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Abstract: This work is part of the research activities developed in our department on the
construction of vehicle traffic system simulators (TASK Quart. 22 (2) 135 [1], 20 (1) 9 [2], 17
(3) 155 [3], 20 (3) 273 [5], 14 (4) 405 [6], 9 (4) 397 [7], Simulation Modelling Practice and
Theory 17 (4) 625 [8]). The modeling of the traffic system is implemented through the use of
queuing networks. In this case we analyze, through a simulation, the impact on traffic flows
of a structural change that the Municipal Administration has implemented on the urban road
system. The study refers to some works published by us previously about the procedures applied
by us to build a simulator. In this case we have developed software allowing us to analyze the
data tracked by the system simulations to display it graphically. This procedure enables us
to clearly compare the traffic system behavior in its new configuration with the traffic system
behavior in the previous configuration.
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1. Introduction

In this paper we study the behavior of vehicular flows in the Siena North
road network illustrated in Figure 1. In particular we consider the changes that
have recently been made to this system by the Municipal Administration. The
intervention area is highlighted in Figure 1 by an ellipse containing the crossroads
of the system that has been modified.

Referring to the results already presented in some previous works [1, 2], we
develop the following issues:

1. Modeling of the current road system,;
2. Generation of the model.dat file updated to the current system data;
3. Simulation of the traffic flow in the system;
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4. Development of an application to display the results;
5. Comparison of results.

Modified

4 Crossroads

Figure 1. Siena North system

Therefore, this study consists in the evaluation of the impact of the changes
made to the road system on the vehicular flows that characterize this area of
the road network of Siena. In relation to our previous works [1, 2] in which we
studied the Siena North road system in its original configuration, the new system
is characterized by the fact that Crossroad 4 was removed and the functionality
of Crossroad 2 was modified.

The following image illustrates the original configuration of the system
before changes were made.

Figure 2 shows the system before the change, highlighting how the traffic
will be regulated by two different crossroads, one directing vehicles in Cassia Nord
(Crossroad 4), and the other towards Roundabout 2 (Crossroad 3).

Below we report some images of the modified system taken by Street View.

The new system manages traffic through a single crossroad in proximity of
the Chiantigiana Lato Stellino road, prioritizing vehicles coming from Rounda-
bout 2 and heading to the Cassia Nord road.

2. Modeling

The model of the system in the current configuration is illustrated in
Figure 9. This model is composed by three crossroads identified as:

e Crossroad 1: it is Roundabout 1 which is located in the northern area of the
system.



Simulation of a Vehicular Traffic System Based on Queuing Network Models 103

. Cassia Nord

Chiantigiana
Lato Stelline

Figure 2. System structure before changes

e Crossroad 2: it is the intersection that regulates the flow of vehicular traffic
coming from Roundabout 1 towards Roundabout 2 or towards Cassia Nord, the
vehicular flow from via Cassia Nord towards Roundabout 2 and the vehicular
flows from Roundabout 2 towards via Cassia Nord.

e Crossroad 3: it is Roundabout 2 which is located in the southern area of the
system.

Figure 9 illustrates how Roundabout 1 manages vehicular flows coming from
the Chantigiana national road, the Castellina in Chianti side, Via Valle D’Aosta,
Via Montecelso, the Chiantigiana national road, the Stellino side and from Strada
Fiume.

Roundabout 2 manages traffic flows from Via Cassia Nord, Via delle
Province, Via Fiorentina and the Chiantigiana national road, the Stellino side,
which connects this second roundabout with the northern one.

Roads are numbered so that these identifiers can be used in the model.dat
file, which will be described later in this work. Two-way streets are considered
individually by being represented with two different numbers in the model. The
different coloring of roads is described according to the scheme shown below:

— red indicates exit roads, i.e. roads that lead vehicular flows outside of the
system,
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Figure 6. Crossroad 2, view from Roundabout 2
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Figure 8. Crossroad 2, view from Roundabout 2

green indicates entrance roads. These roads are connected to a device that
generates incoming vehicles by reproducing flows that have been detected by
the Municipal Administration,

yellow indicates internal system roads.

In summary, we have a total of 18 routes which are:

7 entry roads (1, 3, 5, 9, 11, 14, 16)
7 exit roads (2, 4, 8, 10, 13, 15, 18)
4 internal roads (6, 7, 12, 17).

3. Crossroads

In this section we present the modeling of the single crossroads of the Siena

Nord road system in its new configuration. At the base of the modeling of each
crossroad we have the object Sections, which are strictly related to the previous
works. In particular, in the modeling we use the following Section types:

Input Section, in the graphic representation of the model they are shown as
green circles. These sections model the vehicle entry areas on the crossroad,
they are similar to the channeling lanes of the vehicular flows entering the
intersection.
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Figure 9. Current System showing road numbers

— Output Section, in the graphic representation of the model they are shown as
red circles. These sections model the vehicles exit areas on the crossroad, they
connect the crossroad to the exit roads from the intersection.

— Internal Section, in the graphic representation of the model they are shown
as yellow squares in crossroads that are simple intersections, while on the
roundabouts they are represented by arcs. These sections model the internal
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areas of the crossroad that can be occupied simultaneously by a limited number
of vehicles. The appropriately grouped internal sections determine what we call
the crossing paths that a vehicle can follow during its movement within the
intersection.

In the next paragraphs the input, output sections and the paths that can be
crossed for each crossroad will be shown. Each section corresponds to a numeric
ID that uniquely identifies them in the model.dat file, a file that summarizes all
the data of the model.

3.1. Crossroad 1: Roundabout 1

Figure 10. Roundabout 1 with input and output sections

Roundabout 1 has 5 input sections and 5 output sections.
Let us analyze the input sections:

e Input Section 1: the access point to the roundabout for vehicles coming from
the Chiantigiana national road, Castellina in Chianti side;

e Input Section 2: the access point to the roundabout for vehicles coming from
Via Valle D’Aosta;

e Input Section 3: the access point to the roundabout for vehicles coming from
Via Montecelso;

e Input Section 4: the access point to the roundabout for vehicles coming from
the Chiantigiana state road, Stellino side;

e Input Section 5: the access point to the roundabout for vehicles coming from
Strada Fiume.

Let us analyze the outputs sections:

e Output Section 1: the exit point from the roundabout that leads to Via Valle
D’Aosta;

e Qutput Section 2: the exit point from the roundabout that leads to via
Montecelso;

e Output Section 3: the exit point from the roundabout that leads to the
Chiantigiana national road, Stellino side;
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e Output Section 4: the exit point from the roundabout that leads to Strada
Fiume;

e Output Section 5: the exit point from the roundabout that leads to the
Chiantigiana national road, Castellina in Chianti side.

Figure 11 shows the modeling of Roundabout 1 in which the input sections,
the internal sections and the output sections are identified.

Figure 11. Roundabout 1 with input, internal and output sections

3.2. Crossroad 2: new structure

Figures 12 and 13 illustrate the structure of intersections 2 and 4 in the
previous system presented in the work [2].

-

Figure 12. Crossroad 2 of the previous Figure 13. Crossroad 4 of the previous
system system

Figure 14 illustrates the modeling of Crossroad 2 in the new configuration
of the Siena Nord road system. The new configuration simplifies the overall
structure of the system, since the flow of vehicles coming from Roundabout 1
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Figure 14. Crossroad 2 of the current system with input and output sections

along via Chiantigiana, Stellino side, is no longer separated in the two independent
vehicular flows directed towards via Cassia Nord and towards Roundabout 2. The
separation point of these two flows in the previous structure of the road system was
located at the end of Road 6 which merged into the two streets 11 and 12. These
streets constituted an entry channel towards Intersection 4 and Intersection 2,
respectively [2].

In the new configuration of the system, Road 6 ends at Intersection 2, as
shown in Figure 9. Therefore, the new traffic system configuration is characterized
by the fact that Crossroads 2 and 4 of the system have been reduced to Crossroad 2
only.

Crossroad 2 has 3 input sections and 2 output sections.

Let us analyze the input sections:

e Input Section 1: the section from which vehicles coming from Roundabout 1
cross the Chiantigiana national road, Stellino side, southwards;

e Input Section 2: the section from which vehicles coming from via Cassia Nord
go towards Roundabout 2;

e Input Section 3: the section from which vehicles that have crossed Roundabout 2
go towards via Cassia Nord.

Let us analyze the output sections:

e Output Section 1: the exit point leading to via Cassia Nord;
e Qutput Section 2: the exit point leading to Roundabout 2.

The following figures show the possible crossing paths of the crossroad that
a vehicle can follow according to its entry section. From Input Section 1 a vehicle
can head south towards Output Section 2 (Figure 15 (a)), or it can turn right
towards Output Section 1 (Figure 16 (a)). These intersection crossing paths are
described in more detail in Figures 15 (b) and 16 (b) in which the internal sections
contained in their respective crossing paths are shown.
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Figure 15. (a) The path of a vehicle coming from Entrance 1 towards Exit 2.
(b) Internal sections crossed by a vehicle coming from Entrance 1 towards Exit 2
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Figure 16. (a) The path of a vehicle coming from Entrance 1 towards Exit 1.
(b) Internal sections crossed by a vehicle coming from Entrance 1 towards Exit 1

Regarding Input Section 2, the only admissible crossing path is the one going
south towards Roundabout 2, as shown in Figure 17 (a) and in Figure 17 (b).

Finally, coming from Input Section 3 a vehicle can only continue towards
Cassia Nord, i.e., Output Section 1 as shown in Figure 18 (a) and Figure 18 (b).

3.3. Crossroad 3: Roundabout 2

Roundabout 2 has 4 input sections and 4 output sections.
Let us analyze the input sections:

e Input Section 1: is the access point to the roundabout for vehicles coming from
the Via Cassia Nord branch;
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Figure 17. (a) Path crossed by a vehicle coming from Entrance 2.
(b) Internal sections crossed by a vehicle coming from Entrance 2
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Figure 18. (a) Path crossed by a vehicle coming from Entrance 3.
(b) Internal sections crossed by a vehicle coming from Entrance 3

Input Section 2: is the access point to the roundabout for vehicles coming from
Via Delle Province;

Input Section 3: is the access point to the roundabout for vehicles coming from
the internal road lane of Via Fiorentina,;

input Section 4: is the access point to the roundabout for vehicles coming from
the external road lane of via Fiorentina.

Let us analyze the output sections:

Output Section 1: is the exit point from the roundabout that leads to Via Delle
Province;
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Figure 19. Roundabout 2 with entrance and exit sections

e Output Section 2: is the exit point from the roundabout that leads to Via
Fiorentina;

e Output Section 3: is the exit point from the roundabout that enters the internal
road number 17 in the model, leading to Crossroad 2;

e Output Section 4: is the exit point from the roundabout that leads to the
Chiantigiana (Lato Stellino) state road reaching Roundabout 1.

Figure 20 shows the modeling of Roundabout 2 in which the input sections,
the internal sections and the output sections are identified.

00
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Figure 20. Roundabout 2 with input, internal and output sections

4. Traffic data

The vehicular traffic data of the Siena Nord system were provided by
the Municipal Administration. The data was estimated at the entry and exit
points of the system paying particular attention to the entrances and exits of the
roundabouts that are parts of the system. The conducted detection counted the
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number of vehicles in transit through the entrances and exits of the system in
10-minute time intervals into which the three time slots of interest for the study
were divided.

The sampling time slots are as follows:
e 7:30-9:20
e 12:00-13:50
e 17:30-19:20

During the simulation of each time slot the variation of the input and output
frequencies relative to the 10 minute intervals is reproduced through the use of
specific Timers that activate data updating procedures at the end of each 10
minute interval without interrupting the simulation. In this way we are able to
simulate variations of both traffic flows and probabilities of routing vehicles that
take place in the system during simulation of each of the three time slots indicated
above.

Table 1 contains the traffic flow data detected by the Municipality of Siena
for each of the entry and exit points of the two roundabouts in the Siena Nord
traffic system.

5. Building the model

The traffic system modeling is based on the use of complex objects that are
composed by queue service devices. These objects were defined in a library that
we presented in a previous work [3]. Working on a plan of the vehicular traffic
system, individual library objects are mapped on the corresponding points of the
road system. In this way we obtain a traffic system model structured as a complex
queue network. Data related to individual implementations of library objects that
appear in the traffic system model obtained by the procedure indicated above are
contained in a text file called ”model.dat”. This file is composed of a first section
related to the general data for building the model and several following sections in
which each individual component of the system is described. The file is generated
by an editor implemented in a spreadsheet called Crea-Modeldat.xls, to simplify
and automate the updating of data [2].

5.1. Model.dat — Current status of the model

The model.dat file reported below was generated through the modeling
procedure applied to the current configuration of the Siena Nord vehicular traffic
system. We considered a whole time slot. Here, we show a model.dat file of
a system relative to the time slot that goes from 7:30 to 9:20 as an example.

The first section of the model.dat file is Section 1 which contains general
data of the system. This data is presented in the following order: the number
of crossroads, the number of roads, the number of crossroad multiplexers and
road multiplexers in the traffic system model, the number of time intervals of 10
minutes taken into consideration in the simulation and the starting time of the
simulation to identify the examined time slot.



me

nd L. Bianch

ni a

L. Pas

114

GOT|SL |00T|498 |0CT|GL |06 (8L |OTT(¥6 [€L |96 |18 |06 |08 [GL |28 [€6 [08 (68 |96 |06 |9L |96 |48 [8F |SOT|8S |0¢T|E9 |0TT|SS [00T|SL |€8 |S8 PION ®ISS®]) BIA .md_
c9 |20T|cs |L9 PP |9L |OF (99 [T9 (96 [9G |94 |GL |80T|E8 [C6 |G [GL [VL (88 |09 |96 |TL |86 |96 V6 |06 |€8 |LOT|€6 |T8 (L8 [S8TT|OTT|SOT|¥8 AIUIAOI] [P ®BIA ml
9¥ |¢6 |CIT|9cT|99 |OPT|09 (€9T|00T(98T|LTT|00C|06 |S6T|LET|EET|LOT({9VC|SS |0PC|0S |S8T|€S |00TJ0S [00T|LL |SCT|TL |SOT|9L |GCT|SL (98 [L6 [0OTT BUIIUSIOL] BTA W«w
LET|GTT|LET|SCT|LGT|EFT|CLT|G8T|SCT|LIT|GIT|GHT [0ET|LFT|9LT|EST|LIT|LOT|GIT|GIT|GLT|CCT|TFT|0CT|ETT|68 [LGT|EFT|0GT|EFT|9ET|TFT|SET|8TT|0GT|CTT| (oureIlg) vuersnuen) §S ©
T 0T {9 |T [0 (7 |2 |9 [0 |F T |4 [T {8 [T |V [V |8 |€ |6 [T & [T |9 |0 |8 |T |[ST |&€ |[6C [T |€T | |€1 |L |6 OS[2I9JUOTN
6 |66 |CT |46 |TT |LCT|TT (STT|PT (96 [TT |STT|PT |9TT(PT [COT|L [€OT|8 [9TT|L |SCT|ET |96 |8 (€6 |6 |TOT|€ |06 |TT [SOT[LT |16 |L |18 ®ISOV. [ OI[BA BIA ,‘m.d
GGT|0L [06T|GL |S0T|98 |9Ga[08 |L15[88 [055|98 |G€T|LL |F9T|00T|0ST|CL |092(56 [ST|06 [SOT|F8 [SOT|9¢ |ST|8C |S9T|68 |I8T[LSE [G6T|S9 |8FI|GL |(eulpise)) euridnuely) §S MM
GL |€8 [L8 |06 |98 |L8 [GL [C6 (99 (€6 [9G |00T|CL |OTT|GL [OET|EL [00T|S6 |CST|S8 |9CT|6L |GOT|E9 [TL |LV |TL |89 |68 |89 |08 (8% [88 |9G [¥8 awntyq eperg M
CLT|LET|8ST|LTT|EFT|LCT|GST|CLT|LOT|SST|GHT|GIT | LFT|0ET|€ST|9LT|L9T|L9T|GIT(GIT|CST|GLT|OET|TFI|68 |€TT|EFT|LT|€FT|0GT|TFT|9ET|8CL|8TT|STT|0gT| (oul[Plg) eurISHuwRly) SS -
Jno| ur [no| ur [mo| ur [jmo| ur [yno| ut [yno| ur {mo| ur |ymo| ur [no| ur (o ur [mo| ur [jmo| ur |ino| ut [no| ur [mo| ur [jno| ur |yno| ur [no| ur QUIRU 991}
0261 | OT:6T | 00:6T | 0G:8T | OF-8T | 0€:8T | 0&:8T | 0T8T | 00-8T | 0SLT | OP:LT | O€:LT | 0S€T | O€T | O€€T | 0C€T | OT:€T | 00:€T
0Z:6T-0€:LT 0G:€T-00:CT

POT|99 96 |99 |99 |0L (VL (L |09 (89 [0S |¢9 |SG |0L |08 [LS (69 [98 (€9 |STT|06 |0ET|G9 |0CT|€L [0ET|8L |0CT|08 |GST|08 (STT(8E |0TT|ST |ST PION ®BISSE]) BIA W
96 |€6 [64 |08 |8L |CL |64 (28 (9L [08 [89 |GL |08 |96 |04 [96 |96 [SOT|0O8 |08 |COT|T6 |L9 (V¥ |9L (P8 |08 |TL |18 |€OT|¥9 (L6 (9SG |99 |VV [8F OUIA0I O[[d( BIA mP
¥6 |ccl|GL |0TT|68 |96 (S8 [STT|06 (€L [S€ |0G |&L |L9 |OOT{TOT|LL [LTT|06 |SPT|CL |STT|T9 |88 |PL [IL |C6 |S6 |00T|S9 |STT(98 (08 |99 |0F |S€ BUUSION] ©TA W
00T|OTT|LTT|OFT|RTT|FIT|9ET|ETT|6FT|LTT|GST|ETT|GET|COT|SET|GL |9CT|LIT|9FT|96 |SFT|86 |[TET|86 |0ST|€TT|SET|9L [96T|9TT|GLT|90T|LET|L6 |28 [€0T| (oureig) vuersnuen) §§ ”U
¢ |pLj€ |IT |, |6 (9 |[OT [V [OT [P |LT |T |6 (& |6 |€ |6 |I |6 |&¢ |¢I |c |€c |€ (9T |¢ |81 |9 |6 |€ |[¢ |€ [¢ |¢ |9 OS[9093UOY)
CT |€TT|8 |CTT|8 |€0T|9 [PL |TT (CCT|CT |LOT|L |GPT|C |SPT|P [9ST|S  |SST|O  |S€T|C |OST|0 [LET|O |OET|T |SET|T |6FT|c [OST|T [€9T IS0V ( OIPA PIA W
GRT|€6 [0ST|0L |9€T|cL |SLT[P8 |08T[GL [LGT|GL |L8T|9S |008|¢9 |L6T|8C |661[09 [08T|GL [G8L|L9 [T6T|€8 |€LT|92 |6GT|LL |[OLT[LL [LGT|69 |0€T|8F |(euipise)) euvidnuen) SS MW
€9 99 |24 |90T|LL |OL |29 [6S [09 (89 [€8 [8L |08 |99 (88 [T¥ (88 [6F |98 |8€ |96 |8G |06 |€F |LOT|€S [8TT|ST |TE€T|9S |00T|9€ [€0T|8T |COT|9T awntyq eperg m
OTT|0OT|{OPT|LTIT|PIT|STT|ETT{OET|LTT|{6VT|ETT|CST|S0T|CCT|CL [SCT|LTT{9ST|96 (9PT|86 |GPT|86 |TET|ETT{0ST|{9L |SCT|9TT|96T|90T|CLT(L6 |[LTT|€0T|L8 (our[a1g) euersHue|) SS -
Jno| ur [no| ur [mo| ur |jmo| ur [no| ur [yno| ur {mo| ur |ymo| ur [no| ur (o ur [mo| ur [jmo| ur [ino| ut [no| ur [mo| ur [jno| ur |no| ur [no| ur QUIRU 199198
0G:¢T | OFcl | 0€:¢l | 0g:el | OT:CT | 00:CT | 0:60 | OT:60 | 00-60 | 080 | OP:80 | 0€:80 | 0280 | OT1:80 | 00:80 | 0%:L0 | OF:L0 | 0€:L0

0G:€T-00:CT 02:6-0€:L

WOYSAS JUOIIND S} I0] SMOJJ OIJeI) o], ‘T [qeL,




Simulation of a Vehicular Traffic System Based on Queuing Network Models 115

Next, in Section 2 the roads in the model are listed with the following data:

e an integer that identifies the street in the model;

e a binary variable that specifies whether the route is directed towards the outside
(1) or the inside (0);

e the length of the road expressed in km;

e the number of incoming vehicles for each 12 10-minute interval of the model
time slot;

e the number of leaving vehicles for each 12 10-minute interval of the model time
slot;

e a binary flag that determines whether the route is connected to a multiplexer
or a road multiplexer;

a string with the real road name in the traffic system.

Section 1:

No._Intersections Roads MP Flows MP_Road No._Intervals Start_Time;
318 117 0 12 7.30;

Section 2:

ID External Road_length R_NB_IN R_NB_OUT Intersection MP or Road_MP Name;
100.348 69 77 77 76 83 67 75 60 58 65 56 0 0 0 00000000011
''Via_Chiantigiana_Castellina'';
2101000000000000121100205427 '"'Via_Aosta'';

30 0.3 163 180 149 135 130 137 150 135 155 155 145 142 0 0 0 0 0 00 0 0 0 0 O
1 ''"Via_Aosta'';

4 1000000000000233523221351 ''Via_Montecelso'';
5 352291816231299990000000000001 3
''Via_Montecelso'';

0.1200000000000 0 103 97 106 116 76 113 98 98 96 117 72 105 1 6

0
2
1
0
\U
0
'Via_Chiantigiana_Stellino'';
0
4
1
\Y
0
\Y

0.15 87 127 172 196 125 150 131 145 146 156 125 122 0 0 0 0 000 0 0 0 0 O
''Via_Chiantigiana_Stellino'';

0.1 00000000O0O0O0O0 102 103 100 131 128 107 90 95 85 88 88 80
ia_Fiume'';

0.3 46 28 36 55 45 53 43 58 3849416500000000000015
'Via_Fiume'';
101 0.10000000000O0 0 130 157 170 159 173 191 182 180 199 197 200
187 ''Via_Chiantigiana_Castellina'';
11 0 0.3 45 120 115 155 120 130 120 130 115 85 57 70 0 0 0 0 0 0 0O 000 0 0 1
8 ''Via_Cassia_Nord'';
12 00.0380000000
131 0.100000000
''Via_delle_Provincie'';
14 0 0.3 48 65 97 103 71 84 44 91 80 105 95 96 0 0 0 0 0 0 0 0 0 0 0 0 1 10
''Via_delle_Provincie'';
1510.100000000000 0 40 80 115 100 92 74 61 72 90 77 100 72
''Via_Fiorentina'';
16 0 0.3 35 56 86 65 95 71 88 115 145 117 101 67 0 0 0 0 0 0 O 0 0 O 0 O 1 11
''"Via_Fiorentina'';
1700.04000000000000000000000000 17 "'VIALIT'';
181 0.1 000000000000 25 388080 78 73 65 90 63 59 80 55
''Via_Cassia_Nord'';

0

0 00000000019 "'VIAI2'';
44 5

0000 00
0000 6 64 81 80 76 67 102 80 95 70 80
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Section 3 in the model.dat file follows, where the data relating to the traffic
flow sources of the road system is reported. In this model there are 7 vehicle flow
sources that are characterized by the following data:

e an integer that identifies the source in the model;

e the succession of average vehicle routing times in the individual 10-minute
intervals of the time slot;

e the identifier of the road where vehicles are routed from the traffic source.

Section 3:

ID_Flow Time_Routing Time_Routing Time_Routing Time_Routing Time_Routing...
...ID_Road; 1 12.5 8.7 7.79 7.79 7.89 7.23 8.96 8 10 10.34 9.23 10.71 1;

2 3.68 3.33 4.03 4.44 4.62 4.38 4 4.44 3.87 3.87 4.14 4.23 3;

3 120 300 300 66.67 33.33 37.5 26.09 50 66.67 66.67 66.67 66.67 5;

4 13.04 21.43 16.67 10.91 13.33 11.32 13.95 10.34 15.79 12.24 14.63 9.23 9;
5 13.33 5 5.22 3.87 5 4.62 5 4.62 5.22 7.06 10.53 8.57 11;

6 12.5 9.23 6.19 5.83 8.45 7.14 13.64 6.59 7.5 5.71 6.32 6.25 14;

7 17.14 10.71 6.98 9.23 6.32 8.45 6.82 5.22 4.14 5.13 5.94 8.96 16;

Section 4 contains the data of the crossroad multiplexers that are present
in the model. These devices are responsible for routing vehicles next to the entry
points of crossroads. For each Multiplexer the data is the following:

e an integer that identifies the multiplexer in the model;

e the number of the input sections connected to the multiplexer;

e the identification number of the crossroad on which vehicles enter;

e the probabilities for a vehicle to access the associated entry sections. These
probabilities may vary depending on the time intervals of 10 minutes in the
time slot referred by the model.

Section 4:

&ID_MULTIPLEXER IN_SEC_NO INT_NO IN_SEC_ID PROB_1...PROB_N;
1 11;

WNNNRFR PP R
N W o WwN
e e

IS

H

1
2 .46 0.36 0.4 0.4 0.53 0.43 0.41 0.54 0.46 0.46 0.49 0.48 4 0.54 0.64
0.6 0.6 0.47 0.57 0.59 0.46 0.54 0.54 0.51 0.52;

= O 00 N0 O WN -
e

0132
1233

In the model.dat file the sections containing the data related to the modeling
of the single crossings in the road system are listed below. These sections of
data are listed in the model.dat file ordered by the identification number of the
crossroads in the model. In general “Section n.m” means the mth data section of
the crossroad identified by number n.
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For each crossroad there is the general data section containing the following
information:

e the identifier of the intersection in the model;
e the number of traffic light components of the crossroad;
e the number of crossroad internal sections;
e the number of crossroad entry sections;
e the number of crossroad exit sections;
e the number of paths that vehicles can follow to cross the intersection;
e the duration of a traffic light cycle;
e a Boolean variable that specifies whether the crossroad is a roundabout.
Section 1.1:
ID_INT NO_LIGHTS IN_SEC INTER_SEC OUT_SEC PATH LIGHT ROUNDABOUT;
105205 19 0 1;
The second section of the data of each crossroad contains data relating to
internal sections:
e the identifier of the internal section in the crossroad model;
e the average crossing time of the section for a vehicle;
e the capacity of the section.

Section 1.2:
ID_INTER_SEC TIME_SERVICE NO_VEHICLES;

11 1;

2 3 5;
311;

4 2.4 4;
51 1;

6 2.4 4;
7T 11;

8 2.4 4;
91 1;

10 1.8 3;
111 1;
12 2.4 4;
131 1;
14 2.4 4;
151 1;
16 1.8 3;
17 1 1;
18 2.4 4;
19 1 1;
20 2.4 4;

The third section of crossroad data contains information about input

sections:

e the identifier of the input section in the crossroad model;

e the average section crossing time for a vehicle;

e the identifier of the crossroad to which the section belongs;
e the capacity of the section.
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Section 1.3:
SEC NO_PATH TIME_SERV INTERSECTION NO_VE;

)
)
H

)

N W wd N

The fourth section of crossroad data contains the information about the
output sections:

e the identifier of the output section in the crossroad model;

e the average crossing time of the section for a vehicle;

e the identifier of the internal section of the crossroad to which the output section
is connected;

e the identifier of the street outside the crossroad which is accessed by vehicles
through the exit section.

Section 1.4:

ID_OUT_SEC TIME_SERV IN_SEC_LINK LINK_ROAD_OUT;
113 2;

217 4

3111 6;

41 15 8;

51 19 10;

The fifth section of crossroad data contains data relating to the crossing
paths that vehicles can make at the intersection:

e the identifier of the crossing path in the crossroad model;

e the length of the path, which is the number of internal sections from which it
is composed;

e the ordered sequence of the internal section identifiers of the path with the
priority level for access of vehicles following the crossing path;

e the identifier of the entrance section from which the crossing path begins;

e the identifier of the exit section where the crossing path ends.

Section 1.5:

ID_PATH PATH_LENGTH S_1 P_1 S_2 P_2 S_.3 P_.3 S_.4 P_45S5P_5S_6P_63S.7P_T7
IN_SEC OUT_SEC;
131 210 3 10 1 1;
10 4 10 6 10 7 10 1 2;
10 4 10 6 10 8 10 10 10 11 10 1 3;
10 4 10 6 10 8 10 10 10 12 10 14 10 15 10 1 4;
10 8 10 10 10 11 10 2 3;
10 8 10 10 10 12 10 14 10 15 10 2 4;
6 10 8 10 10 10 12 10 14 10 16 10 18 10 19 10 2 5;
10 10 11 10 3 3;
10 10 12 10 14 10 15 10 3 4;
5 10 10 12 10 14 10 16 10 18 10 19 10 3 5;
5 10 10 12 10 14 10 16 10 18 10 20 10 2 10 3 10 3 1;
35 14 10 15 10 4 4;
35 14 10 16 10 18 10 19 10 4 5;

O WO NO1LONO
O O U1 U1 U1 =
o1 o1 or oo oo ool

DO N NN

e = 00N 0 WN

= = O O
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14
15
16
17
18
19

divided.

Section 1.6:
ID_INPUT_SEC;

13
13
17
17
17
17

©O© N O wo N

oo oo

14
14
18
18
18
18

10
10
10
10
10
10

16
16
19
20
20
20

10 18 10 20 10 2 10 3 10 4 1;

10 18 10 20 10 2 10 4 10 6 10 7 10 4 2;
10 5 5;

10 2 10 3 10 5 1;

10 2 10 4 10 6 10 7 10 5 2;

10 2 10 4 10 6 10 8 10 10 10 11 10 5 3;

The sixth and last section of the crossroad data contains a list, for each
entry section, of the intersection crossing paths with the relative sequence of
vehicle routing probabilities or routing frequencies on the path according to the
time intervals of 10 minutes into which the time slot for the model studied is

ID_PATH1 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8 PROB_9 PROB_10
PROB_11 PROB_12
ID_PATH2 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8 PROB_9 PROB_10
PROB_11 PROB_12
ID_PATH3 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8 PROB_9 PROB_10
PROB_11 PROB_12
ID_PATH4 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8 PROB_9 PROB_10

PROB_11 PROB_12;

1;

10
20
0.5

.4808 0.9756 0.4762 0.3953 0 0 1.0417 0 2.6738 1.8868 1.1976 3.6269;
.9615 1.4634 1.4286 1.9763 0.9709 1.3453 1.0417 1.0256 0.5348 1.4151 2.994

181;

3 49.5192 47.3171 50.4762 45.8498 36.8932 50.6726 51.0417 50.2564 51.3369
55.1887 43.1138 54.4041;

4 49.0385 50.2439 47.619 51.7787 62.1359 47.9821 46.875 48.7179 45.4545
41.5094 52.6946 41.4508;

2

5 30.7463 27.1709 28.1915 28.5714 20.1592 27.4939 26.4865 26.2735 25.2632

29.1045 20 28.2258;

6 30.4478 28.8515 26.5957 32.266 33.9523 26.0341 24.3243 25.4692 22.3684
21.8905 24.4444 21.5054;
7 38.806 43.9776 45.2128 39.1626 45.8886 46.472 49.1892 48.2574 52.3684 49.005

55.5556 50.2688;

3;

8 30.6548 27.0195 28.1167 28.5012 20.1592 27.4939 26.3441 26.2735 24.9351
28.8177 19.8895 27.7045;

9 30.3571 28.6908 26.5252 32.1867 33.9523 26.0341 24.1935 25.4692 22.0779
6749 24.3094 21.1082;

38.6905 43.7326 45.0928 39.0663 45.8886 46.472 48.9247 48.2574 51.6883
5222 55.2486 49.3404;

0.2976 0.5571 0.2653 0.2457 0 0 0.5376 0 1.2987 0.9852 0.5525 1.847;

21.
10
48.
11
4;
12
30.
13
67.
14
15
0.3
5;

43.4043 38.8679 36.4964 44.2568 42.2442 35.5482 32.6087 34.296 29.3103
137 29.8305 29.0909;
55.3191 59.2453 62.0438 53.7162 57.0957 63.4551 65.942 64.9819 68.6207

4658 67.7966 68;

0.4255 0.7547 0.365 0.3378 0 0 0.7246 0 1.7241 1.3699 0.678 2.5455;
0.8511 1.1321 1.0949 1.6892 0.6601 0.9967 0.7246 0.722 0.3448 1.0274 1.6949

636;

16 55.0847 60.6178 60.7143 56.5836 68.9243 62.215 64.0845 64.2857 66.113
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61.3707 71.6846 62.3333;

17 0.4237 0.7722 0.3571 0.3559 0 0 0.7042 0 1.6611 1.2461 0.7168 2.3333;

18 0.8475 1.1583 1.0714 1.7794 0.7968 0.9772 0.7042 0.7143 0.3322 0.9346 1.7921
0.3333;

19 43.6441 37.4517 37.8571 41.2811 30.2789 36.8078 34.507 35 31.8937 36.4486
25.8065 35;

For Crossroad 2 the data sections contained in the model.dat file are the
following:

Section 2.1:

ID_INT NO_LIGHTS IN_SEC INTER_SEC OUT_SEC PATH LIGHT ROUNDABOUT,;
20332400

Section 2.2:

ID_INTER_SEC TIME_SERVICE NO_VEHICLES;
111;
0.9 1;
1.1

2 1;
3 1;

Section 2.3:

ID_IN_SEC NO_PATH TIME_SERV INTERSECTION NO_VE;

H

)

W N =
o N
e
e
o e

)

Section 2.4:

ID_OUT_SEC TIME_SERV INTER_SEC_LINK LINK_ROAD_OUT;
111 18;
21212

Section 2.5:

ID_PATH PATH_LENGTH S_1 P_1 S_2 P_2 S_3 P_3 IN_SEC OUT_SEC;
13152103101 2;

211511,
313102 2;
411531;

Section 2.6:

ID_INPUT_SEC;
ID_PATH1 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8...PROB_12;
ID_PATH2 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8...PROB_12;

1;

1 48.5437 49.4845 49.0566 49.1379 48.6842 48.6726 48.9796 48.9796 48.9583
48.7179 48.6111 48.5714;

2 51.4563 50.5155 50.9434 50.8621 51.3158 51.3274 51.0204 51.0204 51.0417
51.2821 51.3889 51.4286;

2;

3 100 100 100 100 100 100 100 100 100 100 100 100;

3;

4 100 100 100 100 100 100 100 100 100 100 100 100;
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For Crossroad 3 the data sections contained in the model.dat file are the
following:

Section 3.1:

ID_INT NO_LIGHTS IN_SEC INTER_SEC OUT_SEC PATH LIGHT ROUNDABOUT;
304164901,

Section 3.2:

ID_INTER_SEC TIME_SERVICE NO_VEHICLES;
11;

w w > N

O 00 ~NO O WN =
P OORrRr R, NRRFP
N = © 00 = =N

N

e el

g wN e o
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(el

N e i

-
o))
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Section 3.3:
ID_IN_SEC NO_PATHS TIME_SERV INTERSECTION;

2;
4;

s

S W N
=N W Wl
W w N -
NN
GO e e Q

s

Section 3.4:

ID_OUT_SEC TIME_SERV INTER_SEC_LINK LINK_ROAD_OUT;
113 13;
217 15;
3114 17;
4115 7;

Section 3.5:
ID_PATH PATH_LENGTH S_1 P_1 S_2 P_2 S_3 P_3...S_7 P_7 IN_SEC OUT_SEC;

13152103101 1;

25152104107 10 8 10 1 2;
37152104 106 10 9 10 13 10 15 10 1 4;
43557108 10 2 2;

55556 109 10 12 10 14 10 2 3;

6 5556 109 10 13 10 15 10 2 4;

7 310 5 12 10 14 10 3 3;

8 510 512 10 16 10 2 10 3 10 3 1;

9 311 5 13 10 15 10 4 4;
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Section 3.6:

ID_INPUT_SEC;

ID_PATH1 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8...PROB_12;
ID_PATH2 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_S8...PROB_12;
ID_PATH3 PROB_1 PROB_2 PROB_3 PROB_4 PROB_5 PROB_6 PROB_7 PROB_8...PROB_12;

1;

1 40.404 27.0588 23.6686 27.5701 31.4465 62.6263 33.5294 39.4444 31.7073 40
30.8511 39.0244;

2 36.3636 38.8235 43.1953 34.5794 36.478 61.6162 30.5882 27.7778 35.9756
32.4138 43.617 35.7724;

3 23.2323 34.1176 33.1361 37.8505 32.0755 65.6566 35.8824 32.7778 32.3171
27.5862 25.5319 25.2033;

2;

4 19.1083 7.5893 15.0888 13.7026 21.3768 14.8289 11.5207 23.0496 15.1079
14.3382 18.4783 13.7778;

5 25.4777 35.7143 34.0237 29.1545 33.3333 28.1369 28.1106 25.5319 32.3741
28.3088 36.2319 32;

6 55.414 56.6964 50.8876 57.1429 45.2899 57.0342 60.3687 51.4184 52.518 57.3529
45.2899 54.2222;

3;

7 40.5405 34.8837 31.9149 27.027 27.2727 28.3019 30.9278 22.7273 27.2727 24 30
27.2727;

8 59.4595 65.1163 68.0851 72.973 72.7273 71.6981 69.0722 77.2727 72.7273 76 70
72.7273;

4;

9 100 100 100 100 100 100 100 100 100 100 100 100;

6. Visualization and analysis of data

We have developed an application in Visual Basic that reads the data
plotted during the simulation and creates a visual feedback. The simulation data
traces the status of individual components of the detection system every thirty
seconds during the entire simulation length. The application shows the data and
the interface on a map of the vehicular traffic system as shown in Figure 21, the
supply of descriptive tables is shown in Figure 22.

Form 1 of the application shows the map of the road system in which the
individual arrows related to the model components described in the model.dat file
are displayed. A list box containing the list of input, output and internal sections
of each model crossroad is situated on the left of the map, while the list box on
the right has the purpose of highlighting to the user only the sections that contain
at least one vehicle in the queue.

Clicking on one of these sections opens Form 2, as shown in Figure 23.
This form shows the status of the vehicle queue in the selected section and the
respective request queue to access it. Form 2 indicates the vehicle identification
numbers and access requests.

The colors of the arrows specify the traffic intensity of the corresponding
model component. The arrow is green, if there are no access section requests,
orange, when the number of requests is about one vehicle in excess on the capacity
of the section, and red, if the requests exceed the capacity of the section by at
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4 Fomil

e Current Modified Model

Figure 22. Application Form 2

least two units. Right below the model there is a scroll bar that allows choosing
the time interval of thirty seconds to which the data displayed is referred. When
the bar is moved, the results file will be read again and the data will change
accordingly.

In the next paragraph, given the limited space available, we report only
analyses carried out by us regarding the simulation of the traffic system model
described by the model.dat file reported in this work. Hence, it is the Siena
Nord system simulator in the time slot 07.30 AM to 09.20 AM. We analyzed
the simulation data also for the two other time slots and we will report our
observations in the conclusions of this work. The study is focused on the search for
congestion events that can occur in the model components during the simulation
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Figure 23. Example of Form 1 and Form 2 queue

and in comparison with the traffic system behavior when it was in its previous
configuration.

Figure 24 and Figure 25 show the status of the system at 1:01 p.m. in the
current and previous configurations, respectively.

Road model Section
saction Queuves List
‘Section Vehides Gueve Section Requests Ouene.
Vehike 1D Crenrund 1 Feguesied [ Crosamad 1
CPoedon Vel Secn 13 Poaton  Requed  Sechon 13
v 160 v 5268
Vehcln 1D Gromad Foquested 10 Crosesad 1
Foston  Vehck  Seaton 13 Poston  Fleques  Secson 15
- N O
Vehdn 1D Gromnad 3 Focueriesd 10 Crosmad 3
Postion  Vehick  Seciion | Poston  Requed  Secton |
v -mt 3 -m
Vel 1D Gomed 3 Floquestes 10 Cmewad 3
Fostion _ Vehicke:  Secin } Poston  Aequed  Sechion 3
v -m 3 6208
Identifier Vehide D [ | Fequesa [0 Crosread 3
Posbion  Vehice -~ Section 5 | Poston  Aequest | Sechon §
ON — I Oe —
L J

Section identifiers
Simulation time: {301 3690 seconds Sectinn
- Crossroad x Identifier
5y Internal Sectiony
Time " Input Section y
- Crossroad x
Output Section y

Figure 24. System status and graphic notation

6.1. Visualization of results

The time slot 07:30 AM to 09:20 AM in the first minutes of the simulation
is described by the queues on the route sections of Intersection 2 that connects via
Chiantigiana, Stellino side, to Roundabout 2 and on some sections of the entry
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Fravious
——| modsl
Saction

[Carraspanding|
[ Simulation time: 3690 seconds Simulation
Tima

Figure 25. System status in the previous configuration

Section Vehicles Oucue Section Requests Queus
Wehicle D Cromsmad 1 Requesied ID Crossmad 1
Posifion Vehide Secdion 15 Postian Request  Section 15

| 2

Vehicle 1] Crossmad 2

Requested 1D Croeeroad 2
Postion Renquest  Section 2

Posilion  Wehicde  Seefion 2
1 172

Vehicle 1] Crossmad 2
Pesilicn Vehicle Section 3

Requested 1D Croeeroad 2
Postion Renquest  Section 3

172

Section Vehides Ques Section Requesis Queus
Vehicle o Crogeroad 1 Requesed 10 Croeeroad 1
Position ehicle Section 1 Postion Renqueat  Section 1
» 78 3 30
Vehide 1D Crossmad 1 Aeouested 1D Crossmad 1
Posiion  Vehick  Section 5 Fostion  Request  Seciion &
WVehicle D Crogaroad 1 Aeouested ID Croseroad 1
Posttion Vehicle Section 11 Foetion Request  Section 11
» 254 3 30
Vehide 1D Crossmoad 2 Aequested 1D Crossmad 2
Posiion  Vehick  Section 3 Fostion  Request Secdion 3
L4 27 3 -323

Simulation time: 734

Figure 27. First queues at 240 seconds

and exit of Intersection 1, Figures 26 and 27 show some cases of queues on these
sections.

The sections under interest are Section 3 and Section 2 of Crossroad 2,
Sections 15, 11, 5 and 1 of Crossroad 1. The second form of each figure shows
that the queues of interest to the sections just mentioned are formed by one
vehicle only, therefore, we are not talking about real congestions. Over the next
few minutes, the system will tend to become progressively populated.

Very soon this situation results in the first minimal congestion on Section 1
of Crossroad 2 specified by a red arrow of the corresponding flow, a section that
belongs to the same path mentioned above:

The traffic starts to intensify also in the sections that allow access or exit
from Crossroad 1, in particular Sections 5, 9, 13, 15 and 19, occasionally forming
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Section Vehides Queus Sectlion Requests Queue
Vehicle 0 Crozsmad 1 Aeguested 10 Croaarond 1
Posiiion  Vehicle  Sedfion 10 Fostion  Aequest  Section 10
4 137% L] 1470
2 1304 2 1470
3 1378 3 1470
Wehicle [0} Crogzad 2 Requegted 1D Crogenoad 2
Position  Vehicle Section 1 Poglion  Fequest  Section 1
= > wn
2 1470
WVehicle D Croparvad 2 Recuestad |D Crogaroad 2
Peaiicn  Vehicle  Inpue 3 Fostion  Fecueet  Input 3
. - - 1370 » 1470
Simulation time: 748

Figure 28. First queue formed by more than two vehicles at 990 seconds

queues of two vehicles. It should be kept in mind that the yellow flows indicate
queues formed by a single vehicle, while red flows indicate more consistent queues,
formed by two or more vehicles:

Sartion Vehicke Quaue Saction Reuests Guaue
Requested 1D Crossoad 1
Fostion Fecquest  Section 5
> -
2 1632
Requested 1D Crossmad 1

Fostion Fequest  Sedtion 15
3 1673

Requested 1D Crossoad 1

Fostion Fecuest  Sedtion 13
3 1678

Wehicle o Crossroad 3 Requested 1D Crossoad 3
Fostion  Viehicle Secton 3 Fostion Aequest  Sedlion 3

L4 -1588 L4 1 1678

Vahicl D Croearnad 2 Requestad |0 Croasrmad 2
Foation  Vehicke  Saction 1 Position  Roouesl | Saction 1

L3 1542 3 1678
z 1678

Simulation time: 748 1110 seconds Vehicke | ID Crmsarnad 2 Requested 1D Crosamad 2
Postian Vihicle Input 3 Peattion Recquest  bnput 3

1576 * - 1678

Figure 29. Examples of population of crossroads at 1110 seconds

Section Vehicles Gueue Section Requests Oueue

Vehicle 1D Crossoad 3
Posiion  Vehick Section 1
___EC

Vehile D Crosaroad 2
Posion  Wehicle Inpui 1

Requesied 1D Crossmad 3

fequest  Sedtion 1

Requegted 1D Crassroad 2
Poettion Reguest  Input 1

Posilion

Chiantigiana
Lato Stellino

Vehicle 1D Crossoad 2
Posiion  Vehick Section 1

Requesied 1D Crossmed 2
Posifion ~ Aequest  Section 1

—

A\

Vehicle 1D Crossoad
- - Posiion  Vehick  Section 3
Simulation time: 757 1620 seconds 2475

Requesied 10 Crossmod 2
Posifion  Hequest  Section 3

2614

Figure 30. Examples of population of crossroads at 1620 seconds

An interesting scenario occurs at 8.45 am, where the entire route of
Crossroad 2 that connects Via Chiantigiana, Stellino side, to Roundabout 2 is
slowed down by queues in each of the sections that make it up, queues formed by
a vehicle in the case of Sections 1 and 2, and queues of two vehicles in the case
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— Simulation time:

&0 1890 s=conds.

Section Vehicles Quewe

Section Fequests Jusus

Crossmed 3
Section 1

Vehicke i)
ehicke

Pasition

Croegroad 2
Section 3

Vehick ]
Paogtion  Vishicle

Fequesied (D
Posiicn equesi

Crossmad 3
Section 1

Requested 1D
Position Request

Figure 31. Examples of population of crossroads at 1890 seconds

Simulation time:

Simulation time:

&:06 2160 seconds

Crozsroad 2
Secticn 3

Seclion Vehicks Gueue Section Aequests Oume
Ragquested 1D Cresaroad 1
Postion  Aequest  Secion 5
3352 » 3430
Wehide D Creeeroad 1 Requested 1D Crozemad 1
Poation  Vehicke Section § Poation Aequest  Section §
3154 * U3z
Vehice D Crossmad 1 Request=d 1D Crossmad 1
Poetion  Vehicls  Section 13 Poabion  Aequest  Section 13
1264 3 3430
2 343
Wehide D Crogeroad 1 Requested 1D Crozemad 1
Poation  Vehicke  Irput 4 Poshion  Aequest  Input 4
3750 * £
302 2 2B
3 3300 3 |343¢

Vehde  ID
Postion  Vichicks

3338
Vehide 1D
Pogtion  Viehicle

e

Vehde D
Postion  Uehicle

3358

Creearoad 3
Section 3

Cressmad 2
Section 1

Creasmad 2
Section 3

Seciion Vehicks Gueus

Ragquested 1D
Praiion

3436
Request=d D
Poation

M3z
Requested 1D

Posiion

Section Amquests Queus

Request

FRequest

Aeques

Crozaroad 3
Section 3

Cromsmad 2
Section 1

Crozamad 2
Seclion 3

Crozssad 1
Postion  Vehicle Section &

Vehicle D Crossmad 1
Poglion  Vehicle Section 13

1

Vehide 10

Vehicle 1D Crozarmad 1

Fosiion  Vehidle | Sechion 15

Vehide 1D Crssroad 1

Fosion  Vehide  Irpué d
-

2 un

3 )

Vehice 1D Crossad 2

Fosiion Section 1
Vehicle D Crogercad 2
Foglion  Vehice  Seclion 3

o P

Requested 1D
Prssition Reque:

Crosamad 1

sl Seolion §

Requesied 1D

Figure 33. Examples of population of crossroads at 2160 seconds

Requesied 10 Crosamad 1
Posiion  Fequest Seciion 15
[ 678
Fequesied (D Cromsmacd 1
Posicn  Reques  bput 4
656
3862
3868
3672
Requesied 1D Croesmad 2
Posicn  Fequesi  Seciion 1
3 3674

Podlicn  Regquest  Seetion 3

Crossmad 2
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Simulation time: 823

Section vehides Gueue: Section Requests Gusus
Vehicle Croseroad 1 Raquagted 1D Crogeroad 1
Posttion ehicle Seetion 11 Pretticn Request  Section 11

WVehicle 1]
Posilion  Wehicle

Crossmad 1
Section 13

3 5682
Requested |10 Croasmoad 1
Position Request  Section 13
3 G650
2 G662

Crossmad 1
Posiicn  Hequest  Section 15

DN Canms

Requested |

Postion

WVehicle [1v] Crosamad 1 Requested 10 Croasroad 1
Position Vehicle Input 4 Poaiticn Request  Input 4
3 5652
2 5652
3 5664
Wehicle Croesroad 3 Requested 1D Croesroad 3
ehicle Section 1 Pretticn Request  Section |

DN Canmaes

=

WVehicle Crossmad 3 Requested |10 Croasmoad 3

Position \ehide Seclion 3 Pesiticn Request  Section 3
5574 3 Siid

WVehicle Crossmad 2 Requested 1D Crossmad 2

Position \ehide Seclion 1 Pesiticn Request  Section 1

3 5662

Figure 34. Examples of population of crossroads at 3120 seconds

Simulation time:

&45

Segfion Vehicka Gueue Section Requesis Gueue
Vehicle o Crosaroad 1 Reguested 1D Crogaroad 1
Fogtion  Vehide  Secton 13 Postion  Aecusst  Section 13
8020 3 8152
2 8160
Vehicle [1v] Crossroad 3 Fequested 1D Croaarond 3
Pastion  \ehice Section 1 Paation Aeouest  Section 1
BOSD 3 8158
iehide 1D Crossoad 2 Fequesied 1D Crossmed 2
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Figure 35. Congestion of a crossing path in Crossroad 2 at 4530 seconds

of Section 3, in Figure 37 we note a similar case which also includes Entry 1 of

Crossroad 2:

Around 8:30 a.m., we can see how the vehicular flow starts to move towards
Crossroad 3 (Roundabout 2) populating the system in its entirety. Let us look at

some examples:

After 9 a.m. there are no other particular cases of congestion, in fact the

number of requests rarely exceeds the capacity of the sections by two. The sections

mainly involved are:

— Internal Sections 1, 2 and 3 of Crossroad 2;

— Input Sections 1 and 3 of Crossroad 2;

— Internal Sections 1, 5, 11, 13, 15, 17, 19 of Crossroad 1;

— Entrance 4 of Crossroad 1;

— Internal Sections 1, 3, 5, 15 of Crossroad 3.



Simulation of a Vehicular Traffic System Based on Queuing Network Models 129
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Figure 36. Queues on Crossroad 3 at 4620 seconds
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Figure 37. Queues on Crossroad 3 at 4830 seconds

Most of these sections correspond to areas next to the entrance of each
crossroad, that is, the most critical points of the system where vehicles wait to be
routed with a higher probability of creating queues.

The system does not present excessive cases of congestion in this time
slot, but in most of the intervals observed, Crossroad 2 appears to be, partly
or completely, subject to traffic slowdowns and queues.

We selected figures related to the previous system configuration in the time
slot 07:30—09:20 to verify if there were improvements or worsening:

In most cases the pattern of queues is the same for both systems, especially
in sections concerning Roundabout 1, considering that its structure has remained
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Figure 38. Queues on Crossroad 3 at 5610 seconds

unchanged. As for Intersection 2, queues appear mainly in the same intervals, ho-
wever, given the modified general structure, in the current configuration the most
crowded route is the one from via Chiantigiana, Stellino side, proceeding towards
Roundabout 2, while in the previous configuration vehicles tend to slow down
mainly along the route from Cassia Nord to Roundabout 2 and vice versa. This
difference may be due to the conformation of the new Intersection 2, which merges
vehicles coming from Chiantigiana Lato Stellino on the same crossing entrance,
increasing the chances of creating queues, while in the previous configuration, the
same vehicles were shared on two entrances at different crossroads.

A further element defined by us in the library to improve the detection of
vehicle queues in traffic flow simulations is the CODA_INT object [2, 4]:

OBJECT CODA_INT(ID);
INTEGER INT,ID;

REF ROAD R;

REF INPSEC INP;

REF MP_INT M_INT;
REAL P;

END;

This object is composed of pointers to other system variables and makes it
more practical to measure queues of vehicles created during the simulation at some
specific points of the road system. The CODA_INT object allows measuring queues
forming at the end of a street of the model at an entry point to a crossroad.
Therefore, each path of the model that turns out to be an entrance to an
intersection has a specific CODA_INT object associated with it. The internal variables
of this object are:

e INT is the identifier of the crossroads on which the route ends in the system
model;
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Simulstion time: 120 seconds Simulation time: 240 seconds

Chiantigiana
Lato Stellino

Simulation time: 1620 seconds Simulation time: 1890 seconds

Figure 39. Comparisons corresponding to the unmodified model at 07:30-09:00

1D is the identifier of the object;

R is the pointer to the street to which it is associated;

M_INT is the pointer to the crossroad multiplexer to which it refers;
INP is the pointer to the input section to which it refers;

P is the probability of vehicles being routed to the INP entry section.

During the simulation, this object calculates the total number of vehicles
in the entry section of the crossroad and the number of requests for accessing
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Simulation time: 2040 seconds

Simulation time: 4520 seconds Simulation time: 4830 seconds

Figure 40. Comparisons corresponding to the unmodified model at 07:30-09:00

the multiplexer, posted by vehicles entering from the corresponding street, these
values provide an estimation of the total length of the queue of vehicles entering
the intersection from a specific direction. Such data detected during the simulation
allows us to have a precise estimate of the queuing in the simulated system and
allows us to perform an efficient comparison between the two configurations of
the road system with regard to the management of vehicular flows. In particular,
we will observe the behavior of the vehicular flows in the access section to
Crossroad 2 for the current configuration, and the total requests to access sections
at Crossroads 2 and 4 for the previous configuration. In the following figures
we illustrate the two points for detecting vehicle queuing in relation to the two
different road system configurations.
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Crossroad 4

Chiantigiana
Lato Stellino

Via
‘assia Nord

Figure 41. Multiplexers considered in the Figure 42. Multiplexer considered in the
previous system configuration current system configuration

Looking at the data relating to this object during the current time slot
(07:30-09:00) and comparing it with the data taken from the previous model in
the same intervals, we obtain the Table 2.

Table 2 shows a direct comparison of the cODA_INT values in the intervals
studied with the application. Tables 3 summarize the highest values achieved
during the simulation: the table on the left contains the maximum values reached
by the current model and the value of the previous model at the same time, while
the table on the right contains the maximum values reached by the previous model
and the corresponding value derived from the current model.

In this time slot we can see how the sum of the values of the CODA_INT object
of the multiplexers of Via 11 and Via 12 of the previous model reach a value of
2 vehicles for almost twice the intervals compared to the modified model.

7. Conclusions

This study analyzes the road system of the Siena Nord area in the current
situation after a change that was made to the previous structure of the road
system. The study covered the 120-minute time slots in the hours 07:30-09:20,
12:00-13:50 and 17:30-19:20. The purpose was to compare the traffic congestion
levels in the current system compared to those that occurred in the system in its
previous configuration.

It is clear from the simulations that both models have the same critical
points in which intense traffic tends to saturate the sections, therefore, we do not
have a real improvement in the modification made to the system. Regarding the
point of the system where the new structural modification was made, we can state
that in the first time slot that runs from 07.30 to 09.20 the vehicle flows have fewer
queues compared to what happened in the previous configuration. Our study also
shows that in the time period from 12:00 to 13:50 the current situation is slightly
worse than the previous one, while in the time period from 17:30 to 19:20 the
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Table 2. Values of CODA_INT z for intervals analyzed in the application

Time slot Interval CODA_INT CODA_INT
Modified model | Unmodified model

7:30-9:00 | 7:32 (120 seconds) 1 0

7:34 (240 seconds) 0 0

7:46 (990 seconds) 0 2

7:48 (1110 seconds) 0 1

7:57 (1620 seconds) 1 0

8:01 (1890 seconds) 1 1

8:04 (2040 seconds) 0 0

8:06 (2160 seconds) 0 1

8:23 (3210 seconds) 0 2

8:45 (4530 seconds) 0 0

8:47 (4620 seconds) 1 1

8:50 (4830 seconds) 1 1

Table 3. Maximum values reached in both systems
CODA_INT | CODA_INT CODA_INT | CODA_INT
Interval Modified | Unmodified Interval Unmodified | Modified
model model model model

1590 seconds 2 2 900 seconds 3 0
1800 seconds 2 0 990 seconds 2 0
2430 seconds 2 0 1350 seconds 2 0
3360 seconds 2 1 1430 seconds 2 0
3450 seconds 2 2 1590 seconds 2 2
3540 seconds 2 0 2010 seconds 2 1
3930 seconds 3 0 2250 seconds 2 0
4410 seconds 2 0 2370 seconds 3 1
4920 seconds 2 0 2490 seconds 2 1
5280 seconds 2 1 2730 seconds 2 0
3000 seconds 2 1
3210 seconds 2 0
3450 seconds 2 2
3780 seconds 2 0
4650 seconds 2 1
4680 seconds 2 0
4800 seconds 2 1
5250 seconds 2 0
5370 seconds 2 1
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two configurations are practically equivalent with regard to the distribution of
queuing. The new configuration of the system does not solve the critical problems
of congestion of vehicular traffic that occur in the system and that we mentioned
in our previous work [1].

Therefore, we can conclude that the simplification of the road system that
has led to a reduction in the number of crossroads, roads and paths contained
in the model has not solved the serious traffic congestion problems that occur in
the system, but has slightly improved the flow of vehicles inside the system, in
particular the flow passing from Roundabout 1 towards Roundabout 2 along via
Chiantigiana, Stellino side.
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