows the number of zones assigned to that PDC. For example, the PDC in TAZ 2663 

(New Bern, Raleigh) has the most assigned zones; while the one in TAZ 488 (Person St, 
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Durham) has the least. It is assumed that the PDCs can serve all the zones assigned to 

them. 

iii.  Create the E-commerce demand matrix / forgone in-store shopping matrix: Because 

a portion of in-store shopping trips are diverted to online orders, the trip generation rates 

for in-store shopping trips (ñN_HB_OME_ALLò) are reduced. Data from the NHTS is 

used to determine the new rates. The difference between the base case in-store trips and 

the scenario trips produces ñforgoneò in-store trips for a given scenario (matrix A). The 

decreased in-person shopping trips are computed at the daily level (i.e., values are 

reduced in the daily trip matrix). (Refer to Figure 4.5). Table 4.4 shows SOV trips in the 

base case and for the e-commerce scenario A, and the forgone shopping trips (i.e., trips 

shifted to e-commerce because of the reduced in-store shopping).  The table also shows 

the total SOV trips after excluding trips between external TAZs (EE) and Total Packages 

(ñTot_Pkgsò) delivered as a result of the reduced SOV trips. The method for calculating 

Tot_Pkgs is described in the next section. EE trips were excluded because they are 

considered to be trips passing through the study area and thus do not pertain to the 

context of e-commerce or in-store shopping.  

iv. Create E-commerce Order and Package Matrices: In this step, the total packages to be 

delivered i.e. Tot_Pkgs is calculated and using that package flow matrices are estimated. 

The steps to calculate Tot_Pkgs is described below: 

a. It is assumed that one order is created for every forgone in-store shopping trip. 

Hence, Matrix A described in the previous step, shows the orders to be transported 

from each PDC to its associated TAZs. 
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b. Each order is assumed to be 3 items or ñpackagesò. Thus, multiplying each cell in 

Matrix A by 3 gives Matrix B, i.e., the cell-by-cell number of packages being 

transported from each PDC to delivery TAZs. The sum of Matrix B is ñTot_Pkgsò, or 

the total packages being delivered.  

v. Create Delivery Tours: The next step is to assemble package delivery trips into tours for 

the CVs.  

a. Matrix B, described in the previous step, indicates the number of packages destined to 

each TAZ and served by a given PDC. 

b. Each CV is assumed to have a fixed carrying capacity and maximum daily operating 

time (Refer to Table 4.3 for truck capacities). 

c. Based on nearest neighbor, tours are created by adding package deliveries to an 

existing partial tour until the CV capacity or the maximum daily operating time is 

reached. 

d. Additional CV tours are created until all packages are assigned to truck tours. 

e. The resulting CV tours are sequences of segments from one delivery TAZ to the next 

(all intrazonal truck trips generated were excluded from the analysis). 

Table 4.5 shows CV trips - interzonal and intrazonal - produced from touring (trip 

distribution percentages by each time period are also provided). Only interzonal CV trips are 

assigned to the network. 24,282 CV trips (13% of total CV trips produced by touring) are added 

after removing 143,700 SOV shopping trips.  

vi. Create Trips by Time Period: Once the tours are created, their segments are assigned to 

specific time period.  
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a. Trips that spread across multiple time periods are handled differently. A segment is 

assigned to a given time period if 50% or more of the segment travel time occurs 

during that time period. For example, if a segment that starts during the ñAM peak 

after shoulderò and ends during midday has more than 50% of the travel time during 

midday, it is assigned to midday; otherwise, it is assigned to the ñAM peak after 

shoulderò. 

b. For each time period, segments are then aggregated to create a time period-specific 

CV trip matrix. 

vii.  Create SUT Truck Trips:  Summing the packages delivered by all PDCs gives the total 

packages that must also be delivered inbound to them. These packages are delivered to 

the PDCs by SUTs from upstream BDCs.  

a. The distribution of package trips among the upstream BDCs is based on the 

proportion of SUT trips from each BDC zone to each PDC zone in the original SUT 

trip matrix. For example, if, for a given PDC, there were 20 SUT trips from the first 

of three upstream BDC zones, 50 from the second, and 30 from the third. Then, 20% 

of the inbound package trips to the PDC would arrive from the first upstream BDC 

zone, 50% from the second, and 30% from the third. 

b. SUTs also have a carrying capacity. All -day package flows from each BDC to each 

PDC are divided by the SUT capacity to determine the number of SUT trips between 

a given BDC and PDC.  

c. These SUT trips are then split among the time periods based on the same time-of-day 

factors used for other SUT trips. 

d. The resulting SUT trips by time period are added to the existing SUT trip matrices. 
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Table 4.6 shows the number of interzonal SUT trips, intrazonal SUT trips, and total SUT 

trips produced from touring (brackets show percentage distribution of trips by each time period). 

Only the interzonal SUT trips are considered for assignment. So only 2,900 SUT trips (i.e., 

7.25% of total SUT trips produced by touring) are added back after removing 143,700 SOV trips.  

viii.  Create MUT Truck Trips:  Packages that originate at BDCs for transport to PDCs are 

brought in by MUTs. 

a. It is assumed that package trips enter the region at the external nodes.  

b. For a given BDC, sourcing of packages is proportional to the MUT flow rates (all-

day trips) at the external TAZs. For example, if there are 6 external TAZs with trips 

to a BDC, and the entering MUT trip rates per day are 10, 20, and 30, then the 

percentage distribution of trips among those 6 external TAZs would be 10%, 20%, 

and 30% respectively.  

c. The resulting external TAZ to TLC package trips are converted into MUT trips based 

on MUT carrying capacities.  

d. These MUT flows are then distributed among the time periods based on the 

proportional sharing values used by the truck trip estimation procedure. 

e. The resulting time-period-specific MUT trip matrices are then added to the existing 

MUT trip matrices.  

Table 4.7 shows the number of interzonal MUT trips, intrazonal MUT trips, and total 

MUT trips produced from touring (brackets show percentage distribution of trips by each time 

period). Only the interzonal MUT trips are considered for assignment. So only 2,091 MUT trips 

(i.e. 7.4% of total MUT trips produced by touring) are added back after removing 143,700 SOV 

trips. 
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ix. Assignment in TRMG2: The new, augmented, time-period specific trip tables are then 

assigned using the Fixed OD Tool in TRMG2. The Fixed OD Tool fixes the demand and 

assigns the given trips to the network. Table 8 shows the assignment matrix totals for 

each truck type (CV, SUT, MUT) and each time period (AM, MD, PM, NT) for the base 

case, e-commerce scenario A. This table also shows differences and percentages.
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Table 4.1: E-Commerce Scenario A Online Ordering Rates for Different Demographic Groups 

Trip Purpose 

Generation 

Model Decision Logic 
E-Commerce Scenario A Ordering 

Rates* 

Non-work Home-

Based Other Trips 

(N_HB_OME_All) 

Gen Z < 31yrs Medium 

Gen Z & Millennials Non-working middle-aged adults (age 31-62yrs)  
High 

Gen Z & Millennials Working middle aged adults (age 31-62yrs)  

Boomer Non-working older adults (age 63-74) 

Low 

Boomer Working adults between the (age 63-74yrs) 

Boomer & Post War Non-Retired adults with age > 63yrs 

Boomer & Post War Retired older adults with age > 63yrs 

Boomer & Post War Adults 75yrs or older with lower employment 

accessibility (e_access < 11.64)  

Boomer & Post War Adults 75yrs or older with higher employment 

accessibility (e_access >= 11.64) 

Generation: Gen Z (10-25yrs), Millennials (26-41yrs) and Gen X (42-57yrs) with high online shopping propensity. Boomer (58-76yrs) and Post War (77yrs or older) with 

low online shopping propensity. 

Ordering Rates* (orders/day/person): Low=0.08 ; Medium=0.2 ; High=0.5 
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Table 4.2 : E-commerce Distribution Center (DC) (87, 98) 

Facility Type Truck Types TAZs 

Package Delivery Centers (PDCs) 

-Amazon Last-Mile Delivery 

Center 

 

SUTs incoming  

CVs outgoing 
1789, 423, 488, 2395, 2663 

Bulk Distribution Centers (BDCs) 

for Heavy/Bulky Merchandise 

-Amazon Sortation Center  

-Walmart Distribution Center  

-Amazon Distribution Center  

-Amazon Prime Now Hub 

 

 

SUTs incoming  

SUTs outgoing 
582 & 488, 2972, 1768, 1696 

Trans Loading Centers (TLCs) 

Amazon Sortation Center   

-Walmart Distribution Center   

-Amazon Distribution Center 

MUTs incoming  

SUTs outgoing 
978, 2972, 1768 
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Figure 4.3 : E-Commerce Distribution Center (DC) Locations 
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Figure 4.4: Distribution of TAZs among Package Distribution Centers (PDCs)  

 

Table 4.3: Package Capacities by Truck Type 

 

 

 

 

 

 

Truck Type 
Capacity (in number of 

packages) 

CV 25 

SUT 75 

MUT 300 



    

87 

 

 

Figure 4.5: Forgone In-Store Shopping Trips 

 

 

Figure 4.6: E-Commerce Delivery Channels 

MUT

ÅExternal Trips - MUT trips are added to the EI trip matrix for e-commerce related 
trips. (Tot_Pkgs/ MUT Capacity) is the total number of truck trips added. For each 
TLC, these EI trips are distributed among the external zones based on the proportion 
of MUT trips entering the region from those external zones.

SUT

ÅTLC to BDC Trips - SUT trips are added to the SUT II matrix from the TLCs to 
the BDCs The total trips added is (Tot_Pkgs/ SUT Capacity) For each BDC these 
trips are added in proportion to the existing SUT II trips from the TLC zones to the 
BDC zones. 

ÅBDC to PDC Trips- SUT trips are added to the SUT II matrix from the BDCs to 
the PDCs. For each PDC, these trips are added in proportion to the existing SUT II 
trips from the BDC zones to the PDC zones as appropriate. 

CV

ÅCV Trips to homes- CV trips created in an interim CV II matrix that contains 
entries from the PDCs to the delivery TAZs. The total trips added is (Tot_Pkgs/ CV 
Capacity) and the number of trips from the PDC to a specific TA is 
(Tot_Pkgs_PDC_to_TAZ / CV Capacity).  These are not trips that are added to the 
all-day CV II matrix. Ratherthey are the inputs to the routing process that 
determines CV trips
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Figure 4.7: E-Commerce Delivery Flows 

 

Table 4.4: In-Store Shopping Trips for Base and E-Commerce Scenario A 

SOV 
Base (Vehicles 

Per Hour) 

E-Commerce 

Scenario A 

(Vehicles Per 

Hour) 

SOV Trips Foregone  

(Trips Shifted to E-commerce) 

AM (7:00 am to 9:00 am) 320,827 311,966 8,860 

MD (9:00 am to 3:30 pm) 736,553 209,082 527,470 

PM (3:30 pm to 6:15 pm) 398,127 368,066 30,061 

NT (6:15 pm to 7:00 am) 78,037 71,592 6,445 

Daily Total Average Trips 313,295 162,831 150,463 

Total Shopping Trips Forgone (Vehicles Per Hour) 143,700 

Total New Package Trips Per Hour 431,100 
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Table 4.5: Interzonal and Intrazonal CV Trips from Tours by Time Period for E-commerce Scenario A 

CV 
Interzonal trips from Tours 

(Vehicles per Hour) 

Intrazonal Trips from Tours  

(Vehicles per Hour) 

Total Trips from  Touring 

(Vehicles per Hour) 

AM (7:00 am to 9:00 am) 7,133 (44.65%) 8,842 (55.34%) 15,975 (100%) 

MD (9:00 am to 3:30 pm) 450 (2.7%) 16,233 (97.29%) 16,684 (100%) 

PM (3:30 pm to 6:15 pm) 2,576 (18.79%) 11,129 (81.2%) 13,706 (100%) 

Daily Total Average 

Trips  
1,011 (13.63%) 6,408 (86.36%) 7,420 (100%) 

 

Table 4.6: Interzonal and Intrazonal SUT Trips from Tours by Time Period for E-commerce Scenario A 

SUT 
Interzonal trips from Tours 

(Vehicles per Hour) 

Intrazonal Trips from Tours  

(Vehicles per Hour) 

Total Trips from  Touring 

(Vehicles per Hour) 

AM (7:00 am to 9:00 am) 726 (20.27%) 2854 (79.72%) 3580 (100%) 

MD (9:00 am to 3:30 pm) 2 (0.04%) 3739 (99.95%) 3741 (100%) 

PM (3:30 pm to 6:15 pm) 522 (16.88%) 2570 (83.11%) 3092 (100%) 

Daily Total Average Trips 59 (16.88%) 294 (83.11%) 354 (100%) 

 

Table 4.7: Interzonal and Intrazonal MUT Trips from Tours by Time Period for E-commerce Scenario A 

MUT  
Interzonal trips from Tours 

(Vehicles per Hour) 

Intrazonal Trips from Tours  

(Vehicles per Hour) 

Total Trips from  Touring 

(Vehicles per Hour) 

AM (7:00 am to 9:00 am) 520 (20.33%) 2039 (79.66%) 2560 (100%) 

MD (9:00 am to 3:30 pm) 3 (0.12%) 2674 (99.87%) 2678 (100%) 

PM (3:30 pm to 6:15 pm) 374 (17.96%) 1708 (82.03%) 2082 (100%) 

Daily Total Average 

Trips  
87 (7.4%) 1090 (92.59%) 1177 (100%) 
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Table 4.8: Traffic Assignment Matrices for Base and E-commerce Scenario A  

CV Base case 
E-commerce Scenario A 

(After Adding Toured E -commerce Trips) 
 Difference in Trips between scenarios  

AM (7:00 am to 9:00 am) 65,401 79,668  14,267 (17.9%)  

MD (9:00 am to 3:30 pm) 324,853 327,782  2,929 (0.89%)  

PM (3:30 pm to 6:15 pm) 89,837 96,923  7,086 (7.31%)  

NT (6:15 pm to 7:00 am) 237,890 237,890  -  

Total 717,983 742,265  24,282 (3.4%)  

MUT  Base case 
E-commerce Scenario A 

 (After Adding Toured E -commerce Trips) 
 Difference in Trips between scenarios  

AM (7:00 am to 9:00 am) 9,000 10,041  1,041 (10.36%)  

MD (9:00 am to 3:30 pm) 31,611 31,632  21 (0.06%)  

PM (3:30 pm to 6:15 pm) 13,607 14,636  1,029 (7.03%)  

NT (6:15 pm to 7:00 am) 31,660 31,660  -  

Total 85,880 87,971  2,091 (2.4%)  

SUT Base case 
E-commerce Scenario A 

(After Adding Toured E -commerce Trips) 
 Difference in Trips between scenarios  

AM (7:00 am to 9:00 am) 21,972 23,424  1,452 (6.19%)  

MD (9:00 am to 3:30 pm) 85,896 85,908  12 (0.01%)  

PM (3:30 pm to 6:15 pm) 31,251 32,687  1,436 (4.39%)  

NT (6:15 pm to 7:00 am) 63,103 63,103  -  

Total 202,224 205,124  2,900 (1.4%)  
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1.19 Results 

Midday and PM SOV trips make up 74% of all SOV trips in the base case, and 60% in 

the e-commerce scenario A. These two periods are important for e-commerce effects. Shifting a 

portion of in-store shopping trips from SOV to e-commerce lowers the roadway volume-to-

capacity (VOC) ratios. A very small number of CV, SUT, and MUT trips replaces these SOV 

trips (3.4% increase in CV trips, 2.4% increase in SUT trips, and 1.4% increase in MUT trips). 

A small number of interzonal truck trips generated by the touring algorithm replace the 

interzonal SOV trips removed. The intrazonal truck trips generated by the touring algorithm are 

not assigned to the network. Intrazonal trips are disregarded for now, because TRMG2 might not 

consider dropping off packages to homes in the same vicinity as individual trips.  

Figure 4.8 shows the comparison of SOV flows between the e-commerce scenario A and 

base case for midday. Figure 4.9 shows the comparison of CV flows between the e-commerce 

scenario A and base case for midday. Figure 4.10 shows the comparison of SUT flows between 

the e-commerce scenario A and base case for midday. The SOV maps in conjunction with the 

truck maps show that the SOV flow reduction pattern is generally very different from the truck 

flow increases. The increase in flow for trucks is concentrated on major freeways, interstates and 

principal arterials connecting the warehouse locations for the specific truck types. Whereas SOV 

flows are reduced on all freeways, interstates and principal arterials, which is expected. The 

truck flows have also become more ñorganizedò, CV and SUT flow increases are mostly seen 

inside the urban area of the Triangle region, whereas the increase in MUT flows depict the nature 

in which they serve the area. The MUTs serve the largest warehouse facilities for e-commerce 

i.e. the Trans-Loading Centers (TLCs), two of the three of which lie close to the periphery of the 
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region. These results indicate that with the assumptions stated in this study, e-commerce will 

cause some shifting of flows between cars and trucks and can possibly make truck flows more 

organized in the area.  

Figure 4.11 shows the comparison of MUT flows between the e-commerce scenario A 

and based scenario for mid-day. Figure 4.12 shows flow difference between E-commerce and 

base case for SOVs in the midday. Figure 4.13 shows flow difference between E-commerce and 

base case for CVs, SUTs, and MUTs in the midday. SOV flows reduced on major collectors, 

freeways, principal arterials, interstates, and minor arterials. CV, SUT, and MUT flows increased 

on principal arterials, freeways, and interstates. 
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Figure 4.8: Difference Between E-commerce Scenario A and Base case SOV Flows for MD Time Period in Vehicles Per Hour 

(vph) 

 



    

94 

 

 

Figure 4.9: Difference Between E-Commerce Scenario A and Base case CV Flows for MD Time Period in Vehicles Per Hour 

(vph) 
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Figure 4.10: Difference Between E-Commerce Scenario A and Base case SUT Flows for MD Time Period in Vehicles Per Hour 

(vph) 
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Figure 4.11: Difference Between E-Commerce Scenario A and Base case MUT Flows for MD Time Period in Vehicles Per 

Hour (vph) 
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Figure 4.12: Flow Differences between E-commerce Scenario A and Base Case for SOVs for the MD Period by Roadway Class  
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Figure 4.13: Flow Differences between E-commerce A and Base case for CV, SUT and MUT for the MD Period by Roadway 

Class  
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1.20 Summary and Conclusions 

 

This chapter of the dissertation presents a comprehensive methodology for evaluating the 

impacts of e-commerce on urban transportation patterns, with the Raleigh-Durham-Chapel Hill 

metro area, known as the Triangle Region, serving as the case study. The study is carried out 

using the Triangle Regional Model Generation 2 (TRMG2), a trip-based model designed to 

forecast future travel patterns and facility usage. Notably, the TRMG2 lacks provisions for 

modeling truck touring and online shopping effects, making this study's contribution especially 

pertinent. By introducing a framework to simulate e-commerce-related truck trips within the 

existing model, this research addresses a significant gap in the analytical capabilities of 

transportation models. 

The integration of real-world Amazon distribution centers, sortation centers, and last-mile 

delivery centers enhances the realism and accuracy of the proposed methodology. The 

employment of these actual facilities as the basis for creating three types of distribution centers- 

Transload centers (TLCs), Bulky item distribution centers (BDCs), and Package distribution 

centers (PDCs) - ensures that the modeled e-commerce impacts closely align with real-world 

logistics scenarios. An essential innovation introduced is the incorporation of an algorithm to 

facilitate truck touring, a key facet of e-commerce operations. This algorithm efficiently 

assembles truck tours catering to e-commerce deliveries, enriching the TRMG2's predictive 

capabilities. This approach lends realism to the model, allowing the simulation of delivery 

logistics involved in modern e-commerce supply chains. The research also demonstrates a 

refined understanding of the demographic heterogeneity within the Triangle Region. By 

assigning distinct literature-derived online ordering rates to different demographic groups, the 
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study offers nuanced control over the assessment of e-commerce impacts. This granular analysis 

acknowledges the diverse behaviors and preferences of various population segments, resulting in 

a more accurate representation of the potential changes in travel patterns brought about by e-

commerce. 

Crucially, the methodology maintains the core structure of the TRMG2 model while 

introducing these modifications to capture the dynamics of e-commerce. This approach ensures 

that the proposed enhancements can be seamlessly incorporated into existing transportation 

models, providing practitioners with a practical tool for assessing the effects of e-commerce 

adoption. 

The methodology described had several key steps. Firstly, the identification of 

distribution center (DC) locations. Secondly, assigning Traffic Analysis Zones (TAZs) to these 

centers. This process facilitated the conversion of in-store shopping trips to freight deliveries, a 

shift determined through adjustment of trip generation rates based on data about online ordering 

as obtained from the National Household Travel Survey (NHTS). This conversion was then 

harnessed to estimate e-commerce-related truck trips (deliveries to homes) that were generated 

based on a truck touring algorithm, while remaining aligned with the existing TRMG2 

framework. The tours thus generated were broken down into trips by time period so that they can 

be assigned using the existing fixed OD tool in TRMG2. The e-commerce generated truck trips 

and the reduced SOV trips are used to estimate new assignment matrices which are then passed 

through the fixed OD tool in TRMG2. The method described in this chapter relies on three main 

considerations, which must be kept in mind when using it: 

i. The percentage of foregone shopping trips from e-commerce must be specified by 

the user,  
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ii.  The ratios of package trips to truck trips must be specified, and  

iii.  Treatment of intrazonal truck trips must be carefully captured 

The results from this study indicated that Midday and PM single-occupancy vehicle 

(SOV) trips, which constitute a significant proportion of the base case, can be substantially 

influenced by e-commerce. By diverting a portion of SOV trips to e-commerce deliveries, 

roadway volume-to-capacity ratios were mitigated. Despite the modest increases in commercial 

vehicle (CV), single-unit truck (SUT), and multi-unit truck (MUT) trips, the changes were found 

to be relatively minimal. 

Interzonal truck trips, generated through the truck touring algorithm, replaced the 

interzonal SOV trips, showcasing that the interplay between e-commerce and travel behavior is 

more intricate than mere trip replacement. Truck flow increases were found to be primarily 

concentrated on major freeways, interstates, and principal arterials connected to warehouse 

locations, while the reduction in SOV flows was observed across various road types. 

As we move forward, there's a need to refine travel demand models to capture emerging 

shopping trends to better understand the interplay between e-commerce and in-person shopping.  

These findings underscored the potential of e-commerce to reshape transportation dynamics. 

Notably, the work raises interesting points for future research, such as: 

¶ The need of survey data to understand the actual extent of e-commerce's impact 

on truck activity, in-person shopping, and returns. 

¶ The role in infrastructure investment in e-commerce growth 

¶ Environmental benefits, specifically in terms of greenhouse gas (GHG) emissions 

and midday traffic levels as a results of e-commerce 
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¶ Treatment of intrazonal truck trips as discussed in the chapter i.e., should they be 

added back in? If so, to what extent? 

¶ Assessing the need to refine the TRMG2 trip generation tree for shopping to 

better capture differences by generation. 

In summary, this chapter serves as a significant step forward in the field of urban 

transportation modeling, enabling a more comprehensive assessment of the impacts of e-

commerce within the Triangle Region and beyond. The methodology's integration with an 

established model framework, real-world distribution data, truck touring, and demographic 

nuances collectively position it as a powerful tool for guiding transportation planning strategies 

in the face of evolving e-commerce trends. 

This work has been presented at the North Carolina Association of Metropolitan 

Planningôs (NCAMPO) 2022 annual conference and has also been submitted to be considered for 

presentation at the 2023 North Carolina Department of Transportation (NCDOT) Research and 

Innovation Summit. The work presented in this chapter will also be submitted to a journal for 

publication.  
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CHAPTER 5 

1.21 Introduction  

The impacts of e-commerce demand on truck and passenger trips occur due to online 

orders but actually result in the flow of ñpackagesò being delivered, picked up, dropped off or 

returned to various locations. So, it makes sense represent e-commerce demand as the generation 

and distribution of packages being served by different mode-choices like trucks, autos, drones 

etc. In this chapter, a new approach of treating e-commerce demand is discussed. This approach 

can be thought of as similar to a ñcommodity-basedò type approach in advanced freight models, 

but does not require changing the fundamental model. 

This commodity-based type approach will increase the model flexibility in dealing with 

e-commerce demand, as item deliveries by different modes can now be incorporated. Another 

reason for changing e-commerce demand from truck trips to item deliveries is that trip 

generation for trucks in the TRMG2 depends on factors like employment product, which may not 

be applicable to e-commerce generated truck delivery trips in the future. However, relating 

package generation to employment product is more reasonable. 

Another key aspect of the attractiveness of e-commerce is the ability to return goods 

easily. Major online retailers and use the return policy as a way to acquire and keep consumers 

and build a loyal customer base. As online sales increase, the return rate has also increased 

significantly. E-commerce returns jumped to an average of 16.6% in 2021 versus 10.6% a year 

ago, according to a survey by the National Retail Federation; and eighty percent of consumers 

said that returns are the most important factor when considering the overall order experience 

(99).  In 2020 at least 2 million new visitors came to Kohlôs stores to return an Amazon 
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purchase- a service itôs offered in all stores for nearly two years- and a third of these customers 

were millennials (100).  

Most studies on e-commerce do not take product return behavior into consideration. Thus 

not accounting for the added trips from package return, where individuals travel to a store to 

return items they previously had delivered to their homes. For instance, Amazon offers 

convenient drop-off options at parcel locker hubs, UPS access points, and various locations like 

Whole Foods and Kohl's. These return procedures encourage consolidated drop-offs by allowing 

returns without a box or return label. As a result, an area that warrants further investigation is the 

impact of the online shopping returns process on travel demand. 

This study describes a methodology for modeling the changes in trip making due to e-

commerce through a commodity-based type approach while also incorporating trips that 

individuals might take to stores for returning an item purchased online. It uses the Triangle 

Regional Model, Generation 2 (TRMG2) as a case study. The methodology estimates package 

flows generated as a result of e-commerce. The approach discussed in this study does not require 

changing the fundamental model structure and is easy to adopt. The ability to incorporate various 

modes of delivery (other than just trucks, e.g. drones) and returns for e-commerce (while leaving 

the fundamental model untouched) is the major contribution of this new approach. 

 

1.22 Literature Review 

The impacts of e-commerce on transportation systems have garnered increasing attention 

in recent years. Traditional travel demand models often fail to capture the unique characteristics 

of e-commerce, particularly regarding the movement of packages and the associated trips 

involved in their delivery, pickup, drop-off, and return. To address this gap, researchers have 

explored the concept of commodity-based travel demand models. These models represent e-
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commerce demand as the generation and distribution of packages served by various 

transportation modes such as trucks, autos, and drones. 

Holguín-Veras et al.  provide a comprehensive overview of commodity-based freight 

modeling techniques. They highlight the advantages of such approaches in understanding freight 

flows and transportation demand, shedding light on potential applications in the context of e-

commerce.  (101)   

Overall, the literature suggests that traditional travel demand models often overlook the 

unique aspects of e-commerce demand, particularly the flow of packages and associated trips. 

Commodity-based travel demand models offer a promising approach to address this limitation by 

explicitly considering the generation and distribution of e-commerce packages served by 

different transportation modes. These models enhance the flexibility and accuracy of 

transportation planning and facilitate the incorporation of various modes of delivery and returns, 

providing valuable insights into the impacts of e-commerce on travel demand and logistics 

operations. 

Future studies should focus on refining the representation of e-commerce demand and its 

implications for transportation systems. By doing so we can better inform policy decisions and 

develop sustainable strategies to accommodate the growing e-commerce sector. 

 

 

1.23 Methodology 

The analysis presented here focuses on the Raleigh-Durham-Chapel Hill metro area, also 

known as the Triangle Region. The Triangle Regional Model Generation 2 (TRMG2) is a trip-

based model which forecasts future trip-making patterns and facility use. The commercial 

vehicle model uses a Quick Response Freight Manual (QRFM) approach for estimating truck 
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trips. Parameters are re-estimated periodically using commercial vehicle surveys. The most 

recent survey was conducted in 2010 (97). The commercial vehicle model does not 

accommodate truck touring, nor does it account for online shopping and returns. This study 

provides a way to model e-commerce related truck trips with the existing framework.   

Our research assumes that e-commerce reduces in-store shopping. These foregone trips 

are replaced by freight deliveries to the Traffic Analysis Zones (TAZs) that created the e-

commerce demand. To estimate the reduction in in-store shopping trips, trips in the non-work-

tour home-based-other maintenance category are identified (ñN_HB_OME_ALLò).  Other 

shopping trips (e.g. going to the grocery store from work before heading home in the evening) 

are not included. Trip generation rates for the chosen trip purpose are then changed according to 

data from the NHTS (84). The NHTS includes the number of online orders placed in one month, 

and found that for people over 16 years, the average rate was 2.5 orders per month. This 

translates to 0.08 orders per day. It is assumed that one order is equivalent to one trip. Using this 

statistic, two other ordering rates, medium and high, are hypothesized to produce 0.2 and 0.3 

trips per day, respectively. For the base case scenario, trip generation rates for in-store shopping 

are reduced by 0.08, resulting in a new (reduced) trip matrix. The trips removed are converted to 

freight deliveries. Since this is a new e-commerce scenario B that accounts for returns, the 

scenario has been named ñE-commerce Scenario B Bò. As an example, the analysis is shown 

below for 2020.  

Table 5.1 shows ordering rates and e-commerce adoption levels for different generations 

(94, 95). The following steps are involved the modeling process: 
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i. Identify Distribution Center (DC) Locations: Google maps and information available on 

the web was used to identify locations for DCs that will serve the freight deliveries (87, 98), 

as shown in Figure 5.1. There are three types:  

a) ñTransload centersò (TLC), like an Amazon Sortation Center & Distribution Center or a 

Walmart Distribution Center, that receive Multi -Unit Truck (MUT) -transported 

shipments from places outside the region and transship them via SUTs to the Bulky item 

distribution centers (BDCs), described next (See Table 5.2 and Figure 5.5). 

b) ñBulky item distribution centersò (BDC), like the Amazon Prime Now Hub for Raleigh, 

that receive pallets from TLCs and transship them to PDCs. These inbound trips from 

TLCs to BDCs involve SUTs.   

c) ñPackage distribution centersò (PDC) that deliver orders to purchasersô doorsteps. These 

outbound trips are made using CVs. 

The Figure 5.6 illustrates the above concepts for one TLC, one BDC, one PDC, and one 

home in a study area. 

ii.  Assign TAZs to Distribution Centers (DCs): Midday high-occupancy vehicle (HOV) 

travel times are used to assign each TAZ to its closest PDC. Figure 5.2 shows how many 

TAZs are assigned to each PDC. The x-axis shows the TAZ for the PDC, and the y-axis 

shows the number of zones assigned to that PDC. For example, the PDC in TAZ 2663 (New 

Bern, Raleigh) has the most assigned zones; while the one in TAZ 488 (Person St, Durham) 

has the least. It is assumed that the PDCs can serve all the zones assigned to them. 

iii.  Create the E-commerce package flow matrix: Because a portion of in-store shopping trips 

are diverted to online orders, the trip generation rates for in-store shopping trips 

(ñN_HB_OME_ALLò) are reduced. Data from the NHTS is used to determine the new rates. 
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The difference between the base case in-store trips and the scenario trips produces ñforgoneò 

in-store trips for a given scenario (matrix A). The decreased in-person shopping trips are 

computed at the daily level (i.e., values are reduced in the daily trip matrix). (Refer to Figure 

5.3). Table 5.4 shows SOV trips in the base scenario and for the e-commerce scenario B, and 

the forgone shopping trips (i.e., trips shifted to e-commerce because of the reduced in-store 

shopping).  The table also shows the total SOV trips after excluding trips between external 

TAZs (EE) and Total Packages (ñTot_Pkgsò) delivered as a result of the reduced SOV trips. 

EE trips were excluded because they are considered to be trips passing through the study 

area and thus do not pertain to the context of e-commerce or in-store shopping.  

The package flows resulting from reduced in-store shopping / e-commerce are calculated 

as follows: 

a) It is assumed that one order is created for every forgone in-store shopping trip.  

b) Each online order is assumed to generate 3 package deliveries, hence using a factor of 

three on the online orders gives us the resulting package flows for the whole network 

c) These packages can then be delivered by any mode, i.e. trucks, drones etc.  

This method also helps to seamlessly calculate package returns which is explained in the 

next step. 

iv. Package Returns:  Using data from a survey conducted by the National Retail Federation, 

average e-commerce return rates are assumed. (99) A 10% e-commerce package return rate 

is assumed. It is also assumed that an individual returns two packages at a time. For return 

locations, Kohlôs locations in the Raliegh-Durham-Chapel Hill area were identified since 

Amazon offers free returns at Kohlôs. There are a total of 9 such locations. See Figure 5.7 

for the return locations on the map.   
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v. Create Delivery Tours: The next step is to assemble package delivery trips into tours for 

the CVs.  

a) Matrix B, described in the previous step, indicates the number of packages destined to 

each TAZ and served by a given PDC. 

b) Each CV is assumed to have a fixed carrying capacity and maximum daily operating time 

(Refer to Table 5.3 for truck capacities). 

c) Based on nearest neighbor, tours are created by adding package deliveries to an existing 

partial tour until the CV capacity or the maximum daily operating time is reached. 

d) Additional CV tours are created until all packages are assigned to truck tours. 

e) The resulting CV tours are sequences of segments from one delivery TAZ to the next (all 

intrazonal truck trips generated were excluded from the analysis). 

Table 5.5 shows CV trips - interzonal and intrazonal - produced from touring (trip 

distribution percentages by each time period are also provided). Only interzonal CV trips 

are assigned to the network. 24,282 CV trips (13% of total CV trips produced by touring) 

are added after removing 143,700 SOV shopping trips.  

iv. Create Trips by Time Period: Once the tours are created, their segments are assigned to 

specific time period.  

a) Trips that spread across multiple time periods are handled differently. A segment is 

assigned to a given time period if 50% or more of the segment travel time occurs during 

that time period. For example, if a segment that starts during the ñAM peak after 

shoulderò and ends during midday has more than 50% of the travel time during midday, 

it is assigned to midday; otherwise, it is assigned to the ñAM peak after shoulderò. 
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b) For each time period, segments are then aggregated to create a time period-specific CV 

trip matrix. 

v. Create SUT Truck Trips:  Summing the packages delivered by all PDCs gives the total 

packages that must also be delivered inbound to them. These packages are delivered to the 

PDCs by SUTs from upstream BDCs. (Refer to Figure 5.5 and 5.6) 

a) The distribution of package trips among the upstream BDCs is based on the proportion 

of SUT trips from each BDC zone to each PDC zone in the original SUT trip matrix. 

For example, if, for a given PDC, there were 20 SUT trips from the first of three 

upstream BDC zones, 50 from the second, and 30 from the third. Then, 20% of the 

inbound package trips to the PDC would arrive from the first upstream BDC zone, 50% 

from the second, and 30% from the third. 

b) SUTs also have a carrying capacity. All -day package flows from each BDC to each 

PDC are divided by the SUT capacity to determine the number of SUT trips between a 

given BDC and PDC.  

c) These SUT trips are then split among the time periods based on the same time-of-day 

factors used for other SUT trips. 

d) The resulting SUT trips by time period are added to the existing SUT trip matrices. 

Table 5.6 shows the number of interzonal SUT trips, intrazonal SUT trips, and total SUT 

trips produced from touring (brackets show percentage distribution of trips by each time period). 

Only the interzonal SUT trips are considered for assignment. So only 2,900 SUT trips (i.e., 

7.25% of total SUT trips produced by touring) are added back after removing 143,700 SOV trips.  

vi. Create MUT Truck Trips:  Packages that originate at BDCs for transport to PDCs are 

brought in by MUTs. 
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a) It is assumed that package trips enter the region at the external nodes.  

b) For a given BDC, sourcing of packages is proportional to the MUT flow rates (all-day 

trips) at the external TAZs. For example, if there are 6 external TAZs with trips to a 

BDC, and the entering MUT trip rates per day are 10, 20, and 30, then the percentage 

distribution of trips among those 6 external TAZs would be 10%, 20%, and 30% 

respectively.  

c) The resulting external TAZ to TLC package trips are converted into MUT trips based on 

MUT carrying capacities.  

d) These MUT flows are then distributed among the time periods based on the proportional 

sharing values used by the truck trip estimation procedure. 

e) The resulting time-period-specific MUT trip matrices are then added to the existing 

MUT trip matrices.  

Table 5.7 shows the number of interzonal MUT trips, intrazonal MUT trips, and total 

MUT trips produced from touring (brackets show percentage distribution of trips by each time 

period). Only the interzonal MUT trips are considered for assignment. So only 2,091 MUT trips 

(i.e. 7.4% of total MUT trips produced by touring) are added back after removing 143,700 SOV 

trips. 

vii.  Assignment in TRMG2: The new, augmented, time-period specific trip tables are then 

assigned using the Fixed OD Tool in TRMG2. The Fixed OD Tool fixes the demand and 

assigns the given trips to the network. Table 8 shows the assignment matrix totals for each 

truck type (CV, SUT, MUT) and each time period (AM, MD, PM, NT) for the base scenario, 

e-commerce scenario B. This table also shows differences and percentages
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Table 5.1: E-Commerce Scenario B Online Ordering Rates for Different Demographic Groups 

Trip Purpose 
Generation 

Model Decision Logic 
E-Commerce Scenario B 

Ordering Rates* 

Non-work Home-

Based Other Trips 

(N_HB_OME_All) 

Gen Z < 31yrs Medium 

Gen Z & Millennials Non-working middle-aged adults (age 31-62yrs)  
High 

Gen Z & Millennials Working middle aged adults (age 31-62yrs)  

Boomer Non-working older adults (age 63-74) 

Low 

Boomer Working adults between the (age 63-74yrs) 

Boomer & Post War Non-Retired adults with age > 63yrs 

Boomer & Post War Retired older adults with age > 63yrs 

Boomer & Post War Adults 75yrs or older with lower employment 

accessibility (e_access < 11.64)  

Boomer & Post War Adults 75yrs or older with higher employment 

accessibility (e_access >= 11.64) 

Generation: Gen Z (10-25yrs), Millennials (26-41yrs) and Gen X (42-57yrs) with high online shopping propensity. Boomer (58-76yrs) and Post War (77yrs or 

older) with low online shopping propensity. 

Ordering Rates* (orders/day/person): Low=0.08 ; Medium=0.2 ; High=0.5 
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Table 5.2 : E-commerce Distribution Center (DC) (87, 98) 

Facility Type Truck Types TAZs 

Package Delivery Centers (PDCs) 

-Amazon Last-Mile Delivery Center 

SUTs incoming  

CVs outgoing 
1789, 423, 488, 2395, 2663 

Bulk Distribution Centers (BDCs) for 

Heavy/Bulky Merchandise 

-Amazon Sortation Center  

-Walmart Distribution Center  

-Amazon Distribution Center  

-Amazon Prime Now Hub 

SUTs incoming  

SUTs outgoing 
582 & 488, 2972, 1768, 1696 

Trans Loading Centers (TLCs) 

Amazon Sortation Center   

-Walmart Distribution Center   

-Amazon Distribution Center 

MUTs incoming  

SUTs outgoing 
978, 2972, 1768 
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Figure 5.1 : E-Commerce Distribution Center (DC) Locations 
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Figure 5.2: Distribution of TAZs among Package Distribution Centers (PDCs)  

 

Table 5.3: Package Capacities by Truck Type 

 

 

 

 

 

 

Truck Type 
Capacity (in number of 

packages) 

CV 25 

SUT 75 

MUT 300 
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Figure 5.3: Forgone In-Store Shopping Trips 

 

 

Figure 5.4: E-Commerce Delivery Channels 

MUT

ÅExternal Trips - MUT trips are added to the EI trip matrix for e-commerce related 
trips. (Tot_Pkgs/ MUT Capacity) is the total number of truck trips added. For each 
TLC, these EI trips are distributed among the external zones based on the proportion 
of MUT trips entering the region from those external zones.

SUT

ÅTLC to BDC Trips - SUT trips are added to the SUT II matrix from the TLCs to 
the BDCs The total trips added is (Tot_Pkgs/ SUT Capacity) For each BDC these 
trips are added in proportion to the existing SUT II trips from the TLC zones to the 
BDC zones. 

ÅBDC to PDC Trips- SUT trips are added to the SUT II matrix from the BDCs to 
the PDCs. For each PDC, these trips are added in proportion to the existing SUT II 
trips from the BDC zones to the PDC zones as appropriate. 

CV

ÅCV Trips to homes- CV trips created in an interim CV II matrix that contains 
entries from the PDCs to the delivery TAZs. The total trips added is (Tot_Pkgs/ CV 
Capacity) and the number of trips from the PDC to a specific TA is 
(Tot_Pkgs_PDC_to_TAZ / CV Capacity).  These are not trips that are added to the 
all-day CV II matrix. Ratherthey are the inputs to the routing process that 
determines CV trips
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Figure 5.5: E-Commerce Delivery Flows 

 

 

Figure 5.6: E-Commerce Return Locations  
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Table 5.4: In-Store Shopping Trips for Base and E-Commerce Scenario B 

SOV 
Base (Vehicles 

Per Hour) 

E-Commerce 

Scenario B (Vehicles 

Per Hour)  

SOV Trips Foregone 

(Trips Shifted to E-commerce) 

AM (7:00 am to 9:00 am) 320,827 311,966 8,860 

MD (9:00 am to 3:30 pm) 736,553 209,082 527,470 

PM (3:30 pm to 6:15 pm) 398,127 368,066 30,061 

NT (6:15 pm to 7:00 am) 78,037 71,592 6,445 

Daily Total Average Trips 313,295 162,831 150,463 

Total Shopping Trips Forgone (Vehicles Per Hour) 143,700 

Total New Package Trips Per Hour 431,100 

 

Table 5.5: Interzonal and Intrazonal CV Trips from Tours by Time Period for E-commerce Scenario B 

CV 
Interzonal trips from Tours  

(Vehicles per Hour) 

Intrazonal Trips from Tours   

(Vehicles per Hour)  

Total Trips from  Touring  

(Vehicles per Hour) 

AM  (7:00 am to 9:00 am) 7,133 (44.65%) 8,842 (55.34%) 15,975 (100%) 

MD (9:00 am to 3:30 pm) 450 (2.7%) 16,233 (97.29%) 16,684 (100%) 

PM (3:30 pm to 6:15 pm) 2,576 (18.79%) 11,129 (81.2%) 13,706 (100%) 

Daily Total Average Trips 1,011 (13.63%) 6,408 (86.36%) 7,420 (100%) 
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Table 5.6: Interzonal and Intrazonal SUT Trips from Tours by Time Period for E-commerce Scenario B 

SUT 

Interzonal trips from 

Tours (Vehicles per 

Hour)  

Intrazonal Trips from 

Tours (Vehicles per Hour) 

Total Trips from  Touring 

(Vehicles per Hour) 

AM (7:00 am to 9:00 am) 726 (20.27%) 2854 (79.72%) 3580 (100%) 

MD (9:00 am to 3:30 pm) 2 (0.04%) 3739 (99.95%) 3741 (100%) 

PM (3:30 pm to 6:15 pm) 522 (16.88%) 2570 (83.11%) 3092 (100%) 

Daily Total Average Trips 59 (16.88%) 294 (83.11%) 354 (100%) 

 

Table 5.7: Interzonal and Intrazonal MUT Trips from Tours by Time Period for E-commerce Scenario B 

MUT  

Interzonal trips from 

Tours  

(Vehicles per Hour) 

Intrazonal Trips from 

Tours 

(Vehicles per Hour) 

Total Trips from  Touring  

(Vehicles per Hour) 

AM (7:00 am to 9:00 am) 520 (20.33%) 2039 (79.66%) 2560 (100%) 

MD (9:00 am to 3:30 pm) 3 (0.12%) 2674 (99.87%) 2678 (100%) 

PM (3:30 pm to 6:15 pm) 374 (17.96%) 1708 (82.03%) 2082 (100%) 

Daily Total Average Trips 87 (7.4%) 1090 (92.59%) 1177 (100%) 
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Table 5.8: Traffic Assignment Matrices for Base and E-commerce Scenario B 

CV Base Scenario 
E-commerce Scenario B   

(After Adding Toured E -commerce Trips) 
 Difference in Trips  

AM (7:00 am to 9:00 am) 65,401 79,668  14,267 (17.9%)  

MD (9:00 am to 3:30 pm) 324,853 327,782  2,929 (0.89%)  

PM (3:30 pm to 6:15 pm) 89,837 96,923  7,086 (7.31%)  

NT (6:15 pm to 7:00 am) 237,890 237,890  -  

Total 717,983 742,265  24,282 (3.4%)  

MUT  Base Scenario 
E-commerce Scenario B  

 (After Adding Toured E -commerce Trips) 
 Difference in Trips  

AM (7:00 am to 9:00 am) 9,000 10,041  1,041 (10.36%)  

MD (9:00 am to 3:30 pm) 31,611 31,632  21 (0.06%)  

PM (3:30 pm to 6:15 pm) 13,607 14,636  1,029 (7.03%)  

NT (6:15 pm to 7:00 am) 31,660 31,660  -  

AM (7:00 am to 9:00 am) 85,880 87,971  2,091 (2.4%)  

SUT Base Scenario 
E-commerce Scenario B  

(After Adding Toured E -commerce Trips) 
 Difference in Trips  

AM (7:00 am to 9:00 am) 21,972 23,424  1,452 (6.19%)  

MD (9:00 am to 3:30 pm) 85,896 85,908  12 (0.01%)  

PM (3:30 pm to 6:15 pm) 31,251 32,687  1,436 (4.39%)  

NT (6:15 pm to 7:00 am) 63,103 63,103  -  

AM (7:00 am to 9:00 am) 202,224 205,124  2,900 (1.4%)  
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1.24 Results 

Table shows 5.8 shows trips per time period for base case and e-commerce scenario B. 

The table shows that when e-commerce returns are included, the total SOV trips increase 

slightly, as expected, to 4,139,180 over the whole day. Table shows 5.9, 5.10, 5.11, and 5.12 

show change in SOV flow for e-commerce scenario B for MD time period, change in CV flow 

for e-commerce scenario B for MD time period, change in SUT flow for e-commerce scenario B 

for MD time period, change in MUT flow for e-commerce scenario B for MD time period. Table 

5.10 and 5.11 show the change in vehicle miles traveled (VMT), change in vehicle hours traveled 

(VHT), and change in flow, for each time period and facility type for the e-commerce scenario B 

as compared to the Base case. 

The table shows that when e-commerce returns are included, there is a slight increase in 

VMT as compared to the previous e-commerce scenario B where returns were not included. 

Although, overall VMT savings are still observed, the savings were found to be slightly lesser 

for e-commerce Scenario B as compared to Scenario A. 
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Table 5.9: Trips Per Time Period for Base and E-commerce Scenario B  

SOV 
Base 

 (Vehicles per Time Period) 

E-commerce Scenario B 

(Vehicles Per Time Period) 
Difference of SOV Trips 

AM (7:00 am to 9:00 am) 576,584 558,862 17,721 

MD (9:00 am to 3:30 pm) 4,547,275 1,281,046 3,266,229 

PM (3:30 pm to 6:15 pm) 1,075,551 992,881 82,669 

NT (6:15 pm to 7:00 am) 871,252 789,070 82,182 

Daily Total Average Trips 7,070,662 3,621,860 3,448,802 

 Total Package Trips Per Time Period  10,346,406 

Total Number of Packages Returned 1,034,640 

SOV Package Return Trips 517,320 

Scenario B Total SOV Shopping Trips  4,139,180 
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Figure 5.7: E-commerce Scenario B SOV Flow Changes for MD time Period 

 


