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Work zones on motorways necessitate the drop of one or more lanes which may lead to
significant reduction of traffic flow capacity and efficiency, traffic flow disruptions,
congestion creation, and increased accident risk. Real-time traffic control by use of
green–red traffic signals at the motorway mainstream is proposed in order to achieve safer
merging of vehicles entering the work zone and, at the same time, maximize throughput
and reduce travel delays. A significant issue that had been neglected in previous research
is the investigation of the impact of distance between the merge area and the traffic lights
so as to achieve, in combination with the employed real-time traffic control strategy, the
most efficient merging of vehicles. The control strategy applied for real-time signal
operation is based on an ALINEA-like proportional–integral (PI-type) feedback regulator.
In order to achieve maximum performance of the control strategy, some calibration of
the regulator’s parameters may be necessary. The calibration is first conducted manually,
via a typical trial-and-error procedure. In an additional investigation, the recently proposed
learning/adaptive fine-tuning (AFT) algorithm is employed in order to automatically
fine-tune the regulator parameters. Experiments conducted with a microscopic simulator
for a hypothetical work zone infrastructure, demonstrate the potential high benefits of
the control scheme.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Work zone management aims at safe working conditions for work-zone workers, as well as safe and efficient passage of
vehicles. An extensive report by the FHWA (2005) provides very useful insights on motivation, traffic management possibil-
ities and impact. This paper addresses the sub-class of major motorway work zones, where one or more lanes need to be
closed over a period of several days or months; as a consequence, the traffic flow approaching the work zone needs to merge
from a higher number of lanes into a lower number of lanes within a limited space. When the arriving flow reaches or
exceeds the reduced downstream capacity, congestion is created, leading to an additional, congestion-induced capacity
drop; although the exact reasons for the occurrence of capacity drop have not been fully explored until now, a major
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influencing factor is deemed to be due to the need for vehicles to accelerate from low speeds within the congestion to higher
speeds downstream of the congestion head.

For example, referring to a tunnel bottleneck, it was found already 50 years ago that ‘‘congestion inside the tunnel reduces
its throughput. ... due to the fact that most cars do not accelerate very efficiently once they have to stop, or even just slow down’’
(Gazis and Foote, 1969), see also the discussion in Papageorgiou et al. (2008)). Also, empirical field experiments carried out in
Japanese motorways at sag bottlenecks indicate that the capacity drop is mitigated if drivers are alerted to accelerate
promptly at the head of the congestion (Murashige, 2011).

In the past, several procedures and strategies have been proposed or used to improve traffic conditions at work zones,
including speed limitations, as well as signing, markings and particular geometric design (see e.g. Lin et al., 2004; FHWA,
2005; Wei and Pavithran, 2006). More recently, real-time merging traffic control was proposed (Lentzakis et al., 2008), aim-
ing at throughput maximization and minimization of delays in work zones in a similar way as the mainstream traffic flow
control concept by Carlson et al. (2010), albeit by use of traffic lights instead of variable speed limits. As a matter of fact,
mainstream traffic flow control was already applied in the late 1950s and 1960s to increase the throughput of the tunnels
under the Hudson River, which connect New York City with New Jersey (Gazis and Foote, 1969). More recent work on main-
stream traffic flow control is reviewed in Carlson et al. (2011).

This paper continues on the work of Lentzakis et al. (2008) and Papageorgiou et al. (2008) by improving and extending the
related investigations, tools and insights in a number of ways which increase the chances of a successful field deployment of
the method. To start with, an important issue that had been neglected in previous works is the impact of the positioning of
the traffic lights when applying real-time traffic control. The distance between the traffic lights and the merge area is crucial
as it affects the vehicles’ behavior and particularly the acquired speed when approaching the merge area. It is shown in this
paper that the appropriate location of the traffic lights may improve the results of merging traffic control, as the capacity
drop can be mitigated or even eliminated in case of proper merging vehicle speeds, and this contributes to a more efficient
and safe passage through the merge area. This aspect is farther highlighted by the inclusion of trucks in the simulation-based
demonstration. In view of the potentially longer distance of the traffic lights from the merge area, the usage of a PI-type feed-
back regulator (in replacement of the previously used I-type regulator) is employed in this paper.

Another novel issue addressed, is the calibration of the employed regulator parameters for the applied control strategy by
use of a recently proposed (Kosmatopoulos, 2009; Kouvelas, 2011; Kouvelas et al., 2011) automatic fine-tuning procedure
(called AFT). Novel aspects in this respect include the usage of both Support Vector Machine (SVM) and polynomial, approx-
imators within AFT, along with the comparison of the corresponding resulting tuning behaviors; as well as the specific fine-
tuning results for simple PI-regulators and their set-points, along with the investigation of application conditions that ensure
improved performance of the utilized control strategy. This fine-tuning investigation is, at the same time, an additional dem-
onstration of the automatic fine-tuning capabilities of AFT, the relevance of which reaches beyond the present work zone
traffic control application.
2. Work zone traffic control

2.1. Merge area

A typical motorway work zone area is sketched in Fig. 1a. The vehicles arriving on M lanes, must change lanes appropri-
ately within the (typically trapezoidal) merge area (or earlier) so as to fit into the l lanes of the exit (where M is higher than
l). The merging procedure may be quite complex in terms of the required vehicle maneuvers, especially when the traffic
density in the merge area is high.

The capacity of work zone areas is usually lower than the mainstream motorway capacity due to the drop of one or more
lanes at the work zone entrance. Fig. 1b displays a typical flow-density diagram for the merge area, where the flow qout is the
Fig. 1. (a) Typical motorway work zone area and (b) fundamental diagram of a merge area.
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merge area exit flow and N is the number of vehicles included in the merge area. When the number of vehicles N included in
the merge area is small, merging conflicts are scarce and swift, while the merge area exit flow qout is correspondingly low. As
the arriving flow, and hence N, increase, merging conflicts may increase, but qout increases as well until, for a specific critical
value Ncr, the exit flow reaches the downstream capacity qcap. If N increases beyond Ncr, merging conflicts become more seri-
ous, leading to substantial vehicle decelerations and eventual accelerations that reduce the exit flow to lower values qc,
where qcap � qc is the capacity drop due to congestion, which is deemed to depend on vehicle acceleration at the congestion
head. Under these conditions, real-time control of the arriving flow may be employed in order to maintain the number of
vehicles N in the merge area close to its critical value Ncr. This is similar to local ramp metering measures (Papageorgiou
and Kotsialos, 2002) where, in contrast, only a part of the arriving traffic flow (i.e. only the on-ramp flow) is controlled so
as to maximize the merge area throughput see also Papageorgiou et al. (2008) for a more comprehensive description.

2.2. Control devices and real-time measurements

Merging traffic control could be applied by use of different control devices aiming at a smooth, safe and efficient merging
of vehicles. A possible control device to regulate the arriving flow at work zone areas are traffic lights. A significant issue
when applying work zone traffic control, which had been neglected in previous works but is crucial for a successful imple-
mentation, is the proper positioning of the traffic lights so as to achieve the most efficient merging of vehicles. More specif-
ically, the traffic lights should be placed sufficiently upstream from the merge area, so that the vehicles, starting from the
traffic lights at low speed, have enough time to accelerate and reach the appropriate speed for orderly and efficient merging,
i.e. a speed that corresponds roughly to capacity flow in Fig. 1b (critical speed). This implementation of a mainstream meter-
ing policy will of course lead to queue formation at the traffic lights, but the achieved outflow at the merge area will be
higher than the outflow under congestion (due to mitigation of the capacity drop), thus resulting in a corresponding reduc-
tion of the total time spent in the network. Traffic lights can be applied to all lanes simultaneously or to individual lanes
separately. If necessary, traffic lights may be installed only on a part of the motorway lanes, while traffic flow on other lanes
is allowed to enter the merge area freely (e.g. by-pass lanes for HOV, buses, emergency vehicles).

In order to apply feedback control and maintain the number of vehicles N close to Ncr, real-time measurements or esti-
mates of N are needed. A frequently practiced way of estimating N is by use of ordinary loop detectors placed at appropriate
positions (Vigos et al., 2008). Alternatively, one may employ occupancy measurements and target a critical occupancy value
ocr (instead of Ncr) as in ALINEA ramp metering.

2.3. Control algorithm

The outlined merge area and control device characteristics lead to the following process to be controlled:

� The control input is the entering flow q(k) to be released from the traffic lights upstream of the merge area.
� This flow reaches, after a small time delay (corresponding to the vehicle travel time), the merge area.
� From the conservation law, the number of vehicles N(k) in the merge area results from a balance of the (time-delayed)

inflow and the outflow qout.
� The outflow qout depends on the number of vehicles N(k) according to Fig. 1b.

In summary, the process under control is a SISO (single-input–single-output) time-delayed nonlinear first-order dynamic
system with control input q(k) and output N(k). It is well-known (see e.g. (Seborg et al., 1989)) that such a system may be
efficiently and robustly controlled by use of integral (I-type) or, in case of more substantial time delays, of proportional–inte-
gral (PI-type) controllers.

The control algorithm makes use of real-time measurements or estimates of the number of vehicles N or occupancy o in
the network in order to maintain N � Ncr or o � ocr, which maximizes the merge area exit flow. A crucial investigation in this
study concerns the appropriate positioning of the traffic lights. Since different distances of the traffic lights from the merge
area give rise to correspondingly different (partly substantial) time-delays, the feedback algorithm employed in this study
for merging traffic control is an extension of the local ramp metering strategy ALINEA (Papageorgiou et al., 1991, 1997).
ALINEA is an integral (I-type) feedback regulator given by the equation
qðkÞ ¼ qðk� 1Þ þ KR½ô� oðk� 1Þ� ð1Þ
where k ¼ 1;2; . . . is the discrete-time index, qðkÞ denotes the controlled entering flow to be implemented during the next
period k, KR > 0 is a regulator parameter, oðk� 1Þ is the last measured occupancy (%) and ô is a set (desired) value for the
downstream occupancy of the motorway. A typical set-value is ô ¼ ocr, in which case the motorway exit flow becomes close
to qcap. The same equation can be used if the number of vehicles N is measured, instead of the occupancy percentage. Within
the microscopic simulation environment, the performance of this regulator was sometimes sluggish, possibly due to the
involved time delays; according to the closed-loop analysis undertaken in Papageorgiou et al. (1991), the closed-loop
dynamic behavior may be rendered more tight if a proportional term is added to the regulator (1). Moreover, the addition
of a proportional term was found in Wang and Papageorgiou (2006) to lead to low sensitivity with respect to varying dis-
tances between the traffic lights and the bottleneck area, which is a highly desired feature in the present context. Thus, a
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proportional–integral (PI-type) regulator was finally employed as better suitable for the present investigation. The PI-type
regulator reads (now based on the number of vehicles N rather than on occupancy)
qðkÞ ¼ qðk� 1Þ � KP½NðkÞ � Nðk� 1Þ� þ K I½bN � NðkÞ� ð2Þ
where KP and K I denote the regulator parameters for the proportional and integral terms, respectively, that must be suitably
specified, and bN is a set (desired) value for the downstream number of vehicles. The flow calculated with (2) is truncated if it
exceeds a range [qmin, qmax] of pre-selected admissible values so as to avoid the wind-up phenomenon.

The control algorithm is activated at each time interval T (in s) and calculates the entering flow qðkÞ (in veh/h) to be
implemented in the next interval k via appropriate operation of the control devices (traffic lights). There are different pos-
sible metering policies to translate the decision of the control strategy (i.e. the flow qðkÞ) into corresponding traffic light set-
tings; e.g. one-car-per-green, n-cars-per-green, full traffic cycle, discrete release rates, etc. (see Papageorgiou and
Papamichail, 2008). A full traffic cycle policy is employed here, so as to maximize the resulting flow capacity of the traffic
lights. The flow to be implemented in the next control period T may be distributed equally among the motorway lanes
via corresponding individual traffic lights for each lane; while a shift (offset) should be applied for the signal cycle start
of each traffic light relative to the cycles of the other traffic lights, so as to enable (to the extent possible) a continuous flow
and avoid simultaneous vehicle departures from all lanes (or no departures during red).
3. Application setup

The described real-time work zone merging control concept is implemented, via microscopic simulation, at a hypothetical
work zone infrastructure featuring 3 arriving lanes and 2 exiting lanes as depicted in Fig. 2. Clearly, there may be many dif-
ferent work zone geometries in real applications, but this should not alter the essence of the control approach, of its prop-
erties and of the achievable improvements. The total length of the simulated motorway stretch is 5 km (to accommodate any
forming queue length), while the trapezoidal merging area, which is situated 100 m before the end of the motorway stretch,
is 50 m long. A speed limit of 80 km/h is applied along the whole motorway stretch. The capacity qcap of the motorway
upstream of the work zone area is sufficiently high to accommodate the investigated demand scenario, while the down-
stream capacity is reduced due to the lane drop and was found empirically to amount to 4800 veh/h (for a traffic flow includ-
ing 20% trucks). Another feature of the described infrastructure is that the left-most lane of the motorway, which is the high-
speed lane, is reserved only for cars, while trucks are allowed to use only the other two lanes, as in several real motorways
(see Fig. 2). For the collection of measurements, for operation or evaluation, detectors have been placed at different positions
along the stretch, as displayed in Fig. 2.

The control concept was implemented for a representative demand scenario, which has a duration of 2 h and trapezoidal
profile, see Fig. 3. At the beginning of the simulation, the average demand at the motorway entrance starts at a low value
(50% of the highest traffic demand). The demand increases gradually within the first 30 min, until it reaches a peak demand
of 5400 veh/h; and remains at this value for the next 30 min. During this time period the traffic demand exceeds the merge
area capacity qcap which is expected to lead to congestion and reduced efficiency of the infrastructure. During the time period
t 2 ½60 min;90 min�, the demand reduces gradually back to the initial low value (50% of the highest demand) and remains at
that value for the rest 30 min, i.e. until the end of the simulation. Any queues must be resolved at the end for all scenarios, to
obtain comparable results.

The vehicle types included in the demand scenario are cars and trucks. The trucks represent an average of 20% of the total
traffic demand, and this percentage remains constant (in average) throughout the simulation. While determining N for the
control algorithm, trucks are counted as equivalent to two cars. Since the same equivalence is used for the regulator set-
point bN , the system is robust to this assumption.

The regulator (Eq. (2)) is activated every T ¼ 30 s and receives the real-time measurement of the number of vehicles N
included in the merge area (calculated from detectors 1 and 3 in Fig. 2, which comprises also a short upstream motorway
part to better capture possible early vehicle merging) to calculate the entering flow qðkÞ to be implemented in the next con-
trol period k so as to maintain N � Ncr. The new entering flow to be implemented is not allowed to exceed the range
q 2 ½4000;6000� veh/h, i.e. a minimum and maximum flow, respectively. Specifically, the minimum admissible flow qmin

was selected lower than the downstream capacity to enable a sufficient margin for regulator action; for the same reason
the maximum admissible flow qmax was selected sufficiently large and higher than qcap. The traffic cycle is fixed and equal
Fig. 2. The work zone infrastructure under consideration. (Numbers correspond to emulated detector locations.)
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to the control interval (30 s); while the green and red phases are calculated appropriately to implement the ordered flow
qðkÞ, with a minimum red phase of 3 s being considered for safety reasons. More specifically, the flow q (veh/h) is translated
into a corresponding green phase G (in s) via the following equation
G ¼ ðq � TÞ=n � S ð3Þ
with subsequent application of constraints for the green phase G mentioned earlier. In (3), S (in veh/h) is the saturation flow
per lane and n is the number of lanes, which in this application is equal to 3. Thus, the minimum-red constraint of 3 s leads to
a maximum green Gmax ¼ 27 s, while, for the given qmin and a saturation flow of 2000 veh/h, the minimum green resulting
from (3), is 20 s. The same green phase is implemented at all motorway lanes, albeit with an offset of the cycle start as men-
tioned earlier. In view of the minimum-red constraint, the maximum implementable flow resulting from (3) is 5400 veh/h.
Note that the virtually inevitable inaccuracies resulting from (3) do not affect the efficiency and accuracy of the control
action, thanks to the feedback character of the regulator which is continuously striving to compensate these and many other
kinds of errors; see also the related analysis in Papageorgiou et al. (1991) and Kotsialos et al. (2006).

The specification of appropriate regulator parameter values was conducted manually, via trial-and-error. Specifically, var-
ious sets of values were tested through a series of simulation runs considering a specific position for the traffic lights. As
mentioned earlier, the employed regulator is not very sensitive to the distance between the measurement point and the con-
trol device; in fact, the parameter values resulted from this investigation were found to work equally well for different posi-
tions of the traffic lights.

In order to specify a preliminary but reasonable position for the traffic lights, a primary investigation was conducted,
using a fixed flow rate for the traffic lights and setting the traffic lights at different locations upstream of the work zone area,
from 50 m up to 300 m in steps of 50 m. The distance for which vehicles had enough time to acquire a speed close to the
critical value, before reaching the merge area, was around 200 m. Therefore, the regulator fine-tuning experiments were con-
ducted by positioning the traffic lights 200 m upstream from the merge area (Fig. 2).

The described infrastructure was simulated by use of the microscopic simulator AIMSUN v.6.0.6 (TSS, 2009), using the
simulator’s default parameters and a simulation time step of 0.1 s. The implementation of the control strategy was done
via the AIMSUN API (Application Programming Interface), which allows the user to emulate a real-time control environment.
Specifically, the simulator delivers at every control period T the number of vehicles N between detectors 1 and 3; based on
these measurements, the control software calculates the corresponding traffic light settings and returns them to the micro-
simulator for application. Since the AIMSUN simulator model is stochastic, different replications with different random seeds
may produce different results. For this reason, 10 replications with different random seeds were carried out for each exam-
ined scenario.

Microscopic simulators are known to feature limited accuracy when modeling merging situations; therefore, the quanti-
tative results obtained in the present study might not materialize at the exact same level in practice. However, more realistic
merging behavior is not expected to have a structural impact on the behavior of the process under control; it may merely
lead to different model parameters (e.g. of Fig. 1b) and, possibly, to slightly different traffic light distance for efficient control.
The important message, highlighted and demonstrated via the provided simulations, is that the position of the traffic lights
should allow for adequate vehicle merging speed. Also, the structure of the regulator will remain adequate in practical appli-
cations, and only a re-tuning of its parameters may be necessary. It should be emphasized that the regulator does not use any
traffic flow model; it merely reacts to real-time measurements, both in the present simulations and in a potential field appli-
cation. Thus, given the known inherent robustness of feedback regulators, a similar kind of control behavior (and resulting
improvements) can be expected in practice.
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4. Simulation results

4.1. No-control case

In the no-control case, arriving vehicles enter the merge area and exit without any serious problem, as long as the arriving
demand is sufficiently low. When the demand increases (peak period) beyond the work zone capacity, vehicle merging con-
flicts are observed that lead to vehicle decelerations and formation of congestion. Congestion spills back several kilometers,
but without ever reaching the simulated network entrance. The mean of the resulting average vehicle delays (AVD) (in s/veh/
km) for 10 replications is 38.1 while the minimum and maximum values are 24.7 and 51.7, respectively.

The trajectories in Fig. 4a and b display the merge area outflow qout (collected from detector 1) and the number of vehicles
in the merge area, respectively, for one particular simulation run with AVD ¼ 37:97 s/veh/km, which is closest to the mean
AVD of the 10 replications. Until about t ¼ 40 min, the number of vehicles N in the merge area is slowly increasing (as a con-
sequence of the increasing demand), while the merge area outflow is seen to follow the increase of arriving demand, reach-
ing approximately 5000 veh/h in average. At t ¼ 40 min, the number of vehicles in the merge area increases steeply due to
serious merging conflicts that lead to a speed breakdown, and this congested traffic situation becomes stationary until
t ¼ 110 min. The outflow during this time period is reduced to around 4150 veh/h in average due to the merge area conges-
tion (capacity drop). Fig. 5a shows a snapshot of the simulated stretch at t ¼ 60 min with the formed congestion. After
t ¼ 110 min, when the queue dissolves, the number of vehicles in the merge area is seen to drop, and the outflow reduces
to lower values due to the decreased demand. Vehicle speed measurements collected upstream of the merge area, at detector
4, indicate that, during the peak period queuing, there is a serious speed drop down to around 20 km/h in average, while in
the rest of the simulation horizon the average vehicle speed is around 82 km/h in average.

4.2. Merging control case

When real-time merging traffic control is applied, the maximum admissible flow qmax ¼ 6000 veh/h is ordered by the reg-
ulator for as long as the number of vehicles N in the merge area is lower than the set value bN in PI-ALINEA’s Eq. (2). As the
demand increases, N increases as well, and when NðkÞ approaches bN , the controller starts its actual operation aiming at
maintaining NðkÞ close to bN . At this time, a queue is formed upstream of the traffic lights (since the arriving demand is higher
than the work zone capacity) which propagates backwards, but without reaching the entrance of the simulated system.
Fig. 5b shows a snapshot of the simulated stretch at t ¼ 60 min with the formed queue upstream of the traffic lights.

A critical question at this point is the proper choice of the regulator parameters KP, K I and of the set-point bN . The regulator
parameters may be manually fine-tuned following some practical trial-and error rules from Control Engineering (see e.g.
Seborg et al., 1989); once appropriate values have been found, the regulator is known to be little sensitive to related
Fig. 4. (a) Outflow qout and (b) number of vehicles N in the no-control case.

Fig. 5. Screenshot of simulation (t ¼ 60): (a) without control and (b) with merging traffic control.



Fig. 6. (a) Average vehicle delay versus bN values with and without control; (b) outflow qout and; (c) number of vehicles N for the control case.
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moderate variations. Of course, more substantial changes in the values of the regulator parameters may have a sensible
impact on the closed-loop behavior as demonstrated in the next section. The manually derived values of regulator param-
eters KP and K I are 150 h�1 and 6 h�1, respectively. The value of bN , on the other hand, should be selected such that the work
zone throughput is maximized, according to Fig. 1b. In a field investigation, this may be achieved by gradually incrementing
bN and monitoring the measured outflow, until a maximum throughput is obtained. In the current case, the investigation of
the bN value is carried out through a series of simulation experiments with different (integer) bN values within the range
bN 2 ½6;20� veh. For each investigated bN value, the mean AVD of 10 replications is obtained. Fig. 6a displays, for every inves-
tigated bN value, the corresponding AVD values for the 10 replications as well as the mean, minimum and maximum AVD of
all replications. The mean, minimum and maximum AVD values for 10 replications of the no-control case are also displayed
on the same figure for comparison. According to the displayed results, the mean AVD value is minimized in the range of
bN 2 ½9;14� veh, and, particularly for bN equal to 11 veh, it takes the lowest value, which corresponds to the critical value men-
tioned earlier. For lower bN values, the system operates at undercritical conditions (Fig. 1b) and the merge area ‘‘starves for
flow’’; while, for higher set points, the merging conflicts are increasingly frequent and serious, leading to reduced through-
put. It is also noteworthy that the mean AVD for all investigated bN is significantly lower than the corresponding value of the
no-control scenario. Particularly, for bN ¼ 11 veh, the mean AVD is 14.25 s/veh/h, which is 63% lower than the mean AVD of
the no-control case.

Fig. 6b and c display the merge area outflow qout and the number of vehicles in the merge area, respectively, for one par-
ticular replication with bN ¼ 11 veh and AVD ¼ 13:83 s/veh/km, which is closest to the mean AVD value of the corresponding
10 replications. The number of vehicles in the merge area is maintained around the set-point bN ¼ 11 veh (red dashed line in
the figure) during the peak period. The observed spikes are due to stochastic arrivals, but also due to some occasional vehicle
merging conflicts that may occur and lead to vehicle decelerations in the merge area; the appropriate reaction of the regu-
lator in such cases, guarantees that the number of vehicles in the merge area remains around the set-point in average. The
outflow qout maintains its average value around 4850 veh/h during the peak period (between t ¼ 30 min and t ¼ 60 min), and
beyond the peak period for some 20 more minutes because of the queued vehicles at the traffic lights. This marks a reduction
of the congested period by 30 min (or around 43%) compared to the no-control case. The mean vehicle speed upstream of the
merge area is significantly increased during the peak hours to 70 km/h, except for the occasional departures to lower values
due to corresponding merging conflicts (see Fig. 7b).
4.3. Investigation of the position of the traffic lights

What is a good distance of the traffic light location, measured from the upstream border of the merging area? For efficient
(capacity-flow) merging, vehicles should reach the merge area at a (quasi-stationary) speed that corresponds roughly to the
critical speed of Fig. 1b (typically some 70 km/h). To this end, the location of the traffic lights should be sufficiently upstream
of the merge area in order to allow for the vehicles to accelerate, reach the critical speed and pass through the merge area
efficiently, i.e. without strong acceleration and the related gaps forming in front of slowly accelerating vehicles (e.g. trucks).
On the other hand, the traffic light distance should not be unnecessarily long, so as to limit the space required for the control
concept implementation and the upstream reach of the traffic light queue.

To investigate this issue, a range of possible distances from 30 up to 400 m, were considered, and 10 replications were
simulated for each of them. The obtained mean AVD values as well as the acquired vehicle speed when approaching the
merge area (save the occasional drops due to short-lasting merging conflicts) are the main evaluation criteria for the deter-
mination of the optimum position of the traffic lights. Fig. 7a depicts, for every investigated traffic lights position, the result-
ing AVD values for the 10 replications, as well as the mean, minimum and maximum AVD of all replications. The mean,
minimum and maximum AVD values of the 10 replications of the no-control case are also displayed on the same figure
for comparison. The mean average vehicle delay is seen to be low and virtually constant when the traffic lights are located



Fig. 7. (a) Average vehicle delay and (b) speed versus time for different traffic lights positions.
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150 m upstream of the merge area or more. In contrast, when traffic lights are placed closer to the merge area, higher AVD
values are seen to result.

Fig. 7b displays the trajectories of the speed measurements collected just upstream of the merge area (detector 4 in
Fig. 2), only for selected traffic lights positions, for readability. When the traffic lights are placed very close to the merge area,
e.g. at 30 m or 50 m, vehicles do not have sufficient space to accelerate, and indeed it can be observed that the mean speed
value during the peak period is quite low, i.e. lower than 45 km/h. For a distance equal to 100 m, the merging vehicle speed
increases, reaching 60 km/h in average. For the traffic lights position of 200 m upstream of the merge area, the achieved
merging vehicle speed has increased to a mean value around 70 km/h. For even longer distances, e.g. 400 m, the speed is
even more increased to around 80 km/h. The observed occasional speed drops are due to temporal sharp vehicle conflicts.
Apparently, distances less than 150 m are less appropriate, and, particularly for distances less than 50 m, the system perfor-
mance comes quite close to the no-control case, because the capacity drop is only partially avoided. For distances more than
200 m, there is no further improvement, since the critical merging speed has been reached. Thus, 200 m is the most appro-
priate distance, as it is preferable to have the traffic lights closer to the merge area.

Clearly, these quantitative results may not be accurately transferable to different work zone types, different geometrical
characteristics, and, last not least, to the real traffic and merging conditions. For example, a traffic lights distance of, say,
250 m, may prove more appropriate for a specific real work zone setting. However, the basic underlying relations between
traffic lights distance, the achievable vehicle merging speed and the resulting flow efficiency, as investigated and demon-
strated in this study, are expected to hold for a variety of infrastructure types and traffic conditions in practice.

5. Application of AFT to the merging control strategy

Recently, a learning/adaptive algorithm called AFT (Adaptive Fine-Tuning) was proposed (Kosmatopoulos, 2009;
Kouvelas, 2011; Kouvelas et al., 2011) to enable automatic fine-tuning of traffic control systems (TCS), so as to reach a better,
in some cases even the best, measurable performance with the applied control strategy. In this section, the automatic fine-
tuning method is employed for the motorway work-zone merging control concept in order to test and demonstrate its capa-
bilities while automatically fine-tuning the regulator parameters of the PI-ALINEA control strategy under different
conditions.

The performance J of any traffic control system over a period of time (e.g. one day) depends on two factors: (a) external
inputs (or disturbances) d; and (b) control strategy parameters h. The AFT algorithm attempts to approximate the perfor-
mance function J(d,h) by use of real measurements. More specifically, the original algorithm employs a polynomial-like
approximator (similar to a neural network) that approximates, based exclusively on available measurements, the unknown
nonlinear performance function of the problem. For the present application, a polynomial approximator as well as a Support
Vector Machine (SVM) model (see Burges, 1998) are used. In fact, an SVM model was recently used by Giannakis et al. (2011)
within the AFT frame in order to fine-tune the parameters of a building’s controller, with excellent results. The performance
function (to be minimized) for the present problem is the average vehicle delay (AVD). The AFT algorithm (Fig. 8) runs iter-
atively, where by each iteration corresponds to the duration of the demand scenario (2 h), or of one day in field applications.

Fig. 8 illustrates the working principle of AFT algorithm. The basic procedure of the self-tuning process may be summa-
rized as follows:

� The traffic flow process (here, work zone traffic) is controlled in real time by a control strategy (here, the PI-regulator)
which includes a number of parameters.



Fig. 8. Working principle of AFT for automatic calibration.
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� At the end of appropriately defined periods (e.g. at the end of each day; here, at the end of each simulation run), AFT algo-
rithm receives the values of the real (measured) performance index (here, AVD) and of the external inputs (here, the
demand).
� Using the measured performance (the samples of which increase iteration by iteration), AFT algorithm updates and

enhances the approximation of the function J(d,h).
� Based on the approximate performance function, AFT calculates new parameter values to be applied at the next period

(here, in the subsequent simulation run) in an attempt to improve the system performance.
� This (iterative) procedure is continued over many periods until a (local) maximum in performance is reached.

The AFT algorithm is started with some initial values for the parameters to be tuned. When using an SVM approximator,
the algorithm convergences fast to a close local minimum of the performance function and remains there; while the original
AFT (using the polynomial approximator) may feature more significant ‘‘jumps’’ in the parameter space, with correspond-
ingly stronger fluctuations of the performance function. In order to use SVM, a sufficient initial set of training data is needed
to be available for fitting. Therefore, the original AFT is applied for the first 10 iterations, before switching to the SVM usage.
In particular, for the first 10 iterations, AFT explores a wide region of alternative sets of parameters; following which the SVM
is used and the algorithm converges to a close local minimum without exploring other feasible regions.

Due to the non-convex nature of the investigated problem, a global minimum (i.e. unique regulator parameter values)
cannot be guaranteed, hence the algorithm may converge to different local minima depending on different starting points.
Thus, the AFT algorithm is applied in the following for three control scenarios with different initial values for the regulator
parameters in order to investigate the behavior of the algorithm under different conditions.

In a first experiment, the AFT algorithm is applied with the initial values of the tunable parameter set as following:
KP ¼ 150 h�1, K I ¼ 6 h�1 and bN ¼ 11 veh. These are the optimized parameter values derived via the trial-and-error proce-
dure, which means that these values represent already a ‘‘good’’ starting point for the AFT algorithm; and it is interesting
to investigate whether AFT can further improve the control performance. Fig. 9 displays the AVD trajectories, for each of
the three control scenarios, delivered for one run of the AFT algorithm. For the first control scenario, some strong fluctuations
Fig. 9. Average vehicle delay for control scenarios 1, 2 and 3.
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are observed in the first 20 iterations, but during the rest of the fine-tuning period the AFT algorithm achieves keeping the
AVD at lower values in average, whereby the continuing smaller AVD fluctuations are mainly due to the stochastic simula-
tion results. The AFT algorithm converges to the following values for the parameters: KP ¼ 81 h�1, K I ¼ 3 h�1 and bN ¼ 8:4
veh. In Fig. 10a–c, the trajectories of each tunable parameter are also displayed. During the first iterations, the observed oscil-
lations are strong, as the AFT algorithm is learning the system’s behavior by experimenting with different sets of parameters.
However, after a few iterations the magnitude of the parameter oscillations is decreasing and, eventually, the convergence to
a local minimum is clearly visible.

The delivered set of values was then applied within the work-zone control concept in order to compare the system per-
formance before and after the use of the AFT algorithm. The resulting mean AVD for 10 replications is 13.0 s/veh/km, which is
around 9% lower than the mean AVD of the initial control scenario before using the AFT algorithm. This result indicates that
AFT can improve the control performance resulting from a careful manual fine-tuning.

In a second AFT experiment, the starting values for the tunable parameters were set KP ¼ 50 h�1, K I ¼ 10 h�1 and bN ¼ 10
veh. This set of parameters was arbitrarily selected in order to investigate the algorithm’s behavior in case of a reasonable,
but not really good starting point. The simulated 10-replication results for the control scenario using these parameter values
lead to quite high AVD values, with a mean AVD around 21 s/veh/km. Fig. 9 presents the corresponding trajectory of the AVD
values during the AFT fine-tuning process. It is visible that the obtained AVD values exhibit perturbations due to the search
process of the AFT algorithm, but finally AFT achieves to locate a satisfactory set of parameters that leads to low AVD values.
The corresponding fluctuations of the tunable parameter trajectories in Fig. 10a–c are initially quite strong, but after a while
the AFT algorithm is seen to converge to specific values, which reflects an efficient fine-tuning of the regulator parameters.
Specifically, the AFT algorithm converges to KP ¼ 74 h�1, K I ¼ 4:5 h�1 and bN ¼ 8:6 veh, and the corresponding mean AVD for
10 replications is 14.09 s/veh/km, which is around 34% lower than the mean AVD of the starting control scenario before using
AFT. The performance with the obtained parameter values is even slightly better than the manually fine-tuned regulator
parameters. This result indicates that AFT may lead to strong control performance improvement if no manual fine-tuning
was carried out.

In a third AFT experiment, the starting values for the tunable parameters were KP ¼ 200 h�1, K I ¼ 50 h�1 and bN ¼ 50 veh
with a corresponding mean AVD, for 10 replications, around 36 s/veh/km. These values correspond to a very ‘‘bad’’ set of reg-
ulator parameters and they are selected in order to investigate the performance of the AFT algorithm and the values that it is
going to converge to, under very unfavorable starting conditions. The corresponding trajectory of the AVD values during the
fine-tuning process is presented in Fig. 9. During the first iterations, the AVD values are quite high; however, after the 20th
iteration, the AFT algorithm manages to lead and keep the AVD at lower values. The AFT algorithm converges to
KP ¼ 204:18 h�1, K I ¼ 31:32 h�1 and bN ¼ 12:13 veh. The obtained values of KP and K I are relatively close to the initial ones,
but the value bN has been reduced a lot. The resulting mean AVD for 10 replications is 15 s/veh/km which is 57% lower than
the mean AVD of the starting control scenario, albeit slightly worse than in the manually fine-tuned case.

Table 1 summarizes the obtained results of the AFT experiments. The experiments demonstrate that the AFT algorithm
can improve the system performance independently of the starting points (except in the rare case where the starting point
is a local minimum). Nevertheless, the selection of, at least roughly, appropriate starting values for the regulator parameters
Fig. 10. Parameter tuning over iterations for experiments 1 (continuous line) and 2 (discontinuous line): (a) KP parameter; (b) K I parameter; (c) set-point bN .

Table 1
Summarized results of the AFT algorithm experiments.

Experiment Starting parameter values Final parameter values AVD improvement (%)

KP (h�1) K I (h�1) bN (veh) AVD (s/veh/km) KP (h�1) K I (h�1) bN (veh) AVD (s/veh/km)

1 150 6 11 14.25 81 3 8.4 13.0 9
2 50 50 10 21.0 74 4.5 8.6 14.09 34
3 200 50 50 36.0 204.18 31.32 12.13 15.0 57
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(e.g. derived from manual fine-tuning) may be necessary in order to achieve best performance of the utilized control
strategy.

6. Conclusions

A previously proposed control scheme for real-time merging traffic control at work zones with lane drop was farther
developed, enhanced and demonstrated for a hypothetical work zone motorway infrastructure within a microscopic simu-
lation environment. The control algorithm used for work zone management is an extension of the well-known local ramp
metering strategy ALINEA, while the control devices to implement the control algorithm decisions are traffic lights located
sufficiently upstream of the work zone area. The reported research addressed the appropriate distance between the traffic
lights and the merge area, and demonstrated its significance for throughput maximization (or equivalently delay minimiza-
tion) via avoidance of the capacity drop. A further investigation in this research is related to the fine-tuning procedure
needed for the calibration of the control algorithm parameters. In particular, after the manually conducted fine-tuning pro-
cedure, the recently proposed learning/adaptive algorithm AFT was applied in order to seek for better regulator parameter
values which lead to improved performance of the utilized control strategy. The significance of this investigation is that the
AFT algorithm can be applied similarly in the field, based on real measurements, to optimize the control system performance.
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