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Efficient control of connected and automated vehicles on a two-lane
highway with a moving bottleneck
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This paper investigates the traffic flow of connected and automated vehicles (CAVs) inducing by a moving bottleneck
on a two-lane highway. A heuristic rules-based algorithm (HRA) has been used to control the traffic flow upstream of the
moving bottleneck. In the HRA, some CAVs in the control zone are mapped onto the neighboring lane as virtual ones.
To improve the driving comfort, the command acceleration caused by virtual vehicle is restricted. Comparing with the
benchmark in which the CAVs change lane as soon as the lane changing condition is met, the HRA significantly improves
the traffic flow: the overtaking throughput as well as the outflow rate increases, the travel delay and the fuel consumption
decrease, the comfort level could also be improved.
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1. Introduction
The deployment of connected and automated vehicles

(CAVs) is regarded as an effective method to increase traffic
capacity[1] and reduce energy consumption.[2] In particular, at
the bottlenecks, CAVs are able to maximize the utilization of
spaces[3] and smooth traffic oscillations.

Bottlenecks can be classified into fixed ones and mov-
ing ones. The fixed ones include the merges, diverges, weav-
ing areas, and so on. The merging algorithms of CAVs at
the merges are widely investigated.[4–8] One typical control
method to adjust the merging state is heuristic rules-based al-
gorithm (HRA).[9–11] Some heuristic rules are introduced to
assist in adjusting the longitudinal driving and lane-changing
of CAVs. For example, in Ref. [12], by mapping a vehicle on
one lane onto another lane, a virtual vehicle was generated to
make smooth merging. Simulation results exhibited the fea-
sibility of this merging control algorithm. As an extension of
this virtual vehicle algorithm, Lu and Hedrick[13] and Lu et
al.[14] proposed the concept of virtual platoon, which can ef-
fectively avoid a two-point boundary value problem. Based
on the concept, some field test with automated cars was car-
ried out, which demonstrated it is a rather general adaptive
algorithm. The other approach for the longitudinal control of
CAVs at merges is optimization-based control algorithm.[15]

Several optimization-based control algorithms have been for-
mulated and the trajectories of CAVs with different objec-
tives can be solved.[16] For example, the method utilizing the
Hamilton function is used in Ref. [17] to obtain the analytic so-
lution of the trajectory with the objective to minimize the com-
bined cost function consisting of the acceleration, the jerk and

the time-derivative of jerk. Another widely used optimization-
based control is proposed in Ref. [18], which maximizes aver-
age travel velocity of the vehicles.

The diverging of CAVs has also been studied.[19,20]

Learning-based algorithm is one typical control method to
control the lane changing behavior at diverges.[21,22] Consider-
ing the farsighted lane-changing behavior, a new cooperative
lane-changing strategy was developed in Ref. [23] based on
the reinforcement learning technique. The simulation showed
that the traffic flow and traffic speed have been improved. The
HRA has also been used to coordinate the through vehicles
and the exiting vehicles in an efficient manner.[24,25] For ex-
ample, based on the relaxation effect, Zheng et al.[26] modi-
fied the minimizing overall braking induced by lane changes
model (MOBIL) to control the diverging vehicles and coop-
erative vehicles to tolerate shorter gaps when a lane change
is executed. The simulation result showed that the proposed
HRA could improve traffic operation, traffic safety, and traffic
oscillation.

The weaving area usually consists of a merge at upstream
and a diverge at downstream.[27] Interactions of vehicles at
weaving area are more complex than that at merges and di-
verges. The HRA is also a typical and effective control method
to coordinate the merging vehicles, the diverging vehicles and
the through vehicles. For example, Subraveti et al.[28] pro-
posed a control strategy to organize traffic flow well upstream
of a bottleneck by assigning CAVs across lanes, which can
reduce the flow rate near the bottleneck to increase the over-
taking throughput. Also some optimization based algorithms
were proposed to solve the trajectories of vehicles inside the
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control zone. For example, Yang et al.[29] proposed a dy-
namic programming approach and utilized a relaxation-based
approximate algorithm to obtain a suggested lane-changing
gap and a reference longitudinal trajectory. The simulation
showed that there is a substantial improvement on traffic ef-
ficiency and passengers’ experiences. Finally, learning-based
algorithms can also be utilized in the weaving area. For exam-
ple, Zhu[30] used the deep reinforcement learning to investi-
gate several driving strategies at weaving area in SUMO traffic
simulations. The results indicated that the proposed algorithm
can mitigate traffic congestion and propagation of shockwaves
but lead to a poorer passenger comfort.

On the other hand, moving bottlenecks are usually caused
by slow vehicles.[31,32] The impact of moving bottlenecks is
widely investigated in conventional traffic flow. For example,
Fang et al.[33] investigated the effect of moving bottleneck on
a two-lane traffic flow and the results demonstrated that the ef-
fect of moving bottleneck enlarges with the increase of inflow
rate, but it can be reduced by increasing the maximum veloc-
ity of slow vehicle. Hu et al.[34] investigated the influence
of moving bottleneck on tidal lane at a bidirectional six-lane
motorway. The simulation showed that the low-speed moving
bottleneck will cause the speed interference to merging. With
the aim to reduce the negative traffic impacts of slow vehicles
in urban environments, Simoni et al.[35] proposed a new semi-
analytic numerical scheme to determine the trajectories of all
moving bottlenecks accurately and fast. The results of appli-
cation in two different optimization problems exhibit that this
algorithm reduces the computing time by 8%–17%.

Comparing with the vast studies on traffic flow of CAVs
induced by fixed bottlenecks, the study concerning traffic flow
induced by moving bottleneck is lacked. To our knowledge,
the only related study is reported in Ref. [36], in which a CAV
is treated as a moving bottleneck and its velocity is assumed
as control variable of a model prediction control algorithm that
aims to minimize travel times. The simulation results showed
that it is able to significantly reduce the occurrence of capacity
drop.

Motivated by the fact, this paper aims to study how to im-
prove traffic flow of CAVs induced by moving bottlenecks. To
this end, an HRA has been used in the control zone, which
moves with the moving bottleneck. It is shown that comparing
with the benchmark scenario in which the CAVs change lane
as soon as the lane changing condition is met, the HRA re-
markably could improve the overtaking throughput, the travel
delay, the fuel consumption, and the comfort level.

The rest of the paper is organized as follows. In Section 2,
the control algorithm as well as the lanechanging rules in the
benchmark is introduced. Section 3 compares the performance
of the HRA with that of the benchmark. Section 4 gives the
conclusion.

2. The HRA and the benchmark
2.1. Geometric layout and assumptions

Figure 1 shows the geometric layout of a moving bottle-
neck on a two-lane highway. As in Refs. [37,38], we assume
that inflow rate is the same on the two lanes. The moving
bottleneck moves at a constant velocity and the control zone
moves with the moving bottleneck at the same speed. All vehi-
cles on lane 1 need to change into lane 2. After overtaking the
moving bottleneck, the vehicles are redistributed evenly into
the two lanes.
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Fig. 1. The geometric layout of a moving bottleneck on a two-lane highway.

2.2. Longitudinal control algorithm outside control zone

As in Refs. [37–42], we assume that a CAV follows its
preceding one outside control zone with a constant time gap
control algorithm, in which the command acceleration and the
actual acceleration are

acmd = kaap + kv
(
vp− v

)
+ kg (g−gdesire) , (1)

a+ τ ȧ = acmd, (2)

where acmd consists of three parts: (i) the acceleration of the
preceding vehicle; (ii) the speed difference between the pre-
ceding vehicle and the ego vehicle; (iii) the spacing difference
between the actual spacing and the desired spacing. g is the
actual spacing and gdesire is the desired spacing

g = xp− x, (3)

gdesire = L+Gmin +Tgv. (4)

Moreover, the physical constraints below should be satisfied

vmin ≤ v≤ vmax, (5)

amin ≤ acmd ≤ amax, (6)

Jmin ≤ J ≤ Jmax, (7)

g≥ vTsafe +L+Gmin (8)

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

When the CAVs enter the control zone, their merging se-
quence is determined by ‘first-in-first-out’ (FIFO) principle. If
two CAVs enter at the same time instant, the one on lane 1 is
regarded as the ‘first-in’ one.
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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, kv, kg control gains
Tg, τ , Tsafe desired time gap, time delay, safe time gap

L, Gmin length of vehicle and standstill gap

2.3. Control algorithms in control zone

We briefly review the HRA proposed in Ref. [37]. When
a CAV enters the control zone, its traffic information is added
in a virtual set, which includes all vehicles in the control zone.
The sequence of these vehicles in the virtual set is numbered
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. For an exam-
ple of the virtual vehicle, see Fig. 2. Note that if the preceding
vehicle of the ego one is on the same lane, then the ego vehicle
has no virtual leading vehicle.

Virtual leading 

Actual 
Sequence in virtual set 

Preceding in same lane Ego 

Preceding  in virtual set 

Fig. 2. An example sketch of the virtual vehicle.

The command acceleration acmd,ego of ego vehicle con-
cerning vehicle on the same lane is calculated as

acmd,ego = kaap,ego + kv
(
vp,ego− v

)
+ kg

(
gego−gdesire

)
. (9)

The command acceleration acmd,virtual concerning virtual lead-
ing vehicle is calculated as

acmd,virtual = max
(
kaap,virtual + kv

(
vp,virtual− v

)
+kg (gvirtual−gdesire) ,acmd,lim

)
, (10)

where acmd,lim is the restriction on acmd,virtual to improve driv-
ing comfort level.

The command acceleration for vehicles that have a virtual
leading vehicle, is determined as

acmd = min(acmd,ego,acmd,virtual). (11)

For vehicles that have no virtual leading vehicle, acmd =

acmd,ego.
Inside the control zone, the physical constraints (5)–(8)

should also be satisfied. Note that the longitudinal-lateral cou-
pling [Eqs. (9)–(11)] is applied symmetrically for the vehicles
on both lanes.

To make full use of the spacing, the lane-changing is im-
plemented when the distance to the moving bottleneck is equal
to vmaxTg + L + Gmin. Note that if the control zone is long
enough, the vehicles will be able to adequately adjust their
speed and location before reaching the lane changing location.
Thus, when the vehicles on lane 2 change to lane 1, they can
change lane safely and smoothly. The movement of vehicles
on lane 1 will not be affected. When the vehicles overtake
the moving bottleneck and are about to change to lane 1, the
time gap to the moving bottleneck should also be larger than
or equal to Tsafe.

2.4. The benchmark

In the benchmark, once the CAVs enter the control zone,
the lane changing will be implemented as long as both time
gaps to the preceding vehicle and the following vehicle on the
target lane are larger than or equal to Tsafe, see Fig. 3. More-
over, lane changing can also be implemented outside the con-
trol zone if the velocity of a CAV is smaller than vmax. This
additional rule is used to balance the flow in the two lanes
when traffic flow becomes congested.

CAV 

Preceding Ego 

Moving bottleneck 

Tg, target, fol ≥ Tsafe Tg, target, pre ≥ Tsafe

Fig. 3. The lane-changing in the benchmark scenario.

3. Evaluation of the control algorithm
The lengths of the studied road section and control zone

are set to 20 km and 2 km, respectively. The control zone
is long enough to ensure the smooth and safe lane change of
CAVs on lane 2. The inflows are stochastic. A vehicle enters
with vmax = 30 m/s and the probability p0 if the last vehicle
on the same lane is beyond L+Gmin +Tgvmax. By generating
vehicles in this way, the headways of vehicles follow shifted
negative exponential distribution, as observed in real traffic.
When the leading vehicle reaches the exit at x = 20 km, it is
removed and the second vehicle becomes the new leading one
and its acceleration is assumed to be unchanged. In the sim-
ulation, 50 runs were carried out for each velocity of moving
bottleneck. The results are averaged over the 50 runs. The
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parameters used in the simulation are shown in Table 2. The
control gain parameters should guarantee that traffic flow is
stable, and other parameters are in the usual ranges reported in
the literature, see Refs. [37,38,43–47].

Table 2. The values of parameters.

Parameters Value Parameters Value

Jmin −2 m/s3 ka 0.3
Jmax 2 m/s3 kv 1.5 s−1

amin −3 m/s2 kg 0.1 s−2

amax 3 m/s2 Tg 1.20 s
vmin 0 m/s Tsafe 1.10 s
vmax 30 m/s τ 0.4 s
Gmin 2 m L 5 m

3.1. Overtaking throughput and outflow rate

The number of vehicles overtaking the moving bottleneck
per hour is defined as the overtaking throughput (qover). Fig-
ure 4 shows the dependence of the overtaking throughput on
entering probability p0 at two typical velocities of moving bot-
tleneck, which are vc = 10 m/s and vc = 20 m/s. One can see
that overtaking throughput is independent of acmd,lim. More-
over, there exists a threshold of entering probability. When
p0 is smaller than the threshold, the traffic flow is free. When
p0 is larger than the threshold, the overtaking throughput be-
comes saturated, which implies that traffic congestion is in-
duced by the moving bottleneck.
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Fig. 4. The dependence of the overtaking throughput on the entering
probability p0 at vc = 10 m/s (a), 20 m/s (b).

The two thresholds of overtaking throughput are p0 =

p0,c,HRA ≈ 0.072 under HRA and p0 = p0,c,Benchmark ≈ 0.06
under benchmark. The saturated overtaking throughput equals
to 1681 vehicles/h under HRA and 1581 vehicles/h under
benchmark at vc = 10 m/s, 837 vehicles/h under HRA, and
760 vehicles/h under benchmark at vc = 20 m/s, respectively.
Thus, under different vc, HRA performs better than the bench-
mark in terms of capacity.

Figure 5 shows the saturated overtaking throughput at
several other values of vc. One can see that the saturated
overtaking throughput under different acmd,lim is also almost
the same. Moreover, it decreases as vc increases. Compar-
ing with benchmark, the saturated overtaking throughput un-
der the HRA is larger.
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Fig. 5. The dependence of the saturated overtaking throughput on the
speed of moving bottleneck.

Note that the threshold is independent of the speed of
moving bottleneck. This can be understood as follows. We
measure the outflow rate at the exit of the road. Figure 6
shows that the outflow is independent of vc. Accordingly, the
threshold of overtaking throughput is independent of vc. Note
that the maximum outflow rate is about 2522 vehicles/h under
HRA, which is larger than 2365 vehicles/h under benchmark.
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Fig. 6. The dependence of the outflow rate on the entering probability p0.
The result is independent of the speed of the moving bottleneck.
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3.2. Spatiotemporal pattern

To understand evolution of the traffic flow induced by
the moving bottleneck under the HRA and the benchmark, we
study the spatiotemporal pattern of traffic flow. As an example,
figure 7 shows the spatiotemporal patterns under the unsatu-
rated inflow rate at p0 = 0.05. To exhibit the traffic evolution
in the control zone more clearly, we use a coordinate trans-
formation and set xn (t)− vct as y coordinate, see Figs. 8–10.
Here xn (t) denotes the location of vehicle n at time t.

Figure 8 shows the results in a typical low-level inflow

rate at p0 =0.05. Note that under the benchmark the spa-
tiotemporal patterns in the two lanes are significantly differ-
ent, see Figs. 8(c) and 8(f). In contrast, the patterns are similar
in the two lanes under the HRA, see Figs. 8(a), 8(b), 8(d), and
8(e). One can see that there is a deceleration near control zone
entrance when HRA is applied. However, the pattern is quite
different under the benchmark. Just upstream of the moving
bottleneck, traffic flow exhibits an alternate transition between
free flow and congestion in lane 2 and it is in congestion in
lane 1. The alternation in lane 2 is because CAVs on lane 1
sometimes are not able to change lane.
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Fig. 7. The spatiotemporal pattern of speed (in units m/s) in lane 1 at p0 = 0.05 with vc = 15 m/s under (a) acmd,lim =−0.3 m/s2, (b) acmd,lim =
−3 m/s2, (c) benchmark. The white line denotes the moving bottleneck.
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panels (a) and (d) acmd,lim =−0.3 m/s2, (b) and (e) acmd,lim =−3 m/s2, (c) and (f) benchmark.

Figure 9 shows the result in a typical medium-level inflow rate at p0 = 0.065. Under HRA, due to the stochastic inflow,
although the mean inflow rate is smaller than the threshold of overtaking throughput, sometimes the local inflow rate on both
lanes could exceed the threshold. Once the inflow exceeds the threshold, congestion occurs near control zone entrance. The
congestion will dissipate when the local inflow rate falls below the threshold. Under the benchmark, the inflow exceeds the
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threshold and congestion will occur and expand upstream. Nevertheless, the congestion initially emerges at the control zone exit
rather than at the control zone entrance. Moreover, in lane 2, the congestion still alternates with the free flow.

Figure 10 shows the results in a typical high-level inflow rate at p0 = 0.09. The inflow rate is beyond the thresholds and
the congestions form in the traffic systems under both the HRA and the benchmark. Under the HRA, the congestion emerges at
control zone entrance and then propagates upstream. Under the benchmark, the propagation of congestion is similar to that in
the medium-level inflow rate situation.
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Fig. 9. The spatiotemporal pattern of speed (in units m/s) in panels (a)–(c) lane 1 and panels (d)–(f) lane 2 at p0 = 0.065 with vc = 15 m/s under
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3.3. Travel delay

To measure the travel delay of ego vehicle, we define

Delay = te− t0−
Lroad

vmax
, (12)

in which t0 and te are the entering and leaving time of ego ve-
hicle, respectively, Lroad is the road length.

Figure 11 compares the dependence of the travel delay
on p0 and vc between the HRA and the benchmark. One can
see that no matter what vc is, the travel delay under the bench-
mark is remarkably larger than that under the HRA, except at
very small level of inflow. Moreover, the travel delay under
the HRA is almost independent of acmd,lim. With the increase
of vc, the difference of travel delay between the HRA and the
benchmark decreases.
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3.4. Fuel consumption

To measure the fuel consumption (FC) of vehicles, we use
the following model as in Refs. [48–50]

FCi =
∫ te

t0
exp

{
3

∑
i=0

3

∑
j=0

Ki j (a(t))
i (v(t)) j

}
dt, (13)

in which FCi is the fuel consumption of vehicle i and Ki j is
constant coefficients listed in Table 3.

Figure 12 compares the dependence of the fuel consump-
tion on p0 and vc between the HRA and the benchmark. One
can see that the fuel consumption increases with the inflow rate
due to the formation of congestion. Under the HRA, larger∣∣acmd,lim

∣∣ leads to higher fuel consumption. However, com-
paring with the benchmark, the fuel consumption under the
HRA is always smaller. Moreover, the improvement is more
remarkable at a smaller vc.
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Fig. 12. The dependence of fuel consumption and its difference on the
entering probability p0 at vc = 10 m/s (a), 20 m/s (b). Solid line: FC,
dashed line: the difference of FC between benchmark and HRA.

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

Ki j
Positive acceleration Negative acceleration

j = 0 j = 1 j = 2 j = 3 j = 0 j = 1 j = 2 j = 3

i = 0 −7.735 0.2295 −5.61×10−3 9.77×10−5 −7.735 −0.01799 −4.27×10−3 1.88×10−4

i = 1 0.02799 0.0068 −7.72×10−4 8.38×10−6 0.02804 7.72×10−3 8.38×10−4 3.39×10−5

i = 2 −2.23×10−4 −4.40×10−5 7.90×10−7 8.17×10−7 −2.20×10−4 −5.22×10−5 −7.44×10−6 2.77×10−7

i = 3 1.09×10−6 4.80×10−8 3.27×10−8 −7.79×10−9 1.08×10−6 2.47×10−7 4.87×10−8 3.79×10−10
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3.5. 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. [37,38,51]. We denote the cumulative J2 as Ĵ2,
thus

Ĵ2 =
∫ te

t0
J2 dt. (14)

A larger Ĵ2 means a lower comfort level.
Figure 13 compares the dependence of comfort level on

p0 and vc between the HRA and the benchmark. One can see
that (i) the comfort level under the HRA is no longer always
better than that under the benchmark. However, the comfort
level under

∣∣acmd,lim
∣∣= 0.3 m/s2 is still always better than that

under the benchmark. (ii) the comfort level index under the
HRA is monotonically increasing with the inflow, but the com-
fort level under the benchmark is not when vc is small.

To understand the nonmonotonicity under the benchmark
shown in Fig. 13(a), figure 14 shows the notable jerks with
|J| > 0.1 m/s3 under the benchmark at vc = 10 m/s. When
p0 ≈ 0.04, although the inflow is unsaturated, the congestion
forms and occupies a rather wide region. The vehicles on lane
1 usually need to decelerate significantly and then change to
lane 2. The vehicles on both lane 1 and lane 2 will experience
an ‘acceleration- deceleration’ process frequently, which leads
to a lower comfort level. With the further increase of inflow,
the alternation pattern forms. As a result, the comfort level
improves because vehicles cannot change lane in certain time
periods.
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Figure 15 shows the notable jerks with |J| > 0.1 m/s3

under the benchmark when vc = 20 m/s. One can see that
when p0 ≈ 0.04, due to a small speed difference between vc

and vmax, the ‘acceleration- deceleration’ process is weaken.
Therefore, the comfort level index monotonically increases
with the inflow.

Finally, figures 16 and 17 shows the notable jerks with
|J|> 0.1 m/s3 on lane 1 at vc = 10 m/s and vc = 20 m/s, respec-
tively. Since traffic flow on the two lanes is similar, we show
the results on one lane. One can see that with the increase
of inflow, the jerks become more remarkable. Therefore, the
comfort level index gradually increases.
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4. Conclusion
This paper investigates the evolution of traffic flow of

CAVs induced by a moving bottleneck on a two-lane highway.
An HRA has been used to control the CAVs in the control
zone. The overtaking throughput as well as the outflow rate,
the travel delay, the fuel consumption, and the comfort level
have been investigated to evaluate performance of the HRA.
A comparison with the benchmark has been made, in which
CAVs change lane in the control zone as long as lane chang-
ing condition is met.

Our study found that (i) The overtaking throughput and
the outflow rate under the HRA are larger than that under the
benchmark; (ii) The travel delay and fuel consumption un-
der the HRA are always smaller; (iii) The comfort level under
HRA could be always better than that under the benchmark.

In the future work, the study can be extended in several
directions. (i) The optimization-based control algorithms need
to be evaluated and compared with the HRA. (ii) The mixed
traffic flow consisting of human-driven vehicles should be con-
sidered. (iii) The multilane highways should be investigated.
(iv) The multi-moving bottlenecks should be studied. (v) The
field test concerning CAV and moving bottleneck will be car-
ried out.
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