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Abstract

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
particular issue addressed in this research is the investigation of the appropriate distance between the merge area and
the traffic lights so as to lead, in combination with the employed real-time traffic control strategy, to the most
efficient merging of vehicles. The control strategy applied for real-time signal operation is an ALINEA-like 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 algorithm AFT 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.
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1. Introduction

Work zones are critical areas of urban and motorway networks and usually require the closure of one
or more lanes of the road; as a consequence, the traffic flow 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
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reduced downstream capacity, congestion is created, leading to an additional, congestion-induced
capacity drop due to the need for vehicles to accelerate from low speeds within the congestion to higher
speeds downstream of the congestion head (Papageorgiou et al., 2008). Work zone management aims at
safe working conditions for work-zone workers, as well as, safe and efficient passage of vehicles. 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, 2007), aiming 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.

This paper continues on the work of (Lentzakis et al., 2007), improving on the utilized control strategy
and investigating the most appropriate 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 that the
appropriate location of the traffic lights may improve the results of merging traffic control, as the capacity
drop can be reduced or even eliminated in case of proper merging vehicle speed, and this contributes to a
more efficient and safe passage through the merge area.

Another novel issue addressed, is the calibration of the employed regulator parameters for the applied
control strategy with particular focus on a recently proposed (Kouvelas, 2011), (Kouvelas et al., 2011)
automatic fine-tuning procedure aiming at optimizing the regulator parameters and ensuring best
performance of the utilized control strategy.

2. Work Zone Traffic Control
2.1. Merge area

A typical motorway work zone area is sketched in Fig. la. The vehicles arriving on M lanes, must
change lanes appropriately within the (typically trapezoidal) merge area (or earlier) so as to fit into the u
lanes of the exit (where M is higher than x). The merging procedure may be quite complex in terms of the
required vehicle maneuvers, especially when the arriving flow is higher than the work zone flow capacity.

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 ¢, is the 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 ¢, is correspondingly low. As the arriving flow, and
hence N, increase, merging conflicts may increase, but ¢, increases as well until, for a specific critical
value N, , the exit flow reaches the downstream capacity q,,, . If N increases beyond N, , merging
conflicts become more serious, leading to substantial vehicle decelerations and eventual accelerations that
reduce the exit flow to lower values g, where ¢, —g. 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 N_ . 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.
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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 is traffic lights. A significant issue when applying work zone traffic control, is the proper
positioning of the traffic lights so as to achieve the most efficient merging of vehicles. More specifically,
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 reach the appropriate speed for orderly and
efficient merging, i.e. a speed that corresponds roughly to capacity flow in Fig. 1b (critical speed). 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 N,

real-time

cr?

measurements or estimates of N are needed. A frequently practiced way of estimating N is by use of
ordinary loop detectors placed at appropriate positions (Vigos and Papageorgiou, 2008). Alternatively,
one may employ occupancy measurements and target a critical occupancy value o, (instead of N, ) as in

ALINEA ramp metering.
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Fig. 1. (a) Typical motorway work zone area and; (b) fundamental diagram of a merge area.

2.3. Control algorithm

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 ~ N_ or o~ o

cr 2

which maximizes the merge area

exit flow. The feedback algorithm used 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
q(k)=q(k=1)+Ky[o-o(k-1)]

where k=1,2, ...

()

is the discrete-time index, q(k) denotes the controlled entering flow to be

implemented during the next period £, K, >0 is a regulator parameter, o(k —1)is the last measured
occupancy (%) and o is a set (desired) value for the downstream occupancy of the motorway. A typical
set-value is 0 = o, in which case the motorway exit flow becomes close to g,,, . The same equation can
be used if the number of vehicles N is measured, instead of the occupancy percentage. Within the
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microscopic simulation environment, the performance of the described regulator was sometimes sluggish,
and therefore, a proportional-integral (PI-type) regulator is used (Wang and Papageorgiou, 2006), which
appears more reliable for the present investigation. The PI-type regulator reads

q(k) = q(k =)= K, [N(k) = N(k = D]+ K,[N = N(k)] )

where K, and K, denote the regulator parameters for the proportional and integral terms, respectively,
that must be suitably specified, and N is a set (desired) value for the downstream number of vehicles.

The control algorithm is activated at each time interval 7' (in s) and calculates the entering flow ¢ (k)
(in veh/h) to be implemented in the next interval k£ via appropriate operation of the control devices
(traffic lights). There are different possible metering policies to translate the decision of the control
strategy (i.e. the ﬂowq(k)) into corresponding traffic light settings; 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 77 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. 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 g,,, of the motorway upstream of the work zone area is sufficiently high to accommodate
the investigated demand scenario, while the downstream capacity is reduced due to the lane drop and was
found empirically to amount to 4800 veh/h (for a traffic flow including 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
hours and trapezoidal profile. 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 minutes, until it reaches a peak demand of 5400 veh/h; and remains at this value for the
next 30 minutes. During this time period the traffic demand exceeds the merge area capacity ¢,,, which is
expected to lead to congestion and reduced efficiency of the infrastructure. During the time period
t €[60min,90min], 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.



Athina Tympakianaki et al. / Procedia - Social and Behavioral Sciences 48 (2012) 1545 — 1556

The regulator (equation (2)) is activated every 7 =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) to
calculate the entering flow q(k) to be implemented in the next control period k£ so as to
maintain N = N, . The new entering flow to be implemented is not allowed to exceed the
range ¢ €[4000,6000] veh/h, i.e. a minimum and maximum flow, respectively. Specifically, the
minimum admissible flow g, was selected lower than the downstream capacity to enable a sufficient
margin for regulator action; for the same reason the maximum admissible flow ¢ was selected
sufficiently large and higher than g, . The traffic cycle is fixed and equal to the control interval (30 s);
while the green and red phases are calculated appropriately to implement the ordered ﬂowq(k), with a
minimum red phase of 3 s being considered for safety reasons. More specifically, the flow ¢ (veh/h) is
translated into a corresponding green phase G (in s) via the following equation

G=(q-T)/S 3)

where S (in veh/h) is the saturation flow, with subsequent application of constraints for the green phase
G mentioned earlier. In particular, the minimum-red constraint of 3 s leads to a maximum green
G,.. =27 s, while, for the given g, and a saturation flow of 2000 veh/h, the minimum green resulting
from (3), is 6 s. The same green phase is implemented at all motorway lanes, albeit with an offset of the
cycle start as mentioned earlier. In view of the minimum-red constraint, the maximum implementable
flow resulting from (3) is 5400 veh/h.

The specification of appropriate regulator parameter values was conducted manually, via trial-and-
error. Specifically, various sets of values were tested through a series of simulation runs considering a
specific position for the traffic lights. Given that the employed regulator is not very sensitive to the
distance between the measurement point and the control device thanks to its feedback structure, the
parameter values resulted from this investigation should work equally well for different positions 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 conducted 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), that allows the user to emulate a real-time control environment. Specifically, the simulator
delivers at every control period 7 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 examined scenario.
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Fig. 2. The work zone infrastructure under consideration. (Numbers correspond to emulated detector locations.)
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 conflicts 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 Figs. 3a and 3b display the merge area outflow g, (collected from detector 1) and
the number of vehicles in the merge area, respectively, for one particular simulation run with
AVD =37.97 s/veh/km, which is closest to the mean AVD of the 10 replications. Until about ¢ = 40 min,
the number of vehicles N in the merge area is slowly increasing (as a consequence of the increasing
demand), while the merge area outflow is seen to follow the increase of arriving demand, reaching
approximately 5000 veh/h in average. At ¢ =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 # =110min. The outflow during this time period is reduced to around
4150 veh/h in average due to the merge area congestion (capacity drop). Fig. 4a shows a snapshot of the
simulated stretch at # = 60 min with the formed congestion. After =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 maximum traffic demand (peak period), 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 ¢, . = 6000 veh/h is
ordered by the regulator for as long as the number of vehicles N in the merge area is lower than the set
value N in PI-ALINEA’s equation (2). As the demand increases, N increases as well, and when N (k)
approaches N, the controller starts its actual operation aiming at maintaining N (k) close to N . 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. 4b shows a snapshot of the simulated stretch at = 60 min with the formed queue upstream of the
traffic lights.
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Fig. 3. (a) Outflow go, and; (b) number of vehicles N in the no-control case.

A critical question at this point is the proper choice of the regulator parameters K, , K, and of the set-
point N . The regulator parameters may be manually fine-tuned following some practical trial-and error
rules from Control Engineering; once appropriate values have been found, the regulator is known to be
little sensitive to related moderate variations. The manually derived values of regulator parameters X,
and K, are 150 h'and 6 b, respectively. The value of N , 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 N and monitoring the measured outflow, until a maximum
throughput is obtained. In the current case, the investigation of the N value is carried out through a series
of simulation experiments with different (integer) N values within the range N €[6,20] veh. For each
investigated N value, the mean AVD of 10 replications is obtained. Fig. S5a displays, for every
investigated N 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 N €[9,14] veh, and, particularly for
N equal to 11 veh, it takes the lowest value, which corresponds to the critical value mentioned earlier.
For lower N 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 throughput. It is also noteworthy that the mean AVD for all investigated N is significantly
lower than the corresponding value of the no-control scenario. Particularly, for N =11 veh, the mean
AVD is 14.25 s/veh/h, which is 63 % lower than the mean AVD of the no-control case.

Figs. 5b and 5c display the merge area outflow ¢, and the number of vehicles in the merge area,
respectively, for one particular replication with N =11 veh and AVD = 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 N =11veh (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
regulator in such cases, guarantees that the number of vehicles in the merge area remains around the set-
point in average. The outflow ¢, maintains its average value around 4850 veh/h during the peak period
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Fig. 4. Screenshot of simulation (z = 60 ): (a) without control ; (b) with merging traffic control.

(between ¢ =30 min and ¢ = 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.

4.3. Investigation of the position of the traffic lights

The location of the traffic lights should be sufficiently upstream of the merge area in order to allow for
the vehicles to accelerate and pass through the merge area efficiently, i.e. without major decelerations that
give rise to the capacity drop observed in the no-control case. Considering a range of possible distances
from 30 up to 400 m, 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 determination of the optimum
position of the traffic lights. Fig. 6a depicts, for every investigated traffic lights position, the resulting
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 low and
virtually constant when the traffic lights are located 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.
6b displays the trajectories of the speed measurements collected upstream of the merge area, only for
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Fig. 5. (a) Average vehicle delay versus N values with and without control; (b) outflow 4, and; (¢) number of vehicles N for the
control case.
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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 time 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 performance 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 appropriate distance, as it is preferable to have
the traffic lights closer to the merge area.
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Fig. 6. (a) Average vehicle delay; and (b) Speed versus time for different traffic lights positions.

5. Application of AFT to the merging control strategy

Recently, a learning/adaptive algorithm called AFT (Adaptive Fine-Tuning) was proposed (Kouvelas,
2011; Kouvelas et al., 2011) to enable automatic fine-tuning of traffic control systems (TCS), so as to
reach the best measurable performance that is achievable 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 automatically fine-tune the regulator parameters of the PI-ALINEA control strategy. 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
this application, a polynomial approximator as well as a Support Vector Machine (SVM) model (see
Burges, 1998) are used. An SVM model was recently used by Giannakis, Kontes, Kosmatopoulos &
Rovas (2011) within the AFT frame in order to fine-tune the parameters of a building’s controller. The
performance function (to be minimized) is the average vehicle delay (AVD). The AFT algorithm (Fig. 7)
runs iteratively, where one iteration corresponds to the duration of the demand scenario (2 hours), or of
one day in field applications. At each iteration, the collected measurements are used to update and
enhance the performance function approximation; and eventually to modify the regulator parameters so as
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to decrease the value of the approximated performance function; until convergence to an optimal solution
(local minimum) is achieved.

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 may feature more significant “jumps” in the parameter
space, with correspondingly 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
(using the polynomial approximator) 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.

In a first experiment, the AFT algorithm is applied for a control scenario with the initial values of the
tunable parameter set as following: K, =150 h”, K, =6 h™ and N =11 veh. These are the optimized
parameter values derived via the trial-and-error procedure, which means that these values represent
already a “good” starting point for the AFT algorithm. Fig. 8a displays the AVD values trajectory
delivered for one run of the AFT algorithm. Some strong fluctuations are observed in the first 20
iterations, but during the rest of the fine-tuning period the AFT algorithm achieves keeping the AVD at
low values. The AFT algorithm converges to the following values for the parameters: K, = 80.88 h',
K, =295 h' and N =8.37 veh. The delivered set of values was then applied within the work-zone
control concept in order to compare the system performance 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.

In a second AFT experiment, the starting values for the tunable parameters were set K, =50 h',
K, =10 h' and N =10 veh. This set of parameters was arbitrarily selected in order to investigate the
algorithm’s behavior. 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. 8b presents the
trajectory of the AVD values during the AFT fine-tuning process. It is visible that the obtained AVD
values perturbate 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 AFT algorithm converges to K, =73.83
h', K, =453 h' and N =8.59 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.

In a third AFT experiment, the starting values for the tunable parameters were K, =200 h',
K, =50 h' and N =50 veh witha corresponding mean AVD, for 10 replications, around 36 sec/veh/km.
These values correspond to a very “bad” set of regulator 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. Fig. 8c presents the trajectory of the AVD values during the fine-
tuning process. During the first iterations, the AVD values are quite high; however, after the 20™ iteration,
the AFT algorithm manages to lead and keep the AVD at lower values. The AFT algorithm converges to
K, =204.18 h', K, =31.32 h" and N =12.13 veh. The obtained values of K, and K, are relatively
close to the initial ones, but the value N 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.

The described experiments show that the AFT algorithm can improve the system performance
independently of the starting points. Nevertheless, the selection of, at least roughly, appropriate starting
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values for the regulator parameters (e.g. derived from manual fine-tuning) may be necessary in order to
achieve best performance of the utilized control strategy.
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|[e.g_ average vehicle delay)
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Fig. 7. Working principle of AFT for automatic calibration.
80 80 60
a) b) c)
50 9 50 50
£40 £ 40 E 40
< < =
g g 2
ESO ESO 230
o o
a)
Z20 Z20 Z 20
10 10 10
o . . . . o , . , . 0 . . . .
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Iteration Number Iteration Number Iteration Number

Fig. 8. (a) Average vehicle delay for control scenario 1; (b) Average vehicle delay for control scenario 2; (c) Average vehicle delay for control

scenario 3.
6. Conclusions

A control scheme was developed for real-time merging traffic control at work zones with lane drop,
and was applied to a hypothetical work zone motorway infrastructure within a microscopic simulation
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 minimization) via avoidance of the
capacity drop. Although safety issues were not explicitly addressed, we believe that the presented scheme
should also improve on safety due to smoother merging. A further investigation in this research was
related to the fine-tuning procedure needed for the calibration of the control algorithm parameters. In
particular, after the manually conducted fine-tuning procedure, 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
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algorithm can be applied similarly in the field, based on real measurements, to optimize the control
system performance.
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