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Abstract 

The Autonomous Truck Mounted Attenuator (ATMA) vehicle system is a quickly 

emerging technology that leverages connected and autonomous vehicle (CAV) capabilities for 

maintenance of transportation infrastructure. Promoted by FHWA and about a dozen State 

DOTs, it is a niche CAV application in leader-follower style that removes DOT workers from the 

following maintenance truck, in order to reduce fatalities in work zone locations. Because 

practical and implementable guidance for deployment of this technology is largely missing in 

MUTCD, State DOTs have been making their own deployment criteria. For example, Colorado 

DOT is using annual average daily traffic (AADT) of less than 6,000 as the criteria to identify 

low-volume roads for ATMA deployment. In this project, we focus on the Operational Design 

Domain (ODD) problem, i.e., under what traffic conditions should ATMA be deployed. To this 

end, modeling efforts are first focused on the derivation of an effective discharge rate that can be 

associated with a moving bottleneck that is caused by slow-moving ATMA vehicles on a 

multilane highway. Then, based on the demand input and discharge rates, microscopic traffic 

flow models are employed to calculate vehicle delay and traffic flow density, which the Highway 

Capacity Manual (HCM) suggests are key indicators of a multilane highway’s level of service 

(LOS). In this way, the linkage between AADT and LOS is analytically established. NGSIM 

data is used for the model validation and shows that the developed model correctly captures the 

effective discharge rate discount caused by moving bottlenecks. The modeling results 

demonstrate that roadway performance is sensitive to the K factor and D factor, as well as the 

operating speed of ATMA and, if LOS=C is a desirable design objective, a good AADT 

threshold to use would be around 40,000 vehicles per day.  
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Chapter 1 Introduction 

America’s roads are critical for moving an ever-increasing number of people and goods. 

Unfortunately, the growing wear and tear to our nation’s roads have left 43% of our public 

roadways in poor or mediocre condition [1]. In 2020 alone, USDOT spent a total of $24 Billion 

dollars to preserve national highway systems. Mobile and slow-moving operations, such as 

striping, sweeping, bridge flushing, and pothole patching, are critical for the efficient and safe 

operation of a highway transportation system. Performing the maintenance required for a 

roadway infrastructure, however, could involve risks, and many work zone crashes involved 

State Department of Transportation (DOT) workers. For example, in the State of Missouri, slow-

moving operation vehicles have been involved in crashes more than 80 times since 2013, 

resulting in many injuries to DOT workers [2]. Reducing hazards and achieving a safer 

environment for DOT workers remains an urgent problem.  

The Autonomous Truck Mounted Attenuator (ATMA) vehicle system is a quickly 

emerging technology that combines the use of connected and autonomous vehicle (CAV) 

capabilities and Autonomous Maintenance Technology (AMT), to maintain the transportation 

infrastructure in work zones. Promoted by FHWA and many State DOTs, ATMA is a niche 

CAV application in leader-follower style that removes DOT workers from the following 

maintenance truck to reduce fatalities in work zones. For example, Colorado and Missouri are 

among the first States in the U.S. to test and deploy ATMA vehicles to remove DOT workers 

from the driver seat [3, 4]. Several other States, including California, Minnesota, Virginia, Ohio, 

North Dakota, and Tennessee [5] are in the process of testing, or deploying similar technologies. 

In addition, Colorado DOT is leading an autonomous maintenance technology pool fund with 13 
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State DOT members [6], together with the FHWA. A brief introduction of the ATMA system is 

presented in Section 2 and can also be found in [4]. 

Despite the fact the ATMA technology is being rapidly developed and deployed, the 

practical and implementable guidance for its deployment is largely missing in the Manual on 

Uniform Traffic Control Devices (MUTCD) and other federal regulations and national standards. 

Without such guidance, State DOTs have been making their own criteria to answer the question 

of when and where to deploy ATMA. For example, Colorado DOT is using an annual average 

daily traffic (AADT) of less than 6,000 as the criteria to identify low-volume roads for ATMA 

deployment. This is because, due to the nature of mobile and slow-moving operations, ATMA 

vehicles are usually driving slowly (such as 5~15mph) and, as such, the argument is to avoid 

slowing traffic on a busy corridor during peak hours. A problem with this criterion is that AADT 

on multilane highways varies for different DOTs. Roads with an AADT lower than 6,000 might 

be common in Colorado, but in other States, such as California and New York, most roads are 

much busier than that. So, the question is whether this AADT threshold is reasonable, and how 

we should develop a sound method to scientifically determine this threshold. 

To bridge this important gap, this project aims to develop microscopic traffic flow 

models to identify the Operational Design Domain (ODD) of ATMA, on a typical multilane 

highway. Learning from the Highway Capacity Manual (HCM) [7], six measures can be used to 

determine the level of service (LOS) of a multilane highway, namely speed, delay, throughput, 

density, environmental, and the ratio of demand/capacity. As such, in this research, we choose 

total delay, as well as traffic density, as the performance measurements, to quantitatively 

evaluate the impact of ATMA vehicles on traffic flow, and to support the identification of ODD. 

However, the key challenge in quantifying delay and traffic density is the calibration of capacity 
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drop caused by the ATMA system. This is due to the slow operating speed of the ATMA system, 

compared with the other fast-moving traffic, so that it, essentially, becomes a moving bottleneck 

and discounts traffic flow capacity. As such, an accurate modeling of a moving bottleneck 

capacity drop becomes a prerequisite for the quantification of traffic flow performance. 

Some modeling efforts to derive an effective roadway discharge rate that is affected by a 

moving bottleneck can be found in the literature. For example, Leclercq et al. [8] proposed an 

analytical model that extended the Newell-Daganzo model by endogenously incorporating a 

capacity drop related to the merging process. This work was extended by Leclercq et al. [9] by 

accounting for heterogeneous vehicle characteristics and the physical interactions between 

upstream waves and downstream voids, and by estimating the effective capacity for a freeway 

merger in a multilane context [10]. However, an explicit analytical expression of capacity drop 

was not available in these works, and a system of four equations and four unknowns was listed 

for computing the numerical solutions. Yuan et al. [11] investigated to determine to what extent 

the acceleration spread and reaction time could influence the queue discharge rate, as well as 

proposing a speed dependent reaction time mechanism to give variable queue discharge rates. 

Laval and Daganzo [12] focused on freeway sections, away from diverges, where the main 

incentive for drivers to change lanes was by increasing their speed. Mathematical models were 

developed to describe the mechanism of lane-changing vehicles, that created voids in traffic 

streams, and how these voids reduced flow. Chen and Ahn [13] investigated how spatially 

distributed lane changes impacted capacity-drop at an extended merge, diverge, and weave 

bottlenecks, and developed analytical models to capture the impacts of lane changes and 

numerical simulations to quantify capacity drop. Other freeway capacity-drop modeling efforts 

can be referred to in [14-18], among others. However, these models are usually complicated and 
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lack an explicit analytical expression, which greatly limits their applications in real-world 

problems. This is particularly the case for the problem that we are studying, as the ATMA 

system is not a common moving bottleneck. The system includes a minimum of two vehicles, 

including one manned leader truck, and at least one unmanned follower truck, and there is a gap 

distance of 100~1,000 ft between these two vehicles. As such, the previous moving bottleneck 

models become not applicable.  

As such, in this project, modeling efforts are first focused on the analytical derivation of 

an effective discharge rate that is associated with the moving bottleneck caused by ATMA 

vehicles. Such analytical derivation is based on the fundamental diagram with moving 

coordinates. The derived effective discharge rates are represented with mathematically-simple 

expressions in a closed-form, and correctly account for the effects of demand inputs (i.e., arrival 

rate on the highway), real time traffic status (e.g., cruising speed of general traffic, and the 

operation speed of ATMA), as well as the traffic flow characteristics (such as backward wave 

speed and jam density). Next, microscopic traffic flow models are employed, so that once the 

discounted capacity is obtained, it can be combined with the highway traffic’s arrival rate, to 

calculate the vehicle delay and traffic flow density, which are chosen as the key indicators of a 

multilane highway level of service. In this way, the linkage between demand (e.g., AADT) and 

LOS are analytically established and, based on such relationships, numeric analysis is performed 

to quantitively determine the ODD of ATMA.  

This report is organized as follows. Chapter 2 includes an ATMA system overview, 

performance measures of multilane highways, and the discharge rate and queuing profile of 

traffic flow. Chapter 3 focuses on the development of methodology in which the analytical 

derivations of the effective discharge rate and total delay for a four-lane highway segment are 
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presented. In Chapter 4, the developed model is validated with a NGSIM dataset, and the 

modeling result analysis and sensitivity analysis are discussed. Chapter 5 concludes this report. 
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Chapter 2 Preliminaries 

In this chapter, we will briefly introduce the ATMA system, followed by a review of 

performance measurement on multilane highways from HCM. Then, we show how to derive the 

effective discharge rate, based on a triangle fundamental diagram, a process to calculate the 

length of the queue, and the delay of traffic flow.  

The notations used in this report include: 

Notation Definition 

𝑡𝑡 timestamp 

𝑛𝑛,𝑛𝑛 − 1 indexes of following and leading vehicle, respectively  

𝜏𝜏𝑛𝑛,𝑑𝑑𝑛𝑛  response time and temporal delay of vehicle 𝑛𝑛 

𝑣𝑣1,𝑣𝑣2 speeds before and after the speed changes 

ℎ𝑛𝑛,1,ℎ𝑛𝑛,2 time headway of vehicle 𝑛𝑛 before and after the speed changes 

𝑠𝑠𝑛𝑛,1, 𝑠𝑠𝑛𝑛,2 space headway of vehicle 𝑛𝑛 before and after the speed changes 

𝑞𝑞,𝑘𝑘, 𝑣𝑣 traffic flow, density and speed 

𝜏̅𝜏, 𝑑̅𝑑 arithmetic average of the 𝜏𝜏 and 𝑑𝑑 

𝑣𝑣𝑓𝑓 ,𝑘𝑘𝑗𝑗 free-flow speed and jam density 

𝑣𝑣𝑢𝑢 cruising speed on the four-lane highway segment. Due to bottleneck or 

congestion, 𝑣𝑣𝑢𝑢 ≤ 𝑣𝑣𝑓𝑓 

𝑤𝑤 backward wave speed 

𝜇𝜇 maximum discharge rate 

𝜆𝜆(𝑡𝑡) time-dependent arrival rate 

𝑡𝑡0, 𝑡𝑡1 time that queue starts, and time to reach the maximum arrival rate 

𝑡𝑡2, 𝑡𝑡̅ time with longest queue, and time when the queue is fully discharged 

𝑄𝑄(𝑡𝑡) time-dependent queue length 
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Notation Definition 

 𝑊𝑊 total delay 

𝑁𝑁 total number of vehicles that enter a roadway segment 

𝑣𝑣lt speed of the ATMA vehicles 

𝜃𝜃 discount factor of the effective discharge rate 

𝑥𝑥∗(𝑡𝑡) location of a moving observer relative to the entering vehicle 

𝑞𝑞∗(𝑡𝑡) flow rate at which vehicle pass the observer who is travelling at a speed of 𝑣𝑣∗(𝑡𝑡) 

𝑄𝑄(𝑘𝑘), 𝑄𝑄∗(𝑘𝑘) flow as a function of density seen from stationary and moving coordinates 

𝜆𝜆in(𝑡𝑡),𝜆𝜆in′ (𝑡𝑡)  adjusted flow rate from stationary coordinate and moving coordinate 

𝐴𝐴𝐴𝐴𝐴𝐴 absolute percentage error 

𝑊𝑊�  average delay during the AMTA vehicles performing maintenance 

𝑡𝑡̅ average travel time on the four-lane highway segment 

𝑘𝑘�  estimated density on the four-lane highway 

 

2.1 ATMA Introduction  

The Autonomous Truck Mounted Attenuator vehicle, sometimes referred to as 

Autonomous Impact Protection Vehicle (AIPV), is a quickly emerging technology and offers a 

promising solution to eliminate injuries to DOT workers while performing roadway 

maintenance. Figure 2.1 below shows some pictures of an ATMA vehicle system under 

operation on a roadway, which shows (a) an overview of the system, (b) a view from above, and 

(c) a view from the rear. The vehicle system consists of a manned leader truck, an unmanned 

follower truck, and a truck mounted attenuator (TMA) installed on the follower truck. The leader 

truck is designed to perform the regular maintenance work, whereas the follower truck is 
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designed to drive autonomously and duplicate the behavior of the leader truck, as well as to serve 

as a buffer in case a crash happens. The distance between the leader truck and the follower truck 

is usually small, e.g., 100~200 ft. As a result, the leader-follower design significantly simplifies 

the self-driving scenario and allows the follower truck to simply mimic the action of the leader 

truck. The idea is that, in case a highway crash is inevitable at a work zone location, the follower 

vehicle will be hit first and, since it does not have a human driver and is equipped with TMA, the 

DOT workers’ lives will be saved. Actuators, software, electronics, and vehicle-to-vehicle (V2V) 

communication equipment are installed on the leader truck and the follower truck and, together, 

they enable connectivity (mainly V2V) and the autonomous driving capabilities of a leader-

follower style. 

 

 

Figure 2.1 ATMA Vehicle System: (a) system overview; (b) view from above; and (c) view from the 
rear. 

(a)

(b) (c)
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2.2 Performance Measurement of Multilane Highways  

LOS is a quantitative stratification of a performance measure that represents quality of 

service. Serval measures are mainly defined by HCM [7] to evaluate the LOS of multilane 

highways: 1) Density, which is typically defined by the average number of vehicles per lane per 

mile of roadway; 2) Speed, which reflects how fast motorists can travel along a roadway. Drivers 

experience delays when their travel speed is less than free-flow speed, which is a result of traffic 

demands that approach or exceed the roadway’s capacity; 3) Volume-to-capacity (v/c) ratio, 

which reflects how closely a roadway is operating at capacity, as well as 4) vehicle delay, 5) 

traffic throughput, and 6) environmental conditions. 

Figure 2.2 describes how speed and density determine LOS under different free-flow 

speeds (FFS) for multilane highways [7]. In other words, on a standard multilane highway, and 

under normal conditions, if the designed FFS is given, this plot can be used to very easily 

determine the LOS of any traffic flow. However, as discussed above, in the event of highway 

maintenance, the moving bottleneck, generated by ATMA vehicles, leads to capacity reduction, 

which fundamentally changes the volume-speed relationship in this diagram. As such, an 

accurate modeling of a moving bottleneck capacity drop becomes a prerequisite and, once the 

capacity of the moving bottleneck is obtained, we can employ microscopic traffic flow models to 

calculate the resulting vehicle delay and traffic flow density. Then, these measurements can be 

compared with the thresholds in Figure 2.2 to determine the LOS of the highway segment.  
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Figure 2.2 LOS on Base Speed-Flow curves from HCM (2010). 

 

2.3 Discharge Rate Under Normal Traffic Conditions 

In this section, we review how to derive the discharge rate (i.e., highway capacity) under 

normal traffic conditions. A simplified car-following model was proposed by Newell [19] and 

adopted in this report to describe a vehicle’s kinematic movements on a roadway segment. The 

simplified model states that the time-space trajectory of a following vehicle 𝑛𝑛 is essentially the 

same as its leading vehicle 𝑛𝑛 − 1, except for a delay in space and time. In the time-space 

diagram (shown in Figure 2.3-a below), a leading vehicle 𝑛𝑛 − 1 initially drives at a constant 

speed 𝑣𝑣1 and then changes to another constant speed 𝑣𝑣2. According to the simplified car-

following model, the following vehicle 𝑛𝑛 also travels at the same speed of 𝑣𝑣1 at the beginning, 

and then changes to the 𝑣𝑣2 speed. However, at the turning point, there is a temporal delay of 𝜏𝜏𝑛𝑛 

which represents the driver 𝑛𝑛’s necessary response time, as well as a spatial delay of 𝑑𝑑𝑛𝑛, which 

represents the distance needed to ensure safe driving. 
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Following vehicle 𝑛𝑛’s movement trajectory can be calculated by 𝑥𝑥𝑛𝑛(𝑡𝑡 + 𝜏𝜏𝑛𝑛) = 𝑥𝑥𝑛𝑛−1(𝑡𝑡) +

𝑑𝑑𝑛𝑛. Based on the time-space diagram, the time headway of 𝑛𝑛’s vehicle before and after speed 

change can be derived with ℎ𝑛𝑛,1 = 𝜏𝜏𝑛𝑛 + 𝑑𝑑𝑛𝑛
𝑣𝑣1

 and ℎ𝑛𝑛,2 = 𝜏𝜏𝑛𝑛 + 𝑑𝑑𝑛𝑛
𝑣𝑣2

, respectively. The space headway 

of 𝑛𝑛’s vehicle before and after the speed changes can be computed by 𝑠𝑠𝑛𝑛,1 = 𝑑𝑑𝑛𝑛 + 𝜏𝜏𝑛𝑛 ∙ 𝑣𝑣1 and 

𝑠𝑠𝑛𝑛,2 = 𝑑𝑑𝑛𝑛 + 𝜏𝜏𝑛𝑛 ∙ 𝑣𝑣2, respectively. 

 

 

Figure 2.3 (a) Time-space diagram of Newell’s car-following model and (b) triangular 
fundamental diagram. 

 

The Newell car-following model above suggests the triangular fundamental diagram that 

is shown in Figure 2.3-b. Per [19], the 𝑞𝑞-𝑘𝑘 relationship can be represented as 𝑞𝑞 = 1
𝜏𝜏�
− 𝑑𝑑�

𝜏𝜏�
𝑘𝑘, in 

which 𝜏𝜏̅ = 1
𝑛𝑛
∑ 𝜏𝜏𝑘𝑘𝑛𝑛
𝑘𝑘=1  and 𝑑̅𝑑 = 1

𝑛𝑛
∑ 𝑑𝑑𝑘𝑘𝑛𝑛
𝑘𝑘=1 . The fundamental diagram has a free flow speed 𝑣𝑣𝑓𝑓, 

backward wave speed 𝑤𝑤, maximum discharge rate 𝜇𝜇𝑚𝑚 and its corresponding density 𝑘𝑘𝑚𝑚, and jam 

density 𝑘𝑘𝑗𝑗. Of the five variables, if three of them are known, the remaining two can be derived.  
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Following the above-mentioned fundamental diagram, when 𝑣𝑣𝑓𝑓, 𝑤𝑤, and 𝑘𝑘𝑗𝑗 are known for 

a roadway segment, its maximum discharge rate 𝜇𝜇𝑚𝑚 can be calculated as 𝜇𝜇𝑚𝑚 = 𝑘𝑘𝑗𝑗
( 1𝑣𝑣𝑓𝑓

+1
𝑤𝑤)

= 𝑘𝑘𝑗𝑗∙𝑣𝑣𝑓𝑓∙𝑤𝑤
𝑣𝑣𝑓𝑓+𝑤𝑤

. 

It should be noted that 𝜇𝜇𝑚𝑚 is the maximum discharge rate under prevailing traffic conditions. In 

the case of congestion (e.g., due to lane drop or other geometric reasons), the actual cruising 

speed may be lower than the free-flow speed. We used a new point (𝑘𝑘, 𝜇𝜇) in the q-k diagram in 

Figure 2.3-b to represent the discharge rate due to the congestion impact, with 𝜇𝜇 < 𝜇𝜇𝑚𝑚. The 

cruising speed is denoted as 𝑣𝑣𝑢𝑢, with 𝑣𝑣𝑢𝑢 < 𝑣𝑣𝑓𝑓, the new discharge rate becomes Equation (2.1) in 

a generic form.  

 

 

2.4 Queue Length and Delay 

Based on the classical work by Newell in using a fluid-based approximation method to 

characterize the queue formation and dissipation processes [20], we consider two types of states: 

uncongested and congested. Under the congested state with homogeneous traffic, we consider a 

single value of 𝜇𝜇.  

We denote the time-dependent arrival rate (i.e., the demand) as 𝜆𝜆(𝑡𝑡). During off-peak 

hours, 𝜆𝜆(𝑡𝑡) <  𝜇𝜇 and no queue exists (to be exact, when a moving bottleneck is present, the 

discounted capacity 𝜇𝜇′ should be used, but for the sake of simplicity, we still use 𝜇𝜇 here). When 

the demand increases and finally exceeds the 𝜇𝜇, vehicles start to form a queue. The queue 

dissipates and traffic returns to normal, as demand reduces after peak hours. Figure 2.4 provides 

𝜇𝜇 =
𝑘𝑘𝑗𝑗

( 1
𝑣𝑣𝑢𝑢

+ 1
𝑤𝑤)

=
𝑘𝑘𝑗𝑗 ∙ 𝑣𝑣𝑢𝑢 ∙ 𝑤𝑤
𝑣𝑣𝑢𝑢 + 𝑤𝑤

 
(2.1) 
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an illustration of the demand-supply relationship and queuing profile. In Figure 2.4(a), the 

demand (black curve OABCE) exceeds the maximum discharge rate (red horizontal line AD) 

during the peak hour between 𝑡𝑡0 and 𝑡𝑡2, and the queue formation is illustrated by the area 

highlighted by red lines (i.e., ABCA). The arrival rate reaches peak at time 𝑡𝑡1. The longest queue 

is observed at time 𝑡𝑡2 and starts to shrink, as shown by the green lines (i.e., area CDEC). The 

queue is fully discharged at time 𝑡𝑡̅. The queuing profile is illustrated in Figure 2.4(b). 

Based on the illustration in Figure 2.4, the length of the queue at time 𝑡𝑡 can be derived by 

𝑄𝑄(𝑡𝑡) = ∫ (𝜆𝜆(𝜏𝜏) − 𝜇𝜇)𝑑𝑑𝑑𝑑𝑡𝑡
𝑡𝑡0

. The total delay is, thus, the integral of queue length from 𝑡𝑡0 to 𝑡𝑡3, 

which can be calculated by Equation (2.2). 

 

𝑊𝑊 = � 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡3

𝑡𝑡0
= � 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑

𝑡̅𝑡

𝑡𝑡0
 (2.2) 
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Figure 2.4 Queue formation and dissipation processes.  
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Chapter 3 Analytical Derivation of Performance Measures 

3.1 Problem Setup  

In this section, we focus on a typical highway with two lanes of the same direction, and 

the traffic on both lanes going to the right side, as shown in Figure 3.1. The ATMA vehicle 

system is represented by the two vehicles in the red box, with a leader truck (LT) and a follower 

truck (FT), and a gap distance of 𝐿𝐿gap between these two vehicles. The other general vehicles are 

represented by a smaller black vehicle icon.  

The total in-flow rate is 𝜆𝜆(𝑡𝑡) for both lanes. The lane flow distribution is presented by 𝛼𝛼, 

so the left lane has a flow rate of 𝛼𝛼 ∗ 𝜆𝜆(𝑡𝑡), whereas the right-lane has a flow rate of (1 − 𝛼𝛼) ∗

𝜆𝜆(𝑡𝑡). The cruising speed of general traffic is 𝑣𝑣u, and ATMA vehicles drive at a constant speed of 

𝑣𝑣lt (where 𝑙𝑙𝑙𝑙 stands for leader truck). 𝑣𝑣lt is usually between 5~15mph and is, thus, much slower 

than 𝑣𝑣u, i.e., 𝑣𝑣lt < 𝑣𝑣u and, as such, the ATMA can be considered as a moving bottleneck in the 

two-lane highway segment. As a result, the vehicles behind the ATMA vehicles (represented by 

red colored small cars in Figure 3.1) can switch to the left lane to bypass the moving bottleneck. 

Note that, although for simplicity a two-lane highway is used, the proposed model can be 

iteratively applied to a highway with three or more lanes. 
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Figure 3.1 Schematic diagram of a four-lane highway (one direction) segment with ATMA 
vehicles. 

 

3.2 Derivation of Discounted Capacity with Moving Bottleneck  

Next, we will analytically derive the discounted capacity (or, effective discharge rate), 

influenced by this moving bottleneck. We follow the theory from Newell [21], that a moving 

coordinate system, traveling at speed 𝑣𝑣lt, can be transformed into a corresponding analysis of 

flow past a stationary bottleneck, with some proper coordinate transformation.  

We start by placing a “moving observer” on the main road who is traveling at the same 

velocity 𝑣𝑣lt as the ATMA vehicles, at any time 𝑡𝑡, at a location 𝑥𝑥∗(𝑡𝑡) relative to the ATMA 

vehicles. The equation from Newell [21], on the derivation of 𝑥𝑥∗(𝑡𝑡), is given in Equation (3.1). 

In our problem, since they travel at the same speed, 𝑥𝑥∗(𝑡𝑡) remains a constant. Next, we also 

place a “stationary observer” on the main road, whose location does not change. 

 

𝑥𝑥∗(𝑡𝑡) = 𝑥𝑥(𝑡𝑡) − 𝑣𝑣lt ∙ 𝑡𝑡 
(3.1) 

 

As the moving observer moves at the same speed as the ATMA vehicles, from his 

perspective, the two-lane roadway segment becomes a stationary section of road with only one 
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lane for the other vehicles adjacent to ATMA vehicles. From his perspective, there is a lane 

reduction with a capacity drop. Some vehicles merge from two lanes to one lane, pass this 

bottleneck location, and then switch lanes to drive again on a two-lane roadway segment (again, 

please refer to the red vehicles in Figure 3.1). Let us call the view from the moving observer’s 

perspective “moving coordinates”, and the view from the stationary observer’s perspective 

“stationary coordinates”. Based on such definitions, the target of this section, i.e., the moving 

bottleneck capacity, is the maximum discharge rate from a stationary observer’s perspective, 

with the presence of ATMA vehicles. The below equation shows how to derive such a value step 

by step. 

Assume that the flow and the density of the one lane and two lanes have a functional 

relationship in the stationary coordinates, i.e. 𝑞𝑞 = 𝑄𝑄1(𝑘𝑘) and 𝑞𝑞 = 𝑄𝑄2(𝑘𝑘). If we use 𝑞𝑞∗(𝑡𝑡) to 

denote the rate at which vehicles on the main road pass the moving observer, who is travelling at 

a speed of 𝑣𝑣lt, then  

 

𝑞𝑞∗(𝑡𝑡) = 𝑞𝑞 − 𝑘𝑘 ∙ 𝑣𝑣lt  (3.2) 

 

The density of the one-lane and the two-lane roadway segments are the same, no matter 

whose perspective (moving observer or stationary observer) is adopted. The relationship between 

𝑞𝑞∗(𝑡𝑡) and 𝑘𝑘 can be derived as: 

 

𝑞𝑞∗(𝑡𝑡) = 𝑄𝑄1(𝑘𝑘) − 𝑘𝑘 ∙ 𝑣𝑣lt = 𝑄𝑄1∗(𝑘𝑘), 𝑞𝑞∗(𝑡𝑡) = 𝑄𝑄2(𝑘𝑘) − 𝑘𝑘 ∙ 𝑣𝑣lt = 𝑄𝑄2∗(𝑘𝑘)  (3.3) 
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In which 𝑄𝑄1∗(𝑘𝑘) and 𝑄𝑄2∗(𝑘𝑘) represent the q-k relationship of a one-lane and a two-lane roadway 

segment, as seen from the moving observer’s perspective.  

Figure 3.2 presents q-k fundamental diagrams of a one-lane and a two-lane roadway from 

both a moving observer’s and a stationary observer’s perspectives. The moving observer’s view 

is marked with red (i.e., 𝑂𝑂𝑂𝑂𝑂𝑂), and the stationary observer’s view is marked with black (i.e., 

𝑂𝑂𝑂𝑂’𝐼𝐼’). The moving bottleneck’s speed is fixed at 𝑣𝑣lt. Note the triangle 𝑂𝑂-𝐹𝐹-𝐿𝐿 is the fundamental 

diagram of the one-lane segment, and triangle 𝑂𝑂-𝐺𝐺-𝐼𝐼 is the fundamental diagram of the two-lane 

segment in the moving coordinate. As discussed by Newell [21], if a flow of 𝑘𝑘 ∙ 𝑣𝑣lt is added to 

𝑞𝑞∗, the resulting 𝐹𝐹𝐹𝐹 will be in the stationary coordinates. As such, the triangle 𝑂𝑂-𝐹𝐹’-𝐿𝐿’ is the 

fundamental diagram of the one-lane segment and triangle 𝑂𝑂-𝐺𝐺’-𝐼𝐼’ is the fundamental diagram of 

the two-lane segment in the stationary coordinates. The angle of ∠𝐺𝐺′𝑂𝑂𝑂𝑂′ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣u, angle of 

∠𝐼𝐼′𝑂𝑂𝑂𝑂 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣lt, and the angle of ∠𝐺𝐺′𝐼𝐼′𝑂𝑂 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤. 

 

 

Figure 3.2 Flow-density relationship from both a moving observer’s view and a stationary 
observer’s view. 
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We first calculate the adjusted flow rate 𝜆𝜆𝑖𝑖𝑖𝑖
′(𝑡𝑡) in the moving coordinate system. At any 

given time 𝑡𝑡, there is an incoming flow rate 𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡) and the moving bottleneck’s speed 𝑣𝑣lt. To 

convert that into the adjusted flow rate 𝜆𝜆𝑖𝑖𝑖𝑖
′(𝑡𝑡) in the moving coordinate system, the density is 

calculated on the two-lane roadway segment with 𝑄𝑄2( 𝑘𝑘2) = 𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡), or 𝑘𝑘2 = 𝑄𝑄2−1�𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡)�. 

Then, the adjusted flow rate 𝜆𝜆𝑖𝑖𝑖𝑖′(𝑡𝑡) can be calculated as 

 

𝜆𝜆𝑖𝑖𝑖𝑖
′(𝑡𝑡) = 𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡) − 𝑘𝑘2 ∙ 𝑣𝑣lt = 𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡) − 𝑄𝑄2−1�𝜆𝜆𝑖𝑖𝑖𝑖(𝑡𝑡)� ∙ 𝑣𝑣lt  (3.4) 

 

For example, in the stationary coordinate system, 𝐹𝐹′𝐽𝐽′ is the maximum discharge rate of 

the one-lane segment, in which 𝐹𝐹′𝐽𝐽′ is perpendicular to 𝑂𝑂𝑂𝑂′ and 𝑂𝑂𝑂𝑂′ is its corresponding density. 

Following this with Equation (3.4), to calculate the maximum discharge rate of the one-lane 

segment in the moving coordinate system, 𝐹𝐹′𝐽𝐽′ must be reduced by 𝑂𝑂𝑂𝑂′ ∙ 𝑣𝑣lt which is 𝐽𝐽𝐽𝐽′ and, 

thus, becomes 𝐹𝐹𝐹𝐹′. In other words, 𝐹𝐹𝐹𝐹′ is the maximum discharge rate of the one-lane segment in 

the moving coordinate system.  

In the moving coordinate system, if 𝜆𝜆𝑖𝑖𝑖𝑖
′(𝑡𝑡) < 𝐹𝐹𝐽𝐽′, all vehicles can pass through the 

moving bottleneck at full cruising speed 𝑣𝑣u. Otherwise, the adjusted arrival rate 𝜆𝜆𝑖𝑖𝑖𝑖
′(𝑡𝑡) becomes 

higher than the maximum discharge rate and, thus, the ATMA vehicles become a moving 

bottleneck, and the roadway segment is subject to a maximum discharge rate with a value of 𝐹𝐹𝐽𝐽′. 

Subsequently, the traffic state of the downstream bottleneck location is represented by point 𝐹𝐹, 

while that of the bottleneck upstream is represented by point 𝐻𝐻, which has the same outflow rate 

as point 𝐹𝐹 (i.e., 𝑦𝑦𝐹𝐹 = 𝑦𝑦𝐻𝐻,) but with a higher density due to the queue. 𝐹𝐹 and 𝐻𝐻 become points 𝐹𝐹’ 

and 𝐻𝐻’ when the moving coordinates are converted back to the stationary coordinates points after 

adding a flow of 𝑘𝑘 ∙ 𝑣𝑣lt, i.e. 𝑦𝑦𝐹𝐹′ = 𝑦𝑦𝐹𝐹 + 𝑘𝑘𝐹𝐹𝑣𝑣lt and 𝑦𝑦𝐻𝐻′ = 𝑦𝑦𝐻𝐻 + 𝑘𝑘𝐻𝐻𝑣𝑣lt. Since the density at point 
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𝐻𝐻 is higher than that at point 𝐹𝐹 (i.e., 𝑘𝑘𝐻𝐻 > 𝑘𝑘𝐹𝐹), the flow rate at point 𝐻𝐻’ is also higher than that 

at point 𝐹𝐹’ (i.e., 𝑦𝑦𝐻𝐻′ > 𝑦𝑦𝐹𝐹′), Thus, it is point 𝐻𝐻’ that determines the maximum discharge rate 

instead of point 𝐹𝐹′ in the stationary coordinate system. 

Next, we derive the length of 𝐻𝐻’𝑀𝑀’, which is the maximum discharge rate of point 𝐻𝐻’ in 

the stationary coordinate system (i.e., our target capacity with a moving bottleneck). First, let us 

look at the triangle of 𝐹𝐹-𝑂𝑂-𝐿𝐿, which is the fundamental diagram of a one-lane roadway. As 𝐹𝐹′𝐽𝐽′ is 

the maximum discharge rate of the one-lane segment, we have 𝐹𝐹′𝐽𝐽′ =
𝑘𝑘𝑗𝑗
2

( 1
𝑣𝑣u
+1
𝑤𝑤)

= 𝑘𝑘𝑗𝑗∙𝑣𝑣u∙𝑤𝑤
2(𝑣𝑣u+𝑤𝑤)

. As the 

angle of ∠𝐺𝐺′𝑂𝑂𝑂𝑂′ = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣u, 𝑂𝑂𝑂𝑂′ can be calculated as 𝑂𝑂𝑂𝑂′ = 𝐹𝐹′𝐽𝐽′
𝑣𝑣u

= 𝑘𝑘𝑗𝑗∙𝑤𝑤
2(𝑣𝑣u+𝑤𝑤). As the angle of 

∠𝐺𝐺′𝐼𝐼′𝑂𝑂 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤, 𝐽𝐽′𝐿𝐿′ can be calculated as 𝐽𝐽′𝐿𝐿′ = 𝐹𝐹′𝐽𝐽′
𝑤𝑤𝑚𝑚

= 𝑘𝑘𝑗𝑗∙𝑣𝑣u
2(𝑣𝑣u+𝑤𝑤). As the angle of ∠𝐼𝐼′𝑂𝑂𝑂𝑂 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣lt, 𝐽𝐽𝐽𝐽′ can be calculated as 𝐽𝐽𝐽𝐽′ = 𝑂𝑂𝐽𝐽′ ∙ 𝑣𝑣lt = 𝑘𝑘𝑗𝑗∙𝑤𝑤∙𝑣𝑣lt
2(𝑣𝑣u+𝑤𝑤). Then, the maximum discharge rate 

of the moving bottleneck in the moving coordinates with a value of 𝐹𝐹𝐹𝐹′ can be calculated as 

 

𝐹𝐹𝐽𝐽′ = 𝐹𝐹′𝐽𝐽′ − 𝐽𝐽𝐽𝐽′ =
𝑘𝑘𝑗𝑗 ∙ 𝑣𝑣u ∙ 𝑤𝑤
2(𝑣𝑣u + 𝑤𝑤) −

𝑘𝑘𝑗𝑗 ∙ 𝑤𝑤 ∙ 𝑣𝑣lt
2(𝑣𝑣u + 𝑤𝑤) =

𝑘𝑘𝑗𝑗 ∙ 𝑤𝑤 ∙ (𝑣𝑣u − 𝑣𝑣lt)
2(𝑣𝑣u + 𝑤𝑤)   (3.5) 

 

However, the most important calculation is the maximum discharge rate of point 𝐻𝐻′ in 

the stationary coordinates, i.e., the length of 𝐻𝐻′𝑀𝑀′. In the moving coordinates, we have the same 

flow at points 𝐹𝐹 and 𝐻𝐻, which means that 𝐻𝐻𝑀𝑀′ = 𝐹𝐹𝐽𝐽′ = 𝑘𝑘𝑗𝑗∙𝑤𝑤∙(𝑣𝑣u−𝑣𝑣lt)
2(𝑣𝑣u+𝑤𝑤) . As 𝐺𝐺’𝐾𝐾′ is the maximum 

discharge rate of the two-lane segment, we have 𝐺𝐺’𝐾𝐾′ = 𝜇𝜇𝑚𝑚 = 𝑘𝑘𝑗𝑗
( 1
𝑣𝑣u
+1
𝑤𝑤)

= 𝑘𝑘𝑗𝑗∙𝑣𝑣u∙𝑤𝑤
𝑣𝑣u+𝑤𝑤

, and as the angle 

of ∠𝐺𝐺′𝐼𝐼′𝑂𝑂 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤, 𝐾𝐾′𝐼𝐼′ can be calculated as 𝐾𝐾′𝐼𝐼′ = 𝐺𝐺’𝐾𝐾′

𝑤𝑤
= 𝑘𝑘𝑗𝑗∙𝑣𝑣u

𝑣𝑣u+𝑤𝑤
.  
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Suppose the density at point 𝐻𝐻′ is 𝑘𝑘, we have 𝑤𝑤 = 𝐻𝐻′𝑀𝑀′
𝑀𝑀′𝐼𝐼′

= 𝐻𝐻𝑀𝑀′+𝑘𝑘𝑣𝑣lt
𝑘𝑘𝑗𝑗−𝑘𝑘

=
𝑘𝑘𝑗𝑗∙𝑤𝑤∙(𝑣𝑣u−𝑣𝑣lt)
2(𝑣𝑣u+𝑤𝑤) +𝑘𝑘𝑣𝑣lt

𝑘𝑘𝑗𝑗−𝑘𝑘
 and, 

thus, the density at point 𝐻𝐻′ can be calculated as 𝑘𝑘 = 𝑘𝑘𝑗𝑗∙𝑤𝑤
2

( 1
𝑣𝑣u+𝑤𝑤

+ 1
𝑣𝑣lt+𝑤𝑤

). The effective discharge 

rate of point 𝐻𝐻′ in the stationary coordinates, i.e., the length of 𝐻𝐻′𝑀𝑀′can be calculated via 

Equation (3.6).  

 

𝜇𝜇′ = 𝐻𝐻′𝑀𝑀′ = 𝐻𝐻𝑀𝑀′ + 𝑘𝑘𝑣𝑣lt =
𝑘𝑘𝑗𝑗 ∙ 𝑤𝑤 ∙ (𝑣𝑣u − 𝑣𝑣lt)

2(𝑣𝑣u + 𝑤𝑤) +
𝑘𝑘𝑗𝑗 ∙ 𝑤𝑤 ∙ 𝑣𝑣lt

2
�

1
𝑣𝑣u + 𝑤𝑤

+
1

𝑣𝑣lt + 𝑤𝑤
�

=
𝑘𝑘𝑗𝑗 ∙ 𝑣𝑣u ∙ 𝑤𝑤
𝑣𝑣u + 𝑤𝑤

∙
2𝑣𝑣lt ∙ 𝑣𝑣u + 𝑤𝑤 ∙ 𝑣𝑣u + 𝑤𝑤 ∙ 𝑣𝑣lt

2(𝑣𝑣lt + 𝑤𝑤) ∙ 𝑣𝑣u

= 𝜇𝜇 ∙
2𝑣𝑣u ∙ 𝑣𝑣lt + 𝑣𝑣lt ∙ 𝑤𝑤 + 𝑤𝑤 ∙ 𝑣𝑣u

2(𝑣𝑣lt + 𝑤𝑤) ∙ 𝑣𝑣u
 

 
(3.6) 

 

In this way, the effective discharge rate of the moving bottleneck in the stationary system 

in Figure 3.2 has now been derived. If we use a new variable 𝜃𝜃 and make 𝜃𝜃 = 2𝑣𝑣u∙𝑣𝑣lt+𝑣𝑣lt∙𝑤𝑤+𝑤𝑤∙𝑣𝑣u
2(𝑣𝑣lt+𝑤𝑤)∙𝑣𝑣u

, 

Equation (3.6) becomes 𝜇𝜇′ = 𝜇𝜇 ∙ 𝜃𝜃, in which 𝜃𝜃 is, essentially, the capacity discount factor due to 

the moving bottleneck caused by the ATMA. In other words, before the ATMA vehicles enter 

the road, the roadway capacity is 𝜇𝜇, and as soon as the ATMA vehicles enter the roadway 

segment, it creates a moving bottleneck with an effective discharge rate of 𝜇𝜇′, given by Equation 

(3.6), until the ATMA vehicles depart the roadway segment. 

3.3 LOS Derivation  

As discussed earlier, learning from HCM, we choose total delay, as well as traffic 

density, as the performance measurements, to quantitatively evaluate the impact of the ATMA 

vehicles on traffic flow, and support the identification of ODD. The main input data is the 
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demand profile, i.e., AADT, and the K-factor (i.e., proportion of AADT occurring in the peak 

hour), as well as D-factor (i.e., the peak-hour volume proportion in the major direction). HCM 

recommends that the peak 15-min flow rate is used for most of the analytical procedures, so the 

Peak Hour Factor (PHF) is also considered as an input.  

To be consistent with the notations in the earlier sections, we use 𝜆𝜆(𝜏𝜏) as the traffic 

demand input, considering the 15-min flow rate. Based on AADT, the K-factor, the D-factor, the 

hourly traffic demand 𝜆𝜆(𝜏𝜏) can be derived by directional design hourly volume (DDHV) and 

PHF via Equation (3.7).  

 

𝜆𝜆(𝜏𝜏) =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑃𝑃𝑃𝑃𝑃𝑃

=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × 𝐾𝐾 × 𝐷𝐷

𝑃𝑃𝑃𝑃𝑃𝑃
 (3.7) 

 

Next, by combining the discounted capacity from Equation (3.6) and demand profile 

from Equation (3.7), we derive the vehicle delay, as well as the traffic density, as follows.  

First, the queue length during the ATMA maintenance can be calculated as 𝑄𝑄(𝑡𝑡) =

∫ (𝜆𝜆(𝜏𝜏) − 𝜇𝜇′)𝑑𝑑𝑑𝑑𝑡𝑡
0 , i.e., the number of vehicles sitting in the queue is the difference between 

demand and discharge rates. 

Next, according to Equation (2.2), the total delay caused by the AMTA vehicles during 

maintenance on a roadway segment can be calculated as 𝑊𝑊 = ∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑
𝐿𝐿
𝑣𝑣lt
0 , in which 𝐿𝐿 is the 

length of the roadway segment. The total number of vehicles that enter a roadway segment is 

𝑁𝑁 = ∫ 𝜆𝜆(𝜏𝜏)𝑑𝑑𝑑𝑑
𝐿𝐿
𝑣𝑣lt
0 . Thus, the average delay of each passenger vehicle can be computed as Equation 

(3.8). 
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𝑊𝑊� =
𝑊𝑊
𝑁𝑁

=
∫ 𝑄𝑄(𝑡𝑡)𝑑𝑑𝑑𝑑
𝐿𝐿
𝑣𝑣lt
0

∫ 𝜆𝜆(𝜏𝜏)𝑑𝑑𝑑𝑑
𝐿𝐿
𝑣𝑣lt
0

 (3.8) 

 

Then, the average travel time on this four-lane highway segment can be calculated as Equation 

(3.9). 

 

𝑡𝑡̅ =
𝐿𝐿
𝑣𝑣u

+ 𝑊𝑊�  (3.9) 

 

Now that the average travel time is known, we can easily convert it back to the average 

speed of a vehicle travelling on the roadway segment and determine the density of the roadway 

segment. To do this, we first compute the average travel speed 𝑣̅𝑣, as shown in Equation (3.10). 

Then, the density on this four-lane highway segment 𝑘𝑘�  can be estimated as in Equation (3.11). 

Thus, the level of service on the highway segment can be determined by looking up to HCM [7], 

or using the density thresholds in Figure 2.2. 

 

𝑣̅𝑣 =
𝐿𝐿
𝑡𝑡̅
 (3.10) 

𝑘𝑘� =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

2𝑣̅𝑣  × 𝑃𝑃𝑃𝑃𝑃𝑃
=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 × 𝐾𝐾 × 𝐷𝐷

2𝑣̅𝑣  × 𝑃𝑃𝑃𝑃𝑃𝑃
 (3.11) 
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Chapter 4 Numerical Analysis 

4.1 Effective Discharge Rate Validation  

To validate the effective discharge rate discount factor equation that is derived in 

Equation (3.6), the NGSIM dataset is used. This is because the validation of a roadway capacity 

model requires information on all vehicles on the roadway segment and, as such, the NGSIM 

dataset (which includes high-resolution trajectory of every single vehicle) becomes the ideal 

dataset to use. We focus on the dataset for Northbound I-80 in Emeryville, California (shown in 

Figure 4.1). The study target includes lane 5 and lane 6, with a length of approximately 1,090 ft. 

 

 

Figure 4.1 An illustration of the study area: Northbound I-80. 

 

An open-source software, DTALite/NeXTA [22], is used to import NGSIM vehicle 

trajectories and to extract jam density, backward wave speed, and other needed characteristics. 

For the analyzed scenario, the vehicle trajectories in a time-space diagram for lane 5 and lane 6, 

between 04:00 p.m. and 04:15 p.m., and between 05:00 p.m. and 05:30 p.m. on April 13, 2005, 

are used. Figure 4.2 below illustrates the vehicle trajectories in a time space diagram for lanes 5 

and 6. The areas highlighted by red rectangles A~E show the shockwave propagation in the 
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NGSIM dataset. The slopes of these shockwaves range from 10 mph to 14 mph and, as such, the 

average backward wave speed is set at 12 mph. The jam density is set as 180 veh/lane/mile, and 

a cruising speed of 30 mph is used. According to Equation (2.1), the maximum discharge rate of 

the traffic stream can be calculated as 𝜇𝜇 = 2𝑘𝑘𝑗𝑗∙𝑣𝑣𝑢𝑢∙𝑤𝑤
𝑣𝑣𝑢𝑢+𝑤𝑤

= 3,076 veh/hr. 

 

 

Figure 4.2 Vehicle trajectory for lanes 5 and 6, I-80, NGSIM. 

 

To validate the effective discharge rate, we need to collect the ground truth discharge rate 

when affected by a moving bottleneck. To do so, we choose a fixed location (as shown by the 

star in Figure 4.1) as the location for observation. A total of six slow-moving trucks are observed 

on lane 5 and lane 6, between 04:00 p.m. and 04:15 p.m., and between 05:00 p.m. and 05:30 p.m. 
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In other words, we observed a total of six moving bottlenecks. The time-space diagrams of two 

representative moving bottlenecks, generated by two slower trucks with ID 2862 and 1522, are 

shown in Figure 4.3, in which red curves represent trucks, and black curves stand for other 

general vehicles. For the sake of simplicity, we only show the time-space diagram of two trucks 

below. 

In Figure 4.3 (a), the slower truck (ID: 2862) is driving in lane 6 at a travel speed of 

11 mph. Based on the time-space diagram of lane 6, we can tell the slope of the truck trajectory 

is lower than that of the other vehicles, indicating that the truck is moving slower than the 

surrounding traffic. It can also be found that the vehicle that follows this truck has a broken 

trajectory in lane 6, meaning that it chooses to switch to the left lane in order to bypass the slow-

moving bottleneck. Based on the time-space diagram, the ground truth discharge rate is found to 

be approximately 2,740 veh/hr, for lanes 5 and 6 combined. In other words, 𝜇𝜇𝐺𝐺𝐺𝐺𝐺𝐺 =

2,740 veh/hr. According to Equation (3.6), the discount factor of the effective discharge rate 

can be calculated as 𝜃𝜃 = 0.83, and the effective discharge rate is 𝜇𝜇′ = 2,568 veh/hr. Comparing 

𝜇𝜇′ and 𝜇𝜇𝐺𝐺𝐺𝐺𝐺𝐺, the absolute percentage error (APE) can be calculated as 𝐴𝐴𝐴𝐴𝐴𝐴1 = |2,568−2,740|
2,740

=

6.3%. On the other hand, if we ignore the impact of the moving bottleneck and directly use the 

maximum discharge rate 𝜇𝜇, by comparing 𝜇𝜇 and 𝜇𝜇𝐺𝐺𝐺𝐺𝐺𝐺, the 𝐴𝐴𝐴𝐴𝐴𝐴 would become 𝐴𝐴𝐴𝐴𝐴𝐴2 =

|3,076−2,740|
2,740

= 12.3%. Comparison of 𝐴𝐴𝐴𝐴𝐴𝐴1 and 𝐴𝐴𝐴𝐴𝐴𝐴2 suggests that using the proposed effective 

discharge rate is more reasonable than directly using the maximum discharge rate, and the 

resulting 𝐴𝐴𝐴𝐴𝐴𝐴 drops from 12.3% to 6.3%.  

Figure 4.3(b) presents the time space diagram of the moving bottleneck generated by 

another slower truck (ID: 1522) with a traveling speed of 5 mphr. The ground truth discharge 

rate can be observed and approximately equals 𝜇𝜇𝐺𝐺𝐺𝐺𝐺𝐺 = 1,982 veh/hr. The effective discharge 
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rate can be calculated as 𝜇𝜇′ = 2,127 veh/hr. Thus, the 𝐴𝐴𝐴𝐴𝐴𝐴 can be calculated as 𝐴𝐴𝐴𝐴𝐴𝐴1 =

|2,127−1,982|
1,982

= 9.5%, when compared with the ground truth discharge rate. However, the 𝐴𝐴𝐴𝐴𝐴𝐴 

will become 𝐴𝐴𝐴𝐴𝐴𝐴2 = |3,076−1,982|
1,982

= 55.2% if the impact of the moving bottleneck is ignored. 

The resulting 𝐴𝐴𝐴𝐴𝐴𝐴 drops from 55.2% to 9.5%, a significant improvement. 

 

 

Figure 4.3 Vehicle trajectory of trucks (IDs:2862 and 1522), I-80, NGSIM. 

 

Figure 4.4 shows the 𝐴𝐴𝐴𝐴𝐴𝐴 comparison of all six moving bottlenecks caused by those 

slow-moving trucks. It can be found that the maximum discharge rate 𝜇𝜇 (represented by the red 
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solid line) always overestimates the ground truth discharge rate 𝜇𝜇ground (the black line), with 

𝐴𝐴𝐴𝐴𝐴𝐴2 (the red dashed line) ranging from 12.3% to 55.2%. On the other hand, the proposed model 

can calibrate the effective discharge rate 𝜇𝜇′ (the blue solid line) much closer to the ground truth 

discharge rate 𝜇𝜇ground, with 𝐴𝐴𝐴𝐴𝐴𝐴1 (the blue dashed line) ranging from 6.3% to 13.6%. These 

numbers demonstrate that the proposed model can generate satisfactory traffic capacity 

associated with moving bottlenecks in traffic flow.  

 

 

Figure 4.4 𝐴𝐴𝐴𝐴𝐴𝐴 comparison of six slower trucks, I-80, NGSIM. 

 

4.2 Typical Scenario ODD Analysis  

In this section, an analysis of the impact of the ATMA on the traffic flow of a typical 

highway, including traffic delay and resulting density identifies the potential ODD of this 

technology. The analysis target is a four-lane highway segment, as shown in Figure 3.1. The 

characteristics of this analyzed highway segment are set as follows: 𝐿𝐿 = 1 mile, 𝑣𝑣lt =

10 mph, 𝑣𝑣u = 50 mph,𝑤𝑤 = 12 mph,𝑘𝑘j = 190 veh/mile/lane. Traffic volumes on multilane 
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highways vary widely but often have demand in a range of 15,000 to 40,000 veh/day, while 

volumes as high as 100,000 veh/day have been observed in some cases [7]. Thus, we set the 

AADT as ranging from 15,000 veh/day to 60,000 veh/day. Recommended by HCM, the values 

of representative K, D factors and PHF are set as 0.09, 0.6, and 0.9 to represent urban and rural 

areas, respectively. The hourly traffic demand can be estimated by Equation (3.7). 

Based on the setup of highway geometry and traffic flow characteristics, the relationship 

between traffic demand (i.e., AADT), vehicle delay, and traffic density are shown in Figure 4.5. 

The average vehicle delay, denoted by the black dotted line, remains zero before the traffic 

demand AADT reaches 45,000 vehicles per day. After that, the average delay increases sharply 

from 0 to 36 seconds per vehicle. The red line stands for the traffic density, which increases at a 

relatively slow speed from 9 veh/mile/lane to 24 veh/mile/lane, when the AADT is no more than 

40,000 veh/day. However, after that, the density increases at a much faster pace. 

 

 

Figure 4.5 Relationship between AADT, average vehicle delay and traffic density. 
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We also identify level of service based on density. Learning from Figure 2.2, the density 

thresholds that differentiate LOS are 11, 18, 26, 35, and 45, respectively, and we use them to 

define the LOS category in Figure 4.5 as well. Figure 2.2 also tells us that, when LOS is from A 

to C, the traffic speed does not fluctuate much, and we know that a low speed fluctuation is 

important for work zone safety. As such, we use LOS=C as a desirable design objective for 

ATMA’s operation design domain, which corresponds to between 40,000 and 45,000 AADT in 

Figure 4.5. As can be seen from the figure, when AADT is below 40,000, the delay is zero, 

where density is relatively low at a value of less than 26 vehicle/lane/mile, and the traffic flow 

remains at free flow speed. In other words, at this traffic level, drivers do not experience 

significant traffic disruption and they do not even need to significantly change their speed. As 

such, for this typical scenario, the AADT of 40,000 is identified as a good threshold for defining 

ATMA’s ODD. 

4.3 Sensitivity Analysis  

In this section, sensitivity analysis is performed to show how changing the K factor, D 

factor, and operating speed of ATMA vehicles can influence the total delay and density during 

maintenance. According to HCM [7], the range of the D factor is set to be 0.5~0.65, with the K 

factor as 0.08 to 0.11. The operating speeds of ATMA vehicles range from 5~15 mph. Thus, the 

ODD of the ATMA can be analyzed in accordance with the results of sensitivity analysis. 

When D-factor changes  

Figure 4.6 presents the proposed relationship between traffic demand (i.e., AATD), 

average delay (illustrated in Figure 4.6-a), and density (illustrated in Figure 4.6-b), when factor 

D changes from 0.5 to 0.65. 
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Figure 4.6-a shows that, the average delay remains zero at first, but increases sharply 

once the AADT is beyond a threshold. As we can see, the average delay increases from 0 to 8 

sec/veh when D is 0.5, whereas the average delay increases from 0 to 47 sec/veh as D changes to 

0.65. The AADT threshold for a delay to start increasing, is about 55,000, when D is 0.5, but as 

the D value increases, this AADT threshold reduces to 50,000, 45,000, and 40,000, respectively.  

Similarly, Figure 4.6-b shows that the density increases at a much slower speed, until 

AADT reaches a threshold, after which the density increases much faster. As the D value 

increases, the traffic flow becomes denser. When D is set to be 0.5, the density increases slightly 

from 8 veh/mile/lane to 25 veh/mile/lane, and the LOS decreases from A to C before the AADT 

reaches 50,000 veh/day. Once the AADT is greater than 50,000 veh/day, the density increases 

significantly from 25 veh/mile/lane to 33 veh/mile/lane, and the LOS becomes worse from C to 

D. As D changes to 0.65, the density increases slightly from 10 veh/mile/lane to 26 

veh/mile/lane, and the LOS decreases from A to C before the AADT reaches 40,000 veh/day. 

Once the AADT is greater than 40,000 veh/day, the density increases significantly from 26 

veh/mile/lane to 65 veh/mile/lane, and the LOS becomes worse from C to F. Combined from the 

above analysis, when the D factor increases from 0.5, to 0.55, 0.6, and then to 0.65, the 

corresonding AADT thresholds to define ATMA ODD are 50,000, 45,000, 45,000, and 40,000, 

respectively. 
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Figure 4.6 Proposed relationship between AADT and (a) average delay and (b) LOS when D 
changes. 

 

4.3.1 When K-factor changes  

In this section, we examine what will happen if the K factor changes. Figure 4.7 presents 

the relationship between traffic demand (i.e., AATD), average delay (illustrated in Figure 4.7-a) 

and density (illustrated in Figure 4.7-b), when K changes from 0.08 to 0.11. The observed pattern 

is similar when D changes. 

Figure 4.7 shows that the average delay and density increases sharply once the AADT 

reaches certain thresholds. When K is set to be 0.08, the average delay remains as zero, until the 

AADT increases to higher than 50,000. After that, the delay increases from 0 to 18 sec/veh. As 

for the density, it only increases slightly from 8 veh/mile/lane to 24 veh/mile/lane (corresponding 

to LOS A~C), before the AADT reaches 50,000 veh/day. Once the AADT is higher than that, the 

density increases significantly from 24 veh/mile/lane to 40 veh/mile/lane, and the LOS becomes 

worse to E. 

Similar trends can also be found for the other curves, corresponding to different K values. 

In general, when the K value increases, the AADT threshold reduces, and the delay and LOS 
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increases much faster. Combined with these curves, when the K factor increases from 0.08, to 

0.09, 0.1 and, then, to 0.11, the corresonding AADT thresholds to define ATMA ODD are 

50,000, 45,000, 40,000, and 35,000, respectively. 

 

 

Figure 4.7 Proposed relationship between the AADT and (a) average delay and (b) LOS when K 
changes. 

 

4.3.2 When operating speeds of the ATMA vehicles change 

In this section, we examine what will happen if an ATMA’s operating speed changes. 

Figure 4.8 presents the relationship between traffic demand (i.e., AATD), average delay 

(illustrated in Figure 4.8-a) and density (illustrated in Figure 4.8-b), when the ATMA’s operating 

speed changes from 5 to 15mph. In this analysis, K is fixed at 0.09 and D is fixed at 0.6. The 

observed pattern is similar when K and D change. 

Figure 4.8-a shows the average delay remains zero if the AADT is less than certain 

thresholds, which means the effective discharge rate satisfies the traffic demand. The average 

delay increases slightly from 7 sec/veh to 17 sec/veh when the ATMA operating speed is set to 

15 mph. However, when the operating speed of ATMA vehicles is 5 mph, the average delay 
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increases sharply from 0 sec/veh to 109 sec/veh. This is because a slower ATMA operating 

speed corresponds to a slower moving bottleneck that discounts traffic capacity even more 

significantly. On the other hand, Figure 4.8-b shows a similar trend for density, that only 

increases slightly from 9 veh/mile/lane to 26 veh/mile/lane (corresponding to LOS A~C), before 

the AADT reaches 45,000 veh/day at an operating speed of 15 mph. If the AADT increases 

further to exceed this threshold, the resulting density will increase at a much faster pace.  

Similar trends can also be found for the other curves that correspond to different ATMA 

operating speeds. In general, when an operating speed reduces, the AADT threshold reduces, and 

the delay and LOS increase much faster. Combined with these curves, when operating speeds 

reduce from 15 mph to 10 mph, and then to 5 mph, the corresonding AADT thresholds to define 

ATMA ODD are 45,000, 45,000, and 40,000, respectively. 

 

 

Figure 4.8 Proposed relationship between the AADT and (a) average delay and (b) LOS when 
the operating speed of an ATMA changes. 
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Chapter 5 Conclusions 

This project aims to identify the operational design domain for an AMTA vehicle system, 

for transportation infrastructure maintenance on multilane highways, and at work zones. First, 

the effective discharge rate of a roadway segment is analytically derived, considering the moving 

bottleneck caused by slow-moving ATMA vehicles. The formulation is based on the 

fundamental diagram with moving coordinates. The derived effective discharge rates are 

represented with simple mathematical expressions in a closed-form, and correctly account for the 

effects of demand inputs and real time traffic status, as well as traffic flow characteristics. Next, 

microscopic traffic flow models are employed, so that once the discounted capacity is obtained, 

it can be combined with the highway traffic arrival rates to calculate vehicle delay and traffic 

flow density. These are chosen as the key indicators of a multilane highway’s level of service. In 

this way, the linkage between demand (e.g., AADT) and LOS are analytically established and 

numeric analysis is performed based on these relationships to quantitively determine the ODD of 

the ATMA.  

Validation with NGSIM data shows that our model correctly captures the effective 

discharge rate discount affected by moving bottlenecks, that results in an estimation error 

ranging from 6.3% to 13.6%, indicating a satisfactory result. Modeling result analysis, under a 

typical scenario (K=0.09, D=0.6 and PHF=0.9), shows that, if we use LOS=C as a desirable 

design objective for ATMA’s operation design domain, the corresponding AADT threshold is 

40,000. This means that, when AADT is below 40,000, the traffic flow remains at free flow 

speed, the delay is almost zero, and the density is relatively low with a value of less than 26 

vehicle/lane/mile. In other words, at this traffic level, drivers do not experience significant traffic 

disruption and they do not even need to significantly change their speed. As such, for this typical 
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scenario, the AADT 40,000 is identified as a good threshold for defining an ATMA’s ODD. 

Sensitivity analysis is also performed, and shows that when K factor, D factor, or ATMA 

operating speed changes, the AADT threshold will change correspondingly.  
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