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Abstract. Traffic congestion remains a serious problem in transportation networks. Widely used
navigation systems can only react to the presence of traffic jams but not to prevent their creation.
One of the possibilities to prevent congestion is to manage road traffic within the urban area. This
work considers a route reservation approach with possibility to reroute a vehicle during a journey.
This approach decomposes road segments into time-spatial slots and for every vehicle it makes
the slots reservation for the corresponding route. Since the travel time in real networks cannot be
determined precisely and can be considered as stochastic, we propose to use a rerouting procedure
to minimize the traveling time. The experiments are carried out in microscopic simulation of a
real-world traffic environment in the transportation network of Samara, Russia, using multi-
agent transport simulation MATSim.

1. Introduction

Traffic congestion problem is one of the most important problems in transportation systems. The
growth of traffic level in densely populated areas increases travel time that users spend on the
roadways, increases fuel consumption and fuel emissions, and as a result increases frustration
experienced by drivers. Traffic congestion often occurs because drivers do not have accurate
real-time traffic information and information about future road utilization and therefore prefer
to use popular routes instead of possibly longer but non-congested routes.

The optimal routing problem has been the subject of many studies during the past decade
[1-3]. Existing formulation of this problem allows to find the shortest path or generate an
adaptive route from the origin to the destination in static or time-dependent, deterministic or
stochastic transportation networks.

Vehicle routing guidance systems can use actual or predictive traffic information for routing
vehicles with the minimal travel time. There are different approaches to the classification of
routing guidance systems [4].

A routing problem in static systems is solved under the assumption that the traffic flow
characteristics are independent of time. In [1], different shortest path algorithms were tested
on roadways for real-world scenarios. Dynamic systems take into account real-time traffic
information that allows responding to the changing conditions of the roadways [2,5]. Stochastic
route guidance algorithms assume stochastic nature of traffic conditions and travel times for road
segments of the network. In this approach, travel time is considered as a random variable [3,6,7].
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Stochastic systems require large amounts of data and computing resources for route guidance
but allow to better react to the stochastic nature of congestions.

Routing guidance systems can also be classified according to the type of information used to
determine the path: real-time systems and predictive systems. In [8], the authors compared the
effectiveness of various routing strategies in real-time systems based on current conditions of the
network. Predictive systems perform vehicle routing based on predicted values of the traffic flow
parameters for a future time horizon. Reliable routing problem in a time-dependent stochastic
network with the use of real-time and predictive traffic information was considered in [9,10].

In the reviewed papers, authors performed the routing without taking into account the
influence of the route choice on the overall state of the transport network. The main disadvantage
of these systems is that they can only react to traffic jams after they have occurred, but do
not prevent the creation of unnecessary congestion. The movement of the vehicle on the road
segment in a saturation state can lead to the creation of unnecessary congestion on this segment.
Therefore, it is necessary not only to minimize the travel time of each vehicle but also to prevent
the creation of congestion.

Nowadays, more and more companies develop autonomous vehicles. This fact allows us to
consider the minimizing travel time problem in a different point of view: how to balance the
traffic load throughout the road network efficiently. Such distribution of the vehicles can reduce
the level of traffic congestion, and, as a result, reduce the total travel time in the network.

The paper [11] presented a decentralized approach for anticipatory vehicle routing based on
delegate multiagent systems. Each vehicle was represented as an agent that not only chooses
a traffic route but also reserves a time slot for the vehicle at an intersection. This information
is needed to predict future traffic intensities. The article [12] described the architecture of the
system, designed to control traffic in order to prevent traffic congestion. An iterative approach
based on the Dijkstra algorithm was presented. In the papers [13,14] authors proposed the vehicle
rerouting system to aid drivers in making next road choice to avoid unexpected congestions.

In this paper, we consider a centralized approach for anticipatory vehicle routing. It is
assumed that the routing guidance is performed in a centralized traffic management system. We
investigate routing algorithms in the deterministic time-dependent transport network, as well
as the influence of the rerouting strategies on the total travel time.

The rest of this paper is organized as follows. First, we describe route reservation architecture,
introduce basic notations and describe a base routing algorithm. Next, we propose modified
routing algorithms with different rerouting strategies. Then, we describe the experimental setup
that we use to compare the algorithms and analyze the results of the experiments. Finally, we
draw our conclusions and discuss the future work.

2. Route reservation architecture

The objective of the route reservation architecture is to control all vehicle movements over the
network and minimize the traveling time. When the vehicle plans to start its trip, it sends a
request to the system with an origin-destination pair. Based on the current reserved traffic,
the system determines the least cost path for the vehicle with the minimal travel time. It is
expected that the vehicle will follow the path provided by the system.

This path is also used to update the reservation state of each road segment at the time the
vehicle is expected to traverse the segment. It is unrealistic to expect that all vehicles will move
with the predicted speed. Moreover, since the travel time depends on the traffic density on the
segment, updating the reservation state of the road segment will change the travel time for all
vehicles.

To decrease the travel time deviations, it is proposed to recalculate the path and update the
reserved traffic when the vehicle reaches the end of the road segment. Such rerouting procedure
is similar to the incremental traffic assignment used in traffic assignment models [15].
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The formulation of the routing problem and proposed algorithm are described in the following
sections.

3. Problem formulation

We consider the road network as a time-dependent graph G = (V, E), where V is a set of nodes,
|V'| is a number of nodes, E is a set of edges, |E| is a number of edges. The nodes of the graph
correspond to the road junctions, and the edges correspond to the road segments.

Each road segment is characterized by the reserved traffic r;; (7),i € V,j € V,e;; € E, ie.,
the number of vehicles on the road segment e;; € E at the time 7. Let tl‘j(T) be the travel-time
cost of the segment e;; € E at the time 7.

Let U be a set of vehicles. For each vehicle up € U the origin and the destination nodes are
considered known, as well as the start time, i.e., uy = (O, Dy, 7), where Oy, is the origin node;
Dy, is the destination node; 73 is the start time.

Let pZ = {egk o e?l o ,e?ka} ,€ij € F be the h-th path of the k-th vehicle between the
nodes Oy, and Dy..

Farliest arrival time at destination problem

Let d?’k be the earliest arrival time of the k-th vehicle at the start of the road segment e;; €
using the h-th path pZ. Given an origin-destination pair (O, Dy), the start time 75 and the
reserved traffic r;; (7),i € V,j € V,e;; € E, the earliest arrival time of the k-th vehicle to each
node of the path can be expressed as follows:

hk _

bk hk hk
djl = dok + 1o (dok)

Rk Rk R,k
dp, =d;” +tjn7Dk(djn )
The routing problem can be expressed as:

wk . hk
de = min de.
Py

4. Base routing algorithm in a time-dependent network
The shortest path in a time-dependent network is selected based on the current reserved traffic
on the road segments.

There are different speed-density relationship models exist that allow calculating the travel
time of the road segment based on the traffic density on the segment [16]. In this paper, we use
the Greenberg model [17]:

* le
vij () = vijlog (1)
ij
lei;]
tii (7)) = ——
i (7) v35(7)

where v; is a free flow speed on the road segment e;; € E;
rjj is a maximum density on the road segment e;; € E;
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tij(7) is a travel time;
|leij| is the length of the road segment.

A heuristic solution to the earliest arrival time problem is based on the route reservation
approach and uses Fast A* algorithm to calculate the shortest path pg(7x) [18]. As the cost of
the road segment, we use the travel time ¢;;(7).

It is unrealistic to expect that all vehicles will be traveling with the predicted speed. Moreover,
since the travel time depends on the traffic density on the segment, updating the reservation
state of the road segment will change the travel time for all vehicles.

To decrease the travel time deviations, it is proposed to recalculate the path and update
the reservation state using a rerouting procedure. Such approach is similar to the incremental
traffic assignment approach used in traffic assignment models. The order of choosing the vehicles
ur € U is important for the rerouting process. We order the vehicles by the distance to the
destination node in ascending (i.e., priority for the short paths) and descending (i.e., priority
for the long paths) orders. We also consider rerouting strategy without sorting the set U.

Algorithm 1: Rerouting algorithm

Calculate the shortest paths pg, Vu, € U and the reserved traffic r;;(7);

timejqst = 0;

while U # () do

if (time — timegst) > Agime then

// Rerouting process

Clear the reserved traffic r;;(7) = 0,V7,e;; € E;

Create the ordered by the selected criteria set Usg+ of currently moving vehicles;

for uy € Ugyry do
Calculate the shortest path p; from the current vehicle position to d;

for €ij € Pk do
Calculate the enter segment time 7;,;
Calculate the leave segment time 7oy;
Update the reserved traffic information:
rij(T) = T’ij(T) +1,Vr € [Tina Tout);

end

end

timey,st = time;

end

if uy reaches the destination then
| Remove ug from U;

end

end

In the Algorithm 1:
time is a current time instant,
A¢ime 18 a predefined rerouting time interval.

The Algorithm 1 has the following disadvantage: the total travel time in the network depends
on the order of choosing the vehicles ux € U because there is no user equilibrium in the network.
In the next subsection, we present an algorithm based on the iterative process.

5. Routing algorithm with the iterative rerouting process
A pragmatic way to find the time-dependent user equilibrium is by an iterative simulation. This
approach is typical for the traffic assignment problem in traffic simulation models [19].
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Algorithm 2: Iterative rerouting algorithm

Calculate the shortest paths py(71), Vur, € U and the reserved traffic r;;(7);
timejgst = 0;

while U # () do

if (time — timejqst) > Apime then

// Iterative rerouting process

Tavg = 0; T2 = 0; iter = 0;

do

T(%Z = Tavg?

for v, € U do

Remove the vehicle u; from the reserved traffic:

for e;; € pi, do

Calculate 7;, and Ty

ri; (1) = rij (1) — 1,V7T € [Tin, Tout);

end

Recalculate the shortest path py using the updated reserved traffic r;;(7).
Add the vehicle uy in the reserved traffic:

for e;; € p;, do

Calculate 7, and Toyu;

rij (1) = 135 (7) + 1,Y7 € [Tin, Tout);

end

end
Calculate Typg;
iter = iter + 1;
while [T24 — Typg| > Agug && iter < itermaq;
timej,st = time;
end
if uy reaches the destination then
| Remove ui from U;

end

end

In the Algorithm 2:
time is a current time instant;
Ayime 18 a predefined rerouting time interval;
Tuvg is an average travel time calculated by all the shortest paths py;
Agyg is a maximum delta of the travel times;
itermaz 1S @ maximum iteration number.

6. Routing algorithm with the rerouting process for each vehicle
Previously described algorithms recalculate the routes for all vehicles on path simultaneously
during the rerouting process. Another simple solution to the rerouting problem is to calculate
paths and update the reserved traffic information for each vehicle separately. This procedure
can be performed at the moment when the vehicle leaves the segment (Algorithm 3).

The proposed routing algorithm consists of the following steps:

1) When the vehicle starts its journey, the system calculates the path used Fast A* shortest
path algorithm in a time-dependent network. The Greenberg speed-density model is used
to calculate the travel time of the road segment based on the reserved traffic.
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Algorithm 3: Rerouting algorithm for each vehicle

Calculate the shortest paths py, Vu, € U and the reserved traffic r;;(7);
while U # () do

if uy leave the segment then

// Rerouting process

Remove the vehicle u; from the reserved traffic:

for €ij € Pk do

Calculate 7, and 7yy;

rij (1) = 145(7) — 1, YT € [Tin, Tout);

end

Recalculate the shortest path pj, using the updated reserved traffic r;;(7).
Add the vehicle uy in the reserved traffic:

for ¢;; € p;, do

Calculate 7, and 7yy;

745 (T) = Tij (7—) + 1aVT € [Tina Tout);

end

end

if uy reaches the destination then
| Remove ui from U;

end

end

2) The reserved traffic state is updated using the determined path and predicted earliest arrival
time at each node of the path.

3) When the vehicle reaches the end node of the segment, the system recalculates the path
from the current node to the destination and updates the reserved traffic.

In the next section, we present the experimental study of the described algorithms.

7. Simulation setup and results
The proposed algorithms were tested using traffic simulation software. The MATSim simulator
[20] was selected for our experiments. MATSim is an open-source framework designed to
implement large-scale agent-based transport simulations. MATSim supports several microscopic
transport simulation models. In this work, we use queue-based model QSim [19].

The proposed algorithms were tested on the transport network of Samara, Russia. The
network consists of 7451 nodes and 18586 segments.

The experiment consists of the following steps:

1. The origin-destination pairs and the start time were generated for 40 thousand vehicles
ug € U.

2. The shortest paths and the average travel time were calculated by the routing algorithms
1-3 described in the sections 4-6.

3. The movement of the vehicles along the calculated paths was simulated using the MATSim
framework; the average travel time was calculated.

We repeat each experiment by varying the load factor of the network. The load factor
determines the proportion of traffic density used in the simulation relative to the traffic density
in the real network. For example, if 10% of the vehicles are modeled in the system, then the
load factor of the road network is assumed to be 0.1.
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Figure 1 illustrates an example of the traffic simulation in the Samara network using the
MATSim framework.

T
W

Figure 1. Simulation example.

Table 1 and Figure 2 provides the average travel time (in seconds) calculated by the MATSim
simulation framework for the different load factor values.

Table 1. The average travel time values.

0.15 0.2 0.25 0.3 0.35
Algorithm 1 without sorting 3052.2 2797.1 2378.5 23154 2253.3
Algorithm 1 with ”"short first” strategy 2931.8 2724.5 2363.4 2308.7 2251.7
Algorithm 1 with ”long first” strategy  3076.6 2801.9 2402.4 2347.5 2272.2
Algorithm 2 2970.4 2698.6 2334.4 2296.9 2247.2
Algorithm 3 3012.9 2639.9 2318.6 2282.3 22304

The proposed algorithm with the rerouting procedure for each vehicle (Algorithm 3) showed
the best results by the average travel time criteria.

8. Conclusion

In this work, we have proposed the routing algorithms in the time-dependent road networks. We
have investigated the impact of the rerouting procedure and the iterative rerouting procedure
on the average travel time in the Samara transportation network. The routing algorithm with
the rerouting procedure and ”priority for short routes” strategy and the algorithm with the
rerouting procedure for each vehicle have shown the best results by the average travel time
criteria.

The main disadvantage of the proposed algorithms is the fact, that the travel time of the
each road segment for the different vehicles is equal. In real networks different vehicles on the
one road segment can move with the different speed depending on the traffic load on the road
segments including in their routes. Further research includes the design of routing algorithms
that can tackle this problem.
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Figure 2. The average travel time values.
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