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EXCUTIVE SUMMARY

Freight traffic affects the performance of the road network significantly due to their different
driving characteristics compared to passenger cars. For example, trucks have extra braking
distance and time for deceleration and are slower when starting up. In Texas, freight traffic can be
significant on the freeway, and the operation of trucks is significant in keeping traffic safe and
efficient. Recently, connected and automated vehicle technology has added possibilities to control
trucks wisely to improve safety and mobility. Strategies have been developed in the FMRI first
and second-year projects to formulate multiple trucks’ trajectories considering mixed traffic
conditions. The stability problem of vehicle streams has been studied in the third-year project.
However, in previous research, deterministic behaviors of human-driven vehicles in mixed traffic
were assumed. In reality, truck drivers may act differently (accelerating, decelerating, reacting)
according to their varying driving habits, which will lead to uncertainties in the vehicle dynamic
system. To make the research more complete and more general, this year, behaviors of human-
driven vehicles are considered. This project investigates the method for CAV truck controlling in
a truck-only lane. By controlling CAV trucks, the mixed traffic is stabilized and optimized in its
mobility given different levels and distribution types of the uncertainty of human-driven vehicles.

The outcomes show a control method for CAVs enables the traffic with safe and stable
performances considering human drivers. Due to the limitation of time (one year), the research
only focuses on theoretical modeling at the present stage. In the implementation stage in the future,
local agencies or industry partners may be involved.






1.0 INTRODUCTION

In an era of transitioning from conventional human-driven vehicles to CAVs, upgrading
infrastructure is a time-consuming process. It is necessary to develop techniques that fit existing
features, such as signals, when transitioning from human-driven vehicles to CAVs (Guanetti et
al., 2018). AVs and HVs will be exiting in a traffic stream simultaneously as expected in a long
period. When the traffic consists of both HVs and AVs, as well as cars and trucks, the steady
state becomes different and complex, and it is challenging to design controllers. Some previous
studies are to coordinate human-driven vehicles and CAVs to optimize mobility and emissions.
(Dresner and Stone, 2008; Carlino et al., 2013). When HVs are considered, the sequence of the
mixed traffic needed to be assumed in design of an active control; (Zhao et al., 2018) used
scenarios in the experiment to show the possible combination of HVs and CAVs. Using a car-
following model, in this case, is efficient in modeling AVs. Among all AV control algorithms,
the IDM model is one of the most popular car-following models designed for adaptive cruise
control (ACC) for AVs.

The operation strategy of connected and automated vehicles at intersections can either be
modeled in a centralized way, as the studies using dynamic programming or cooperative control
mentioned before, or a decentralized way. For example, (Du et al., 2018) developed a multi-layer
coordination strategy for CAVs at intersections without the help of signals. (Yao and Li, 2020)
proposed a decentralized control method for CAVs at intersections to optimize their own travel
time, fuel consumption, safety risks, and show that is more computationally efficient than
centralized control. (Mahbub et al., 2020) developed a coordination method for CAVs at a
corridor considering multiple traffic scenarios using a two-level optimization. A decentralized
control can be applied to address similar problems (Kuwata and How, 2006). (Ravikumar et al.,
2021) developed a centralized coordination method for scheduling CAVs in a mixed
environment when human-driven vehicles are included using mixed-integer linear programming
(MILP). (Wu et al., 2014) introduced a sequence-based system by using an onboard signalization
and modeling based on Petri Nets (PN) model that accommodated both CAVs and human-driven
vehicles and showed improvement compared to current intersection controls.

Previous studies used a centralized method to solve the problem that multiple vehicles along
multiple intersections (Liu et al., 2019). It can reach a global minimum value while a decentralized
method cannot. However, HVs, which were uncontrollable in a platoon, cannot react according to
other CAVs in a real-time manner. To solve this problem, the stability of heterogeneous (mixed of
cars and trucks) mixed (mixed of AVs and HVs) traffic is analyzed. The relationship between
tracking speed and stability is investigated under the different ratios of AVs or Trucks. Previous
publications have modeled the planning using optimal control for CAV traffic (Xiao et al., 2021)
and stability problem under mixed traffic condition (Xiao et al., 2023), this research provide one-
step further results and analysis based on previous models.

The project objective aligns with the FMRI area of Information Technology, where the research
defines the most efficient means for performance-based freight fluidity network management. The
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research develops methods for understanding, operating, and modeling multimodal freight
transportation networks, which also fits the FMRI area of Freight Network Modeling and
Operations.



2.0 METHOLOGY

This chapter describes the method to analyze the stability problem for mixed traffic with
passenger cars and trucks as AVs (automated vehicles) or HVs (human driven vehicles).
Subsequently, the simulation framework is developed based on the analytical results. Both AVs
and HVs are supposed to travel on the IDM model. The aim is to guarantee mobility and stability
for traffic.

-AV truck i
11on rucks #8% Upstream Monitor

VISSIM simulation using
Dynamic link library

Figure 1 The schematic concept for mixed traffic with automated cars and trucks (drawn by
icograms)

2.1 STABLITY AND THROUGHPUT FOR FREIGHT TRAFFIC

The problem concerns a situation when traffic is composed of AVs, HVs, passenger cars, trucks,
technical flow is demonstrated in o Figure 2.

A string stability condition theory is developed based on existing theory by considering AV and
HV with different vehicle types at the same time. Parameters that determine stability regions are
maximal acceleration, comfortable deceleration, and desired headway when taking IDM as an
example. The threshold exists for each parameter as the minimum value that can lead to stable
traffic. In the process of analysis, other parameters are fixed while letting one or two parameters
varied. The relationship between AV drive intervals and stability is investigated using different
AV market penetration rates and different truck rates.



By applying CAV technology, an adaptive tracking method to ensure traffic stability and
throughput in a mixed traffic environment of passenger cars and trucks as either AV or HV.

Finally, the proposed method is validated in an urban street built in VISSIM by applying the
VISSIM External Driver Model Dynamic-link library (DLL).

Mixed traffic Stability condition Stability analysis AV control

—bs‘”.%;f?:“’—b.—b m—

- Different vehicle type: Cars and

Trucks _
Trucks and passenger cars . CAVS and HVs Fix other paramiers

CAVs and HVs e — Stability regions for two paramters

different vehicle types

Simulation on urban street

Figure 2 The technical flow of the system

In this part, the stability condition is formulated. The acceleration of a microscopic car-following
model concerning relative spacing and speed with reaction time can be described as Ngoduy,
“Analytical Studies on the Instabilities of Heterogeneous Intelligent Traffic Flow.”.

dL(t) - fn(vn(t Tn) Sn(t - Tn) Avn(t —T v)) (1)

where s, is the spacing between the subject vehicle and the preceding vehicle, v, is the speed of
the subject vehicle, Av,, is the relative speed between the subject vehicle and the preceding
vehicle. T2 3 tAVshow the reaction time for relative speed, spacing, and speed respectively.
Assuming 7 = 3 = tAV= 1, for a car-following model, the derivation of the speed in its
equilibrium state can be expressed as :

. af of af
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Se, Ve, U, are the equilibrium spacing, speed and deviation of speed difference, f(se, Ve, Ue)r = 0
and u, = 0.

Define the Taylor expansion coefficients for the derivative terms:

d
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IDM model writes:
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where «, § are the maximal acceleration and comfortable deceleration respectively. T is the
desired headway. Except for v,, all other parameters of cars and trucks are different. Let 1 ,,
feav fc.s represent the Taylor expansion coefficients for cars and fr,, fr a, fr s fOr trucks:
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To improve mobility while serving the flow demand, the desired headway is related to demand.
Due to the inverse relation between flow and headway, the desired headway has an upper bound.
In the following part, the stability conditions for heterogeneous traffic with cars and trucks, for
mixed traffic with AVs and HVs, for mixed traffic and heterogeneous traffic are demonstrated
respectively.

The string stable condition can be derived from the analysis of the signal between two
consecutive vehicles in a single follower problem. The energy in the frequency domain caused
by the perturbation should decrease to ensure string stability. The theory has been widely
studied. This research directly adopts some of the conclusions from previous studies and makes
progress based on that. According to (Ngoduy, 2015b), the stability condition for heterogeneous
traffic with cars and trucks.

1 fcav fcs 1 fraw  frs
ro (L= Lo _ Jes) g (L_fraw_ Jrs) s 11
¢ (2 few fc,vz) T (2 frv fT,v2> D

where the ratio of trucks is denoted as r and cars denoted as 7., which add up to 1.

rc+rp =1 (12)
To satisfy the throughput which represents demand, the average desired headway should be
smaller than the inverse of flow demand.

3600
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According to (Ngoduy, 2013) When traffic is composed of HVs and AVs, the reaction time for
human drivers is considered to differentiate them:

TA + T'H == 1 (14)

1 famw  fas 1 fuaw  fHs | fHs
—— =4 -——— = 4= >0 15
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To server the demand, the average desired headway should be smaller than the inverse of flow
demand.
3600

thH + rAhA < }_l = T (16)

2.2 CONDITION WITH A MIXED TRAFFIC OF AVS AND HVS IN
DIFFERENT VEHICLE TYPES

Based on previous studies, the stability condition for Heterogeneous and mixed traffic are given:
Let r, show the ratio of AVs and r the ratio of trucks. r; r, r3 1, show the ratio of HV cars, HV
trucks, AV cars and AV trucks respectively:

n=>0-r)1-r) (17)
= (1—1) %7y (18)
ry =10 % (1—17) (19)
Ty =Ty %7y (20)

The string stability condition for heterogeneous and mixed traffic considering a linear
combination of all the vehicle types with the weighting of their ratios is given as:

1 flAv fls 1 szv fzs 1 f3A17 f3s f3s 1 f4Av f4s
R e B o B e R £ ] et b=t 2 B A B
1 (2 fip f1,v2> 2 (2 f2v fz,vz) 3 (2 fow  fav© faw 3) 4 (2 fav  fap®

;j—im> >0
(21)
Similarly, the average desired headway should be smaller than the inverse of flow demand.
- 3600
rn*xhi+ry*hy,+r3xhy+r,+*hy, <h=—— (22)

q

For cars and trucks, the dynamic parameters such as acceleration and deceleration should be in
the feasible region:



ac, Bec € O¢; ar, fr € Pr (23)

where @ and & show the feasible region of vehicle dynamic parameters of cars and trucks.

2.3 OPTIMAL CONTROL FOR VEHICLE TRAJECTORY WITH A
MIXED TRAFFIC OF AVS AND HVS IN DIFFERENT VEHICLE TYPES

Human vehicles and mixed traffic scenarios are also considered to add to previous model for
vehicles passing multiple intersections as described in previous FMRI reports. These models and
formulations are added to previous models to consider the human vehicles and mixed traffic:

The total travel time of vehicles along a lane can be written as:

HVs

— min (Z(zl (1) + () ot 1,(n)) + Z(Al(n) + A, (0) ot A ()
1 1

n n
£ @0 + 100+ 1) + ) (Ba() + Ay () .+ A ()
m+1 m+1
The obligate time to pass a block is 7;(n) and time loss is denoted as A;(n).

Apparently, the only controllable part is 2.7'(A;(n) + A,(n) ...+ A;(n)

The previous proposed scenarios reduce the time loss of CAVs term to the largest extend, and
the CAVs term does not lead to an increase of HVs term. This means, only if the vehicles are
planned as the proposed scenarios, the total travel time of the whole traffic stream can be
minimized. For convenience, the planning start from the vehicle which with an earliest starting
time.

All the vehicle trajectories in time and space are represented in a manner of Taxicab geometry.
In a Taxicab geometry, the metric of distance between two points A and B is the sum of the
absolute differences of their Cartesian coordinates:
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d(A;B) = IXB _XAl + |YB _YAl

The optimization to minimize travel time writes:

N I N
min Z Z Thi = minz AX,
Zn,i :
n=1i=1 n=1
Due to the nature of transportation, a vehicle moves from A to B and takes some time. In taxicab
geometry, for each move in y-axis, a move in x-axis which is no less than the move in y-axis
occurs:
—— CAV

Y (Representing intersection location)

" — 0V

» X (Representing unit of time)
A C E

Figure 3 Schematic representation of the problem of mixed traffic of HV and AV.

Define the minimal time to pass a block is (i) and time loss as A;(n). A time spent at one
intersection is:

x(2) — x(1) =y(2) —y() + (1) + A;(n)
Going through intersection 1 to intersection i:

x(2) = x(1) = y(2) —y(D) + (1) + A, (n)
x(3) = x(2) =y(3) —y(2) + 7(2) + A, (n)

x(—-1D)—-x(—-2)=y(i-1)—-y(i-2)+1(i—1) +4A;_,(n)
x(D—x((-D=y@O-y@-D+ @)+ 4:(n)
Adding up all the equations and it shows:
x() — x(1) = y@) — y(1) + (r(l) +7(2)+ -+ r(i)) +A () +A,(n) ...+ A;(n)
Considering all the vehicles:
x1(0) — x1(1) = y1(i) — y1(1) + (T(l) +1(2)+ -+ T(i)) + A, (n) +A,(n) ...+ A;(n)
x2(0) — x2(1) = y2() — y2() + (z() +7(2) + -+ 7()) + A,(n) + A, () ... + Ay (n)
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xn(i) — xn(1) = yn(i) — yn(1) + (r(l) +‘.‘L:(2) + -+ T(i)) +A(n)+A,(n) ..+ A (n)

If each vehicle has to travel the same distance in Y axis, |y(B) — y(A4)| for each vehicle is

identical. So Y_, AY,, is also a constant, denoted as C;.

(1) + 7(2) + --- + (i) is the inevitable time cost at one single intersection. Assuming that in a
heavy or moderate traffic condition, the arrival of vehicles follows a uniform distribution. When
the timing plan and the volume of traffic is determined. It is also a Constance, denoted as C,.

N n
Z AX, = C,+ C, + ZAl(n) + A (n) .+ A (0)
n=1 1

Z AL(R) + By (1) .+ Ay (1)

m n

= Z(Al(n) +85(0) ot A () + z (8(0) + Ay (1) ..+ Ay(m))
- CAVs e HVs
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3.0 RESULTS

3.1 STABILITY REGION OF PARAMETERS FOR HETEROGENEOUS
TRAFFIC OF AVS AND HVS

The stability regions for AV and HV desired headway under the different percentages of AV are
presented. All vehicles are assigned with the same parameters except for their reaction time. HVs
are assumed to react with a delay time while AVs do not have that delay.

250

250

N
=]
S

@

=3
N
S
S

Desired headway for HV (sec)
=

Desired headway for HV (sec)
@
3

=]
S

50

50

250

80
60

80
60 40
40

20
Percentage of AV Percentage of AV
Desired headway for AV (sec) Desired headway for AV (sec)

Figure 4 The stability region of maximal acceleration under different penetration rate of AV.
reaction time 0.5 sec (left) and 1.0 sec (right) (fixing comfortable deceleration for vehicles as 2
m/s?; maximal acceleration for vehicles as 1.4 m/s?)

The results in Figure 4 show that the thresholds for desired headways for both AVs and HVs
decrease with the increase of the AV ratio. This shows the selection of desired headway becomes
more flexible when the AV ratio is high. The existence of reaction time increases the slope of this
trend and increases the lower bound of the thresholds for both AVs and HVs.

3.2 CASE STUDY: VISSIM COMPARISON

The simulation is implemented using parameters shown in Table 2. The proposed method,
controlling AV using a fixed headway and IDM model are implemented on Link 1, link 2, link 3

12



respectively. It shows that the average speed using proposed method is highest compared to other

two counterparts.

Sy Time Interval

2151 2 vehiclewoumes b - By @ Y2 B e

Sebect lyout...

Mg VehickstS poed [km]

CFPEFEEIN L QRS @
Links

lume(d)  VehComp{D)
8 5 w

Figure 5 VISSIM simulation and average speed

headway and IDM car following model.

Table 1: VISSIM simulation setup

Count 1 Cont | Timelnt

Volume VehComp  VolType

using proposed method compared to fixed AV

Length of the link tested (m) 2000
Demand (veh/h) 1800
Desired speed (km/h) 50
Simulation time (sec) 1800
Percentage of trucks 60%
Percentage of AVs 60%
Desired headway for HV car (sec) 1.5
Desired headway for HV Truck (sec) 2
Desired headway for AV car baseline (sec) 1
Desired headway for AV Truck baseline (sec) 1.5

The trajectories of HV cars, HV trucks, AV cars (baseline), AV trucks(baseline) are demonstrated
in black, blue, green, and yellow, respectively. AV cars, AV trucks using the proposed method are

demonstrated in pink and red, respectively.
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Figure 6 The trajectory from VISSIM simulation Baseline (a) and proposed method perturbation
in an area.

In Figure 6, the influences of HV trucks on the traffic is significant in baseline (a). AVs do not
adjust their desired headway in the baseline, the traffic becomes unstable with time increases. After
time 1000 sec, the oscillation happens. With the proposed method shown in Figure 6 (b), AVs
update the desired headways accordingly over time. Early (during time 0 sec and 600 sec), the AV
headways are small. When the instability is about to happen, the AV headways become large to
avoid oscillation. As a result, traffic is stable and causes less delay. Comparing the aggregated
performance for all vehicles, the average delay reduction is 23.19% while the average speed benefit
1S 9.09% when comparing to the baseline.

14



3.3 CASESTUDY: OPTIMAL CONTROL RESULTS FOR MIXED
TRAFFIC

A result in Figure 7 show the AV has shape the mixed traffic with human vehicles. The proposed
method was also tested when different vehicle types were assumed (one can be assumed as car
and another truck). There were two types of vehicles with different dynamic properties, such as
the maximal speed and maximal acceleration, safety spacing etc. All vehicles were assumed as
CAVs. We also assumed the input headway was 5-second and 3-seconds respectively.

1600 - /11 B

1400 —

1200 —

1000 —

800 —

distance (m)

600 —

400 —

200 [~

| | |
150 200 250

time (sec)

Figure 7 The trajectory from when the traffic is composed of HV and AV

40% Typel

@ (b) (¢) (d)

Figure 8 A comparison of trajectories between vehicle type 1 (black) and type 2 (blue) (If all
vehicles are CAVs). From left to right, Type 1 percentage: 20%, 40%, 60%, and 80%, headway
5-second; (x-axis — time (sec), y -axis — distance (m))
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Figure 9 A comparison of trajectories between vehicle type 1 (black) and type 2 (blue) (If all
vehicles are CAVs). From left to right, Type 1 percentage: 20%, 40%, 60%, and 80%, headway
3-second; (x-axis — time (sec), y -axis — distance (m))

g

Wi
)

Under heavy traffic condition that the headway was small, when two types of CAVs were mixed,
the vehicles with lager maximal speed tended to perform as its optimal trajectory if the preceding
vehicle was not the other type of CAV. Otherwise, the vehicle was bounded by the maximal
speed of its preceding vehicle. Generally, due to the distributed structure of our method, the
overall traffic stream seemed harmonious.

Travel time benefit when different types of vehicles
were mixed

60.00%
0,
49.53% 52.00%

50.00% 45.81% 46.29%
40.37% 41.87%
40.00% 34.95%
30.70%
30.00%
20.00%
10.00%

0.00%
20% 40% 60% 80%

percentage

B headway =3 H headway=5

Figure 10 Travel time benefit when the traffic was mixed of two types of CAVs.

When two types of CAVs were mixed, the performances were stable. According to Figure 10the
proposed method could reduce the travel time from 30.70 % to 41.87 % when the input headway
was 3-second and ranged from 45.81 % to 52.00% when the input headway was 5-second. This
result showed the important potential of implementation of the method under mixed traffic
condition.
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4.0 CONCULUSIONS

Extended stability regions for parameters maximal acceleration, comfortable deceleration, and
desired headway are studied. The threshold exists for each parameter as the minimum value that
can lead to stable traffic. For maximal acceleration, the thresholds shrink when the percentage is
in the middle (around 40% - 60%). The threshold of comfortable declaration decreases with the
increase of the ratio of trucks for trucks and increases for cars. When the ratio of trucks is too
large, the feasible values for comfortable deceleration almost no exists. The threshold of truck
desired headway decreases with the increase of the ratio of trucks and it is the opposite for cars.
When considering mixed traffic with AVs and HVs, the reaction time for HVs significantly
increases the threshold of desired headway for AVs and HVs. AV ratios lower the thresholds.

The extended optimal control results considered a mix of CAVs and HVs with arbitrary with cars
and trucks and show the method can control mixed traffic well as previous models. The
limitation was that the status of CAVs and HVs were assumed as deterministic and only a single
lane was considered in the problem.
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