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Executive Summary

The Autonomous Truck Mounted Attenuator (ATMA) system represents a specialized application of
connected and autonomous vehicle (CAV) technologies, designed to enhance worker safety during
roadway maintenance operations. Despite its growing adoption across state agencies, formalized
deployment criteria remain absent from national guidelines such as the MUTCD, prompting individual
DOTs to define their own standards. This study addresses a critical deployment challenge: identifying
the appropriate traffic conditions—i.e., the Operational Design Domain (ODD)—under which ATMA can
be safely and effectively used. The research begins by analytically modeling the reduced discharge rate
resulting from ATMA-induced moving bottlenecks on multilane highways. Using this as a foundation,
microscopic traffic simulation is applied to assess the resulting impacts on vehicle delay and traffic
density—key metrics for determining Level of Service (LOS) as per the Highway Capacity Manual (HCM).
Through this modeling framework, a functional relationship is established between Average Annual
Daily Traffic (AADT) and LOS. The approach is validated using high-resolution NGSIM trajectory data,
which confirms the model’s ability to accurately reflect capacity reductions caused by slow-moving
ATMA vehicles. Sensitivity analyses further reveal that roadway performance is highly influenced by K
and D factors, as well as ATMA travel speed. Results suggest that, to maintain LOS at grade C, an AADT

threshold of approximately 40,000 vehicles per day provides a practical design guideline.



Chapter 1. Problem Statement and Significance

The U.S. highway network plays a vital role in facilitating the movement of people and goods across the
country. However, continual usage and aging infrastructure have led to deteriorating road conditions,
with approximately 43% of public roadways classified as being in poor or mediocre condition [1]. In 2020
alone, the U.S. Department of Transportation (USDOT) invested $24 billion in highway preservation
efforts. Essential but low-speed maintenance tasks—such as striping, sweeping, pothole repair, and
bridge cleaning—are necessary for maintaining operational safety and efficiency. Unfortunately, these
operations often expose state Department of Transportation (DOT) crews to elevated crash risks. For
instance, in Missouri, over 80 crashes involving slow-moving maintenance vehicles have been recorded
since 2013, many resulting in injuries to DOT personnel [2]. Finding effective strategies to mitigate these

hazards remains a pressing concern.

One promising technological response is the Autonomous Truck Mounted Attenuator (ATMA) system,
which integrates connected and autonomous vehicle (CAV) technologies under the broader umbrella of
Autonomous Maintenance Technology (AMT). ATMA is a specialized leader—follower system that
eliminates the need for a human driver in the rear maintenance truck, thereby reducing the exposure of
DOT workers to potential collisions in work zones. Initiatives by states such as Colorado and Missouri
have led early adoption efforts, and several other states—including California, Virginia, Ohio, North
Dakota, Minnesota, and Tennessee—are also piloting or deploying similar systems [3-5]. Additionally,
Colorado DOT is spearheading a multi-state AMT pooled fund project in collaboration with 17 member

DOTs and the FHWA [6]. A technical overview of ATMA’s system configuration is provided in Section 2.

While the technology is rapidly gaining traction, established and uniform deployment guidance is absent
from national standards such as the Manual on Uniform Traffic Control Devices (MUTCD). As a result,
individual states are developing their own criteria to determine where and when ATMA can be
implemented. For instance, Colorado DOT currently uses a threshold of 6,000 vehicles per day in Annual
Average Daily Traffic (AADT) to identify suitable low-volume roads. This threshold is based on the
concern that ATMA vehicles—operating at slow speeds of 5 to 15 mph—might impede traffic flow on
high-demand corridors. However, this AADT value may not be suitable in all contexts, especially in states
like California or New York where traffic volumes are generally much higher. This raises an important
question: Is the 6,000 AADT threshold scientifically defensible across different traffic environments, or

should a more systematic method be developed?



To address this gap, this research develops a microscopic traffic modeling framework to define the
Operational Design Domain (ODD) for ATMA systems operating on multilane highways. Drawing upon
the Highway Capacity Manual (HCM) [7], which outlines six performance indicators for assessing the
level of service (LOS)—including speed, delay, throughput, density, environmental conditions, and
demand-to-capacity ratio—we focus specifically on delay and density as key metrics. Quantifying these
metrics under ATMA operation hinges on accurately estimating the drop in roadway capacity caused by
the system’s low-speed movement. Due to its slower speed relative to general traffic, the ATMA system
behaves as a moving bottleneck, warranting precise modeling of this effect before LOS impacts can be

evaluated.

Existing literature has explored how moving bottlenecks affect roadway discharge rates. Leclercq et al.
[8, 9] expanded upon the Newell-Daganzo model to simulate capacity drops resulting from vehicle
merging. Further studies incorporated heterogeneity in vehicle characteristics and wave interactions,
providing numerical—but not closed-form—solutions [10]. Yuan et al. [11] analyzed how acceleration
variability and reaction time influence queue discharge rates, while Laval and Daganzo [12] modeled
capacity losses stemming from lane-changing behaviors. Additional efforts by Chen and Ahn [13] and
others [14-18] addressed bottleneck phenomena at merges, diverges, and weaves. However, most of
these models are complex, lack generalizability, and do not yield explicit analytical expressions—
challenges that make them less suitable for real-world deployment guidance. These limitations are
particularly relevant for ATMA systems, which involve at least two vehicles (a manned leader and one or
more unmanned followers) separated by gaps of 100—1,000 ft—distinctly different from conventional

bottlenecks.

This study begins by analytically deriving the effective discharge rate associated with the ATMA-induced
moving bottleneck, using a transformed fundamental diagram in a moving coordinate system. The
resulting discharge rate expressions are closed-form, mathematically simple, and incorporate key
variables such as traffic demand, prevailing traffic speed, ATMA speed, jam density, and backward wave
speed. Once the reduced capacity is quantified, it is incorporated into a microscopic traffic flow model
to compute both vehicle delay and density under varying demand scenarios. These outputs are then
used to determine the LOS and to establish a robust relationship between AADT and service level.

Ultimately, the approach supports data-driven identification of ATMA'’s operational design domain.

This report is organized as follows:



Section 2 provides background on the ATMA system, performance metrics for multilane

highways, and an overview of discharge rate and queue formation modeling.

Section 3 presents the methodology, including the analytical derivation of effective discharge

rate and delay under moving bottleneck conditions.

Section 4 offers validation of the proposed model using NGSIM data, followed by result analysis

and sensitivity evaluations.

Section 5 concludes the report.



Chapter 2. ATMA System Introduction and Fluid Queue
Models

This section begins with an overview of the Autonomous Truck Mounted Attenuator (ATMA) system,
followed by a review of level-of-service (LOS) performance metrics for multilane highways as defined in
the Highway Capacity Manual (HCM). We then introduce the theoretical framework for modeling
discharge rate using a triangular fundamental diagram, and describe how traffic delay and queue length

can be analytically derived under varying traffic conditions.
A summary of notations used throughout the report is provided below:

Table 1. Summary of notations

Notation Explanation

t timestamp

nn—1 indexes of following and leading vehicle, respectively

T, dy response time and temporal delay of vehicle n

Vi, Vo speeds before and after the speed changes

h;, 1, h;,, time headway of vehicle n before and after the speed changes

Sn1,Sn2 space headway of vehicle n before and after the speed changes

qkv traffic flow, density and speed

T,d arithmetic average of the tand d

vi, K; free-flow speed and jam density

Vu cruising speed on the four-lane highway segment. Due to bottleneck or congestion, v, <
Vs

w backward wave speed

11 maximum discharge rate

At time-dependent arrival rate

to, t1 time that queue starts, and time to reach the maximum arrival rate

t,,t time with longest queue, and time when the queue is fully discharged

Q(v) time-dependent queue length




Notation Explanation

w total delay

N total number of vehicles that enter a roadway segment

Vit speed of the ATMA vehicles

0 discount factor of the effective discharge rate

x*(t) location of a moving observer relative to the entering vehicle

q'(t) flow rate at which vehicle pass the observer who is travelling at a speed of v*(t)
Q(k), Q*(k) flow as a function of density seen from stationary and moving coordinates
Ain (), 24,(0) adjusted flow rate from stationary coordinate and moving coordinate
APE absolute percentage error

w average delay during the AMTA vehicles performing maintenance

t average travel time on the four-lane highway segment

k estimated density on the four-lane highway

2.1. ATMA Vehicle System Overview

The Autonomous Truck Mounted Attenuator (ATMA), also known as the Autonomous Impact Protection
Vehicle (AIPV), is a new-generation technology aimed at improving safety during highway maintenance.
As illustrated in Figure 1, the ATMA configuration typically includes a human-driven lead truck and an
autonomous follower truck equipped with a Truck Mounted Attenuator (TMA). The follower vehicle
trails the lead truck at a short distance (typically 100—200 feet), mimicking its trajectory while providing

a protective buffer in the event of rear-end collisions.

This leader—follower setup simplifies the autonomous control requirements by allowing the follower to
replicate the leader’s movements, thereby reducing system complexity. In the event of an unavoidable
crash in a work zone, the follower truck—devoid of human occupants and equipped with the TMA—
absorbs the impact, effectively shielding DOT workers. V2V communications, onboard control units,

software, and sensors integrated into both vehicles enable this coordinated operation.



Figure 1. ATMA Vehicle System: (a) system overview; (b) view from above; and (c) view from the rear.

2.2. Performance Measurement of Multilane Highways
Level of Service (LOS) is a structured framework for quantifying traffic performance and user experience.

As outlined in HCM [7], six key indicators are used to assess LOS on multilane roadways:
e Density: Vehicles per lane per mile;
e Speed: Average travel speed;
e Volume-to-Capacity Ratio (v/c): Measure of congestion level;
e Delay: Deviation from free-flow conditions;
e Throughput: Volume processed by the system;
e Environmental Impacts: e.g., emissions.

Figure 2 illustrates how LOS categories are linked to traffic speed and density, given a particular free-
flow speed (FFS). This relationship holds under typical conditions. However, when ATMA vehicles are
present, they induce moving bottlenecks that reduce effective capacity and disrupt the usual flow-speed

relationship. To assess the impact of these disruptions, a more detailed model accounting for capacity



reductions is necessary. Once adjusted capacity is determined, microscopic traffic models can estimate

both delay and density, allowing LOS to be evaluated against standard HCM thresholds.
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Figure 2. LOS on Base Speed-Flow curves from HCM (2010).

2.3. Discharge Rate Under Normal Traffic Conditions

This section presents how traffic discharge rate—or effective capacity—is calculated under typical
conditions. We adopt a simplified car-following model originally proposed by Newell [19], which
assumes that a following vehicle mirrors the trajectory of its leader with a fixed temporal and spatial lag.
As shown in Figure 3-a below, the time-space trajectory of a following vehicle n is essentially the same
as its leading vehicle n — 1, except for a delay in space and in time. In the time-space diagram (shown in
Figure 3-a below), a leading vehicle n — 1 initially drives at a constant speed v; and then changes to
another constant speed v,. According to the simplified car-following model, the following vehicle n also
travels at the same speed of v; at the beginning, and then changes to the v, speed. However, at the
turning point, there is a temporal delay of t,, which represents the driver n’s necessary response time,

as well as a spatial delay of d,,, which represents the distance needed to ensure safe driving.

Following vehicle n’s movement trajectory can be calculated by x,(t + t,) = x,_1(t) + d,,. Based on

the time-space diagram, the time headway of n’s vehicle, before and after speed change, can be derived
withh,; =1, + 3—" andhp, =1, + i—“, respectively. The space headway of n’s vehicle, before and after
1 2

the speed changes, can be computed by s, ; = dy, + T, - vy and s, , = dy, + T, - V3, respectively.
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Figure 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

d

Figure 3-b. Per [19], the g-k relationship can be represented as q = %— - k, in which T = %Zﬁﬂrk and

d= %Zﬂﬂ dyi.The fundamental diagram has a free flow speed v¢, backward wave speed w, maximum

discharge rate p, and its corresponding density ky,, and jam density k;. Of the five variables, if three of

them are known, the remaining two can be derived.

Following the above-mentioned fundamental diagram, when vy, w, and k]- are known for a roadway

Kk; kj-vew
——— = -2"— It should be noted
(7f+w) vVitw

segment, its maximum discharge rate p,, can be calculated as py,, =

that p,, 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 (K, i) in the g-k diagram in Figure 3-b to represent the discharge
rate due to the congestion impact, with i < p,. The cruising speed is denoted as v, with v, < v¢, the

new discharge rate becomes Equation 1 in a generic form.

kj _ki'Vu'W

u: =
1,1 Vy+w
_+_ u
G-+ )

Equation 1. Derivation of Discharge Rate



2.4. Queue Length and Delay
Newell’s fluid-based approximation [20] is used here to characterize traffic queues during peak demand.
The system is treated as being in either a free-flow or congested state. When the time-varying demand

A(t) exceeds capacity W, queues form and delay accumulates.

We denote the time-dependent arrival rate (i.e., the demand) as A(t). During off-peak hours, A(t) < u
and no queue exists (to be exact, when a moving bottleneck is present, the discounted capacity p’
should be used, but for the sake of simplicity, we still use i here). When the demand increases and
finally exceeds the 1, vehicles start to form a queue. The queue dissipates and traffic returns to normal,
as demand reduces after peak hours. Figure 4 provides an illustration of the demand-supply relationship
and queuing profile. In Figure 4(a), the demand (black curve OABCE) exceeds the maximum discharge
rate (red horizontal line AD) during the peak hour between t; and t,, and the queue formation is
illustrated by the area highlighted by red lines (i.e., ABCA). The arrival rate reaches peak at time t;. The
longest queue is observed at time t, and starts to shrink, as shown by the green lines (i.e., area CDEC).

The queue is fully discharged at time t. The queuing profile is illustrated in Figure 4(b).

Based on the illustration in Figure 4, the length of the queue at time t can be derived by Q(t) =
f;()\(r) — w)dt. The total delay is, thus, the integral of queue length from t, to t3, which can be

calculated by Equation 2.
tz t
W= f Q(t)dt = f Q(t)dt
to tg

Equation 2. Derivation of Total Delay

10
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Chapter 3. Modeling Methodologies

3.1. Problem Definition

This section presents a representative highway scenario consisting of two lanes traveling in the same
direction. As illustrated in Figure 5, an ATMA system is modeled as a leader-follower vehicle pair, with a
manned lead truck (LT) and an unmanned follower truck (FT), separated by a fixed gap Lg,p. General

traffic is depicted as smaller black vehicle icons.

The total in-flow rate is A(t) for both lanes. The lane flow distribution is presented by «, so the left lane
has a flow rate of a * A(t), whereas the right-lane has a flow rate of (1 — a) * A(t). The cruising speed of
general traffic is v,;, and ATMA vehicles drive at a constant speed of vy; (with It standing for leader
truck). vy, is usually between 5~15mph and is, thus, much slower than v, i.e., vj; < v, 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 5) 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 even more lanes.

» L g
a - A(t Yu
D G G= C=3)
bl
(1—a)-A(t) Vu :—_____}J_a____vl_t_-.:
Moving bottleneck

Figure 5. Schematic of a four-lane highway segment with an ATMA system acting as a moving
bottleneck

3.2. Analytical Derivation of Capacity Reduction Due to Moving Bottleneck
To estimate the effective capacity during ATMA operation, we apply Newell’s moving coordinate system
approach [21]. By shifting the observer’s frame of reference to travel at the same speed as the ATMA

(vit), we convert the dynamic bottleneck problem into an equivalent stationary bottleneck scenario.

We start by placing a “moving observer” on the main road who is traveling at the same velocity v}; as

the ATMA vehicles, at any time t, at a location x*(t) relative to the ATMA vehicles. The equation from

12



Newell [21], on the derivation of x*(t), is given in Equation 3. In our problem, since they travel at the
same speed, x*(t) remains a constant. Next, we also place a “stationary observer” on the main road,

whose location does not change.

x(t) =x(t) — v+ t

Equation 3. Location Change of the Moving Observer
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 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 5). Let us call the
view from the moving observer’s perspective “moving coordinates”, and that 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. Below we show 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. q = Q; (k) and q = Q,(k), if we use q*(t) to denote the rate at which

vehicles on the main road pass the moving observer, who is travelling at a speed of vy, then
q'(t)=q—k- v,

Equation 4. Flow Rate Passing the Moving Observer
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 q*(t) and k

can be derived as:

q'() = QK -k vy =Q,7(k),  q°() =Qa(k) —k- vy = Q2" (k)

Equation 5. Relationship Between flow Rate and Density

13



In which Q; “(k) and Q,*(k) represent the g-k relationship of a one-lane and a two-lane roadway

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

Figure 6 presents g-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.,
0GlI), and the stationary observer’s view is marked with black (i.e., OG'T’). The moving bottleneck’s
speed is fixed at vj;. We start by noting that the triangle O-F-L is the fundamental diagram of the one-
lane segment, and triangle O-G-1 is the fundamental diagram of the two-lane segment in the moving
coordinate. As discussed by Newell [21], if we add a flow of k - v}; to %, the resulting FD will be in the
stationary coordinates. As such, the triangle O-F’-L’ is the fundamental diagram of the one-lane segment
and triangle O-G’-I’ is the fundamental diagram of the two-lane segment in the stationary coordinates.

We have the angle of 2G'0l’ = arctan vy, angle of 21’0l = arctan vy, and the angle of 2G'I'0 =

arctan w.

A »
= G
=
~

arctanw
0 >
Density

arctan vy kj

Slope:—vy; I—

Figure 6. Flow-density relationship from both a moving observer’s view and a stationary
observer’s view.

We first calculate the adjusted flow rate A;, (t) in the moving coordinate system. At any given time t, we
have an incoming flow rate A;, (t) and the moving bottleneck’s speed v;;. To convert that into the
adjusted flow rate A;,’ (t) in the moving coordinate system, we back calculate the density on the two-
lane roadway segment with Q,(k,) = Aj (1), ork, = Qz_l(lin(t)). Then, the adjusted flow rate

Ain (1) can be calculated as

Ain' (1) = Ain(® — kg - vie = A () — Q2 (Ain (D) - vy
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Equation 6. Derivation of Adjusted Flow Rate

For example, in the stationary coordinate system, F']’ is the maximum discharge rate of the one-lane
segment, in which F']" is perpendicular to OI' and O]’ is its corresponding density. Following this, to

calculate the maximum discharge rate of the one-lane segment in the moving coordinate system, we
need to reduce F']’ by O] - v;; which is ]J]" and, thus, becomes FJ'. In other words, F]’ is the maximum

discharge rate of the one-lane segment in the moving coordinate system.

In the moving coordinate system, if A;,"(t) < FJ', all vehicles can pass through the moving bottleneck at
full cruising speed v,,. Otherwise, the adjusted arrival rate Ain, (£) 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 FJ’. Subsequently, the traffic state of the
downstream bottleneck location is represented by point F, while that of the bottleneck upstream is
represented by point H, which has the same outflow rate as point F (i.e., yg = yy,) but with a higher
density due to the queue. When we convert the moving coordinates back to the stationary coordinates
points, F and H become points F’ and H’, after adding a flow of k - vy, i.e. ygr = yg + kpvyr and yyr =
yu + kyvie- Since the density at point H is higher than that at point F (i.e., ky > kg), the flow rate at
point H’ is also higher than that at point F’ (i.e., yy > ygr), Thus, it is point H’ that determines the

maximum discharge rate, instead of point F’ in the stationary coordinate system.

Next, we derive the length of H'M’, which is the maximum discharge rate of point H’ in the stationary
coordinate system (i.e., our target capacity with a moving bottleneck). First, let us look at the triangle of

F-O-L, which is the fundamental diagram of a one-lane roadway. As F']’ is the maximum discharge rate

Kk;

]

> kjvy'w

of the one-lane segment, we have F']| = /24— =—"1—"—,
(E-FW) Z(Vu+w)

As the angle of £G'OI' = arctan v, O]’ can

Frjr k]--w

be calculated as 0]’ = . As the angle of £G'I'0O = arctan w, J'L’ can be calculated as J'L’ =

Vu T2 (Vgt+w)

Frjr kj “Vu

= 2eetw) As the angle of £I'0OI = arctan vy, J]' can be calculated asJ]' = 0]’ - vj; =

the maximum discharge rate of the moving bottleneck in the moving coordinates with a value of F]' can

be calculated as

Fl!_Fr]r_]]r_ kJ'VU‘w _k]'w""][ _ki'W‘(Vu—Vlt:l
- T2+ w) 20, +w) 2w 4+ w)

Equation 7. Derivation of Maximum Discharge Rate of the Moving Bottleneck
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However, what we really need to calculate is the maximum discharge rate of point H' in the stationary

coordinates, i.e., the length of H'M'. In the moving coordinates, we have the same flow at points F and

ki-w- u— sl e . .
H, which means that HM' = F]' = % As G’K’ is the maximum discharge rate of the two-lane

kj — k]"Vu'W
(—+2)  vytw

segment, we have G’K' = p, = , and as the angle of £G'I'0O = arctan w, K'I' can be

vy W
GK' kjv
calculatedas K'l' = — = 1=,
w Vytw
’ —k]--w-(vu—vlt)+le
. . . H/Mr _ HM'+k t
Suppose the density at point H' is k, we have w = —— = Vit — _ 20utw) and, thus, the
Mrlr kj—k kj—k
. . ' kw1 1 . . . '
density at point H' can be calculated ask = — (——+ ). The effective discharge rate of point H
2 Cvgtw o vpetw

in the stationary coordinates, i.e., the length of H'M'can be calculated via Equation 8.

kjswelvy—vid kj-w-v 1 1
W= HM = HM ke = e Dy )
2(vy, + W) 2 Ve+W v+ w
_k]-vu-w'2v|t-vu+w~vu+w~vlt_ '2vu-v1,+v]tvw+w-vu
vy +w 2(vip+w) vy 2(vi +w) vy

Equation 8. Derivation of Effective Discharge Rate

In this way, the effective discharge rate of the moving bottleneck in the stationary system in Figure 6 has

2V Ve HVie W W vy

now been derived. If we use a new variable 6 and make 6 = , Equation 8 becomes p’' =

2(Vie+w) vy
u- 8, in which 08 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 y, and as soon
as the ATMA vehicles enter the roadway segment, it creates a moving bottleneck with an effective

discharge rate of ', given by Equation 8, until the ATMA vehicles depart the roadway segment.

3.3. Derivation of Level of Service metrics
To assess ATMA's operational feasibility, we analyze two performance indicators: total delay and traffic

density, in accordance with HCM guidance.

The main input data is the 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
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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 A(T) as the traffic demand input,
considering the 15-min flow rate. Based on AADT, the K-factor, the D-factor, the hourly traffic demand

A(T) can be derived by directional design hourly volume (DDHV) and PHF via Equation 9.

DDHV AADT XK x D
PHF PHF

AMrT) =

Equation 9. Derivation of Hourly Traffic Demand
Next, by combining the discounted capacity from Equation 8 and demand profile from Equation 9, 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 Q(t) = f()t(k(r) —u)dr, e,

the number of vehicles sitting in the queue is the difference between demand and discharge rates.

Next, the total delay caused by the AMTA vehicles during maintenance on a roadway segment can be
L

calculated as W = f(;'“ Q(t)dt, in which L is the length of the roadway segment. The total number of

L

vehicles that enter a roadway segmentis N = f(;"t A(t)drt. Thus, the average delay of each passenger
vehicle can be computed as Equation 10.

L
w [ Qrde
=

=
JA(m)dt

W=

Equation 10. Average Delay of Each Passenger Vehicle

Then, the average travel time on this four-lane highway segment can be calculated as Equation 11.

- L _
t=—+W
VLI.

Equation 11. Average Travel Time on the Analyzed Four-Lane Highway
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 7, as shown in Equation 12. Then, the density on this

four-lane highway segment k can be estimated as in Equation 13. Thus, the level of service on the
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highway segment can be determined by looking up to HCM [7], or using the density thresholds in Figure
2.

=1
Il
x| b=

Equation 12. Derivation of Average Travel Speed
DDHV _ AADT x K % D

K= 25 xPHF 27 x PHF

Equation 13. Derivation of Density
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Chapter 4. Case Studies

4.1. Validation of Effective Discharge Rate

To validate the effective discharge rate discount factor derived in Eq. (8), we utilize the NGSIM dataset,
which provides high-resolution trajectory data for every vehicle on a roadway segment—ideal for
assessing roadway capacity models. Our study focuses on northbound I-80 in Emeryville, California

(Figure 7), particularly lanes 5 and 6 over a 1,090-foot stretch.

Study Area
l« 1090’ >
Lane 5 — Upstream fo—ol fo—ol Downstream

Lane 6 —» 6;}03 _0_3 6%)

*

Discharge rate observation location
Figure 7. An illustration of the study area: Northbound I-80.

Using DTALite/NeXTA [22], an open-source tool, we extract critical parameters such as jam density,
backward wave speed, and free-flow speed from the NGSIM dataset for two time periods on April 13,
2005: 4:00-4:15 PM and 5:00-5:30 PM. The time-space diagrams in Figure 8 reveal shockwave patterns
highlighted by red boxes (A~E), with slopes indicating backward wave speeds averaging 12 mph. We set
the jam density at 180 veh/lane/mile and free-flow speed at 30 mph. Applying Eq. (1), the maximum

discharge rate is:

_2kjvy-w

= = 3,076 veh/h
7] —— veh/hr

Equation 14. Derivation of Maximum Discharge Rate from the Field
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Figure 8. Vehicle trajectory for lanes 5 and 6, 1-80, 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 7)
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. 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 9, 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 9 (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
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other words, perp = 2,740 veh/hr. Then, the discount factor of the effective discharge rate can be

calculated as 6 = 0.83, and the effective discharge rate is u’ = 2,568 veh/hr. Comparing u' and ugrp,

the absolute percentage error (APE) can be calculated as APE; = IZS%—:(;WLOI = 6.3%. On the other

hand, if we ignore the impact of the moving bottleneck and directly use the maximum discharge rate p,

by comparing ¢ and pgrp, the APE would become APE, = w = 12.3%. Comparison of APE;

and APE, suggests that using the proposed effective discharge rate is more reasonable than directly

using the maximum discharge rate, and the resulting APE drops from 12.3% to 6.3%.

Figure 9 (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 ugrp = 1,982 veh/hr. The effective discharge rate can be calculated as y' =

_l2,127-1,982]

2,127 veh/hr. Thus, the APE can be calculated as APE; = e = 9.5%, when compared with
. . 13,076—1,982] .
the ground truth discharge rate. However, the APE will become APE, = ~om = 55.2% if the

impact of the moving bottleneck is ignored. The resulting APE drops from 55.2% to 9.5%, a significant

improvement.
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Figure 9. Vehicle trajectory of trucks (IDs:2862 and 1522), 1-80, NGSIM.
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Figure 10 shows the APE comparison of all six moving bottlenecks caused by those slow-moving trucks.
It can be found that the maximum discharge rate u (represented by the red solid line) always
overestimates the ground truth discharge rate pg,ouna (the black line), with APE, (the red dashed line)
ranging from 12.3% to 55.2%. On the other hand, the proposed model can calibrate the effective
discharge rate ' (the blue solid line) much closer to the ground truth discharge rate fig,oynq, With APE;
(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.
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Figure 10. APE comparison of six slower trucks, 1-80, NGSIM.

4.2. Typical Scenario ODD Analysis

In this section, we analyze the impact of the ATMA on the traffic flow of a typical highway, including
traffic delay and resulting density, to identify the potential ODD of this technology. The analysis target is
a four-lane highway segment, as shown in Figure 5. The characteristics of this analyzed highway
segment are set as follows: L = 1 mile, v;; = 10 mph, v, = 50 mph,w = 12 mph, k; =

190 veh/mile/lane. Traffic volumes on multilane 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

9.

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 11. 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.
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Figure 11. Relationship between AADT, average vehicle delay and traffic density.

We also identify level of service based on density. Learning from Figure 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 11 as well. Figure 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 11. 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.
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4.3.1 When D-factor changes
Figure 12 presents the proposed relationship between traffic demand (i.e., AATD), average delay

(illustrated in Figure 12-a), and density (illustrated in Figure 12-b), when factor D changes from 0.5 to
0.65.

Figure 12-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 12-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 the 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 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.

50

5] s I
=3 =3 =)

Average delay (s/veh)

=]

0 0 . . . .
15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000

AADT (veh/day) AADT (veh/day)

(a) (b)

25



Figure 12. Proposed relationship between AADT and (a) average delay and (b) LOS when D changes.

4.3.2 When K-factor changes

In this section, we examine what will happen if the K factor changes. Figure 13 presents the relationship
between traffic demand (i.e., AATD), average delay (illustrated in Figure 13-a) and density (illustrated in
Figure 13-b), when K changes from 0.08 to 0.11. The observed pattern is similar with that when D

changes.

Figure 13 show 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 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.
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Figure 13. Proposed relationship between the AADT and (a) average delay and (b) LOS when K
changes.

4.3.3 When operating speeds of the ATMA vehicles change
In this section, we examine what will happen if an ATMA’s operating speed changes. Figure 14 presents

the relationship between traffic demand (i.e., AATD), average delay (illustrated in Figure 14-a) and
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density (illustrated in Figure 14-b), when the ATMA’s operating speed changes from 5 to 15mph. In this
analysis, the K is fixed at 0.09 and D is fixed at 0.6. The observed pattern is similar with that when K and

D change.

Figure 14-a shows that, the average delay remains zero, if the AADT is less than certain thresholds,
which means that 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 to be 5 mph, the average delay 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 14-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.
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Figure 14. 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. Conclusion and future research

This study set out to establish the Operational Design Domain for Autonomous Truck Mounted
Attenuator systems deployed for roadway maintenance on multilane highways and within work zones.
The first step involved the analytical derivation of the effective discharge rate for highway segments
impacted by slow-moving ATMA vehicles, which function as moving bottlenecks. This derivation was
rooted in a triangular fundamental diagram framework extended to a moving coordinate system. The
resulting expressions are simple, closed-form formulas that reflect the influence of traffic demand,

instantaneous traffic states, and fundamental flow properties.

Once these discounted capacities were determined, microscopic traffic flow models were applied to
estimate associated vehicle delays and density levels. These two metrics, per the Highway Capacity
Manual, are fundamental to assessing a highway segment’s level of service. This approach enabled the
development of a direct analytical link between traffic demand—represented by average annual daily
traffic—and LOS. Through this linkage, we were able to numerically explore and define the ODD for

ATMA deployments.

Validation using the NGSIM dataset confirmed that the proposed model accurately reflects the reduced
discharge rates induced by moving bottlenecks, with estimation errors ranging from 6.3% to 13.6%,
which is considered acceptable for operational analysis. For a baseline scenario with parameters K=0.09,
D=0.6, and PHF=0.9, the analysis found that LOS=C—a practical design target for ATMA use—
corresponds to an AADT threshold of approximately 40,000 vehicles per day. Below this threshold,
traffic operations remain close to free-flow conditions, delays are negligible, and vehicle density stays
below 26 vehicles per lane per mile. Under such conditions, the presence of an ATMA system is unlikely
to impose notable disruptions on driver behavior or travel time, making 40,000 AADT a reasonable

benchmark for defining the lower limit of the ODD in typical conditions.

A comprehensive sensitivity analysis was also conducted to assess how variations in the K factor, D
factor, and ATMA travel speed affect system performance. Results confirmed that changes in these
parameters shift the AADT threshold accordingly, demonstrating that the ODD is context-dependent and

should be adjusted to reflect varying traffic environments.
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