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This paper investigates traffic flow of connected and automated vehicles at lane drop on two-lane highway. We
evaluate and compare performance of an optimization-based control algorithm (OCA) with that of a heuristic rules-based
algorithm (HRA). In the OCA, the average speed of each vehicle is maximized. In the HRA, virtual vehicle and restriction
of the command acceleration caused by the virtual vehicle are introduced. It is found that (i) capacity under the HRA
(denoted as Cyy) is smaller than capacity under the OCA; (ii) the travel delay is always smaller under the OCA, but driving
is always much more comfortable under the HRA; (iii) when the inflow rate is smaller than Cy, the HRA outperforms the
OCA with respect to the fuel consumption and the monetary cost; (iv) when the inflow rate is larger than Cy, the HRA
initially performs better with respect to the fuel consumption and the monetary cost, but the OCA would become better
after certain time. The spatiotemporal pattern and speed profile of traffic flow are presented, which explains the reason
underlying the different performance. The study is expected to help for better understanding of the two different types of

algorithm.
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1. Introduction

The deployment of connected and automated vehicles
(CAVs) is regarded as an effective method to improve traf-
fic performance.!'=3! On the one hand, CAVs are expected to
shorten time gap and smooth traffic oscillations, so that traf-
fic capacity increases!*! and energy consumption reduces."!
On the other hand, the passing sequence of CAVs from dif-
ferent lanes in conflicting areas can also be determined and
optimized to maximize the utilization of spaces.!°]

Merging of traffic flow can be treated as a usual conflict-
ing scenario.!’”"'?! One approach to deal with merging traf-
fic flow is heuristic rules-based algorithm (HRA).[!3-15] One
common method in this approach is to introduce the virtual
vehicles. For example, in Uno et al.,l'® in order to make
smooth merging, a virtual vehicle is generated by mapping
a vehicle on one lane onto another lane. Simulation results
showed the feasibility of the merging control algorithm. Lu
and Hedrick!'”! and Lu et al.!"8! proposed the concept of vir-
tual platoon, which effectively avoids a two-point boundary
value problem. Based on the concept, a rather general adap-
tive algorithm is provided, which has been implemented and
tested with automated cars. In a recent work, '] we introduced
restriction of the command acceleration caused by the virtual
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leading vehicle, which significantly improves the passenger’s
comfort level.

The other approach for the longitudinal control of CAVs
at merges is optimization-based control algorithm.?-23] Sev-
eral optimization-based control algorithms have been formu-
lated and the trajectories of CAVs can be solved.!**! The tra-
jectories usually should satisfy several constraints, including
speed constraint, acceleration constraint, jerk constraint, and
safety constraint. A widely used optimization-based control
(OCA) is proposed in Refs. [25,26], which maximizes average
travel velocity of each vehicle. Nevertheless, a comprehensive
study on the performance of this optimization-based control
algorithm as well as the comparison with the HRA is lacking.

Motivated by the fact, this paper investigates phase tran-
sition in traffic flow of CAVs under the OCA proposed in
Refs. [25,26] at lane drop on two-lane highway and compares
the performance between the OCA and the HRA proposed in
Ref. [19]. It is found that (i) capacity under the HRA (de-
noted as Cy) is smaller than capacity under the OCA; (ii) the
travel delay is always smaller under the OCA, but driving is
always much more comfortable under the HRA; (iii) when the
inflow rate is smaller than Cy, the HRA outperforms the OCA
with respect to the fuel consumption and the monetary cost;
(iv) when the inflow rate is larger than Cy, the HRA initially
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performs better with respect to the fuel consumption and the
monetary cost, but the OCA would become better after certain
time. Our study is expected to help for better understanding of
the two different types of algorithm.

The rest of the paper is organized as follows. In Section 2,
the two control algorithms are reviewed. Section 3 compares
the performances of the two control algorithms. Section 4

gives the conclusion.

2. Review of two control algorithms
2.1. Geometric layout

Figure 1 shows the geometric layout of a lane drop on a
two-lane highway. As reported in Ref. [19], we assume that in-
flow rate is the same on the two lanes and all vehicles on lane
2 change lane only at the lane drop, i.e., the merging point is
at the lane drop. Note that different from that in Ref. [19], the
end of the control zone is downstream of the lane drop. Oth-
erwise, under the OCA, large jerk would occur when vehicles
exit the control zone.

Control zone

Outflows

—_— Lane 1 . .
Merging point :

Inflows &« - - - o o o oo oo oo -

—_— Lane 2

Fig. 1. The geometric layout of a lane drop on a two-lane highway.

2.2. Longitudinal control algorithm outside control zone

As reported in Ref. [19], we assume that constant time
gap control algorithm is used outside control zone in which
the command acceleration and the actual acceleration are

demd = kaap +ky (Vp - V) + kg (g - gdesire) , (1

a+td = demd, 2

where g is the actual spacing and ggesire 1S the desired spacing

8= xp - X (3)

&desie = L+ Gmin + TgV- €]

Moreover, the physical constraints below should be satis-

fied:

Vinin <V < Vmax, (%)

Amin < demd < Gmax; (6)

Jmin <J < Jmam (7)

8 2 VIate + L+ Guin, 3

in which J = da/dt is the jerk of vehicle. Other notations and
parameters are listed in Table 1.

When vehicles enter control zone, the merging sequence
is determined by ’first-in-first-out’ (FIFO) principle. If two

vehicles enter at the same time instant, vehicle on lane 1 is re-
garded as the ’first-in’ one. Note that since the vehicles move
in the FIFO principle, we calculate the vehicle trajectory in a
sequence order. Therefore, once the constraints (7) and (8) are
not satisfied, we re-calculate the vehicle trajectory and let the
vehicle decelerate earlier.

Table 1. Notations and parameters.

Notations Description

ap Acceleration of preceding vehicle
Vp Velocity of preceding vehicle

Xp Location of preceding vehicle

a Acceleration of ego vehicle

v Velocity of ego vehicle

X Location of ego vehicle

Parameters Description

ka, ky, kg Control gains

Ty, T, Tae Desired time gap, time delay, safe time gap
L, Gnin Length of vehicle and standstill gap

2.3. Control algorithms in control zone

2.3.1. Heuristic rules-based algorithm

We briefly review the HRA proposed in Ref. [19]. In the
control zone, a virtual set of vehicles is constructed, which
includes all vehicles in the control zone. We number these ve-
hicles based on the arriving order at the control zone. If two
vehicles arrive at the control zone at the same time, vehicle
from lane 1 is numbered before that from lane 2. In the virtual
set, if the preceding vehicle of the ego one is not on the same
lane, then we map the preceding vehicle onto the ego lane,
which becomes a virtual leading vehicle of the ego one.

The command acceleration acmgego Of €g0 vehicle con-
cerning vehicle on the same lane is calculated as

Aemdego = kaap,ego +ky (Vp.ego - V)

+kg (gego - gdesire) . (9)

The command acceleration demd virwal concerning virtual lead-
ing vehicle is calculated as

Aemd,virtual = max(kaap,virtual +ky (Vp,virtual - V)

+ kg (gvirtual — &desire ) s acmd,lim) s (10)

where d¢md jim 18 the restriction on demd virtual t0 improve driv-
ing comfort level.

The command acceleration, used as the input to lower
control, is determined as

demd = min(acmd,egm acmd,virtual) . (11

Inside the control zone, the physical constraints (5)—(8)
should also be satisfied. Note that the longitudinal-lateral cou-
plings (9)—(11) are applied symmetrically for the vehicles on
both lanes.
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2.3.2. Optimization-based control algorithm

In the OCA proposed in Refs. [25,26], the trajectory of
each vehicle is obtained by maximizing the average speed in
control zone. The objective function and constraints are for-

mulated as
N

maxZ = ==0"1n 12
TN (12)
subject to
o : - (AT)?

X = x4 Vit AT +df x ( 2) , (13)
v, = Vi ay, X AT, (14)
X = x> Vi Tage + L+ Gy, (15)
Amin < ai, < dmax, (16)
Vmin < V;, < Vmax, a7

d —ai-!
Jmin S % S Jmax~ (18)

Here n means vehicle number. The algorithm is based on the
length of discrete time step AT, and i denotes the time step.
N means the total number of time steps that vehicle n needs
to move across the control zone. The values of parameters in
the two algorithms are listed in Table 2, see also Ref. [19].
The control gain parameters k,, ky, and k; should guarantee
that traffic flow is stable, and other parameters are in the usual
ranges reported in the literature.

Table 2. The values of parameters.

Parameters Value Parameters Value
Jiin -2 m/s? ka 03
Jmax 2 m/s? ky 1551
Qmin —3 m/s? ke 0.15°2
Amax 3 m/s? T, 120s
Vmin 0 m/s Tiate 1.10s
Vmax 30 m/s T 04s
AT 0.1s L 5m

Aemd Jim —0.6 m/s” Gomin Tm

3. Evaluation and comparison of the control al-
gorithms

The length of the studied road section is set to 8000 m
and the control zone is from 5000 m to 7000 m. The lane drop
is at 6900 m. The inflows are stochastic. A vehicle enters with
vmax = 30 m/s and the probability py if the last vehicle on the
lane is beyond L + Gpin + Tyvmax. By generating vehicles in
this way, the headways of vehicles follow shifted negative ex-
ponential distribution, as observed in real traffic. When the
leading vehicle reaches the exit at x = 8000 m, it is removed
and the second vehicle becomes the new leading one and its
acceleration is assumed to be unchanged.

3.1. Capacity

Figure 2(a) shows the dependence of the inflow and out-
flow rate on entering probability py under the two control al-
gorithms. In the simulation, 20 runs were carried out for each

entering probability pg. The results are averaged over the
20 runs. One can see that there exists a threshold of enter-
ing probability under each control algorithm. The threshold
Do = PocHRA ~ 0.072 under HRA and pg = pococa ~ 0.075
under OCA. When pq is below the threshold, the outflow
equals to the inflow and traffic flow is free. When pg ex-
ceeds the threshold, congestion forms and the outflow is equal
to the capacity, which is 2562 vehicles/h under the HRA and
2612 vehicles/h under the OCA. Thus, OCA performs better
than HRA in terms of capacity. This is related to the differ-
ent movement of vehicles in the vicinity of the lane drop. As
shown in Fig. 2(b), under OCA, vehicles decelerate for merg-
ing at the lane drop and accelerates quickly downstream of the
lane drop; under the HRA, vehicles accelerate smoothly in the
vicinity of the lane drop. The quick acceleration downstream
of the lane drop yields larger throughput than smooth acceler-

ation.
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Fig. 2. (a) The dependence of the inflow and outflow rate on the enter-
ing probability pg. (b) Typical speed profiles of vehicles in the vicinity
of the lane drop. The entering probability py = 0.09.

3.2. Spatiotemporal pattern

To understand evolution of the traffic flow of CAVs under
the two algorithms, the spatiotemporal patterns are presented.
Figure 3 shows the results in a typical low-level inflow situa-
tion at pp = 0.06. One can see that under the OCA, remarkable
decelerations are observed upstream of the lane drop. Down-
stream of the lane drop, the decelerating vehicles quickly ac-
celerate, see Figs. 3(a) and 3(c). Under the HRA, the decel-
erations are mainly observed when vehicles enter the control
zone. Then they accelerate smoothly in the control zone, see
Figs. 3(b) and 3(d). Accordingly, notable jerks are mainly ob-
served near the lane drop under the OCA (Fig. 3(e)) and near
the entrance of control zone under the HRA (Fig. 3(f)).
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Fig. 3. The spatiotemporal patterns under (top) OCA and (bottom) HRA at py = 0.06. (a), (b) Speed (unit:

with |a| > 0.5 (unit: m/s2); (e), (f) notable jerk with |J| > 0.5 (unit: m/s?).

Figure 4 shows the results in a typical medium-level in-
flow rate at pg = 0.074. Under the OCA, due to the stochastic
inflow, although the mean inflow rate is smaller than the ca-
pacity, sometimes the inflow rate could exceed the capacity.
Once the inflow exceeds the capacity, congestion occurs at the
entrance of control zone. The congestion will gradually dis-
sipate when the inflow rate falls below the capacity. As a re-
sult, notable acceleration/decelerations and jerks are observed
near both the lane drop and the entrance of control zone, see
Figs. 4(c) and 4(e).

Under the HRA, the inflow exceeds the capacity and

congestion will occur. Nevertheless, the congestion initially

m/s); (c), (d) notable acceleration/decelerations

emerges in the control zone rather than at the entrance of con-
trol zone, as indicated by the arrow. Then the congestion prop-
agates upstream. When the downstream front of the conges-
tion arrives at the control zone entrance, it will be fixed there.
The upstream front of congestion further propagates upstream
and the congestion region gradually expands. As a result, no-
table acceleration/decelerations and jerks initially emerge in
the control zone and near the control zone entrance. With the
propagation of congestion, they will be observed near the con-
trol zone entrance and/or the upstream front of congestion, see
Figs. 4(d) and 4(f).
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Fig. 4. The spatiotemporal patterns under (top) OCA and (bottom) HRA at py = 0.074. (a), (b) Speed (in units: m/s); (c), (d) notable acceleration/decelerations
with |a| > 0.5 (in units: m/s?); (e), (f) notable jerk with |J| > 0.5 (in units: m/s>)

Figure 5 shows the results in a typical high-level inflow
rate at po = 0.09. Under the OCA, congestion emerges at the
control zone entrance. Then the upstream front of the conges-
tion propagates upstream and congestion region expands. As

a result, notable acceleration/decelerations and jerks are ob-

served near the lane drop, the entrance of control zone, and

the upstream front of congestion, see Figs. 5(c) and 5(e).
Under the HRA, the emergence of congestion (as in-

dicated by the arrow) and its propagation is similar to that

in the medium-level inflow rate situation. Notable accelera-
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tion/decelerations and jerks are also similar, see Figs. 5(d) and
5(f). Since the capacity is smaller than that under the OCA,

the propagation speed of upstream front of congestion under
the HRA is larger than that under the OCA.
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Fig. 5. The spatiotemporal patterns under (top) OCA and (bottom) HRA at pp = 0.09. (a), (b) Speed (in units: m/s); (c), (d) notable acceleration/decelerations
with |a| > 0.5 (in units: m/s?); (e), () notable jerk with [J| > 0.5 (in units: m/s>).

3.3. Travel delay

Figure 6 compares the performance of HRA and OCA
with respect to travel delay at three typical levels of inflow
rate: (i) low level, pg = 0.06 < po ¢ Hra; (ii) medium level,
Do.c.HRA < po = 0.074 < po ¢ oca; (iii) high level, po = 0.09 >
Po.c,oca. One can see that no matter what level of the inflow
rate, the travel delay under OCA is always smaller than that
under HRA. Here travel delay is defined as the difference be-
tween the actual travel time and the free travel time.

In the low-level inflow situation, the difference is small,
which is less than 1 s on average, see Fig. 6(a). In the medium-
level and the high-level situations, the difference increases
with the vehicle number. The latter a vehicle enters, the larger
the difference is, see Figs. 6(b) and 6(c). This is because under
the HRA, the capacity is smaller so that congestion propagates
faster. In contrast, under the OCA, either there is no conges-
tion (in the medium-level inflow situation) or congestion prop-

agates slower (in the high-level inflow situation).

3.0, @& (b) 200l ©
2.5 150
= 20 = \2300
>
%‘ 12 g“i 100 —HRA| = 200
8t —ocaA| R — HRA
0-5 —HRA 50 100 —OCA
0 —OCA
—0-5% 1060 200 300 400 500 % 1000 2000 3000 % 500 1000 1500
Number Number Number

Fig. 6. Travel delay at (a) po = 0.06; (b) po = 0.074; (c) po = 0.09.

Next we compare the travel delay in the control zone,
in the road sections upstream and downstream of the control
zone, respectively. Figure 7 shows the results in the low-level
inflow situation. The travel delay upstream of the control zone
In the
control zone, as expected, the travel delay under the OCA is

is neglectable under both algorithms, see Fig. 7(a).

smaller because the OCA aims to maximize the vehicle speed,
see Fig. 7(b). In contrast, downstream of the control zone, the
travel delay under the OCA is larger, see Fig. 7(c). This is be-
cause, under the OCA, some vehicles decelerate significantly
when approaching the lane drop. Thus, on average, the vehicle
speed downstream of the control zone is smaller, see Figs. 3(a)

and 3(b). Note that the difference of delay is around +1.3 s in
the control zone, and is around —0.8-s downstream of the con-
trol zone. Therefore, in total, the travel delay is smaller under
the OCA.

Figures 8 and 9 show the results in the medium-level
and high-level inflow situation, respectively. The results in
the control zone and downstream of the control zone are the
same as in the low-level situation, i.e., the travel delay under
the OCA is smaller in the control zone but larger downstream
of the control zone. However, upstream of the control zone,
travel delay is initially roughly equal between the HRA and
the OCA (Fig. 8(a)) or smaller under the HRA (Fig. 9(a)). But
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as strong as that under the HRA and travel delay grows slower

it gradually increases because congestion occurs. In contrast,
(Fig. 9(a)). Thus, after some time, travel delay becomes larger

under the OCA, either there is no congestion and travel delay

fluctuates around 10 s—20 s (Fig. 8(a)) or the congestion is not under the HRA.
1.2
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Fig. 7. Travel delay (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in low level

(po =0.06).
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Fig. 8. Travel delay (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in medium
level (pp = 0.074). In panel (a), the delay under the HRA exceeds that under the OCA at vehicle number i =~ 480, which enters at r ~ 1311 s.
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Fig. 9. Travel delay (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in high
level (pp = 0.09). In panel (a), the delay under the HRA exceeds that under the OCA at vehicle number i ~ 430, which enters at r ~ 1074 s.

3.4. Fuel consumption
To measure the fuel consumption of vehicles, we use the following model as in Ref. [27]

fe 3.3 ) .
Fe=["epi ¥ Y Kyla) (v(0))’

fo i=0j=0

19)

in which K;; is constant coefficients listed in Table 3 for a > 0 and a < 0.

Table 3. Coefficients of fuel consumption for a > 0 and a < 0.

Positive acceleration Negative acceleration

Ki;

j=0 j=1 j=2 j=3 j=0 j=1 j=2 j=3
i=0 —-7.735 0.2295 -5.61x1073 9.77x1073 —-7.735 —-0.01799 —4.27x1073 1.88x10~4
i=1 0.02799 0.0068 —7.72x10~4 8.38x10°6 0.02804 7.72%x1073 8.38x10~* 3.39%1073
i=2 -223x107%  —4.40x107° 7.90x1077 8.17x1077 220x107%  -5.22x107°  —7.44x107° 2.77x1077
i=3 1.09x10°6 4.80x10-8 3.27x1078 -7.79%x107° 1.08x10°6 2.47%x1077 4.87x10°8 3.79%10710
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Figure 10 compares the performance of HRA and OCA
in terms of fuel consumption at the three typical levels of in-
flow rate. In the low-level inflow situation, fuel consumption
under the HRA is always smaller than that under the OCA,
see Fig. 10(a). In the medium-level and high-level inflow sit-
uation, fuel consumption is initially smaller under the HRA,
see Figs. 10(b) and 10(c). However, under the OCA, fuel con-
sumption either does not grow (in medium-level inflow situa-
tion) or grows slower (in high-level inflow situation). There-
fore, fuel consumption under the HRA will exceed that under
the OCA after certain time. Nevertheless, the time is rather
long, which is about five hours in both the medium-level and
the high-level inflow situations. The time duration is even

larger than the duration of usual rush hours, which is about
2~-3 hours. Therefore, from the perspective of real applica-
tion, the HRA outperforms the OCA with respect to the fuel
consumption.

We also compare fuel consumption in the three road sec-
tions. Figure 11 shows the results in the low-level inflow situ-
ation. Since the vehicles move with maximum speed, the fuel
consumption upstream of the control zone is almost the same
under the two algorithms, see Fig. 11(a). However, in the con-
trol zone and downstream of the control zone, fuel consump-
tion is larger under the OCA, see Figs. 11(b) and 11(c). This is
because the acceleration/deceleration behavior under the OCA
is not as smooth as that under the HRA, cf. Figs. 3(a)-3(d).

0.745} () 082 (b) 000l ©
0.80 )
> 0.735MMWWWM“W 8 0.78 5 0.85
Rt = pot
0 0.725 8 0.76 S 0.50
—HRA 0.74
0.715 — OCA —HRA 075 — HRA
0.72 —OCA ' —0CA
0.705
0 100 200 300 400 500 0 1000 2000 3000 0 500 1000 1500
Number Number Number
Fig. 10. Fuel consumption at (a) po = 0.06; (b) po = 0.074; (c) po = 0.09.
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Fig. 11. Fuel consumption (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in

low level (pg = 0.06).
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Fig. 12. Fuel consumption (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in
medium level (pp = 0.074). In panel (a), the fuel consumption under the HRA exceeds that under the OCA at vehicle number i ~ 1185, which

enters at t &~ 3233 s.

Figures 12 and 13 show the results in the medium-level and high-level inflow situations, respectively. As in low-level inflow
situation, fuel consumption is larger under the OCA in the control zone and downstream of the control zone, see Figs. 12(b),
12(c) and 13(b), 13(c). However, as shown in Figs. 12(a) and 13(a), upstream of the control zone, after some transient time, the
fuel consumption under the HRA would increase with the vehicle number due to the formation of congestion. In contrast, under
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the OCA, the fuel consumption either does not increase with vehicle number (in the medium-level inflow situation) or increases

slower (in the high-level inflow situation). While the difference of fuel consumption becomes larger and larger upstream of the

control zone, the difference does not change in the control zone and downstream of the control zone. Therefore, after enough

long time, the total fuel consumption will become larger under the HRA.

0.54 (a) 0.321 (b) ()
0.52 0.30 0.12
2 0.50 0.28 0.11
2 5 0.26 5
= 0.48 = g 0.10
=~ Z0.24 = °
O 0.46 = [
= O .22 0 0.09
0.44 =
—HRA 0.20 —  HRA 0.08 — HRA
0.42 —OCA 0.18 —OCA : —OCA
0.40 0.16 0.07]
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Number Number Number

Fig. 13. Fuel consumption (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in
high level (pp = 0.09). In panel (a), the fuel consumption under the HRA exceeds that under the OCA at vehicle number i =~ 430, which enters

att ~ 1074 s.
3.5. Monetary cost

Whereas the OCA yields smaller travel delay, sometimes
it yields larger fuel consumption than the HRA. Thus, we
make an integrated evaluation of the two costs by converting
travel time cost and fuel consumption cost into monetary cost.

According to NUMBEO (Numbeo is the world’s largest
cost of living database, see www.numbeo.com (accessed on

2022 March 2)), in China, the mean salary is 6825.46 ¥/month,
and the price of gasoline is 7.32 ¥/L (¥ denotes Chinese Yuan
and 1 ¥~0.1572 US$). Therefore, the unit cost of travel time
is 42.66 ¥/h (The unit cost is calculated based on that each
month has 20 workdays and each workday has eight work
hours). In USA, the mean salary is 3602 $/month and the price
of gasoline is 0.73 $/L. Therefore, the unit cost of travel time
is 22.51 $/h.

8.0
4 ( (b) 11} ()
5. 0 7.5
5.35 10
@ : @7.0 =9
5 5:30 _uRa | %65 -
© 525 —ocAay © S
—_HRA —HRA
5.20 55 —OCA 6 —OCA
0 100 200 300 400 500 0 1000 2000 3000 0 500 1000 1500
Number Number Number

Fig. 14. Monetary cost in China at (a) pg = 0.06; (b) pg = 0.074; (c) po = 0.09. In panel (b), the monetary cost under the HRA exceeds that under the OCA
at vehicle number i =~ 1000, which enters at r &~ 2730 s. In panel (c), the monetary cost under the HRA exceeds that under the OCA at vehicle number i ~ 880,

which enters at ¢t ~ 2200 s.

1.8 3.5
0.555 (a) 066 (b) 110 ()
1.6, g9 3.0f1.05
1.00
= 0.545 o 1.4}0.58 @ 2.5%0.95
£ 10 50 150 250, = 200 250 300
% 0.535 2 —HRA | 7 2.0
O © 1.0 —OCA | © s
0.525 —_ HRA 0.8 Lo — HRA
——OCA : —OCA
0.515 0.6
0 100 200 300 400 500 0 1000 2000 3000 0 500 1000 1500
Number Number Number

Fig. 15. Monetary cost in USA at (a) po = 0.06; (b) po = 0.074; (c) po = 0.09. In panel (b), the monetary cost under the HRA exceeds that under the OCA
at vehicle number i ~ 180, which enters at r ~ 491 s. In panel (c), the monetary cost under the HRA exceeds that under the OCA at vehicle number i ~ 250,

which enters at t =~ 623 s.
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Figure 14 shows the monetary cost in China at the three
typical levels of inflow rate. In the low-level inflow situation,
monetary cost is smaller under the HRA, see Fig. 14(a). In the
medium-level and high-level inflow situations, initially mone-
tary cost is also smaller under the HRA. However, after about
2730 s (2200 s), the monetary cost under the HRA exceeds
that under the OCA in the medium-level (high-level) inflow
situation, see Figs. 14(b) and 14(c). Considering that the rush
hour duration is about 2-3 hours, practically it might be better
to use the HRA firstly, and then switch to the OCA after cer-
tain time. Finally, after the rush hour, switch back to the HRA
again. In the future work, the switching strategy needs to be
further investigated.

Figures 15 shows the monetary cost in USA at the three

typical levels of inflow rate. The results are similar to that

in China. However, in the medium-level and high-level in-
flow situations, the monetary cost under the HRA exceeds that
under the OCA much earlier than in China. Therefore, prac-
tically the switch from HRA to OCA should be made much
earlier.

3.6. Comfort level

In the literature, J2 is used to measure the instantaneous
comfort level and the cumulative J2 of each vehicle denotes
the comfort level when driving through overall road section,
see e.g., Refs. [19,23]. We denote the cumulative J? as J2,
thus

Te
= Jde,

0]
in which 7y and ¢, are the entering and leaving time of ego ve-
hicle, respectively. A larger /> means a lower comfort level.

250 250 250
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0 0 el 0 /
0 100 200 300 400 500 0 1000 2000 3000 0 500 1000 1500
Number Number Number
Fig. 16. Comfort level at (a) pg = 0.06; (b) po = 0.074; (c) po = 0.09.
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Fig. 17. Comfort level (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in low

level (pp = 0.06).
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Fig. 18. Comfort level (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in

medium level (pg = 0.074).

Figure 16 compares the performance of HRA and OCA in terms of comfort level at the three typical levels of inflow rate.

One can see that at all levels of inflow rate, driving is much more comfortable under the HRA. We also compare fuel consumption
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in the three road sections. As shown in Figs. 17-19, the large value of /2 under the OCA is mainly caused in the control zone.
As one can see from panel (e) in Figs. 3-5, notable jerks are mainly observed near the lane drop. The contribution of congestion
to J? is not so significant because vehicles move with constant speed in the congestion. Jerks at the front of congestion region
are not as strong as that near the lane drop under the OCA.

250 250 250

(a) —HRA (b) — HRA (c) —HRA

200 — OCA 200 — OCA 200 —O0CA
% 150 % Lok % 150

&) g &)
s 100 100 100
50 50 50
0 ) il 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Number Number Number

Fig. 19. Comfort level (a) upstream of the control zone, (b) in the control zone, and (c) downstream of the control zone. The inflow is in high level (pg = 0.09).

3.7. Sensitivity analysis

This subsection performs sensitivity analysis of the parameters, including the control gains k,, ky, and k., time gap T, the
acceleration restriction demg jim and safe time gap Tg,r.. The dependence of the capacity on the parameters is shown in Table 1.
Tables 2 and 3 present the impact of the parameters on the performance metrics. The traffic flow is kept unsaturated (py = 0.06)
in Table 2 and oversaturated (pg = 0.09) in Table 3. The results are averaged from the Ist to the 1000th vehicle.

Table 1. Dependence of the capacity on the parameters.

k ks ke
0.1 0.2 0.3 1.1 13 1.5 0.1 0.18 0.26
HRA  2548.8 2556 (0.2825%) 2562 (0.5179%) 25272 2544.5 (0.6846%) 2562 (1.3770%) 2562 25254 (-1.4286%) 2507.4 (-2.1311%)
OCA  2600.6  2606.4 (0.223%) 2612 (0.4384%) 2574 2593.4(0.7537%) 2612 (1.4763%) 2612 2568.6 (—1.6616%) 2543.4 (~2.6263%)
T, Tiafe Aemd lim
1.2 1.3 1.4 1.08 1.1 1.12 0.6 0.8 1
HRA 2562  2404.1 (-6.1632%) 2263.7 (-11.6432%) 2563.2 2563.2 2563.2 2561.4  2563.2 (0.0703%) 2561.4
OCA 2612  2445.1 (-6.3897%) 2298.2 (-12.0138%) 2625.1 2612 (-0.499%)  2595.6 (-1.1238%) 2612

Table 2. Sensitivity analysis in the unsaturated inflow.

Delay Fuel Consumption Uncomfortable Level Monetary cost (China) Monetary cost (USA)
HRA OCA HRA OCA HRA OCA HRA OCA HRA OCA
0.1 2.1484 1.7975 0.7051 0.7329 7.077 1349173 5.1868 5.3861 0.5282 0.5463
02 2.1358 1.7635 0.705 0.7329 7.0597 134.6367 5.1859 5.3857 0.528 0.546
ka ' (-0.5865%)  (-1.8915%) (=0.0142%) 0% (-0.2445%)  (-0.208%) (-0.017%)  (-0.0075%) (-0.0287%)  (-0.0389%)
03 2.1286 1.7176 0.7047 0.7322 7.0469 134.1193 5.1836 5.3801 0.5277 0.5452
’ (-0.9216%)  (-4.4451%) (-0.0567%)  (-0.0955%) (-0.4253%)  (-0.5915%) (-0.061%)  (-0.1114%) (-0.0787%) (-0.2014%)
1.1 2.247 2.0038 0.7069 0.734 6.9815 135.9637 5.2011 5.3966 0.5301 0.5483
13 2.1958 1.8612 0.7058 0.7338 6.9591 135.2182 5.1925 5.3935 0.529 0.5473
ky - (-2.2786%)  (-7.1165%) (-0.1556%)  (-0.0272%) (-0.3208%)  (-0.5483%) (-0.1665%)  (-0.0584%) (-0.2119%)  (-0.1892%)
s 2.1286 1.7176 0.7047 0.7322 6.9226 134.1193 5.1836 5.3801 0.5277 0.5452
’ (-5.2692%)  (-14.2829%) (-0.3112%)  (-0.2452%) (-0.8437%)  (-1.3565%) (-0.3366%) (-0.3057%) (-0.4426%) (-0.5654%)
0.1 2.1286 1.7176 0.7047 0.7322 7.0469 134.1193 5.1836 5.3801 0.5277 0.5452
018 2.2075 2.0823 0.7083 0.7347 9.7553 141.2174 5.2109 5.4027 0.5309 0.5494
kg (3.7067%) (21.2331%) (0.5109%)  (0.3414%) (38.4339%)  (5.2924%) (0.5264%)  (0.4201%) (0.5915%)  (0.7704%)
026 2.2652 2.4811 0.711 0.7364 13.521 150.9518 52314 5.4198 0.5332 0.5531
’ (6.4174%) (44.4516%) (0.894%) (0.5736%) (91.8716%)  (12.5504%) (0.9209%)  (0.7379%) (1.0333%) (1.449%)
1.2 2.1286 1.7176 0.7047 0.7322 7.0469 134.1193 5.1836 5.3801 0.5277 0.5452
13 6.2318 4.8836 0.7049 0.7416 7.9924 147.5382 5.2337 5.4864 0.5535 0.5719
T, ’ (192.7652%)  (184.327%) (0.0284%)  (1.2838%) (13.4172%)  (10.0052%) (0.9663%)  (1.9758%) (4.8892%)  (4.8973%)
14 11.027 7.9243 0.7052 0.7508 8.5291 155.4689 5.2927 5.5898 0.5837 0.5976
(418.04%)  (361.3589%) (0.0709%)  (2.5403%) (21.0334%)  (15.9184%) (2.1047%)  (3.8977%) (10.612%)  (9.6112%)
0.6 2.1286 0.7047 7.0469 5.1836 0.5277
08 2.1301 0.7057 11.743 5.191 0.5285
Aemd Jim ' (0.0705%) 1.7176 (0.1419%) 0.7322 (66.6407%) 134.1193 (0.153%) 5.3801 (0.1993%) 0.5452
| 2.1297 0.7063 17.087 5.1954 0.5289
(0.0517%) (0.227%) (142.4754%) (0.2376%) (0.2819%)
1.08 2.1126 1.6693 0.7049 0.7316 7.0569 133.9856 5.1849 5.3751 0.5278 0.5445
L1 2.1286 1.7176 0.7047 0.7322 7.0469 134.1193 5.1836 5.3801 0.5277 0.5452
Teate ’ (0.7574%) (2.8934%) (-0.0284%)  (0.082%) (-0.1417%)  (0.0998%) (-0.0161%)  (0.093%) (0.0353%)  (0.1286%)
12 2.1305 1.7945 0.7049 0.7365 7.0372 134.3271 5.1851 5.4124 0.528 0.5489
’ (0.8473%) (7.5001%) (0%) (0.6698%) (-0.2792%)  (0.2549%) (0.0039%)  (0.7186%) (0.1281%)  (0.9241%)
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Table 3. Sensitivity analysis in the oversaturated inflow.

Delay Fuel consumption Uncomfortable level Monetary cost (China) Monetary cost (USA)
HRA OCA HRA OCA HRA OCA HRA OCA HRA OCA
0.1 157.6953 138.3369 0.7539 0.8508 38.5912 192.0174 7.3872 7.8671 1.5364 1.4861
02 154.2874 135.2756 0.7512 0.8488 37.9815 190.8472 7.3271 7.8162 1.5131 1.4655
ka (-2.1611%) (-2.2129%) (-0.3581%) (-0.2351%) (-1.5799%)  (-0.6094%) (-0.8142%)  (-0.6472%) (-1.5152%) (-1.3863%)
03 152.8725 133.3609 0.7485 0.8443 37.1034 189.9293 7.2906 7.7606 1.5023 1.4502
(-3.0583%)  (-3.597%) (-0.7163%)  (-0.764%) (-3.8553%)  (-1.0875%) (-1.3087%) (-1.3543%) (-2.2194%)  (-2.413%)
1.1 164.5559 146.7944 0.7677 0.8629 39.6281 195.7961 7.5696 8.0559 1.5894 1.5478
13 159.9736 139.6431 0.7575 0.8567 38.2845 192.8225 7.4406 7.9258 1.5533 1.4985
ky (-2.7846%) (—4.8716%) (-1.3286%) (-0.7185%) (-3.3905%)  (-1.5187%) (-1.7037%) (-1.6153%) (-2.2712%) (-3.1814%)
s 152.8725 133.3609 0.7485 0.8443 37.1034 189.9293 7.2906 7.7606 1.5023 1.4502
(-7.1%) (-9.1512%) (-2.501%)  (-2.1555%) (-6.371%)  (-2.9964%) (-3.6857%) (-3.6661%) (-5.4783%) (—6.3041%)
0.1 152.8725 133.3609 0.7485 0.8443 37.1034 189.9293 7.2906 7.7606 1.5023 1.4502
0.18 178.5106 154.7665 0.7728 0.8631 75.4814 210.3172 7.7722 8.1519 1.6803 1.5978
kg (16.7709%)  (16.0509%) (3.2465%)  (2.2267%) (103.4353%) (10.7345%) (6.607%) (5.0418%) (11.8519%) (10.1756%)
026 202.6557 173.934 0.7977 0.8731 114.2769 233.8235 8.2406 8.4522 1.8495 1.7249
(32.5652%)  (30.4235%) (6.5731%)  (3.4111%) (207.9958%) (23.1108%) (13.0316%)  (8.9118%) (23.1114%) (18.9433%)
1.2 152.8725 133.3609 0.7485 0.8443 37.1034 189.9293 7.2906 7.7606 1.5023 1.4502
13 202.1973 185.8166 0.7618 0.8673 39.2875 192.411 7.9724 8.5506 1.8204 1.795
T, (32.2653%)  (39.3336%) (1.7769%)  (2.7242%) (5.8865%) (1.3066%) (9.3526%)  (10.1791%) (21.1762%)  (23.7747%)
L4 247.7034 228.0155 0.7724 0.8802 41.2614 193.232 8.5893 9.145 2.1127 2.0683
(62.0327%)  (70.9763%) (3.1931%) (4.252%) (11.2065%)  (1.7389%) (17.8134%) (17.8394%) (40.6317%) (42.6186%)
0.6 152.8725 0.7485 37.1034 7.2906 1.5023
08 153.2348 0.7494 46.0373 7.3014 1.5052
Aemd lim ’ (0.237%) 133.3609 (0.1202%) 0.8443 (24.0784%) 189.9293 (0.1481%) 7.7606 (0.193%) 1.4502
1 153.3745 0.7497 51.3977 7.3053 1.5063
(0.3284%) (0.1603%) (38.5256%) (0.2016%) (0.2663%)
1.08 151.6843 126.7794 0.7489 0.8433 37.2004 189.3947 7.2794 7.6753 1.4951 1.4083
L1 152.8725 133.3609 0.7485 0.8443 37.1034 189.9293 7.2906 7.7606 1.5023 1.4502
Tiate (0.7833%)  (5.1913%) (-0.0534%)  (0.1186%) (-0.2607%)  (0.2823%) (0.1532%)  (1.1115%) (0.4774%)  (2.9739%)
112 151.6932 140.278 0.7489 0.8558 37.1585 193.8255 7.2795 7.9268 1.4952 1.5019
(0.0059%)  (10.6473%) (0%) (1.4823%) (-0.1126%)  (2.3395%) (0.0014%)  (3.2762%) (0.0037%)  (6.6411%)

One can see that T; has significant impact on the capacity.
When T; increases from 1.2 s to 1.4 s, the capacity decreases
by about 11%—-12% under both control algorithms. Other pa-
rameters do not have so remarkable impact on capacity. Under
both control algorithms, increasing k, and ky would slightly in-
crease the capacity, but increasing k; would slightly decrease
the capacity. Increasing Ty,g would slightly decrease the ca-
pacity under the OCA but the impact is trivial under the HRA.
Finally, the impact of a¢md jim is trivial under the HRA. Note

that the OCA does not have the parameter acmd jim-

Since increasing k, and ky has a positive contribution to
the capacity, it is expected they also could benefit the five met-
rics. Similarly, increasing T; and k, has a negative contribu-
tion to the capacity, thus, it is expected they also would worsen
the five metrics. The results are generally as expected, as can
be seen from Tables 2 and 3. Under the HRA, acma jim has
trivial impact on the capacity as well as other four metrics.
However, it has significant impact on the uncomfortable level.
With the increase of ac¢mg lim, the driving becomes more and
more uncomfortable. Finally, since increasing Tgafe decreases
the capacity under the OCA, it also worsens the five metrics.
Under the HRA, the impact of T, on the five metrics is not

significant.

4. Conclusion

There are two main approaches to deal with merging of
traffic flow of CAVs. One is heuristic rules-based algorithm;
the other is optimization-based control algorithm. Neverthe-
less, a comprehensive study on the performance of the OCAs
as well as the comparison with the HRAs is lacking.

This paper evaluates the performance of a typical OCA,
which maximizes the average speed of each vehicle. We also
compare performance of the OCA with a HRA, in which
virtual vehicle and restriction of the command acceleration
caused by the virtual vehicle are introduced. We investigate
the traffic flow of CAVs at lane drop on a two-lane highway.
Our study found that (i) capacity under the HRA (denoted as
Cp) is smaller than capacity under the OCA; (ii) the travel de-
lay is always smaller under the OCA, but driving is always
much more comfortable under the HRA; (iii) when the in-
flow rate is smaller than Cy, the HRA outperforms the OCA
with respect to the fuel consumption and the monetary cost;
(iv) when the inflow rate is larger than Cy, the HRA initially
performs better with respect to the fuel consumption and the
monetary cost, but the OCA would become better after certain
time. We present the spatiotemporal pattern and speed profile
of traffic flow, which explains the reason underlying different
performance of the two algorithms.

In the future work, the study can be extended in several
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directions. (i) Other OCAs and HRAs need to be considered.
For example, acceleration might be considered in the objective
function of the OCA so that trajectories can be more energy ef-
ficient. (ii) Highway with more lanes should be investigated.
(iii) The on-ramp scenario needs to be studied, in which the
control zone length is much shorter. (iv) The mixed traffic flow
consisting of human driven vehicles should be considered.
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