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Abstract

This work investigates network-related trajectory features to unravel trips that contribute most to system under-
performance. When such trips are identified, feature analysis also permits determining the best alternatives in terms
of routes to bring the system to its optimum. First, we define important trajectory features that unravel the trips
contributing the most to the network under-performance. Second, based on supervised learning methods, we propose
a two-step data-driven methodological framework to reroute a part of the users and make the system close to its
optimum. The learning models are trained with trajectory features to identify which users should be selected, and
which alternative routes should be assigned, thanks to the data and features obtained from two reference dynamic
traffic assignment (DTA) simulations, under User-Equilibrium (UE) and System-Optimum (SO). We only focus on
trajectory features that are accessible in real time, such as network features and regular travel time information, so
that the methods proposed can be implemented without requiring cumbersome network monitoring and prediction.
Finally, we evaluate the efficiency of the methods proposed through microscopic DTA simulations. The results show
that by targeting 20 % of the users according to our selection model and moving them onto paths predicted as optimal
alternative paths based on our rerouting model, the total travel time (TTT) of the system is reduced by 5.9 % in
comparison to a UE DTA simulation. This represents 62.5 % of the potential TTT reduction from UE to SO, when all
the users choose their path under the SO condition.

Keywords: Trajectory data analysis, Network-related trajectory features, System optimum (SO), Supervised
learning, Polynomial regression, Naive Bayes classifier

1. Introduction

In urban areas, the conflict between the demand for increasing mobility and limited infrastructure capacities de-
grades the level of service of road networks. The consequences include: (i) economic loss resulting from wasted
time and fuel in traffic jams, and (ii) environmental impacts due to air pollutants and noise emissions. Expanding
infrastructures to improve network performance may not always be efficient in the long term (Braess et al., 2005). In
this work, we focus on re-routing strategies that bring the system closer to the global optimum by moving some users
out of their personal optimum. This solution occurs when all the users aim at minimizing their own travel cost, and
it usually refers to user equilibrium (UE) (Wardrop, 1952; Smith, 1979). It is also known that the system optimum
(SO) can be achieved if users cooperate to match a collective optimized function (i.e., minimizing total travel time)
(Beckmann et al., 1956; Mahmassani and Peeta, 1993). Some studies show that SO can save up to 33 % of total travel
costs in comparison to UE (Roughgarden and Tardos, 2002; Youn et al., 2008; van Essen et al., 2016). However, SO
is achieved in return for higher individual travel costs experienced by some users. Therefore, instead of changing the
paths of all users to achieve the perfect SO, it would be more efficient to focus on those who contribute the highest
marginal gain in total travel cost to the whole system in return for a reasonable increase of their own travel costs.

Fortunately, researchers have found that only a small share of network users contribute most to system under-
performance (Wang et al., 2012; Ameli et al., 2020b). The main challenges are how to identify (i) these users and
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(ii) their alternative paths. To tackle these problems, we rely on trajectory data analysis and supervised learning
models. In the past few decades, various trajectory data have become available. These data help engineers, decision
makers and researchers to propose corresponding strategies for improving urban mobility (Gonzalez et al., 2008; Ma
et al., 2015; Saeedmanesh and Geroliminis, 2016; Lopez et al., 2017). For example, with detailed Global Positioning
System (GPS) data from mobile phones, Wang et al. (2012) showed that the congestion of a given network is mostly
due to very few network users who travel on the most congested road segments. However, this conclusion was
obtained by removing part of the traffic demand from certain origin-destination pairs (O-D pairs) without giving
alternative routing solutions. Colak et al. (2016) showed that if 10 % of drivers adjust their routing behavior under SO
conditions, the whole system benefits from 40 % of the potential travel time saving that could be achieved if all users
behaved unselfishly. Nevertheless, their conclusion was based on a traffic assignment model where the travel time on
links depended only on its volume-over-capacity (VoC) ratio (BUREAU, 1964), i.e., the links between travel times
are time-independent. Travel time delay is modeled by vertical queues, without considering spillbacks in congested
situations. This is not representative enough of how congestion spreads in dense urban areas. In addition, the SO path
distribution cannot be easily known in real life (Peeta and Mahmassani, 1995; Yildirimoglu and Kahraman, 2018) so
that we are not able to ensure whether these users are traveling under SO conditions or not.

In this work, we present methods to both target the most contributive users, i.e., those with the highest marginal
total travel time gain, and re-route them to alternative optimal paths. These methods are designed considering a
dynamic framework. The main objective is to define a small, simple, and relevant set of trajectory features that
determine the trips to be modified. Briefly speaking, trajectory features are the characteristics of a user’s travel
pattern, such as its length, travel time, average travel speed of the path, etc. In addition, the characteristic of the nodes
and links on the pattern can also be taken into consideration, such as their topological features (degree, betweenness
centrality, link lengths, etc), and traffic-related features (node/link capacity, traffic light cycles, etc). Since we aim to
find the targeted users in practice based only on their trajectory features, these features should be kept easy to access
in real-time. This is why we will consider only network features or regular travel time information without requiring
expensive network monitoring and/or a prediction system. The second objective is to define alternative routes for
the selected users by using the same features. A previous work presented in Chen and Leclercq (2019b) shows that
that by rerouting a small part of users according to a single type of trajectory feature can improve the total system
performance. However, this work will focus on selecting and rerouting users based on a combination of different
trajectory features.

In this paper, we rely on results from dynamic UE and SO dynamic traffic assignment (DTA) simulations with the
help of a microscopic simulator to investigate the differences in trajectory features. Note that with the same traffic
demand on the same network, the assigned paths in UE and SO simulations can be compared pair-by-pair (Leclercq
et al., 2016). This fact gives us access to the full picture of how UE / SO patterns differ. However, our purpose is to
define a generic methodology that can rely on UE patterns based only on simple network-related features to perform
user selection and re-routing. In addition, using a microscopic simulation framework allows us to easily assess network
performance after selection and re-routing and provide a clear benchmark of our method. The contribution of this work
is threefold:

e using comparative feature analysis of trajectories obtained in UE and SO simulations, we define the network-
related trajectory features that unravel the trips contributing most to network under-performance;

e using the network-related trajectory features defined, we propose re-routing strategies for the selected users in
order to improve total network performance (e.g., the total travel times of all vehicles);

e by applying machine learning techniques to vehicle trajectory data, we improve the total system performance
of the network by changing the paths of a small share of network users without cumbersome DTA simulations.

One of the key contributions is that once the trajectory features are identified and the learning models are built, we
are able to carry out user selection and re-routing strategies without knowing the actual network or trajectory features
at SO state. The purposes of running a reference SO simulation are: (i) to provide the data set for training our machine
learning models, and (ii) to serve as a criterion of the optimal network performance when we evaluate the efficiency
of our method. However, during the method evaluation, it is still assumed that all the network users travel under
UE perspectives and only their trajectory features at UE state are accessible. Under these assumptions, we can still
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improve the whole network performance by targeting users and moving them to predicted alternative paths, based only
on their trajectory features and/or regular travel time information under UE condition, thanks to our proposed learning
models. This makes it possible to solve real-world congestion problems without cumbersome network monitoring
and prediction.

The remainder of this paper is organized as follows. Firstly, we present the case study description, the overview
of the method and the definitions of trajectory features in Section 2. Then Section 3 presents the case study results
and discussions. Finally, Section 4 presents the main conclusions and future research perspectives of this work.

2. Methodology

This section presents the methodological framework, the definitions of trajectory features, and mathematical for-
mulations of the supervised learning models used in this work. Table 1 shows the main notations.

2.1. Method overview

This subsection mainly focuses on the general methods without entering into detailed computation. Figure 1
presents the overall framework of our methodology. We carry out two reference DTA simulations under UE and SO
conditions, with the same dynamic OD matrix and road network as inputs. These two scenarios are denoted as UE-ref
and SO-ref, respectively. The main idea is to select @ % of the users, give them rerouting guidance, and evaluate
whether the system’s performance is improved. Therefore, there are two important phases in the methodology: (i) the
selection of targeted users and (ii) the determination of rerouting strategies. The total travel time (TTT) of all users
in the whole network is considered as the criterion for evaluating the system’s performance. The trajectories obtained
in the SO simulation, named as SO paths/trajectories in the paper, are assumed to be the optimal paths for the system
optimum. In fact, they are the paths that bring the least marginal TTT to the whole system when additional users
travel in the network through these paths. The features of SO trajectories are used only for the construction of the data
set. The main objective is to achieve a significant TTT reduction of the whole system by moving a small portion of the
users onto their predicted SO trajectories, based on the application of data mining and supervised learning methods to
trajectory feature data.

For each step, we first need to prepare the data set of trajectory features obtained from UE-ref and SO-ref, as
shown in the blocks in the data preparation part of Figure 1. Based on the literature review, there are some key
network features that contribute to system underperformance, such as the betweenness centrality (BC) of nodes and
links (Freeman, 1977; Wang et al., 2008, 2012; Chen and Leclercq, 2019a,b; Bellocchi et al., 2020), corridor capacity
(Laval and Castrillén, 2015), the distribution and cycle of traffic lights (Laval and Castrillén, 2015), etc. Section 2.3
will present the detailed definitions of the network-based trajectory features analyzed in this work. However, we first
introduce the definition and computational methods for obtaining the path marginal cost (PMC).

In particular, we consider the differential of path marginal costs (diffPMC) between the UE and SO states of the
network as the indicator to evaluate the marginal total travel gain that can be achieved by moving a user and then
assess its potential contribution to improving the system’s performance. Indeed, the marginal cost of a path represents
the increase of travel cost to the whole system due to an additional vehicle on that path. In the SO state, users are
on routes with equal and minimum PMC so that no users can shift to any other paths that have a lower marginal
travel cost (Sheffi, 1985). Therefore, the re-assignment of the users with the largest PMC difference between UE and
SO can shift the system close to the system optimum. However, this is not an option in practice as PMC can hardly
be estimated in the reference situation (UE), and the differences in PMC are unavailable because the SO solution is
unknown. This is the reason why we rely on analyzing simulated trajectory data. Here, we focus on network-related
trajectory features that are easy to obtain in practice. Furthermore, to evaluate the quality of user selection, we are
going to run new simulations considering that the selected users now have new predefined routes while the others keep
traveling under the UE discipline. This permits us to account for the influence of the route guidance of the selected
users on the other users in the system. In this work, we use a simulation-based method to compute PMC. Detailed
definitions and computation methods are presented in Section 2.2.



Table 1: List of notations

Notations Explanations

T Travel time

H Planning horizon (the duration of # is 3600 minutes)
TTT The total travel time of the network

ATTT elative Relative TTT reduction with respect to UE-ref simulation

AT T Trelative wort ref reduction Relative TTT reduction with respect to the optimal TTT reduction: TTTug-rer — TTTs0-ref
LTT Link travel time

PTT Path travel time

LMC Link marginal cost

PMC, PMC Path marginal cost and dimensionless path marginal cost (normalized by free-flow travel time)
diffPMC The difference between PMC of UE pattern and SO pattern

BC Abbreviation of Betweenness Centrality

i Index of user

j Index of link

p, P Index of trajectory feature, and the total number of analyzed trajectory features

a, a* Fraction and the optimal fraction of users that are selected to change trajectories

x, x, X Scalar, vector, and matrix of attributes composed by trajectory feature(s)

.y Target scalar and target vector to be predicted and they are obtained from the simulation data set
Y.y Scalar and vector predicted by supervised-learning model, with feature vectors as attributes
w,w Scalar and vector of regression coefficient

16 The learning model for targeted user selection, with trajectory features as input and diffPMC as output
g() The classifier for labeling whether a path is an SO path, with trajectory features as input and the path’s class as output
C Class of labels of a path

At The snapshot time step of the microscopic simulator to collect simulation results (60s in this work)
n(t) Spatially-averaged number of vehicles on a link during the time step [, T + A7]

o) Link performance function: the input is n(7) and the output is link travel time

At The time step for computing path travel time and path marginal cost (60s in this work)

D The total number of OD pairs in the network

Sid The number of available alternative paths of the user i to the destination d, d € RP

G The directed graph representing the network

A The set of links on the graph

N The set of nodes on the graph

L The trajectory of user i

L; Length of trajectory £;

Ji, K; Number of links and nodes on trajectory £;

W Mean distance between two consecutive traffic lights on a trajectory

oy Standard deviation of distances between two consecutive traffic lights on a trajectory

1 Dimensionless mean distance of two consecutive traffic lights on a trajectory

G?C Gini coefficient of node betweenness centrality on trajectory £;

G?y"amiCBC Gini coefficient of dynamic link betweenness centrality on trajectory £;

0 One-lane link saturation capacity during green time

tg, 1y Green time and red time of traffic light cycle

Hgs Hr> Tg, O Mean green / red time, and the corresponding standard deviations of traffic lights on a trajectory
o The coefficient of variance: %

Cap; Mean MFD capacity of trajectory £L;

pritieal Normalized length of critical links on trajectory .£;

E;; Dynamic link betweenness centrality of link j on trajectory £;

E;. E; Mean and value of dynamic betweenness centralities of all the links on trajectory £;

BC;, ﬁéi Mean and median of betweenness centralities of all nodes on a trajectory £L;




111

112

113

114

115

116

17

118

119

120

121

122

123

124

Two-steps supervised learning:
1. Selection of targeted users
2. Defining rerouting strategies

!

Data mining of trajectory
features obtained from DTA
simulations: UE-ref and SO-ref

[ I. Data preparation |
1% step: user selection 2™ step: re-routing

Use network-related trajectory features of
(1) UE-ref trajectories

(2) Other trajectories of the same OD

to predict if a path is an SO path

/\/\

Use network-related trajectory features
of UE-ref trajectories to predict the
differential of PMC (diffPMC)

Combination Differential of PMC Combination (élas.s °tf th_e
trajectory features: between UE and SO path trajectory features: rajectory: R
X = (X1,X2,X3,°**, Xp) Y = diffPMC X = (Xa,XarXa,*,X) SO path or not?

1,82,43, 2 d 1,82,43, 2 Y=(c0 or cl)

Polynomial regfession

To approximate diffPMC (Y) which
cannot be easily get in reality:
Y=Y =f(X)

11. Model training

Classifier to define whether a
path is SO path or not:
Y=Y'=g(X)

11l. Evaluation

Select a*% users with the biggest Combine Move these a*% selected users on
diffPMC approximated by f(-) 2 steps predicted SO paths classified by g(-)

— —

Re-run DTA simulation under UE
condition, with a*% users moved
onto their predicted SO paths

Re-run DTA simulation under UE
condition, while rerouting these
selected a*% users on their SO paths

Figure 1: Methodology flow chart of this work

2.2. Link marginal cost (LMC) and path marginal cost (PMC)

The path marginal costs are computed based on time-dependent link marginal costs (LMC). LMC is defined as
the change of link travel time caused by one additional unit of flow on the link. In the DTA simulation, LMC is
time-dependent and can be computed by Equation (1) (Peeta and Mahmassani, 1995):

aT (¢, n(?))
LMCJ([,I/I) =Tj(t,n)+n(t)>< 6]/1—([)’ (1)
where T () denotes the link travel time at ¢ on link a;, n(#) denotes the spatially-averaged number of vehicles on link
T (t,n(1))

aj. The challenge is to calculate - We assume that (i) the vehicle type on the network is single (i.e., mono class
user), and (ii) the traffic light plan of the whole network is given. Therefore, the link marginal cost can be considered
as an intrinsic feature of the link, and it depends only on n. It can be estimated via a simulation-based method. In
this work, we use Symuvia! platform for dynamic traffic simulations. Symuvia is a dynamic microscopic trip-based
simulator based on a Lagrangian discretization of the LWR model (Leclercq et al., 2007). Here, we present how we
use Symuvia to compute simulation-based LMC. For the details of the traffic simulation, readers can refer to Ameli
et al. (2020c¢).

The main idea of simulation-based methods is to approximate a link performance function, i.e., link travel time
(LTT) vs. accumulation, for every link of the network. Then the LMC can be easily calculated by the deviation. To get

'Note that Symuvia is an open-source simulator which is available on GitHub: https://github.com/Ifsttar/Open-SymuVia
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link performance functions, the main steps for computing LMC are as follows. First, we run a reference simulation
with different traffic demand profiles. During each time step [7, 7 + At], we compute the average travel time (T ;) and
the spatially-averaged number of vehicles (n; ;) on link a;, and then save them as sample points {(n;, T ;)}. Second,
for each link, we compute its maximum n by multiplying its length with the maximum density, and then split the
values of n into K equal-width classes. Then for each class k, we gather all the points (n,;, T ;) of which n. ; belongs
to the class k, and compute the corresponding average values of n and T during the whole simulation period, in order
to get (nyj, T, ;) for link a;. Atlast, we fit a regression model representing a time-dependent link performance function
¢; : n — T, based sample points of (n j, Ty, ;). In this work, we choose linear and/or quadratic regression models for
fitting link performance functions. Therefore, during the time step [7, T + At], we can compute n(7) and (,Z(TT) for a
given time 7. By replacing 7'; in Equation (1) by ¢;, the LMC of a; can be computed by Equation (2). It is worth
mentioning that the estimated performance function ¢; is only used to compute LMC and then path marginal costs.
The path travel times of users are still obtained from the results of microscopic simulator Symuvia, by computing
the difference between the arrival time and enter time of users. These path travel times are used to compute User
Equilibrium at each iteration.

3 de;(n)
LMC(z,n) = ¢;(n(1)) + n(T) X Tln:n(‘r), (2)

where n(7) is estimated as n(t) = %. TTT(r) denotes the total travel time of all users travelling on link a; during
that time step [7, T + At].

Therefore, the PMC on a trajectory £; can then be obtained by summing up all the time-dependent LMC on the
trajectory (Peeta and Mahmassani, 1995). The time step for computing PMC is Af = 60 s in our case study. The total
number of time steps is denoted by |#H|. PMC; is then computed as follows:

[H|

PMC; = Z Z LMC,5;,, 3)

where ¢, is the incidence indicator. If the entering time of user i on the link a; belongs to the time interval [z, + At],
then §;, = 1. Otherwise, 6;;, = 0. The computation of LMC and PMC is time-dependent. In SO-based DTA based
on microscopic simulator, the PMCs are computed after network loading at each iteration. The links passed through
by a user i are already known, and the average number of vehicles (denoted as n(f)) of all links at all time intervals
[, + At] are already computed, too. To compute the PMC of the user i, we check its entering time on each link that
is on the current loaded path of the user i, and see the entering time belongs to which time interval. Then we use the
corresponding n(z) to compute LMC(t) based on Equation(2), and sum up all LMCs of all links on the path to get the
PMC.

When we analyze trajectory features in order to determine which users should be re-routed and which alternative
paths should be chosen, it is assumed that we don’t have real-time arrival information of users on each link of their
paths. Therefore, the computations of LMC, PMC and diffPMC are departure-time centered. In other words, we
compute PMC and diffPMC of a user i by using Equation (3), where ¢ corresponds to its entering time onto the
network. In addition, it is worth noticing that the diffPMC is computed based only on features obtained in the UE
simulation. Indeed, user i has a pair of paths resulting from the UE-ref and SO-ref simulations. As we assume that
moving the user from the UE path to the SO path should bring the system close to its SO, users with a high diffPMC
value should be selected first, as mentioned in Section 2.1. However, when we try to re-route a user who is traveling
on the network under the UE condition, we only have access to traffic-state characteristic (LTTs and LMCs) in the UE
state. Therefore, even though we can move it to its SO path, the diffPMC from UE to SO path should be computed
based on the LMCs obtained in UE-ref. To be more precise, we denote LMCUE as the LMC of link a; computed from

the UE-ref simulation during the time step [z, t + Af]. We denote PMCUE and PMCSO as the PMCs of the UE and the
SO path for user i, respectively. These variables are computed by Equatlon “):

PMCVE = g > LM PMCSP = g’: D LMY @

St St
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where 6' and 637 denote the incidence indicators defined in Equation (5) and Equation (6), respectively.

UE 1 if the user i is on the link a; during [#,  + At] in UE-ref simulation;

SVF = . )
J 0 Otherwise.
so |1 if the user 7 is on the link a; during [f,  + Af] in SO-ref simulation;

6, = . (6)
/ 0 Otherwise.

Therefore, the diffPMC of the user i in this work is calculated by the Equation (7).
diffPMC; = PMC/E — PMC;© (7

It is worth mentioning that users may have the same paths under both UE and SO conditions. Therefore, they are
already on their optimal paths under both UE and SO perspectives, and will not be chosen as users to be re-routed in
this work. The definitions of PMC and diffPMC in Equation (4) to Equation (7) confirm that. In fact, if a user has
the same path in both UE and SO simulation, its diffPMC is zero. Since we aim to re-route the users who have the
largest value of diffPMC, these users with zero diffPMC would not be chosen. The value of diffPMC is the target
value y that we aim to train in Section 2.5. Before presenting the learning process, we introduce detailed definitions
and formulations of the network-related trajectory features that are used in this work in the following Section 2.3.

2.3. Network-related trajectory features

Network-related trajectory features are obtained by aggregating features of links and/or nodes. Here we use a
modeled network to define different network-related trajectory features. A road network is modeled as a directed
graph G = (N, A), composed with K nodes and J links. N = {n,ny,...,n;,...,nk} is the set of nodes and A =
{ai,...,aj,...,a;} is the set of links. A trajectory £; with length L; is composed by a set of links (a;) and nodes (n):

Li = {{ai,ls e 7ai,j’ e ’ai,J,'}s {ni,lv ey ni,k’ ey ni,K,'}}’ (8)

where J; and K; denote the number of links and the number of nodes on £;, a;; € A, n;; € N. Therefore, network-
related trajectory features of £; result from aggregating network features of (a; ;) and/or (n; ). There are two categories
of network features to be aggregated: (i) graph-theory based and (ii) traffic-state based. We select the features based
on a literature review, and keep those which can be calculate in real-time with limited information (such as monitoring,
network traffic light system, and current travel time).

2.3.1. Graph-theory based features: aggregation of centrality metrics

The aggregate metrics of critical nodes on a trajectory can be considered as one of its network-related trajectory
features. In graph theory, there are several metrics to define whether a node is critical to the whole network. For
example, the betweenness centrality (BC) of a node n corresponds to the ratio of shortest paths crossing n over all
possible shortest paths for all origin-destination pairs of the network (Freeman, 1977; Girvan and Newman, 2002).
The BC of node n is calculated by Equation (9).

Be = Y 1, ©)

o
#j Y

where o;;(n) denotes the number of shortest paths from any node »; to any node n; crossing node n, and ¢;; denotes
the total number of shortest paths from n; to n;. In the case study in this work, the shortest paths for calculating BC
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are measured by distance based on the topological parameters of the network, without taking into account the dynamic
traffic condition. Therefore, for trajectory £;, the mean node BC of £; is defined as follows:

1
BCi= > BC( ). (10)

nij

where K; denotes the number of nodes on £;. In addition to the mean value, we can also compute other statistical
metrics of node BCs on £;, such as the median value of all node BCs, denoted as BC i

There may be some critical nodes on a trajectory that are the main contributions to the congestion. Therefore,
we also consider the Gini coefficient of node BCs as a network-related trajectory feature to be analyzed. The Gini
coefficient (G) is a measure of inequality, defined as the mean of absolute differences between all pairs of variables
for a particular measure. The minimum value is O when all the measurements are equal. The theoretical maximum is
1 for an infinitely large set of observations where all the measurements but one have a value of 0, which is ultimate
inequality. G is calculated by equation (11).

o1 2o X = xjl

2n%x

G= , 11

where x denotes an observed value, n denotes the number of values observed, and X denotes the mean value of all x.
In this work, for a given trajectory, the Gini coefficient of node BC can be considered as a measure of the existence of
nodes with a large BC value on a trajectory. The Gini coefficient of node BC on a trajectory £; can be calculated by:

Zﬁl N IBC;j— BCyyl
2K?BC;

GEC = , (12)

where K; denotes the number of nodes (intersections) on £;. BC; ; and BC;j, denote the BC of the 7™ and h™ node on
£;. BC; denotes the mean value of all node BCs on a trajectory £;

2.3.2. Graph-theory based features: mean distance between traffic lights

In urban areas, the distribution of traffic lights on the network can affect the route choices of users, and contribute
to the system’s congestion. Here we present a dimensionless feature that can interpret the distribution of traffic lights
on a path. For each trajectory £;, we compute the mean distance between two consecutive intersections with traffic
lights (denoted as ;). Then we normalize it by dividing the length of £;:

S

= —. 13
M L (13)

In the two subsections above (Section 2.3.1 and Section 2.3.2), we present several important network-related
trajectory features that depend only on the topological characteristics of the network. In the next subsection, we
introduce several features that take the dynamic traffic states into account.

2.3.3. Traffic-state features: mean MFD trajectory capacity

An indicator of trajectory capacity is calculated by aggregating simple traffic-state features (e.g., fundamental
diagram) and traffic light data of links on the trajectory. Let O denote saturation capacity during the green time. For
links with traffic lights, the outflow capacity of a link is calculated as z;j O, where 7, and 7, represent the green time
and red time of the traffic light cycle. With known link lengths and a given traffic light plan, we can compute the mean
MFD capacity for trajectory £, based on the conclusion of Laval and Castrillén (2015). A trajectory is considered
as a one-lane corridor composed of several road segments separated by traffic lights. Let y; and o denote the mean
distance between two consecutive traffic lights and the corresponding standard deviation. u,, y4,, 0¢ and o denote the
mean green time, mean red time, and the corresponding standard deviation of traffic lights on L. Let 6 = % denotes the
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coefficient of variance. The mean MFD capacity is then determined by three dimensionless values: (i) mean red time
over mean green time ratio: p = ﬂ , (i1) mean block length to mean green time ratio: A = ”— and (iii) the coefficient
of variance of green light time, red-light time, and block length. It is assumed that the coefficient of variance is the
same for these three variables, denoted as 6. With these parameters computed for a trajectory, an approximation for
the mean corridor capacity is given in Laval and Castrillén (2015) and the formulation is presented in Equation (14).
To make the features dimensionless for the analysis, the traffic flow is represented in the unit of Q, and the density is
presented in jam density units.

1 o Mg
1+ 0(0.5864 + 1.6422 — 5.31+ 4.99)" p1g + i, b

The mean MFD capacity of a trajectory is considered as a network-related feature. All the parameters of Equation (14)
can be obtained by aggregating a sequence of link lengths between each pair of constructive traffic lights, and the traffic
cycle data of links on the trajectory.

Besides the MFD capacity, the percentage of critical links on a path can also indicate whether this trajectory
contributes to the performance of the whole network. In this work, a link is considered as critical if it has a relatively

Cap = min{ (14)

small saturation capacity Q. In this work, we consider a; ; as critical link if Q; < 110 %Cap;Q, where Q; = t, ;'

Therefore, the normalized length of critical links on £; reads:

T]lcrmcal chtl;jl link [ ) (15)
i
nl?mical is considered as metrics to quantify trajectory features related to critical links.

2.3.4. Traffic-state features: dynamic betweenness centrality of links
Bellocchi et al. (2020) define the concept of reachability of links by taking into account the dynamic traffic-state
features of the network, i.e., the dynamic link betweenness centrality. When the average speed of each link q; ; is

known, we can consider the following measure calculated as E(a; ;(¢)) = w where
ff
1 dkl
ei(t) = >, (16)
K—1 54 T )
where df}{ denotes the travel time of the shortest time path in free-flow condition between nodes k and 4 (for all

h € N\k). 1i,(t) denotes the actual path travel time (PTT) of the shortest-time path at time ¢, between the same pair
of Origin-Destination nodes. Note that when we compute e;(¢) here, ¢ corresponds to the departure time of user i on
the network. The PTT of user i is in fact computed by summing up all the departure-time-centered LTTs of links that
are on the trajectory £;. The LTTs can be obtained by a simple monitoring system without any dynamic prediction.
K denotes the total number of nodes in the network. E(a(f)) denotes a measure of the accessibility of link a = (i, j)
and it is evaluated with a number between 0 and 1. The closer the value of E(a(?)) is to 1.0, the less congested link a
is. Then, for trajectory .£;, we can compute the mean and median values of the dynamic link BCs on it: E; and E;.

Similarly, for a given trajectory £;, we can also compute the Gini coefficient of dynamic BCs of all the links on
L; by the following equation:

Ji J; o
GdynamicBC _ ijl Zh:l |Et,J Eipl

i = (17)
2J7E;

where J; denotes the number of links on £;. E; ; denotes the dynamic link BC of link a; on £;. E; denotes the mean
value of all the dynamic link BCs on the same trajectory .£; and it is computed by E; = Jl Z]J."z L Eij.

The two trajectory features presented in these two subsections, the mean MFD capacity and the dynamic BC of
links, take into account the dynamics of the traffic such as the traffic light plan, the monitored LTTs, etc. However,
they still remain simple to access and easy to calculate in practice.
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2.4. Feature scaling and normalization

Since a trajectory has multiple features spanning varying degrees of magnitude, range, and units, we should carry
out feature scaling before the application of machine learning techniques. According to their definitions, some of the
trajectory features defined in Section 2.2 and Section 2.3 are already dimensionless: the median of node BC on £;
(BC)), the Gini coefficient G*€ and G?y"amwBC, the MFD capacity (Cap;), the normalized length of critical links on a
trajectory (nl?mical), and the normalized average distance between two consecutive intersections with traffic lights (i, ).

Regarding the path marginal costs, we normalize the PMC by trajectory free-flow travel time (fftt), as shown in
Equation (18). The trajectory free-flow travel time is computed by summing link fftt of the links that are passed
through by the path. The link fltt can be approximated by dividing the distance of a; by the maximum authorized
speed on a;, which depend only on the intrinsic features of a given network.

PMC;

PMC, = ——
fftt;

18)

Now we have clear definitions and formulations of all the trajectory features used in this work. In the next two
subsections, Section 2.5 and Section 2.6, we present detailed formulations of the machine learning methods used in
this work, following the two-step methodological framework introduced in Section 2.1 and Figure 1. In fact, apart
from the features presented in Section 2.3, there are various kinds of other trajectory features such as path travel time,
path travel distance, degree of nodes, degree of links, etc. According to some previous descriptive analysis and results
presented in Chen and Leclercq (2019b), the betweenness centralities and mean MFD capacities are two potential
features that can define SO paths. That is the reason why we mainly focus on the trajectory features presented in
Section 2.3 in this work.

2.5. First phase: selection of targeted users

In this subsection, we present the methods for selecting targeted users based on the users’ trajectory features, i.e.,
the left branch of 1¥- step shown in Figure 1. The main framework is consistent with the three parts introduced in
Figure 1: data set preparation, model training, and evaluation.

First, we prepare the data set. For all the M users on the network, we compute their network-related features in
the reference UE simulation and save them invector x € RF, where P denotes the number of trajectory features to be
analyzed. We also compute diffPMC of each user, according to Equation (4) to Equation (7), and we save itin y € R.

Then, we carry out supervised learning with these M training points, in order to obtain f : X — y, where y is
the target scalar to be approximated based on x. Therefore, for any user i with P trajectory features under the UE
condition, we can approximate its potential PMC decrease, i.e., diffPMC, by y = y' = f(x;). The value of y’ defines
whether a user should be targeted to change trajectory. In this work, we mainly rely on linear regression (LR) and
polynomial regression (PR) to train f (Seal, 1967; Cameron and Trivedi, 2005). The aim of the LR is to find a column
vector w = (Wi, wa, ..., w,,)T sothaty = € + x' - w=¢+ Zf:o w; X x;. w; denotes the weight associated to each
factor in x. & ~ N(0, o?) is the Gaussian error term. Based on M samples, we obtain the matrix expression of the
LR:y = X - w + ¢, with € € RM as the vector of estimation error. Then we rely on the M sample set to estimate w by
minimizing € = ||y — X - w||* based on the least-squares estimation (Equation (19) and (20)).

M M P

w = arg minz [ly; — x - w||2 = arg minz [ly; — Z w; X )c_"i||2 (19)
w i=1 w i=1 j=0

w=(X"X)"'XTy. (20)

Moreover, there are often nonlinear relationships between the feature vector and the target. The polynomial regression
(PR) model is also frequently used to address nonlinear relationships. The PR model is a polynomial transformation
based on the LR model. For a model with only one variable, the k”* order polynomial model is given by y = wq +
Wix + wax? + ... + wix* + &. Here, the dimension of the feature vector is more than one and we should also take into
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account the interaction terms between different features. For example, a polynomial regression model of the 2"¢ order
with two variables reads: y = wo + wix| + waxy + Wi X7 + w3 + wipxix; + £ In this work, the dimension of the
feature vector is P = 7. We save all the trajectory features of M users in the matrix of attributes X = [x',...,x"], and
we save all the diffPMC of these M users iny € RM. Then, we train the LR and PR models based on the data set
composed with X and y. The detailed implementation and the numerical results are presented in Section 3.2.

Lastly, we evaluate the efficiency of our learning method with the steps shown in part-III of Figure 1. We re-
run the DTA simulation by selecting a certain percentage of users according to their y’, i.e., predicted diffPMC, and
we move them to their SO paths simulated by the SO-ref scenario. Therefore, we evaluate whether rerouting these
selected users can lead to significant network performance improvement or not, by comparing (i) the TTT obtained in
this evaluation DTA scenario and (ii) the TTTs obtained in UE-ref and SO-ref simulations.

2.6. Second phase: re-routing strategy based on combining network-related features

Up to now, to evaluate the efficiency of the selection step, we have assumed that the optimal route guidance
strategy for all the selected users is to assign them to their SO paths. Here, we relax this assumption. For a selected
user, among all the paths in the feasible space, we aim to find the best path for bringing the system’s performance
closer to the system optimum, without knowing the SO solutions computed via cumbersome DTA simulations. To this
end, we rely on supervised classification based on the network-related features of trajectories under the UE condition.
By assuming that SO paths are the optimal paths for reaching the system optimum, we aim to classify whether a path
is the SO solution or not based on network-related trajectory features. This step corresponds to the right branch of the
2"d _ step shown in Figure 1. We still need the results from the SO-ref simulation in order to prepare the data set and
train our classification model. However, once the model is built and validated, we can label whether a path is an SO
path or not, based only on the trajectory features.

2.6.1. Data preparation

We first prepare the data set by computing the features of trajectories obtained in the UE-ref and SO-ref simula-
tions. More specifically, we assume that a user i entering the network has s; 4 available paths, computed from both
the UE-ref and SO-ref simulations, between its OD pair with d as the destination, d € RP where D denotes the total
number of OD pairs in the network. Each of these paths has its own vector of features under: X, ,, which are composed
of values of network-related features presented in Section 2.3 under the UE condition. For all these paths, we label
them by two trajectory categories: (i) C; if the trajectory is the SO solution and (ii) C otherwise. We save the labels
of all the paths in the target vector y. In addition, we compute the trajectory features for all the s; 4 paths, and we save
the features of all the paths in the matrix of attributes X = {x,, }ierm gero-

2.6.2. Model training

Using the prepared data set, we now train a model g : X — y = (Cy or Cy), in order to predict whether a path is an
SO path or not, based on the feature table X.

In this work, we rely on the Bayes Theorem (Wu et al., 2008; Pearl, 2014; Taheri et al., 2014) to solve the
classification problem. Classification learning is the process of predicting a discrete class label C = {Cy,...,C,,} for a
test attribute X = {X1, ..., X,} (Wu et al., 2008; Pearl, 2014; Taheri et al., 2014). Here, learning algorithms are given
the task of training a classifier that assigns a class label to a sample based on the attribute. In this work, we assume
that there are only two classes: (i) Cy contains the path that is not an SO path and (ii) C; contains the path is labeled
as an SO path. Then we assign a trajectory £ to Cy or C, based on its feature vector x = (x1, ..., xp)’.

One effective classifier is the Bayes Classifier. It is constructed based on Bayes’ theorem and the probability that
a given sample belongs to a particular class. Let H be a hypothesis, such that the trajectory L belongs to class C.
Our objective is to determine the probability that the hypothesis H = Prob(H|x) holds, given that we already know x.
According to Bayes’ theorem, Prob(H|x) can be expressed as:

Prob(H|x) = Pmb(;f:l)z)o bH) @1
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where Prob(x|H) denotes the posterior probability of x conditioned on H. Prob(H) and Prob(x) denote the prior
probability of H and x, respectively. When there are only two classes, a sample with attribute x is labeled as the class
C = Cy if and only if the following condition is met.

Prob(C = Cylx) S

Prob(C = C1|x) ~ (22)

gp(x) =

where gp(x) is called the Bayesian classifier.

The probabilities in Equation (21) can be estimated by the data set used for the learning process. However, the
estimation of Prob(x|C) is non-trivial and learning an optimal Bayesian network is an NP-hard problem (Chickering,
1996; Chickering et al., 2004; Taheri et al., 2014). To simplify the problem, we assume that all the attributes are
independent given the hypothesis, which leads to

P
Prob(x|H) = Prob(xy,...,xp|H) =~ 1_[ Prob(x;|H), j€{1,2,...,P}, 23)
j=1

where P denotes the dimension of x, i.e., the number of features to be analyzed for the trajectories in this work. Then
the classifier in Equation (22) reads:

Prob(C = Cy) 13 Prob(x;|C = Co)
Prob(C = Cy) = Prob(xj|IC = Cy)’

§B(x) ~ (24)

g™B(x) is called Naive Bayes (NB) classifier. The assumption that all the attributes are independent given that H is
called conditional independence. The NB classifier is one of the most efficient and effective learning algorithms for
discrete classification problems (Kotsiantis et al., 2007; Wu et al., 2008).

We use the data from UE and SO reference simulations to train the NB classifier in this work. All the paths used
are identified in both simulations for each OD pair. These paths are added to the set of alternative paths. Then, we
compute the feature vectors x for all paths. For a trajectory £ between a given OD pair, we define the class variable y
as:

0 if Cy = Cy;
y= LT (25)
1 if CL = Cl.
Therefore, the NB classifier to be trained is defined as follows:
P
v = g"B(x) = arg max Prob(y) l_[ P(xly). (26)
y j=1

Prob(y) can be estimated by the relative frequency of y = 1 and y = 0 in Y. For P(x/|y), we apply the Gaussian Naive
Bayes algorithm to solve the classification problem, where the posterior probability of features Prob(x;|C) is assumed
to be Gaussian:

(xj - ,uy)z
20'3

P(xjly) = exp(= )» 27

1
\ /2710'%
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where o, and p, are estimated by the data set. By substituting Equation (27) in Equation (26), the Gaussian NB
classifier reads:

S | (x; — p1y)?
7 = g"B(x) = arg max Prob(y) | | exp(— 12 ). (28)
y 1 [27mo2 Ty
j=1 7'('0"y

The detailed implementation of training an NB classifier based on the data set in this work and the case study
results are presented in Section 3.4.2.

2.6.3. Method evaluation

Lastly, we evaluate the performance of the combination of the two-step methods: the user selection and re-routing
method. We first select @* % from all the M users as targets, according to their predicted diffPMC with the help of
the f trained in the Section 2.5. We assume that the OD pairs and departure time of these users are known, and then
we compute the trajectory features under the UE condition for all the alternative paths of the targeted users in order
to obtain the table of feature attributes: Xy ger. Therefore, we can predict the labels of all the alternative paths for
the targeted users, via Y’ =~ g(Xiarger). Finally, we re-run a UE simulation with the same demand profile and network,
after pre-defining the paths of selected users as the paths labeled by Y’ = C;. By comparing the TTT of (i) the whole
system in this test scenario with (ii) the TTT obtained in UE-ref and SO-ref simulations, we evaluate the efficiency of
the two-step methods proposed.

3. Numerical experiment and results

In the previous section, the general methodological framework is presented as well as the detailed formulations
of the LR, PR and NB models. Note that, in the methods proposed, we fix the fraction of selected users in priority
to assure a fair comparison of TTT reduction and evaluate the efficiency of the method. In practice, we can also
select users and define alternative paths according to a certain threshold of the computed diffPMC instead of fixing
a certain number of targeted users. In addition, the proposed methodology can be easily implemented, and we are
free to choose DTA models and/or simulators. As long as we are able to obtain full information on network-related
trajectory features, we can apply the methods proposed to any other DTA simulators/platforms. In this work, we apply
this framework to a numerical case study with the microscopic simulator Symuvia. In this section, we present the case
study scenarios and results.

In this study, we run two reference simulations via Symuvia based on the UE and SO conditions on the same
road network and with a given demand profile. The calculation process for the UE and SO solutions are detailed in
(Ameli et al., 2020a,b). We can compute their PMCs and network-related trajectory features listed in Section 2.2 and
Section 2.3. The data set of the trajectory features will then be used in the supervised learning process. Recall that
we use only link features under the UE condition when computing the traffic-state related features of both the UE
trajectories and SO trajectories. More precisely, we use link travel time, link marginal cost, and link average speed
under the UE condition to compute PTT, PMC, diffPMC, and dynamic BC of links. Therefore, the trajectory feature
differences for a pair of trajectories result only from whether the trajectory is chosen under a UE or under an SO
perspective. This helps us to unravel the characteristics of the SO structure under UE-based traffic conditions.

3.1. Case study description

In this study, we consider the road network of the 67 district of Lyon (Lyon6), France. The area of Lyon6 is
presented in Figure 2(a). Figure 2(b) shows the link-level representation of the main road network. There are a total
of 786 links, 457 nodes, and 710 OD pairs in the network. Figure 2(c) presents the time-dependent traffic demand
in the network. There are a total 13475 users (M = 13475) traveling on the network during a simulation period of 4
hours (from 7:00 to 11:00 a.m.). Figure 2(c) shows that the peak hour is from 8:00 to 9:30 am.

Figure 2(d) presents the macroscopic fundamental diagram (MFD) of the whole Lyon6 network in the UE and SO
simulations. It represents the spatial average of network traffic conditions (total travel distance vs. total experienced
travel time) through time. The MFD confirms that the traffic conditions in SO are better than in UE, as the total travel
time is shorter in SO than in UE for a given total travel distance.
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Figure 2: Lyon6 network: test case characteristics in UE-ref and SO-ref simulations with Symuvia

3.2. Results from reference scenarios

Figure 3(a) presents the distribution of PTT on the network of both the reference UE simulation (UE-ref) and the
SO simulation (SO-ref). We can see that the PTT decreases from UE-ref to SO-ref, and the network is less congested
in the SO than in the UE-ref simulation. Figure 3(b) shows the distribution of PMC. We also find the PMCs of the
SO trajectories are smaller than the UE trajectories. This observation is consistent with the assumption of the SO
condition where users choose paths with the minimum PMC between its OD pair.

We assume that the TTT of the whole system reaches its minimum under the SO condition. Therefore, the TTT
reduction from UE-ref to SO-ref denotes the improvement of the optimal performance that can be achieved when all
users choose their paths under the SO perspective. The reference simulations show that from the UE to SO, the TTT of
all users falls by 6.56 - 10° seconds, representing 9.44 % of the TTT in the UE-ref simulation, as presented in Table 2.
This reduction of TTT from UE-ref to SO-ref is then considered as the reference TTT reduction when evaluating the
efficiency of targeting and re-routing strategies. More precisely, we use two criteria to evaluate the improvement of
network performance: (i) the relative TTT reduction with respect to the UE-ref simulation (Equation (29)) and (ii) the
relative TTT reduction with respect to the optimal TTT reduction from the reference scenarios (Equation (30)).

(TTTUE—ref - TTTlest scenario)
TTTUE ref ’

ATT Tretative = 100 % x (29)
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Figure 3: The distributions of path travel time (PTT) and path marginal cost (PMC)

Before the application of the supervised learning methods mentioned in Section 2 to our case study, we first deter-
mine the optimal fraction of users to be targeted, i.e., @* %, based on a sensitivity analysis presented in Section 3.2.
Thereafter, when evaluating the proposed learning methods, we take o* % directly as the fraction of user selection.
The sensitivity analysis and results are presented in the following Section 3.2. Moreover, the reference test case pre-
sented in Section 3.2 can serve as the criterion for the method evaluation. The results from this reference case will
confirm the fact that we can achieve a significant TTT reduction by selecting a small share of the users who have
the largest diffPMC values and moving them to their SO paths. Therefore, when we evaluate the proposed learning
models, we compare the TTT reduction of the test cases with the TTT reduction obtained in the reference cases.

Then, after presenting the reference test cases, we apply the two-step learning framework to our case study in
Section 3.2 and Section 3.4.2. To prepare the data set, we compute trajectory features for all the users and prepare the
data set, including: (i) the training feature vectors composed of network-related trajectory features, (ii) the diffPMC
for all users as the target vector, and (iii) the labels of simulated paths as the target vector. To select the users, we use
the data set to train the LR and PR regression models. For re-routing, we train the NB classifier to predict whether a
given path is an SO path or not. Lastly, for the evaluation phase of both learning processes, we run DTA simulations
with the selected users moving onto their simulation/predicted SO paths in order to evaluate the TTT reduction of the
whole network.

3.3. The reference case: selection of targeted users according to actual path marginal cost

In this subsection, we aim to determine the optimal percentage a* of users to be selected. With the o determined,
we then re-run a test scenario by selecting @ % users with the largest values of diffPMC, and move them to the SO
paths obtained in the SO-ref simulation. Then the TTT reduction of this test scenario in comparison to the TTT in the
UE-ref simulation is the criterion of the potential TTT reduction that can be achieved by rerouting a* % users.

The main steps for the sensitivity analysis to determine a* are the following. First, we compute the diffPMC for all
the M users based on the simulation results obtained in UE-ref and SO-ref, according to Equation (4) to Equation (7).
Then we rank all users according to their values of diffPMC, and select @ % of them with the largest values of
diffPMC as targeted users. Afterwards, we give these selected users predefined paths obtained in SO-ref and re-run a
DTA simulation where other users still travel under the UE condition. Finally, we evaluate the TTT reduction of the
system in the test scenario in comparison to UE-ref simulation.
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Table 2: Simulation results of the UE-reference and SO- reference scenarios of the Lyon6 network. The bold numbers represent the results by
re-routing an optimal fraction of users to SO paths.

UE SO Results after rerouting different fraction of selected users (@ %) with large diffPMC value
Different scenarios Ref Ref 1% 2% 3% 4% 5% 10 % 15% 20 % 25 % 30 to 70 %
TTT (10°s) 694 | 629 | 6.93 6.73 6.72 6.62 6.68 6.66 6.47 6.42 6.52 6.39
ATTT (10° s) - 6.56 | 0.18 2.17 2.21 3.30 2.73 2.87 4.81 528 4.31 5.58
ATTT per user (s) - 48.7 1.3 16.1 16.4 24.5 20.3 213 35.7 39.2 32.0 41.4
ATTTre1 (%) - 9.44 | 0.26 3.13 3.18 4.74 3.93 4.14 6.92 7.60 6.20 8.02
ATTTeel. (o ret (%) - 100 276 | 33.14 | 33.69 | 50.24 | 41.62 | 43.81 | 73.33 | 80.56 | 65.71 85.01

(TTT is the total travel time. ATTT is the difference of TTT between the UE-ref simulation and the SO-ref simulation. ATTT [user denotes the TTT reduction per user.
The relative TTT reduction (ATTT ) is computed by Equation (29). The relative TTT with respect to the reference (ATTT e, 1o ref) is computed by Equation (30).)

To analyze the sensitivity of system performance improvement to the fraction of selected users, we select @ €
{1,2,3,4,10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70} and run the corresponding test scenarios mentioned in the above
paragraph. Then we compute the relative TTT reductions according to the criteria mentioned in Section 3.2, in order
to find the optimal fraction @ %. The results of these simulation scenarios are presented in Table 2. The results show
that we can achieve a significant improvement in network performance by moving only a small share of the users to
the paths considered to be optimal for the whole system, i.e., the paths assigned under the SO principle. Table 2 shows
that re-routing 20 % the users to their SO-trajectories can lead to more than 80 % reduction in TTT concerning the
reference case. In average, the travel time saving is 39 s per user. In other words, if we can efficiently target the 1/5 of
the users that have the highest values of diffPMC, we can achieve more than 3/4 of the TTT reduction of the reference
case, where all the users travel on SO trajectories instead of traveling under the UE principle.

We also carry out benchmark (BM) scenarios by randomly selecting a@ % of the users, with o €
{1,2,3,4,5,10, 15,20, 25, 30, 35, 40, 45, 50, 60, 70}. For each fraction @ %, we take 8 random samples of the users
independently, and give them predefined paths as SO trajectories. Then we run DTA simulations under the UE con-
dition to evaluate the TTT reduction in comparison to the UE-ref simulation. The results in Table 2 and the results
of the BM scenarios are plotted in Figure 4. The results of the BM scenarios show that randomly moving a fraction
of the users to their SO paths cannot ensure a reduction of system TTT until we choose a sufficient number of users
(30 %). In addition, the random selection is not efficient at all. In fact, by randomly selecting 70 % of the users and
re-routing them to SO paths, we can achieve on average less than 5 % of relative TTT reduction with respect to the
TTT in the UE-ref simulation. However, by selecting only 20 % of the users who have the largest potential decrease
of PMC, i.e., diff PMC, we can already obtain more than 7.5 % of TTT reduction from the UE-ref simulation.

Figure 4 shows that the diffPMC is a good criterion for selecting targeted users. By selecting users according to
their PMCs reduction value from UE-ref to SO-ref and moving them onto SO paths, the system TTT reduction is
significantly higher than in the cases where the users are selected randomly.

Based on these subsection results, we consider that o* = 20 is the reference fraction for selecting targeted users.
There are a total 13475 users in the network. The reference number of users that we select is then denoted as Mareer =
2696. In addition, the TTT reduction obtained after moving 20 % of the users to their SO path, 7.60 %, is considered
as a criterion of potential TTT reduction when evaluating the efficiency of our learning methods for user selection
(Section 3.2) and user re-routing (Section 3.4.2).

3.4. First step results: selection of targeted users by predicting diff PMC based on other trajectory features

The results in the reference case in Section 3.2 show that we can obtain more than 7.6 % of TTT reduction w.r.t
UE case, by only selecting 20 % of users who have the largest values of diffPMC. Their diffPMC are computed based
actual UE and SO paths obtained in the reference scenarios. However, we aim to re-route users without knowing
their SO paths ahead, and the actual diffPMCs are not accessible. TIn this subsection, we aim to approximate users’
diffPMC based on network-related trajectory features via a supervised learning process, and then show that we can
also reduce the system TTT significantly, by re-routing 20 % of the users who have the largest values of learned
diffPMC. More precisely, we aim to select Mige; users according to the diffPMC learned by a regression model, and

16



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

10

H_H

HI
H__TH
LIl

H ]

TH
h
H T H
(
Ho

CH
H

—— SO-ref simulation
—— Select users with big DiffPMC
[ Statistics of random selection results

Relative TTT reduction w.r.t. UE-ref (%)
N
e
 E
B

|
S

0 1 2 3 4 5 10 15 20 25 30 35 40 45 50 60 70
Fraction of selected users (%)

Figure 4: Relative TTT reduction with respect to TTT in UE-ref after selecting different fractions of users and re-routing them to SO paths.
The reference relative TTT reduction from the UE-ref to the SO-ref simulation is 9.44 %. The black-line boxplots represent the statistics of TTT
reduction after randomly moving users to their SO trajectories: (i) the orange lines represent median values, (ii) the boxes represent the interquartile
ranges, and (iii) the upper and lower whiskers represent the 95" and 5" percentile.

move them on paths obtained from the SO-ref simulation in order to achieve a reduction of system TTT as close to that
obtained in Section 3.2 as possible. This step corresponds to the 1* step of our methodological framework, presented
as the left branch of the method flow chart (Figure 1) in Section 2.
3.4.1. Data preparation

First, we prepare the data set for training the regression model. Note that we still use the results from the UE-ref
and SO-ref simulations as the data set. Among the 13,475 users on the network, we select M = 13127 users’ trajectory
feature data as the sample set. The eliminated users have not finished their trips in our simulation horizon. Each user
i has a pair of trajectories, L}JE and Liso obtained from the two simulations, respectively. We compute the normalized

PMC reduction of i by y; = diffPMC; = P/I\-/I\C,UE - P/M\C,-SO (ref. Equation (4) to Equation (7)). Then we save the
computed diffPMCs in the target vectors to be approximated denoted by y € R™. For the same users, we also compute
other dimensionless trajectory features based on the results of the UE-ref simulation: BC;, GEC, E., G?y"amwBC, Capi,
i, ui;- The values of these features define the feature vectors for user i, x' = (x1,...,xp)T where P = 7. Then we
define an M x P data matrix X = [x'...x"]7, where M = 13127, which is the number of the sample size. Therefore,
the objective is to use the known data set X and y in order to train a model:

f:RP 5 R
X -y = f(x).

3.4.2. Training and evaluation of the regression model

Here, we train two regression models (LR and PR), fii, and f,o1y, based on the simulated data set y and X. Then
we compute the approximate y;. . = fin(X) and y;mly = fooy(X). Therefore, we can sort the users by y” and select 20 %
of the users with the biggest predicted differential of PMC. Afterward, we give these users SO-ref trajectories and

re-run the DTA simulation, in order to evaluate the TTT reduction of the system.
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Table 3: Scores of the LR and PR models for predicting the PMC reduction from UE to SO, based on all the seven network-related features. The
correlation and RMSE are computed between (i) y (the actual PMC reduction obtained in UE-ref and SO-ref scenarios) and (ii) y’ (the learned
PMC reduction with trajectory features as attributes).

Polynomial Ref selection
Linear d=3 d=4 d=35 d=6 20 % bigDiffPMC
Correlation 0.1489 | 04022 04812 0.5516  0.5701
RMSE 0.1775 | 0.1522  0.1395  0.1263  0.1226
ATTT w.r.t UE-ref (in %) -8.6 4.13 238 5.55 6.50 7.60
ATTTe w.r.t SO-ref reduction (in %) -91.40 43.79 25.24 58.84 68.42 80.56

(The relative TTT reduction is computed by Equation (29). The relative TTT with respect to reference is computed by Equation (30). The column titled by 20 %
bigDiffPMC" in the table presents the case where we select 20 % of the users with the largest value of diffPMC selected and move to their SO paths. )

Table 3 presents the results of this learning phase. The correlation and the root-mean-square error (RMSE) are
computed between (i) the actual differential of PMC from UE-ref to SO-ref, and (ii) the predicted differential of
PMC learned from X, based on the LR model and the PR model with different degrees. The results show that the
6" order PR model is able to efficiently predict the PMC reduction. By selecting 20 % of users with a large value of
predicted diffPMC, we can achieve a 6.5 % reduction of TTT in comparison to the UE-ref simulation. According to
Equation (30), this TTT reduction obtained in the test case reaches 68% of the reference reduction, which is the case
where all the users travel under the SO condition.

3.5. Second step results: re-routing strategies by predicting SO paths based on trajectory features

The results from Section 3.2 are obtained after re-routing the selected users to their exact SO paths resulting from
the SO-ref simulation. The purpose of this section is to predict whether a path is an SO path or not, based on the
known network-related trajectory features. The problem can be easily transformed into a classification task: to predict
whether a path belongs to the class of SO paths or not, for all the possible paths between a given OD pair. The
implementation and results presented in this subsection correspond to the 2"¢ step of our methodological framework,
presented as the right branch of the method flow chart (Figure 1) in Section 2.

3.5.1. Data preparation

Here we prepare the target vectors y and matrix of attributes X, following the steps presented in Section 2.6.1.
Let M, denote the feasible paths for all users between all OD pairs. The matrix of the target vectors for training the
NB model is composed of the actual classes of the paths: Yai = [y1,...,¥i,-..,ym,] where y; = 0if C(L;) = Cy
and y; = 1 if C(L;) = C,. We also compute the network-related features of all these paths and construct the attribute
matrix Xqy = [X1,...,X;, ..., Xp, ], Where x; € R5 which means that we consider only five features as attributes, since
we have 2 pairs of correlated feature. In fact, in order to satisfy the conditional independence assumption of NB
classifier, we first carried out a correlation analysis with X. The correlations in Figure 5 show that there are two pairs
of trajectory features that are not independent: (i) BC and GBC (Figure 5(a)), (ii) E; and G»™mi<BC (Figure 5(b)). If
the correlation between two features is estimated as high, then this couple of features are dependent on each other
and cannot both be taken into account when constructing the matrix of attributes in the NB training process. For
example, Figure 5(a) shows that BC and GBC are highly correlated. Figure 5(b) shows that E and GYnamicBC are
highly correlated. Therefore, we do not take the two Gini coefficients into account when constructing the attribute
vector for training g in this work.

In our case study, there are a total of My; = 107385 possible paths for all the users of all OD pairs in the Lyon6
network. To ensure that we have sufficient data to train gNP(x), we exclude the paths between OD pairs where fewer
than 30 vehicles are traveling between them. The final number of remaining paths used in the learning process is
M gaaser = 45848. Then, we separate the data set into two parts: the training set and testing set. Each of them consists of
50 % of the trajectories randomly selected among all the M ,ser paths. The corresponding class variables and feature
vectors of these trajectories are denoted by Yirain = [V15- -+ s YMyy J» Xtrain = [X15 -« > X0 1> Yeest = V1o - -5 VM, ) and
Xiest = [X1,. .+, XM[E,[]«
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Figure 5: (a): The estimated correlation between the median node BC (EE‘) and the Gini coefficient of BC (GBC); (b): The estimated correlation
between median dynamic link BC (E;) and the Gini coefficient of dynamic link BC (GBC). (If the correlation between two features is estimated as
high, then this couple of features are dependent on each other, and cannot both be taken into account when constructing the matrix of attributes in
the NB training process.)

Table 4: Correction of class prediction by using the trained gNB.

Yiest V8. Yeest Yan v-s. Yan

Number of samples 22924 107385

% of correctly predicted classes 88.13 % 87.42 %

3.5.2. Training and evaluation of the Naive Bayes classifier

Here we use Y estimate Prob(y), o, and u, in Equation (28). With a known Xi,;,, we can train gVB(x). Note
that we assume that the distribution of Y is the same for all the paths, so that Prob(y), o, and u, remain the same for
Yest and Yy We can therefore estimate Yiey ~ gVB(Xeest) and Y ~ g¥B(Xan). Then we compare the predicted class
variables and the data set in order to evaluate the performance of the classifier. Table 4 presents the correction rate of
the well-predicted class variables of Y. and Y,y . If a simulated UE path is correctly labeled as Cy or a simulated SO
path is correctly labeled as C; by the trained NB classifier, then the conclusion about the prediction for this path is
correct. The percentage of correctly predicted classes in Table 4 is computed by dividing the number of paths whose
classes are correctly predicted by the total number of paths of the data set.

3.6. Results of combining two-step learning processes: selection and re-routing

Recall that in the reference case presented in Section 3.2, the TTT of the system is reduced 7.6 % after re-routing
20 % of the users with the largest value of diffPMC to their exact SO paths. In this subsection, we investigate whether
system performance can still be significantly improved after selecting a small part of the users according to their
estimated diffPMC, and rerouting them to their predicted SO paths. More precisely, we evaluate the efficiency of the
two — step learning methodology in terms of TTT reduction in comparison to the UE-ref scenario, as shown in part-111
of Figure 1 in Section 2.1. We select 20 % of the users according to the diffPMC predicted by the PR model fyo1y(-)
in Section 3.2. Instead of moving them into simulated SO paths, as presented in Section 3.2, we now reroute them on
paths that are predicted to be SO paths according the NB classifier gNB(-) result in Section 3.5.2. Then we evaluate
the TTT of this test scenario and compare it to the TTT in the UE-ref simulation.

First, for a selected user entering the network at time 7, we identify their OD pair. Second, we search all the
possible paths between this OD pair and compute the feature vector x for each alternative path. Then, we rely on
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Table 5: Rerouting strategies for targeted users

No. Case Action
1 None of the alternative paths is labeld as SO path Do not move the user
2 One and only one path is predicted as SO path Move the user onto this path
3 More than one alternative paths Randomly select one path from the predicted SO paths,
are labeld as SO paths and move the user on it

g"B(x) to predict whether a path is an SO-path or not. Since there may be more than one feasible path for a user, there
are three cases for the rerouting strategy, shown in Table 5.

Among all the 2696 selected users, 641 users have at least one predicted SO path among their alternative paths
of the same OD pair. These 641 users are finally targeted and moved to the predicted SO paths. There are some
users whose trajectories are not changed according to the NB classifier. This may be due to two reasons: (i) the
predicted SO paths are the same as the UE paths, and (ii) all the candidate paths of these users are predicted as
non-SO paths. Therefore, we pre-define the paths for these 641 users and run DTA simulations while the other users
continue traveling under the UE condition. Besides, in order to take into account the eventual estimation error caused
by the random selection of predicted SO paths in the case of the 3" situation mentioned in Table 5, we carry out 12
independent DTA simulations. In each of these simulations, we randomly select only one predicted SO path for the
selected users who have at least two predicted SO paths.

The final simulation results are presented in Figure 6. The results show that by selecting 20 % of the users with
the largest predicted diffPMC, and moving them onto the predicted SO paths, we can achieve on average 5.9 % of
total travel time in comparison to the reference UE simulation. This performance is significantly better than the BM
scenarios, where we randomly select 20 % of the users and move them on their SO paths obtained from SO-ref. We
also observe a small variation of TTT reduction in the 12 independent simulation scenarios. This infers that there
might be more than one alternative path that has close characteristics compared to the SO paths.
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Figure 6: The relative TTT reduction with respect to UE-ref simulation for different test scenarios.
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Furthermore, the final number of targeted users is 641, representing less than 5 % of the total users in the network.
Nevertheless, by moving them onto the predicted SO paths, we achieve on average a TTT reduction of more than
62 % in comparison to the reference case, where all the users choose their paths under the SO condition. In addition,
among all the users, there are about 68 % of them have decreased their individual travel time in the re-routing scenario,
with respect to the UE-ref scenario. The average travel time saving is about 146s. For the rest 32 % of users who
have increased their travel time after rerouting, the average increased travel time per user is about 200 s.’RC—LL:
For the users that have been re-routed, there are 3.6 % of them who have increased their individual travel time after
being re-routed, but the average increased travel time is 40 s. This is an acceptable increase of individual travel time
and therefore there would be no difficulties for user compliance if we aim to apply the method into practical cases.
Moreover, the results show that thanks to the trained PR and NB models, we are able to select and re-route a small
share of network users to make a significant improvement to the performance of the whole network based only on
their network-related trajectories.

4. Conclusions and discussions

This work investigates network-related trajectory features to unravel the trips that contribute most to the system’s
under-performance. When such trips are identified, feature analysis also permits identifying the best alternatives in
terms of routes to bring the system to its optimum.

Four features: node BC, dynamic link BC, the mean MFD capacity, and the mean distance between traffic lights,
are identified as the key network-related features. The combination of these features defines the potential trips that
contribute most to the system’s under-performance. With these features as attributes, we build two learning models
in order to (i) select the targeted trips that are critical for the system under-performance and (ii) re-route the users
onto alternative paths in order to improve the whole system performance. We carry out a case study based on two
reference DTA simulations for a middle-size network, from the perspectives of UE and SO. The microscopic traffic
simulator (Symuvia) is used to obtain user trajectories and their corresponding network-related features. Note that the
methodology proposed can be adapted to other DTA models and/or simulators because it uses the simulation results
independently. In other words, as long as we are able to get full information on network-related trajectory features,
we can apply the methods proposed to any other DTA simulators/platforms.

The application of our methodology to the real test case (Lyon6 network) shows that by selecting only 20 % of the
trips and moving them onto predicted optimal paths; we can achieve an improvement of more than 62 % in network
performance in comparison to the case in which all the users move from UE to SO paths. These results show that we
can achieve a significant improvement in network performance by targeting a small share of users and moving them
to predicted alternative paths, based only on their trajectory features and/or regular travel time information under the
UE condition thanks to the learning models we propose.

This work opens various perspectives. The analyzed feature attributes can be obtained based on intrinsic features
of the network (such as graphical characteristics, the spatial distribution of traffic lights), and/or a simple traffic
monitoring system. Therefore, it would be possible to apply the proposed methodological framework to real-life
practice if we have GPS trajectory data and network characteristics. Then we could re-route a small share of network
users in the real-world via a centralized route planning system by providing users route guidance to reduce traffic
congestion throughout the whole network. In particular, this real-world application would be promising if connected
autonomous vehicles (CAVs) represent a large share of network users in the future since it would be easier and more
efficient to re-route CAVs, which are already monitored by a centralized system.

In addition, we can consider more than one criterion to evaluate the improvement of system performance. In this
work, we only consider minimizing the system’s total travel time. In future works, we could also consider adding
environmental criteria, such as minimizing the total air pollutant emissions of the whole system. Moreover, we can
still improve the performance of model training, concerning the learning model of the user selection step, the 67 order
of the polynomial regression model might be heavy if we deal with a data set with high-dimensional data. Other
supervised learning models can also be investigated, such as Neural Network or Gaussian process regression with
different kernels. For the classifier training, one direction can be to investigate better classification models to unravel
SO path characteristics in order to avoid the cases (i) where there are than 1 predicted alternative paths or (ii) there is
no predicted path at all, for a selected user. One possibility is to use an imbalance classification process because we
have an imbalanced data set of feasible paths, where there are much more non-SO paths than SO paths.
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