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Abstract: Efficient traffic systems control in large cities with complex traffic management of signalized
intersections is a challenging task, particularly when dealing with high traffic volumes. The city of Zagreb faces
this challenge, as all administrative and governmental institutions are located in the old city centre, and routes
for escorted vehicles have a significant impact on the traffic network. This paper addresses the issue of the
impact of unconditional priority for escorted vehicles on the energy efficiency of the urban traffic network in
the city of Zagreb. The traffic network model is developed by using the PTV Vissim microsimulation software.
The evaluation was conducted with node (delay, queue length, number of stops) and network evaluation
parameters (CO2 emission, NOx emission, PMio emission, and fuel consumption). The results show that
unconditional priority has minimal impact on energy consumption and exhaust emission in the observed
scenario. This is a significant result considering all actions that have to be done to manage the passage of the
escorted vehicles through the traffic network.

Keywords: signalized intersections; intelligent transport systems; adaptive traffic control; sustainable smart
city concept

1. Introduction

The improved intelligent transport system (ITS) concept known as Cooperative ITS (C-ITS) is a
step towards the ideal smart city concept which can significantly improve the urban traffic network
quality [1,2] with the proper implementation approach. In that sense, all functional areas of ITS [3]
such as traveller information systems, traffic control, incident management, and public transport
management are mandatory tools for the improvement of traffic network quality. It is known that
the quality of the urban traffic network directly affects the overall quality of living in cities. Regarding
energy efficiency and fuel consumption, some agencies such as the International Energy Agency and
the European Environment Agency are estimating that by 2050. traffic and transport will cause more
than 50% of fuel usage, 40% of CO:zemissions, and over 70% of other exhaust gas emissions [4,5].
Also, it is possible to distinguish different causes of exhaust gas emissions. According to [6], nearly
22% of spent fuel is caused by excessive speed, inefficient traffic control, ineffective and aggressive
acceleration and deceleration. As mentioned before, the C-ITS concept has the potential to enhance
these parameters and address the underlying causes. One of the goals of the European eCoMove
project [7] was to prove (in the simulation environment) that the reduction of CO2and NOxemissions
can be achieved only by respecting the optimum/recommended speed limitations [8]. Another
approach to minimization of fuel consumption and exhaust gas emission is better (optimized) routing
of personal vehicles in the urban traffic network and adaptive signal control at signalized
intersections which directly affects the number of stop-and-go actions and the decrease of average
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delays on signalized intersections [9-11]. Simulation software is widely used for the evaluation of
different approach methods and ideas based on traffic control, optimization of vehicle movement
through network, etc. Some authors presented the link between average travel times and fuel
consumption with the usage of simulation-based optimization [12], the upgrade of this research was
conducted with g-learning algorithms where the improvements in CO: reduction and the number of
vehicles in queue length were presented [13]. Considering the possibilities of simulation of various
traffic optimization methods, their impact was presented in several papers where the exhaust gas
reduction was achieved with the implementation of k-means and LOESS (Locally Weighted
Scatterplot Smoothing) algorithms [14], dynamic speed limit control algorithms [15] and adaptive
transit priority strategies in urban areas [16]. It is possible to conclude that advanced traffic control
strategies have an impact on exhaust gas emission reduction, specifically when a complete smart city
concept is implemented even though major infrastructure predispositions are necessary. At a lower
level of implementation, it is possible to observe only one vehicle type (public transport vehicle,
emergency vehicle, etc.) and to give priority at signalized intersections to that specific type of vehicle.
Traffic signal control, as mentioned before, is a measure that can have the most influence on
ecological aspects in urban areas (regarding exhaust gas emission, noise reduction, etc.) [17,18].
Traditional traffic signal control (i.e., fixed signal timing) methods are not sensitive to real-time traffic
variations and can be ineffective [19], so adaptive (improved) control of signalized intersections in
the context of giving priority to certain vehicle categories is suitable. Priority on signalized
intersections includes providing green lights to certain vehicle categories whenever possible with
three main priority strategies [20]:
1. Passive priority strategy;
2. Active priority strategy;
e  Unconditional priority.

Passive techniques use predefined signal timings adapted to special needs (frequency of green
lights on certain approaches, green light duration according to adjacent intersections, shortened cycle
duration, etc.). Passive techniques do not need the presence of vehicles, nor the notification of their
arrival at the intersection. Active priority techniques are activated only when a certain vehicle is
present at the intersection or when the priority demand is sent by the vehicle. Active priority is
activated within the limits of minimal safety parameters and three basic techniques are green
extension, early green (red truncation) and green phase insertion. After the priority demand is sent
to the traffic management centre, the system calculates the predicted time of vehicle arrival at the
signalized intersection [21]. Unconditional priority (vehicle preemption) ensures that a specific
vehicle gets right-of-way through the signalized intersection by interrupting regular signal timing no
matter which phase of the signal cycle is active. When the active phase ends, considering minimal
safety green time, the green light for the approaching vehicle, which demanded unconditional
priority, is activated. Unconditional priority is rarely used in public transport, but widely for
emergency vehicles and VIP and other escorted vehicles. It can be stated that passive and active
priority strategies modify the current signal timings, while the unconditional priority interrupts it
and provides a green light on the desired approach as soon as possible [18].

It is clearly visible that with the optimal selection of control strategy, it is possible to directly
impact the energy consumption of vehicles in the urban traffic network which can strengthen the
general idea of sustainable traffic management in urban areas. Also, by acting on certain aspects of
traffic management on a local and isolated level, it is possible to contribute to the sustainability of the
transport system, but with a comprehensive approach, the visibility of the impact is much greater.

The literature overview and present research in the field of traffic management with the impact
on energy consumption is presented in the introduction, while the methodology and the connection
of the presented idea with a specific vehicle class (escorted vehicles) is presented in the second
chapter. In the third chapter, a case study regarding the modelling of unconditional priority in the
city of Zagreb is presented, while the results and discussion with the presentation of future work are
described in succeeding chapters respectively.
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2. Model and research methodology

After the detection of the research area and with the presumption that improved traffic control
can have a major impact on the energy efficiency and sustainability of urban traffic systems, it is
necessary to define a specific problem to be processed. This paper focuses on escorted vehicles which
with their presence influence the traffic flow using unconditional priority strategies. According to the
Road Traffic Safety Act [22], escorted vehicles are defined as vehicles that are monitored by the police
and/or military police and are equipped with devices for giving special sound signals and red and
blue light signals. Persons who may be accompanied are (state officials, delegations of foreign
countries, etc.). The minimal number of escorted vehicles in one queue is not defined, but according
to [22], a vehicle queue implies at least three vehicles moving in the same direction one after the other.
The communication between vehicles (cooperative V2V) is not covered by this research and can be

the basis for further research.

2.1. Simulation model development

The City of Zagreb is the capital and largest city of the Republic of Croatia with a population of
around 878.000 and where all government and administrative bodies are located. Despite the
constant geolocation expansion of the City, all the major administrative bodies are located in the
north of the City in the historic part, while the airport and two major entrances are located in the
south of the City. For this research, the most common route used by escorted vehicles to the historic
part of the City is shown in Figure 1 on the mezolocation of the Zagreb map. The pin points to St.
Mark’s Square where the Croatian Parliament with other administrative bodies are located. After the
collection of all traffic parameters on the selected route (number of vehicles, vehicle categorization,
vehicle routing, etc.), the critical signalized intersections were recognized and selected which is also

depicted in Figure 1.
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Figure 1. Graphical representation of the most common route with the selected signalized
intersections.

After the selection of a demonstration corridor with two signalized intersections where
unconditional priority will be implemented, relevant traffic data was collected and analyzed. The
morning peak hour (8 AM - 9 AM) was selected as relevant for the research. In order to create a
simulation model in the PTV Vissim simulation software, physical components presented in Figure
2 (number of lanes, lane width, the position of signal lanterns, etc.) were detected, measured and
incorporated into the simulation model.
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Figure 2. Physical components of selected signalized intersections.

It is visible from Figures 2 and 3 (signal timing) that both intersections are controlled from one
signal controller and from that point it can be observed as one unique demonstration intersection. In
that sense, four approaches of the intersection can be defined:

S1 - first south approach with signal group V2;

S2 — second south approach with signal group V9;
E — east approach with signal groups V1 and V§;
N —north approach with signal group V3.
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Figure 3. Signal timing of selected demonstration intersection.

On selected demonstration intersection, five vehicle signal groups (V1, V2, V3, V8 and V9) and
seven pedestrian signal groups (P4, P5, P6, P7, P10, P11 and P12) are defined. The signal cycle is 85
[s], the intergreen matrix is calculated and implemented, and the signal timings are fixed.
Respectively with signal timings (Figure 3), main approaches and collected traffic data on the
intersection, four vehicle inputs were defined as follows:

e input 1 on south approach 1 - 348 [veh/h] with 0,02 heavy-duty vehicles,
e input 2 on south approach 2 — 262 [veh/h] with 0,05 heavy-duty vehicles,
e  input 3 on east approach — 2029 [veh/h] with 0,01 heavy-duty vehicles and
e  input 4 on north approach — 279 [veh/h] with 0,04 heavy-duty vehicles.

Collected data was calibrated using GEH statistic [23] with the equation

GEH = \/—Z(M_C)z,
M+C

where:

M - hourly traffic from the traffic model,

C - real-world hourly traffic collected from the field.

The duration of the simulation is 4500 [s] where the first 900 [s] is used for model “warming up”,
and 3600 [s] for simulation of observed peak hour. Collected and calibrated traffic data is shown in

Table 1.
Table 1. Collected and calibrated input traffic data.

A h imulati 1

Approach on Collected data [veh/h] Simulation model data GEH
intersection [veh/h]

South approach 1 (S1) 378 360 0,94
South approach 2 (52) 262 265 0,37
East approach (E) 2029 2189 3,44
North approach (N) 321 284 2,13
Total 2990 3098 1,98

According to [23], if 85% of total traffic volume has a GEH coefficient below 5,0 the model is
considered to be calibrated. Also, if the GEH coefficient is above 10,0, the model is not calibrated and
the collected data and data produced in the simulation model are not relevant. The next step after the
calibration of the model is the development of an unconditional priority algorithm for the selected
signalized intersection, which is described in the next section.

2.2. Unconditional priority algorithm development

Unconditional priority algorithms were developed in the separate PTV VisVAP module (Visual
Vehicle Actuated Programming) where the program logic of signal controllers is defined through
flow charts with VAP commands. The algorithm is implemented in the calibrated simulation model
after its completion as presented in Figure 4.
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Figure 4. The graphical representation of the algorithm and simulation model connection.

Signal logic is defined with the *.PUA file, while the flow diagram of the unconditional priority
algorithm is compiled in the *.VAP file. Both files are integrated into the existing simulation model
where signal control logic changes according to the algorithm and present traffic situation [24,25].
The limitations of the VisVAP approach consist of the fact that the entire flow diagram must be
traversed in each simulation second which prevents stopping in a certain loop until a predefined
condition is fulfilled.

Before the development of the unconditional priority algorithms, it is necessary to enable the
link between the simulation model and the flow diagram (algorithm). As presented in Figure 5, the
main link between the sections are detectors: arrival (or login) and logout detectors.
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Figure 5. Location of detectors for escorted vehicles in the simulation model.

As presented in Figure 5, detectors are located on the south approach of the observed signalized
intersection, where D1 is detecting the presence (arrival) of the escorted vehicle platoon, while D2 is
detecting the last point of the last escorted vehicle in line. The distance between the detectors is 240
[m] which is the minimum intergreen time of 15 [s] if the escorted vehicle platoon is driving at a
speed of 60 [km/h]. The escorted vehicle platoon in this research is defined as a five-vehicle platoon
with the average standstill distance of 2 [m] which makes the total distance of 29 [m].

The algorithm was developed for two situations: when the escorted vehicle stage is active while
the “VIP platoon” is approaching the intersection and when the conflict stage (E — east approach) is
active. A simplified algorithm developed in PTV VisVAP is presented in Figure 6. Three main parts
of the algorithm can be detected: 1) cycle counter, 2) algorithm functions while the south approach
stage is active and 3) algorithm functions while the opposite (conflict) east approach stage is active.

IcycSecond = cycSecond + 1| I cycSecond := 1 |

|

< Any_interstage_active
| ——
¥

( Stage_active( 1) w StgT( 1) < ( MAX_STG1-12) \>—>( VIP_arrival \>—-| Set_prog(2) }
( VIP_logout {Interstage( 1:2 ,}

1

StgT( 1) < MAX_STG1 : 9 1,2,I
Stage_active( 2) w».m_smus‘gT(2)<y.xAx_5Tczw VIP_arrival {merstage(z.1)‘%|—~

End

Figure 6. The algorithm structure for unconditional priority of escorted vehicles by using PTV
VisVAP module.

The first part of the algorithm is the cycle counter. When exporting fixed signal logic from the
VisSIG module, it is necessary to define the cycle length which is with other basic signal control
information (number and definition of signal groups, types of signal groups, etc.) exported in the
* PUA file. According to this information, the algorithm has to calculate and increase cycle seconds
because the system checks the whole diagram from START to END in every simulation second.

When the stage for the escorted vehicle platoon is active, it is necessary to calculate the time of
its arrival at the intersection. The first condition that is examined is whether there is enough time for
the escorted vehicle platoon to pass through the intersection for the duration of the stage. Because of
the defined intergreen matrix and the travel time needed to approach the intersection, the last 12 [s]
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of the stage are observed and if in that period the escorted vehicle platoon is being detected, the active
stage is extended (green extension strategy) for additional 10 [s] which makes enough time for the
VIP platoon to pass through the intersection. When the last vehicle of the platoon passes through the
logout detector, the procedure for stage change is activated.

The third part of the algorithm deals with the situation when the opposite stage (east approach
of the intersection) is active. It is necessary to provide free passage to the escorted vehicle platoon “as
soon as possible” — to provide unconditional priority bearing in mind all the safety elements
regarding vehicles and pedestrians. Before the detection of escorted vehicles, it is necessary to
provide minimum green time for vehicles on the east approach so that the green truncation in the
first period of the active phase is avoided. This was achieved with the first condition of calculation of
active stage duration. After the minimum duration of green time on the east approach is fulfilled, the
presence of an escorted vehicle platoon on the arrival (login) detector is examined. When the escorted
vehicle platoon is detected, the stage change procedure is activated. With this calculation, and
presuming that the escorted vehicle platoon is operating at 60 [km/h], all the safety parameters were
taken into account (pedestrian crossing times, intergreen matrices, etc.). When there is no demand
for unconditional priority for escorted vehicles, the signal timing is fixed, as defined in Figure 3.

3. Simulation results

The next step was to define the parameters needed for the evaluation of developed algorithms
and the impact on energy efficiency, network performance, etc. The simulation was performed ten
times for each defined scenario (existing and priority model) with a duration of 4500 [s] and data
collection interval of 3600 [s] after 900 [s] of network “warming up”. The random seed value (which
affects stochastic functions in PTV Vissim and traffic flow) is set to 42, with the random seed
increment of 1. For this research, the network performance parameters which directly impact the
quality of the traffic network were used, together with the exhaust gas emission and fuel
consumption. The defined evaluation parameters are delay, queue length [veh], average number of
stops, COz emission [g], NOx emission [g], PM1o emission [g] and fuel consumption [g].

After conducting simulations of existing and escorted vehicles' priority models, the evaluation
data is collected. Base data which affects network performance and quality (delay, queue length,
number of stops) is gathered through node evaluation and energy efficiency data is gathered through
vehicle network performance evaluation. Traffic network quality indicators of the existing traffic
situation and the unconditional priority model are presented in Tables 2 and 3, respectively.

Table 2. Average network performance indicators of the existing traffic situation.

A.xpproacl.l on Delay [s] Quete length [veh] Number of stops
intersection
South approach 1 28,54 18,14 0,81
South approach 2 22,17 7,01 0,66
East approach 4,75 21,50 0,21
North approach 23,81 9,22 0,71
Total average 19,81 13,96 0,59

Table 3. Average network performance indicators of the unconditional priority model.

I'prroacl} on Delay [s] Queue length [veh] Number of stops
intersection
South approach 1 27,30 17,29 0,79
South approach 2 22,23 7,03 0,67
East approach 5,61 25,18 0,23
North approach 23,02 8,91 0,69

Total average 19,54 14,60 0,59
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Network performance indicators were collected through node evaluation in PTV Vissim, which
is used to determine specific data from defined intersections. According to [26], there is no need for
a manual section definition, thus the data is collected for the defined node and selected vehicle
classes. Node evaluation can determine exhaust emissions, but the calculation is based on data on
emissions of the Oak Ridge National Laboratory (U.S. Department of Energy), so because of the
differences from European standards, energy efficiency data is collected and analyzed differently
through vehicle network performance evaluation.

Vehicle network performance evaluation takes into account all vehicles which have already left
the network or reached their destination and the vehicles that are still in the network at the end of
the evaluation interval [26]. The vehicle network performance evaluation is updated with every time
step in the microscopic simulation. All the values of exhaust emission and fuel consumption are
presented in grams [g].

Table 4. Vehicle network performance evaluation of energy efficiency parameters (in grams [g]).

Model/Scenario CO2 NOx PMuo Fuel consumption
Existing 4051,806 10804,816 31063,848 6753,010
Priority 4171,327 11123,540 31980,177 6952,212

In addition to the mentioned parameters, the average speed of vehicles was also taken into
account, which is an indicator that affects the energy efficiency and sustainability of the traffic
network. The average speed for personal vehicles in the existing traffic situation is 26,57 [km/h], while
in the model with unconditional priority for escorted vehicles, the average speed is 25,82 [km/h].

4. Discussion

A large number of studies proved that traffic control and better quality of the network have a
direct impact on energy efficiency and sustainability of traffic systems, especially in urban areas. The
research in this paper includes the impact of unconditional priority on the emission of exhaust gases
and fuel consumption in the city of Zagreb. The research was conducted with the data collected from
a real traffic situation with the development of an unconditional priority algorithm in the PTV
VisVAP module. After determining the evaluation parameters, a simulation of the existing traffic
network and situation with the implemented algorithm was carried out, on the basis of which the
relevant data presented in the previous chapter were collected. Evaluation parameters were divided
into two groups: network evaluation parameters (node evaluation) and energy efficiency parameters
(vehicle network performance).

Delay is the most common measure of the quality of an intersection and it directly defines the
Level of Service (LoS). Along with queue length and number of stops, it can define the vehicle
behaviour in the network. In the simulation of the existing traffic situation, the delay was measured
for every approach of the intersection, and an average delay of 19,81 [s] was measured. In the
simulation with the implemented unconditional priority algorithm the delay of 19,54 [s] was
measured, which is reflected in the improvement of 1,36% and the Level of Service is B. The next
observed evaluation parameter is queue length measured in the number of vehicles. In the existing
model simulation an average of 13, 96 vehicles were in the queue (in all approaches), while in the
priority simulation was increased to 14,60 vehicles, which makes an increase of 4,38%. The last
observed parameter was the number of stops which remained the same but with a minor reduction
on the approach where escorted vehicles are operating where the average number of stops (because
of the unconditional priority algorithm) reduced by 2,47%. It must be noted that in observed scenarios
changes in network performance were minimal and in favour of the approach where the escorted
platoon of vehicles is operating.

Regarding energy efficiency indicators, all defined parameters have an increase after the
implementation of the unconditional priority algorithm. With the implemented algorithm for
unconditional priority, the emission of COz gas was increased by 119,52 [g], NO« by 318,72 [g], the
emission of PMu increased by 916,33 [g], and the fuel consumption increased by 199,20 [g]. Measured
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energy efficiency parameters are overall increased by an average of 2,8%. The average operating
speed of vehicles is also reduced from 26,57 [km/h] to 25,82 [km/h] which makes the change of 2,82%.

It must be noted that in this use case, unconditional priority has minimal impact on the traffic
network, but mostly because only one passage of the escorted vehicle platoon is considered in a one-
hour simulation. Also, the specifics of the selected signalized intersection (major disproportion of
traffic volumes on the east “green wave” approach to the escorted platoon approach) impact the
slight increase in measured evaluation parameters. the current practice is that the priority passage of
escorted vehicles is realized by placing police officers at the intersection who regulate traffic based
on the radio report of the arrival of the vehicle at the intersection. Preparation of the passage through
the intersection covers at least 10-15 minutes, which includes approximately 11 signal cycles with the
flashing yellow signal and police officer regulation which has a high impact on energy efficiency and
fuel consumption on the traffic network. Taking into account the above, the situation regarding fuel
consumption, emissions of exhaust gases and other evaluation parameters, regarding those specific
circumstances, were not considered in this research, and it would greatly influence the research
results which makes the basis for future research.

5. Conclusions

This paper considers the importance of managing escorted vehicle platoons passing through
signalized intersections in urban traffic networks with the impact on energy consumption and
exhaust gas emission. The basic idea was to develop an algorithm for unconditional priority with the
main purpose of replacing a great number of police officers managing traffic before and during the
passage of escorted vehicles. The realistic traffic scenario based on the use case in the city of Zagreb,
Croatia, was taken into account and the most frequently used route for the passage to the district
with government and other administrative destinations in the historic part of the City. After the
collection of data and definition of evaluation parameters, the calibrated model of the existing
situation and the new model with unconditional priority were developed and compared. The
morning peak hour was selected as relevant for the evaluation of the specific situation of the
signalized intersection. A slight increase in the defined evaluation parameters was recognized (given
the specifics of the observed situation), but some details must be considered in future research. The
general practice is that the preparation of the passage of escorted vehicles takes at least 15 minutes,
which greatly affects the traffic flow and delays on intersections. Also, in this research, only one hour
of simulation with one VIP passage through the intersection is considered, with the discrepancy of
traffic volumes on the side approaches. Bearing all this in mind, it is possible to positively impact fuel
consumption and emission of gases, which will be the subject of future research.

The extent of this research is just a small part of traffic management and its impact on the quality
of traffic networks. Together with adaptive traffic control, parking management and incident
management systems, and public transport management, significant advantages and improvements
can be achieved towards a smart and sustainable urban traffic network.
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