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Abstract
The capacity drop phenomenon, which reduces the maximum bottleneck discharge rate following
the onset of congestion, is a critical restriction in transportation networks that causes additional
traffic congestion. Consequently, preventing or reducing the occurrence of the capacity drop not
only mitigates traffic congestion, but can also produce environmental and traffic safety benefits.
To address this issue, this project developed and evaluated a speed harmonization (SH) algorithm
based on a bi-level feedback control system with the assistance of vehicle-to-infrastructure (V2I)
communications. The algorithm computes advisory speed limits for individual vehicles to prevent
the breakdown of downstream bottleneck discharge by regulating traffic flow approaching the
bottleneck, which in turn reduces traffic stream delay, emissions and fuel consumption levels. To
assess the benefits of the algorithm, a section of Interstate 66 in Northern Virginia was simulated
with the INTEGRATION microscopic traffic simulation model, and five trailers were installed on
the road to collect real-time traffic data for each vehicle equipped with V2I communications to
implement the SH algorithm. The simulations demonstrated that the algorithm significantly
mitigated road congestion when a capacity drop occurred at a bottleneck. Also, the study results
showed that higher market penetration rates (MPRs) of vehicles equipped with the SH algorithm
led to higher SH algorithm benefits. In particular, at 100% MPR, the bottleneck discharge flow
rate increased by up to 1.5%, and the vehicular delay decreased by about 22%. Moreover, with the
SH algorithm, CO2 and fuel consumption levels were reduced by up to 3.5%. A 100% MPR is the
best-case scenario. However, the results also demonstrated that an MPR of even 10% is sufficient
to produce overall emission and fuel consumption savings.
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Background
Introduction
The rapid growth of urban vehicular traffic has resulted in serious traffic congestion. Congestion
causes various problems in transportation systems, such as capacity drop at bottlenecks, increased
risk of traffic incidents, and high emissions and fuel consumption. Studies by Parry [1] showed
that in the U.S., one third of greenhouse gas emissions were caused by the transportation sector,
and 80% involved passenger cars and freight trucks. Globally, the situation has also worsened due
to the rapidly increasing numbers of motor vehicles in developing countries [2]. Moreover, traffic
congestion caused about 5 billion hours of delay for commuters and cost over 100 billion dollars
per year over the past 10 years [3].
The capacity drop at a bottleneck, which occurs after the onset of congestion and reduces the
bottleneck discharge rate, is one critical cause of traffic flow instability and one significant
restriction in network performance. This concept of capacity drop was first analyzed by Edie [4],
who showed that the discharge flow rate of the Lincoln Tunnel, which connects New Jersey and
New York, was reduced when the vehicle density in the tunnel was higher than 70 vehicles per
mile. Bank investigated the capacity of a freeway merging section with an on-ramp and found that
the capacity decreased about 3–10% once queues formed upstream [5]. Hall and Angyemang
analyzed traffic flow data from the Queen Elizabeth Way (QEW), Toronto, Canada, and concluded
that the bottleneck capacity was reduced by approximately 6% when a queue formed at the
bottleneck [6]. In addition, several on-ramp bottlenecks were studied to analyze capacity drop [7,
8]. Persaud et al. studied the relationship between capacity drop at the on-ramp merge area and the
upstream demand [9], and found that the probability of capacity drop was a function of the demand,
and that the capacity was reduced 10–16% when the upstream of the bottleneck was congested.
Furthermore, Chung et al. studied the relationship between the capacity drop and traffic density
and found that capacities at bottlenecks on Interstate 85 in San Diego, CA were reduced by 8–18%
when the traffic density at the upstream of the bottleneck was larger than 24 vehicles per km per
lane [9]. Chamberlayne et al. applied INTEGRATION software [10, 11] to model capacity drop
under various bottleneck configurations and showed that the capacity was reduced by about 5–
20% under different demand levels [12]. This study also demonstrated the capability of the
INTEGRATION software in replicating capacity drop at freeway bottlenecks.
Relevant Work
Much work has been done to improve the discharge flow rate at bottlenecks. Given the mechanism
of capacity drop as it is explored in the literature, the most intuitive way of addressing this problem
is mitigating traffic congestion or releasing queues at the upstream of bottlenecks.
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In the literature, three methods are proposed to prevent capacity drop from occurring at
bottlenecks. The first method is ramp-metering, which controls entering flow rates of on-ramps.
For example, Papageorgiou et al. developed ALINEA local ramp metering, which utilized an
integral controller to regulate metering rate and to adjust the downstream flow rate to be within
the road capacity [13, 14]. The method was capable of reducing overall travel time by about 8%
during peak hours on an urban corridor in Paris [15]. In several other studies [16-18], ramp
metering was also demonstrated to mitigate queues in the shoulder lane as well as to achieve higher
discharge flow rates of diverging or merging bottlenecks. Chung et al. adjusted the metering rate
of an on-ramp by monitoring the density at the upstream of the bottleneck [19]. The results
indicated that a traffic-responsive scheme to control density held promise, as it increased
bottleneck discharge flow rates. However, ramp metering requires that an on-ramp exist upstream
of the bottleneck, and consequently, is not appropriate for lane-drop bottlenecks, or bottlenecks
caused by work zones. Furthermore, on-ramp storage space is typically limited, thereby limiting
the control that can be carried out there. The second method of mitigating capacity drop is
installing mainstream traffic signals [20, 21] toll plazas [22, 23], which also efficiently regulate
mainstream traffic flows arriving at bottlenecks in an attempt to maximize the bottleneck
throughput. Papageorgiou et al. used a feedback control system based on the ALINEA algorithm
[13] to prevent road congestion from building up, thus increasing the bottleneck throughput.
However, this application has limited practicality due to the high installation and maintenance
costs of the required infrastructures along with an inability to deal with non-recurrent bottlenecks.
Furthermore, this type of control still forces vehicles to come to a complete stop and thus would
have limited energy and environmental benefits.
With the help of the connected vehicle technologies, both vehicles and roadside units are able to
collected real-time disaggregate and aggregate road traffic conditions. Hence, Variable Speed
Limits (VSLs), which provide dynamic speed limits to drivers through either on-board message
signs or in-car devices, have the potential to achieve the desired outcome with minimum
infrastructure costs. VSLs control flow rates on the freeway by restricting vehicle speed limits,
which in essence meters traffic on the mainline. This approach is very attractive because it does
not force traffic to come to a complete stop and thus has the potential of producing significant
energy and environmental benefits in addition to the desired increase in throughput benefits. With
this in mind, Hegyi et al. implemented VSL to reduce the travel time of vehicular trips and
eliminate traffic oscillations along a roadway segment [24, 25]. However, they did not consider its
benefits on traffic mobility. In the last decade, mainstream traffic flow control, a novel VSL control
system operated either by optimal control [26] or local feedback control [27-30], has attracted
researchers as a way to mitigate capacity drop at bottlenecks and traffic blocking at off-ramps.
However, systems proposed are typically reactive rather than proactive. Specifically, these reactive
systems monitor the occupancy upstream of the bottleneck and attempt to maintain it at a specific,
uncongested level. For example, Jin and Jin analyzed the effect of VSL on mitigating the capacity
drop at a lane-drop bottleneck [31]. In their study, a VSL algorithm based on a proportionalintegral (PI) controller was proposed to maintain traffic conditions at the bottleneck at the desired
6

steady states without a capacity drop, with the result being a significant increase in bottleneck
discharge rate. Chen et al. developed a VSL control system on freeways for fixed and non-recurrent
freeway bottlenecks [32, 33]. The VSL algorithm controlled upstream traffic to dissipate the queue
upstream of a bottleneck, and then regulated the inflow to the bottleneck to maintain a stable
maximum discharge rate without breakdown. However, the drawbacks of both Jin and Jin’s and
Chen’s studies are two-fold. First, the development of the algorithms is based on the analysis of
steady-state traffic. However, in reality, there exist transient states and stochastic variability in
traffic conditions that reduce the effectiveness of the algorithm. Second, the benefits of the
algorithm were only quantified using a kinematic wave model, where the influence of lane
differences and lane changes is not accounted for, even though studies by Munoz et al. and Laval
et al. [18, 34] showed that these two factors were major causes of capacity drop at bottlenecks.
The advantages of the algorithms are then over-estimated given the deterministic nature of the
simulations.
Project Tasks
To address the influence of capacity drop and overcome the drawbacks of existing studies, this
project proposed a speed harmonization (SH) algorithm based on a bi-level feedback control
system to proactively prevent capacity drop [35]. The algorithm computed advisory speed limits
for one network link based on traffic information collected by detectors located upstream of a
bottleneck to (1) restrict the traffic flow to dissipate any existing congestion directly upstream of
the bottleneck, and (2) maintain the maximum bottleneck discharge rate. In addition, to prevent
the risk of incidents and low compliance rates caused by abrupt decelerations in the SH zone,
vehicle-to-infrastructure (V2I) communications were introduced to provide the speed limit for
each individual V2I-equipped vehicle. Moreover, to evaluate the advancement of the algorithm,
the project applied a microscopic traffic simulation model, INTEGRATION [10, 11] which was
able to simulate the driving behaviors of each vehicle and calculate corresponding emissions and
fuel consumption through the VT-Micro Emission Model [36]. A freeway segment on Interstate
66 in Northern Virginia was simulated to assess the algorithm’s benefits on improving the
discharge flow rate of the bottleneck, reducing the delay of the vehicular trip, and decreasing
emissions and fuel consumption. Furthermore, we analyzed the impact of market penetration rates
(MPR) of equipped vehicles on the effectiveness of the proposed algorithm.

Method
Bottlenecks are a major cause of traffic congestion in transportation networks. Empirical studies
have shown that the breakdown of bottlenecks results in a further reduction in the bottleneck
discharge flow rate, which is typically referred to in the literature as the capacity drop. This
capacity drop results in even more congestion on the roadways. In this report, we propose an SH
algorithm to gate the traffic reaching the downstream bottleneck, thus ensuring that the bottleneck
does not break down.
7

Capacity Drop at Bottlenecks
Generally, capacity drop occurs at road bottlenecks, such as the number of lanes is reduced. Figure
1 illustrates a simple lane-drop bottleneck, where the number of lanes of a freeway segment
changes from two to one. As stated in Chung et al. [19], once a queue forms at the upstream of the
bottleneck, (i.e., the upstream of the bottleneck is congested), the maximum discharge flow rate
will be reduced.

Figure 1. Diagram of a lane-drop bottleneck.

In Figure 1, two detectors are installed on the mainline freeway, and {𝑞𝑢 (𝑡), 𝜌𝑢 (𝑡), 𝑣𝑢 (𝑡)} and
{𝑞𝑑 (𝑡), 𝜌𝑑 (𝑡), 𝑣𝑑 (𝑡)} represent the flow rate, density, and speed from the detectors at the upstream
and downstream of the bottleneck, respectively. Figure 2 shows the fundamental diagram at the
bottleneck. The solid black lines represent the flow-density relationships at the upstream and
downstream of the bottleneck without capacity drop. Here, {𝑞𝑢,𝑐 , 𝜌𝑢,𝑐 , 𝜌𝑢,𝑗 } and {𝑞𝑑,𝑐 , 𝜌𝑑,𝑐 , 𝜌𝑑,𝑗 }
signify the capacity, density at capacity, and jam density at the upstream and downstream of the
bottleneck, respectively, and we let 𝑞𝑑,𝑐 ≤ 𝑞𝑢,𝑐 . The bottleneck capacity is determined by the
downstream road capacity of the bottleneck; 𝑞𝑑,𝑐 . Once a queue forms at the upstream of the
bottleneck (i.e., the upstream of the bottleneck is congested) ( 𝜌𝑢 (𝑡) > 𝜌𝑢,𝑐 ), the maximum
discharge flow rate of the bottleneck decreases to (1 − 𝛿)𝑞𝑑,𝑐 , where 𝛿 is the percentage of
capacity drop. The fundamental diagram at the upstream of the bottleneck with capacity drop is
illustrated by the blue solid line in Figure 2.
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Figure 2. Fundamental diagram at a simple lane-drop bottlenecks.

When the demand at the origin of the road, 𝑑, is less than (1 − 𝛿)𝑞𝑑,𝑐 , capacity drop does not
occur on the road; if 𝑑 > (1 − 𝛿)𝑞𝑑,𝑐 , capacity drop at the bottleneck always exits. The rest of the
scenario with (1 − 𝛿)𝑞𝑑,𝑐 < 𝑑 < 𝑞𝑑,𝑐 is a little more complicated. In this scenario, capacity drop
occurs only when the upstream of the bottleneck is initially congested; otherwise, the capacity of
the bottleneck is still 𝑞𝑑,𝑐 .
Speed Harmonization Algorithm
Figure 2 indicates that there is an optimal density that can maximize the discharge flow rate of the
bottleneck as well as eliminate the capacity drop (we define this density as the target density). In
this project, we developed a speed harmonization algorithm with the assistance of V2I
communications. The SH algorithm provides advisory speed limits to individual vehicles to control
the upstream influx of a bottleneck to ensure the upstream density does not exceed a target density
and to maximize the out-flux of the bottleneck. In this algorithm, speed limits are estimated not
only based on the road traffic conditions, but also from the speed when the vehicles are entering
the control zone. In this way, each driver can receive a comfortable suggestion about the advisory
speed limit, and at the same time the algorithm can obtain environmental benefits on the whole
road segment.
The SH algorithm is shown below in Figure 3, which illustrates a lane-drop bottleneck on a
freeway. The road section is divided into three zones: a) the speed harmonization (SH) zone, b)
the acceleration zone, and c) the bottleneck. In order to develop an SH algorithm, we placed three
sets of detectors that gathered traffic volume, speed and occupancy data for use in the algorithm:
one in the SH zone, one directly upstream of the bottleneck, and one directly downstream of the
bottleneck. If on- and/or off-ramps exist between the SH zone and the bottleneck, detectors are
needed at the on- and off-ramps to record the traffic flow. V2I-equipped vehicles in the SH zone
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received advisory speed limits from the traffic management center (TMC) to control the flow
arriving at the bottleneck.

Figure 3. Lane-drop bottleneck with on- and off-ramps.

From Figure 2, we made the assumption that the flow-density and speed-density relationships were
𝑞 = 𝑄(𝑘), 𝑣 = 𝑉(𝑘) . In order to prevent traffic breakdown upstream of the bottleneck, we
constrained the arrivals at the bottleneck. Here, we set a target density, 𝜌0 (or its equivalent
occupancy given that density cannot be measured in the field), in order to achieve the desired
objective. We controlled the in-flow rate of the bottleneck at 𝑞𝑐𝑑 (i.e., the capacity of the
bottleneck). The primary objective function of the speed harmonization algorithm was to maximize
a weighted combination of the flow downstream of the bottleneck and speed variability within the
speed harmonization section as:
𝑇

max ∑ 𝑤𝑞 𝑞 𝑑 (𝑡) +
𝑣0 (𝑡)

𝑡=1

𝑤𝑣
𝑣̃ 𝑠 (𝑡)

s.t.
𝑘 𝑢 (𝑡) ≤ 𝑘𝑐𝑢 ;
𝑞̂ 𝑠 (𝑡) ≤ 𝑞𝑐𝑑 + 𝑞𝑟 (𝑡);
Δ𝑣(𝑡) ≤ Δ𝑣𝑡ℎ𝑟 ;
𝑣̃0 (𝑡) ≥ 𝑣𝑚𝑖𝑛 .
Where:
𝑣̃0 (𝑡): the advisory speed limit in the SH zone at instant 𝑡;
𝑤𝑞 : the weight assigned to the flow directly downstream of the bottleneck;
𝑤𝑣 : the weight assigned to the speed variability in the SH zone;
𝑣̃ 𝑠 : a measure of the speed variability in the SH zone;
𝑞𝑟 (𝑡): the sum of flow rates at all on- and off-ramps between the SH zone and the bottleneck at
instant 𝑡;
10

𝑞̂ 𝑠 (𝑡) : the flow rate at time 𝑡 in the SH zone;
𝑘𝑐𝑢 : the desired density directly upstream of the bottleneck;
Δ𝑣(𝑡): the difference between the speed advisory speed limits over the control interval in the SH
zone at time 𝑡;
𝑇 : the total simulation time;
Δ𝑣𝑡ℎ𝑟 : the maximum allowed change in the control speed in the SH zone;
𝑣𝑚𝑖𝑛 : the minimum advisory speed limit;
𝑞 𝑑 (𝑡): the discharge flow rate of the bottleneck at instant 𝑡, and it is restricted by 𝑞̂ 𝑠 (𝑡).
The objective function was to maximize the bottleneck throughput and minimize the speed
variability within the SH zone. The addition of the second term would require some probe
vehicles in the SH zone to monitor the speed variability.
Here, 𝜌𝑐𝑢 = 𝜌0 is one criterion to determine when the SH should be activated. Also, we estimated
𝑞𝑟 (𝑡) using the following function,
𝑞𝑟 (𝑡) = ∑ 𝑞𝑗𝑜𝑢𝑡 (𝑡 + 𝑙𝑗𝑜𝑢𝑡 ) − ∑ 𝑞𝑖𝑖𝑛 (𝑡 + 𝑙𝑖𝑖𝑛 ).
𝑗

𝑖

𝑙𝑗𝑜𝑢𝑡

Here,
is the lag for vehicles traveling from the SH zone to the off-ramp 𝑗, and 𝑙𝑖𝑖𝑛 is the lag
from the SH zone to the on-ramp 𝑖. The lags were computed assuming that vehicles traveled
from the SH zone to the given locations at the free-flow speed or potentially at the prevailing
traffic stream space-mean speed. In that sense, some method was needed to predict these flows,
and further investigation into the optimum smoothing/prediction algorithm was undertaken.
The advisory speed limit, 𝑣̃0 (𝑡), was estimated to achieve the optimal flow rate in the SH zone,
𝑞̃0 (𝑡). We defined two reverse functions of the flow-density and speed-density relationships under
congested traffic for the upstream of the bottleneck.
𝜌 = 𝑉 −1 (𝑣)
𝜌𝑐𝑢 ≤ 𝜌 < 𝜌𝑗𝑢 ;
𝜌𝑐𝑢 ≤ 𝜌 < 𝜌𝑗𝑢 .

𝜌 = 𝑄 −1 (𝑞),

A feedback Bang-Bang dual control system (see Figure 4) is introduced to realize the algorithm
and solve the optimization problem. The feedback system ensures the robustness and stability of
the algorithm, and the moving average component in the system enables the algorithm to work
with transient states when the capacity drop occurs. Error! Reference source not found. illustrates
the flow chart of the algorithm. The algorithm is described below.
1. When 𝑡 ≤ 𝑡0 , we assign the advisory speed limit in the SH zone as
𝑣̃0 (𝑡) = 𝑣𝑓 ,
The optimal flow rate at the SH zone is set as
𝑞̃0 (𝑡) = 𝑞𝑐𝑑 + 𝑞𝑟 (𝑡).
Here, 𝑡0 is the starting time when the algorithm is activated.
2. At each time step 𝑡, we check the following two conditions:
11

𝑞 𝑠 (𝑡) < 𝑞𝑐𝑑 + 𝑞𝑟 (𝑡)
.
𝜌𝑢 (𝑡 + 𝑙) ≤ 𝜌𝑐𝑢
Here, 𝑙 is the time lag for vehicles traveling from the SH zone to the bottleneck. 𝑙 = 𝐿/𝑣𝑙 ,
where 𝐿 is the distance from the SH zone to the bottleneck, and 𝑣𝑙 is either the free flow
speed or the space-mean speed of the prevailing traffic stream.
a. If both conditions are satisfied, we set the advisory speed limit as
𝑣̃0 (𝑡 + 1) = 𝑣𝑓 .
b. If either one of the conditions is violated, we first compute the target flow rate in
the SH zone.
𝑞̂0 (𝑡 + 1) = 𝛽 ⋅ 𝑞𝑐𝑑 + 𝑞𝑟 (𝑡),
where, 𝛽 is the coefficient for the bottleneck capacity. If 𝜌𝑢 (𝑡 + 𝑙) > 𝜌𝑐𝑢 and
|𝑣̃(𝑡) − 𝑣̃(𝑡 − 1)| < Δ𝑣𝑡ℎ𝑟 , we set 𝛽 = 𝛽0 , where 𝛽0 is the coefficient of the
bottleneck capacity, and 𝛽0 < 1 . Then, 𝛽 ⋅ 𝑞𝑐𝑑 is less than the maximum
discharging flow rate of the bottleneck when capacity drop happens. Otherwise, we
let 𝛽 = 1.
The target flow rate in the next time step is
𝑞̃0 (𝑡 + 1) = 𝛼𝑞̂0 (𝑡 + 1) + (1 − 𝛼)𝑞̃0 (𝑡).
The advisory speed limit at 𝑡 + 1 is
{

𝑣̃0 (𝑡 + 1) = 𝑉 (𝑄 −1 (𝑞̃0 (𝑡 + 1))).
3. If Δ𝑣(𝑡) = |𝑣̃0 (𝑡 + 1) − 𝑣̃0 (𝑡)| > Δ𝑣𝑡ℎ𝑟 , then
𝑣̃0 (𝑡 + 1) = {

𝑣̃0 (𝑡) + Δ𝑣𝑡ℎ𝑟
𝑣̃0 (𝑡) − Δ𝑣𝑡ℎ𝑟

𝑣̃0 (𝑡 + 1) > 𝑣̃0 (𝑡)
.
𝑣̃0 (𝑡 + 1) ≤ 𝑣̃0 (𝑡)

We should let 𝑣𝑚𝑖𝑛 ≤ 𝑣̃0 (𝑡 + 1) ≤ 𝑣𝑓 , i.e.,
𝑣̃0 (𝑡 + 1) = max{min{𝑣̃0 (𝑡 + 1), 𝑣𝑓 } , 𝑣𝑚𝑖𝑛 } .
Also we set
𝑞̃0 (𝑡 + 1) = 𝑄 (𝑉 −1 (𝑣̃0 (𝑡 + 1))).
4. If 𝑡 < 𝑇, 𝑡 = 𝑡 + 1 and go back to step 2; otherwise, stop iterations.
Using the settings in Step 2, the algorithm attempted to ensure that the flow rate at the bottleneck
was as close as possible to the bottleneck’s capacity. When the bottleneck was congested, the
algorithm reduced the vehicular throughput from the SH zone. Alternatively, if the bottleneck was
uncongested, the algorithm increased the maximum throughput in the SH zone to allow more
vehicles to travel through the bottleneck. We also introduced a smoothing factor, 𝛼, to smooth the
target flow rate in the SH zone. The value of 𝛼 ranged between 0 and 1 in order to ensure smooth
transitions in the flow and speed recommendations. The smoothing factors also allowed for the
avoidance of frequent oscillations of vehicular throughput as well as smoothing of traffic streams.
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Figure 4. SH algorithm feedback control schematic.
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Figure 5. Flow chart of the SH algorithm.
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Results and Discussion
In this project, we applied the SH algorithm that we developed to one segment of Interstate 66 in
Northern Virginia to verify its benefits with INTEGRATION microscopic traffic simulation
software. The results of the experiments are discussed below.
Base Case Analysis
The diagram of the roadway network segment on I-66 is illustrated in Error! Reference source not
found. below. In the network, two freeways—Interstate 66 and Virginia State Route (SR) 267—
merge together. Some basic features of the test bed are as follows:
1.
2.
3.
4.

The segment along I-66 is about 6-miles long, and contains several on- and off-ramps.
The speed limit along the mainline freeway is 105 km/hr, the road capacity is 2,000
veh/hr/lane, and the jam density is 160 veh/km/lane.
The number of lanes changes from four at Trailer 3 to two at Trailer 4.
The average travel time from the entrance of I-66 or SR-267 to the exit of I-66 is about
10 minutes.

In this experiment, we only considered traffic on the eastbound portion of the network.

Figure 6. Diagram of I-66 network.

We obtained vehicular flow rates from the five trailers installed on the mainline freeway on March
12, 2013, and the data was applied to estimate the origin-destination tables with QueensOD [38]
for the simulations. As the SH algorithm aimed to remove the capacity drop at the bottleneck, we
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introduced the discharge flow rate at the bottleneck as one measurement to evaluate the SH
algorithm. The delay of vehicular trips was directly related to the bottleneck capacity; with higher
bottleneck capacity, traffic on the road was less congested, and the speed of vehicles was higher.
This resulted in smaller average vehicular trip delays. We also investigated the benefits of the SH
algorithm on emissions and fuel consumption.
In the base case analysis, the network was simulated without applying the SH algorithm to identify
the location of the major bottleneck and to estimate capacity drop in the network. The SH algorithm
settings were determined based on the base case analysis.
We simulated the traffic on the network for 6 hours (from 2:00 p.m.–8:00 p.m.). Error! Reference
source not found. shows the simulated speed profiles at the five trailers. The speed first dropped
at Trailer 4, propagated back to Trailer 3, and then to Trailer 2 and Trailer 1 in I-66 and SR-269,
respectively. This indicated that a queue first formed at Trailer 4, where the number of lanes
dropped from three to two. We also determined that Trailer 4 was the last position that the
congestion was released. Hence, we set this location as the major bottleneck on the road and
applied the SH algorithm to improve traffic performance at this bottleneck.

Figure 7. Speed profiles along I-66.

In the simulation, the desired flow rate through the bottleneck was set at 4,000 vph (2,000
veh/hr/lane)—the bottleneck’s capacity—during the peak-hours (3:00 p.m.–6:00 p.m.)., Due to
lane changes upstream of the bottleneck, the discharge flow rate was lower than the desired value,
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and a queue was generated at the upstream of the bottleneck, causing capacity drop. Error!
Reference source not found. shows that the discharge flow rate at the downstream of the
bottleneck was only 1,500 veh/hr/lane, which means the capacity drop was about 25%,
representing a critical limitation of the network performance. In the following section, we will
examine the application of the SH algorithm to improve the network’s overall traffic conditions.

Figure 8. Flow rate at the bottleneck.

Case study I: SH Algorithm and Three V2I-Equipped Vehicles
In the first case study, we applied the SH algorithm to the network for the bottleneck identified in
Error! Reference source not found., and investigated the influence of the algorithm on the
driving behaviors of V2I-equipped vehicles. In the experiment, three equipped vehicles were
assigned to enter the network from the entrance of I-66 during peak hours. The segment on I-66
between Trailer 3 and North West Street was defined as the SH zone. There were two off-ramps
between the SH zone and the bottleneck. Three detectors were installed at the end of the SH zone,
the upstream of the bottleneck, and the off-ramps to collect traffic information.
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Table 1. Settings of the SH Algorithm
Parameters
𝑞𝑑,𝑐
𝜌𝑢,𝑐
𝛼
𝛽0
𝛾
Δ𝑣𝑡
𝑣𝑚
Δ𝑡
𝑇
𝑡0

Values
2000 veh/h/lane
22.2 veh/km/lane
0.5
0.9
0.5
16 km/h
40 km/h
30 seconds
6h
0.5 h

Error! Reference source not found. shows the SH algorithm’s settings. The advisory speed limit sent

to the equipped vehicles in the SH zone was updated at every 30 seconds, and the maximum speed
limit change was 16 km/hr to avoid sharp accelerations or abrupt decelerations. The minimum
speed limit was set at 40 km/hr to avoid extremely slow traffic. Additionally, no equipped vehicles
in the SH zone were allowed to exceed the advisory speed limit.
Error! Reference source not found. compares the speed profiles of one equipped vehicle before
and after applying the SH algorithm. Clearly, the speed of the equipped vehicle was gradually
reduced in the SH zone, and the vehicle was allowed to travel faster at the downstream of the
bottleneck. This figure illustrates that the SH algorithm was able to adjust the equipped vehicles'
speed based on the road conditions. However, with the SH algorithm in use, the equipped vehicles
had to travel more slowly to restrict through traffic, resulting in other vehicles attempting passing
maneuvers. As a result, through traffic congestion was still larger than the desired value, and the
upstream of the bottleneck was still congested. As long as other vehicles were passing slowed
equipped vehicles, capacity drop could not be prevented, leading us to conclude that three equipped
vehicles alone cannot improve the overall network performance. Error! Reference source not
found. compares the delay of vehicular trips, discharge flow rates at the bottleneck, emissions,
and fuel consumption before and after applying the SH algorithm. The differences of delay and
flow rate at the bottleneck were very small (<0.4%), and the differences in emission and fuel
consumption were less than 0.7%. The results show that applying the SH algorithm with only three
equipped vehicles is meaningless to in terms of road performance.
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Figure 9. Comparison of speed profiles on I-66 with three vehicles.
Table 2. Simulation Results with Three Equipped Vehicles
Parameters
Base
SH algorithm
Diff (%)

Fuel

HC

CO

NOx

CO2

Delay

(l/km)
0.120
0.120
0.00

(g/km)
0.568
0.565
-0.56

(g/km)
14.50
14.41
-0.62

(g/km)
0.364
0.363
-0.10

(g/km)
257.2
257.4
0.08

(s/km)
24.92
25.02
0.40

Flow @
bottleneck
(veh/h/lane)
1502
1503
0.07

Case Study II: SH Algorithm and 100% V2I-Equipped Vehicles
In the second case study, we investigated the benefits of the SH algorithm with a 100% equipped
vehicle market penetration rate (i.e., all vehicles in the simulation received advisory speed limits
from the SH algorithm). The SH algorithm settings in Error! Reference source not found. were also
applied in this experiment.
Here, we compared the total delay of vehicular trips, discharge flow rate at the bottleneck,
emissions, and fuel consumption before and after applying the SH algorithm. The results in Error!
Reference source not found. show that the discharge flow rate at the bottleneck was improved by
about 1.56%, while vehicular trip delays were reduced more than 22%. Also, there were more than
3% savings on CO2 and fuel consumption as well as on other vehicle emissions. The table clearly
verifies the benefits of the SH algorithm on network performance.
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Table 3. Simulation Results with 100% Equipped Vehicles
Fuel

HC

CO

NOx

CO2

Delay

Flow @
bottleneck

(l/km)

(g/km)

(g/km)

(g/km)

(g/km)

(s/km)

(vph/lane)

Base

0.120

0.568

14.50

0.364

257.2

24.92

1502

SH algorithm

0.1115

0.520

13.04

0.357

248.9

19.38

1521

Diff (%)

-3.47

-8.53

-10.07

-1.93

-3.20

-22.24

1.56

Parameters

We also compared the peak-hour average speed along I-66 before and after applying the SH
algorithm. The results are shown in Error! Reference source not found.. As the exiting flow rate
of the SH zone was controlled with the SH algorithm, the upstream of the bottleneck was less
congested and the speed was higher, indicating a large improvement in the bottleneck condition.
This also explains the huge savings on the total delay of vehicular trips.

Figure 10. Comparison of speed profiles along I-66 with 100% equipped vehicles.

Case Study III: Different Market Penetration Rates
In the third case study, we investigated the influence of equipped vehicle market penetration
rates on the SH algorithm. The I-66 network was also applied, and we used the same settings
given in Error! Reference source not found. to implement the SH algorithm. As with the first SH
algorithm case study, equipped vehicles were controlled by the advisory speed limit, which was
20

usually slower than their prevailing traffic. In that sense, when the MPR of equipped vehicles
was smaller, more vehicles without V2I communications were willing to pass the slower
equipped vehicles. This resulted in more lane changes in the SH zone, and the exiting flow rate
of the SH zone was larger than the desired value determined by the SH algorithm. Hence, the
algorithm worked less effectively. With higher MPRs, less vehicle passing was likely to occur.
Therefore, higher MPRs can be conclusively found to have improved the benefits of the SH
algorithm.
In this experiment, we introduced various MPRs—0, 0.1, 0.25, 0.5, and 1—to analyze the impact
of MPRs on SH algorithm benefits. The simulation results, provided in Error! Reference source
not found.a and Error! Reference source not found.b, show that with higher MPRs, the
discharge flow rate at the bottleneck was larger, the total delay of vehicular trips was smaller, and
that emissions and fuel consumption savings were greater. Once MPR ≥ 10%—approximately
120 veh/hr/lane in this example—the benefits of the SH algorithm on reducing emissions and fuel
consumption were not significantly different, indicating that with the proposed SH algorithm, an
MPR of 10% equipped vehicles is enough to reduce emissions and fuel consumption. In the
simulation, we observed that a 10% MPR of equipped vehicles comprised a high enough rate of
traffic that non-equipped vehicles rarely passed the equipped vehicles ahead. Essentially, the
behaviors of the non-equipped vehicles were controlled by the equipped vehicles, and the SH
algorithm could be considered effective at 10% MPR. With even higher MPRs, as more vehicles
comply with the advisory speed limits to maximize the discharge flow rate of the bottleneck, the
rate of the bottleneck can be improved even more, and vehicles on the network can travel faster
with smaller delay.
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(a)

(b)
Figure 11. Impact of MPRs on the SH algorithm: (a) delay and flow rate at the bottleneck, (b) emissions and
fuel consumption.
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Conclusions
This project developed a bi-level feedback control speed harmonization algorithm to prevent
capacity drop at bottlenecks and to mitigate road congestion. The algorithm computed and
transmitted advisory speed limits to individual vehicles through a V2I communication system. The
SH algorithm’s advisory speed limits were determined by individual vehicle speeds, the density at
the bottleneck, and the exiting flow rate of the SH zone. In addition, the limits were smoothed to
avoid abrupt deceleration or aggressive accelerations, which may have posed safety hazards. One
6-mile segment of I-66 in Northern Virginia was simulated to examine the effectiveness of the
algorithm. When the algorithm was applied, the speed of the equipped vehicles decreased
gradually to restrict the arrival rates at the downstream bottleneck and mitigate traffic congestion.
This project demonstrated that applying the SH algorithm to only a few vehicles rarely affected
the performance of the whole network, as the equipped vehicles traveled slower than the prevailing
traffic and were overtaken by other vehicles, reducing the effectiveness of the algorithm. But, with
higher market penetration rates of equipped vehicles, the discharge flow rate of the bottleneck was
larger, and both the traffic stream delay and vehicle emissions and fuel consumption levels were
reduced. The simulation results showed that a 10% MPR was sufficient for the SH algorithm to
reduce emissions and fuel consumption levels; however, the discharge flow rate and the delay did
not reach their optimal values at 10% MPR. With a 100% MPR, the discharge flow rate increased
by more than 1.5%, the delay decreased by more than 22%, and CO2 and fuel consumption levels
were reduced by up to 3.5% for the entire network.
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