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Abstract

Characterizing the efficiency of movements is important for a better management of the cities.
More specifically, the connection between the efficiency and uncertainty (entropy) production of a
transport process is not established yet. In this study, we consider the movements of selfish drivers
from their homes (origins) to work places (destinations) to see how interactions and randomness
in the movements affect a measure of efficiency and entropy production (uncertainty in the
destination time intervals) in this process. We employ realistic models of population distributions
and mobility laws to simulate the movement process, where interactions are modelled by
dependence of the local travel times on the local flows. We observe that some level of information
(the travel times) sharing enhances a measure of predictability in the process without any
coordination. Moreover, the larger cities display smaller efficiencies, for the same model parameters
and population density, which limits the size of an efficient city. We find that entropy production is
a good order parameter to distinguish the low- and high-congestion phases. In the former phase,
the entropy production grows monotonically with the probability of random moves, whereas it
displays a minimum in the congested phase; that is randomness in the movements can reduce the
uncertainty in the destination time intervals. The findings highlight the role of entropy production
in the study of efficiency and predictability of similar processes in a complex system like the city.

1. Introduction

Human mobility has changed completely over the past two centuries, starting in Britain, in the early nineteenth
century, from the dramatic expansion of roads and railways networks [1]. Studies aiming at describing and
understanding the human mobility in space and time started some decades after that [2], and more quantitative
and theoretical approaches appear starting from the 1940s [3—5]. In recent years, the great improvements of
computational resources and data gathering due to the ICT revolution has given new impulses to these studies
6, 7].

The widespread adoption of mobile phones in early 2000s and subsequently of smartphones increased
enormously the amount of data available about movements in city. These data fostered the appearance of new
researches describing and characterizing urban displacement [8—12]. Private vehicles, until today, cover the
majority of trips in large parts of the world [13]. There are however multiple drawbacks associated with this
situation. Due to the increased private demands of displacements, gridlocks are rising every year [14—16],
leading to large economic loss [14] and increasing urban air pollution [17]. In this regards, large investment
in transport infrastructure are mandatory, but also better strategies to understanding and modelling of such
complex systems can help to mitigate the undesirable effects. Agent based models have been developed in order
to capture the main aspects of the phenomenon, ranging from simple models (see references in [7]) to very
complicated and computationally demanding ones [18, 19]. Recently, the pervasive smartphone adoption and
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the consequent use of navigation apps have changed the movement habit of individuals, and not always for
the better [20].

In this work we want to see how interactions of agents and associated entropy productions influence pre-
dictability and efficiency of movements in city. We study a dynamical system with agents moving according to
a selfish routing algorithm [21, 22] on a two-dimensional square lattice, with some reasonable models of pop-
ulation and destinations distributions which can reproduce the essential features of the empirical data [11, 23].
There is no cooperation among the agents and by selfish we just mean that the agents tend to take the expected
shortest-time path according to the available information. We consider two kinds of interactions among the
agents: spatial and temporal interactions. The former interactions affect the travel times of street segments
which is correlated with the flows of agents. In the latter interactions, the travel information of previous days
are taken into account in the selfish routing algorithm.

We shall see how the predictability and efficiency of the movements depend on the strength of interactions.
Two measures of predictability are considered: the entropy production and a distance between distributions
of the expected and actual travel times. The measure of efficiency was introduced in [21] as the inverse of the
travel time per the total number of trips. In this study, however, we simulate the movements of many interacting
agents, which can also deviate from their optimal trajectories randomly at every time step. We observe that in
general the efficiency and predictability of the process are diminished by increasing the interactions in space
and time. In principle, sharing the travel information with selfish drivers in the absence of any coordination
could lead to traffic ‘chaos’ [20]. The phenomenon in general is known as the tragedy of commons or the price
of anarchy in a population of selfish agents [24—26]. We find that very small but nonzero levels of temporal
interactions can in fact enhance the predictability by reducing the differences between the expected and actual
travel times. Moreover, for large values of spatial interactions, a bit of randomness in the movements results
in smaller entropy production by avoiding the congested lines. For the same reason, the efficiency displays a
maximum at small values of randomness when the spatial and temporal interactions are sufficiently strong.

The paper is structured as follows. In section 2, we introduce the models and define the main quantities
of the study. In section 3, we report the results of numerical simulations and discuss the findings and their
consequences. The concluding remarks are given in section 4.

2. Models and settings

In this section, we present the main definitions and methods which are used to model the network flow dynam-
ics. Consider a city of N sites with local populations {m, :a = 1,..., N} and total population M = )" m,.
The connectivity graph of the city is given by G(V, E) where V'is the set of sites and E is the set of directed edges
(ab). Here we take a two dimensional square lattice of size N = L x L, where all edges have the same length and
the same free travel times. We use the model introduced in reference [11] to produce reasonable population
distributions for the model cities. This is a preferential growth model which starts with a seed of population at
the center of the lattice. At each step, a site is chosen with probability p, o< (m, + ¢y) and a unit of population
is added only if there exists a populated site at distance less than . In the following, we take ¢o = 1, [ = 1,
and the population density is fixed to M/N = 10°.

Given the population distribution m,, we use the following mobility law [23] to construct the flux of
movements 1,_,, from origins a to destinations b,

(1)

Moy = Mapay — m my/ M(rap)
a—b aPa—b uzc;&u mC/M(rac)’

where M(ry) is the population in the circle of radius r,;, centred at site b. The probability p, ., of going from a
to b is proportional to m;,/M(r,,), which can be interpreted as the attractiveness of site b for an individual at
site a.

Finally, the flows of movements on edges (ab) € E are determined by a flux distribution dynamics, as
follows.

2.1. The movement process
Here we describe the process of moving from the origins (Os) to destinations (Ds) in a single day:

e The starting times of the OD trips are distributed uniformly in the origin time interval ATo. We assume
that AT is the same for all origins. In each time step, the time increases by At = 1. Driver i starts its
trip and becomes active at time to(i) € ATo. The trip will become inactive when the driver reaches
its destination at time tp(i) € ATp. The destination time interval ATy is determined by the system
structure and dynamics (see figure 1). The arrival times of the drivers at destination site a determine the
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destination time interval of that site ATp(a). The travel time from origin to destination for driver i is
denoted by Atop (i) = tp(i) — to(i).

e An active driver i at site a chooses the next site as follows: with probability « the next site is chosen
randomly and uniformly from the set of neighbouring sites. With probability 1 — « the neighbour that
minimizes the expected travel time to the destination D(i) is selected. Here, the probability a: controls
the degree of selfishness of individuals. The expected travel time on each directed edge (ab) in day d
is denoted by 7,;(d). The expected travel times in day d are estimated by using the actual travel times
tap(d — 1) from the previous day:

tap(d) = Map(d — 1) + (1 = Nigp(d — 1). (2)

For the initial day #,,(0) = t,,(0), where the t,,(0) are the travel times for free lines (with no flow). We
shall assume that all edges in the two-dimensional lattice are the same and set #,,(0) = 1. In practice
ta5(0) is given by the length of the line and the velocity limit. Note that when A = 0 the expected travel
times do not change with day and the drivers always choose the shortest path according to the #,;(0).

e Let flow F,; () be the number of drivers that enter edge (ab) at time step t. Given the flows, the actual

travel times are obtained from
Fu\"
tab(Fab) = tub(o) (1 +g<*b> ) > (3)
Fab

to model the influence of flows on the travel times [27-29]. There are other models which try to describe
the relation between the observed travel times and the flows [30]. The above relation allows us to control
the strength of interactions by the parameter g and the degree of nonlinearity in the interactions by the .
The actual travel time t, is the time that a person spends on edge (ab). Here F}; is a measure of the line
capacity. For simplicity, we assume that #,,(0) = t,,(0) and F;, = F},. In the following, we take p1 = 3
and F¥, = M/|E| in all the numerical simulations. Note that the empirical values of 11 are usually greater
than 2 [26, 30]. The selected value of y is to capture the nonlinearity of the relation and it is expected
to represent the main qualitative behaviour of the system. The idea behind the above capacities is that
the links should nearly behave like free lines when all the movements (here M) are uniformly distributed
among all the directed edges (here |E|). The capacity of a line is of course given by the number of its lanes,
but this should somehow depend on the population density (or local density). As mentioned before, in
the following we work with a fixed population density M/N = 10°. This means that the line capacities
are fixed and do not change.

3. Results and discussion

Let us start with the effects of interactions on the cumulative distribution of the travel times P(Atop > T)
in the absence of any randomness in the movements (« = 0). As figure 2 shows, the travel times increase by
introducing the interactions either by considering the effects of flows on the trips (with g) or by exploiting
the travel information from the previous days (with \). We know that interactions can reduce predictability
in a complex system [31]. Here, it helps to imagine interactions as random scatterings of individuals, which is
increasing uncertainty in the arrival times. The stochastic nature of the flows and thus interactions is a simple
explanation for the reduction in the predictability of the system. A selfish way of using the travel information
without any coordination could even worsen the situation [20]. In the following, we see how the interplay of
the above interactions with randomness in the movements affects a measure of predictability of the movement
process. In addition, we follow the changes in the efficiency and a measure of entropy production in the system
to see how the relation between these quantities depend on the macroscopic state of the system (low-congestion
and high-congestion phases) [21].

3.1. Predictability
Predictability of the movements can be studied by characterizing the entropy or mutual information of the
relevant quantities [10, 32—34]. For instance, it is interesting to know how much the travel times depend on
the geometrical distances and the starting times of the trips. We also study a time series of the travel times in
different days to check a measure of predictability in the stationary state of the process.

For a single stochastic variable one may use the (estimated) entropy to quantify the variable uncertainty
[35]. A measure of predictability for two stochastic variables x, x’ is provided by the mutual information of the
two variables,

P(x,x')

P(x)P(x)’ @)

MI(x, %) = ZP(x, x) log

x,x
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Figure 1. Illustration of the origin to destination trips. (a) In each day, the trips start from the origins in the time interval AT,
(initial state) and reach the destinations in the time interval ATy, (final state) with travel times Top. (b) The actual travel times
ta(d — 1) on directed edges (ab) are used to update the expected travel times 7, (d), which are used to find the shortest-time
paths in that day.
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Figure2. Cumulative probability distribution of the travel times P(Atop > T) in a single day. The lattice size is L = 40 and
a=0.

where P(x,x'), P(x) and P(x’) are the joint and marginalized probability distributions of the variables. Note
that large values of mutual information do not necessary mean that accurate prediction is an easy task [36].
Let us define the mutual information between the destination and origin times in one day (i.e. along the
vertical direction in figure 1),
Ht,t - MI(tO) tD)) (5)

and the mutual information between the travel time and the geometrical distance,
1L, = MI(Axop, Atop). (6)

Figure 3 shows the results of numerical simulations for these quantities in a square lattice of linear size L = 40.
The above measures of predictability diminish with increasing g and «, or by using the travel information from
the previous days (A = 0.5) in the absence of randomness (av = 0). The difference between the cases A = 0 and
A = 0.5 gets smaller for larger «v, where 11, is even a bit larger in the latter case. Note that when A = 0 all edges
have the same expected travel times 7,;(d) = t;,(0) = 1, where the shortest path is strongly correlated with the
geometrical distance Axpp. When A = 0.5, there are some edges with small travel times in the previous day
and all drivers are aware of this information which is used to determine the shortest path to their destinations.
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Figure 3. Mutual information of origin times with destination times II,, and geometrical distances with travel times I1,,. The
lattice size is L = 40, and ATo = 64. The data are averaged over 200 independent realizations of the population distribution and
the movement process. The statistical errors are about the width of the smooth Bezier curves.

Therefore, one expects to observe less correlations here between the geometrical distance and the actual travel
times. However, the same global information could make the arrival times at the destinations more dependent
on the departure times and results to larger mutual information between the two time variables.

Next, we study the changes in the travel times along the links for different days (i.e. along the horizontal
direction in figure 1). Recall that the trips in each day rely on the expected travel times £, (d) from the previous
days. The actual travel times #,;(d) in that day could however be different from the estimations we started with.
The relative difference of the two quantities thus provides a measure of unpredictability in the movement
process,

B |tap(d) — Tap(d)|
Dy(t,t) = \E|Z e . (7)

Consider a time series of the above quantity in terms of d. The power spectrum S(w) of such a time series
as a function of frequency w is reported in figure 4. Here S(w) o |D(w)|? where D(w) is the discrete Fourier
transform of the above time series. The appearance of a dominant peak at high frequencies for larger interac-
tions g signals a high level of variation at the shortest time scales (two consecutive days). Figure 5 shows the
stationary values of Dy(t, t) versus the model parameters g and ). Interestingly, the above quantity exhibits a
minimum for very small but nonzero values of A with a discontinuity at A = 0. This means that some level of
information sharing could be helpful even in the absence of any coordination. Moreover, the stronger inter-
actions (larger g) result in smaller values and ranges of beneficial A, which can be used to reduce the above
measure of unpredictability. On the other hand, for a fixed A, the deviations from the expected travel times
grow with the strength of interactions as expected.

3.2. Efficiency and entropy production
Perhaps the most important quantities of the process regarding its efficiency are the travel times and costs. The
average travel time in the process is given by

1
Top = MZAtOD(i)) (8)

where the sum is over all individualsi = 1, ..., M. The average number of travels per person in a day is obtained
from the sum of all the input flows F,;(¢) for different edges and times,

oo0 = 23> Fus(o). ©)

t  (ab)
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Figure4. Power spectrum S(w) (square of Fourier transform) of D, (t, 7) time series in a sequence of 10° days. The lattice size is
L =30, ATo = 48, and o = 0. The samples show independent realizations of the population distribution and the movement
process. The power was computed by the signal welch method of scientific python (scipy).
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Figure 5. The average deviation from the expected travel times (D,(t, 7)) in one day. The horizontal lines in panel (b) indicate the
values obtained for A = 0. The lattice size is L = 40, ATo = 64, and ov = 0. The data are averaged over 200 independent
realizations of the population distribution and the movement process in the stationary state. The stationary values are obtained
from data samples in an interval of 100 days after a relaxation stage of 200 days. The statistical errors are about the width of the
smooth Bezier curves.

This is expected to be proportional to the total energy (e.g. the total amount of fuel) that is consumed in the
process. A measure of efficiency then is defined by ratio of the two quantities,

- 1/7’01)

70D = (10)

00D
This efficiency takes its maximum value for ¢ = 0, &« = 0, when both the travel times and the number of edge
travels are minimum. For each person 7, we can also define the velocity vop(i) = Axop(i)/Atop(i), given the
geometrical origin to destination distance Axop (7). Then, the average velocity is

vop = ﬁszD(i)) (11)

which can be regarded as another measure of the process efficiency [37].

In the following, we are also interested in the amount of disorder that is generated by the movements. A
measure of increase in the system disorder or uncertainty (entropy production) is provided by the relative
entropy of the origin and destination time intervals,

ASop = (log ATp) — (log ATo) = %Zlog ATp(a) —log ATp. (12)

As mentioned before, AT is the same for all sites a. Other measures of entropy production (or irreversibility)
of the process can be defined for example by the relative entropy of the forward (origin to destination) and
backward (destination to origin) flows [21]. In this study, we focus on the above measure ASop, which only
needs the destination time intervals at the end of the forward process, to compare with the origin time intervals.

Figure 6 shows how the above quantities change with the origin time interval AT when A = 0. We see
that by increasing AT (slower process) the efficiency increases because the interaction parameter ¢ becomes
effectively irrelevant for very large time intervals. In this limit, the relative entropy ASop is nearly zero but it
grows continuously as AT decreases, separating two phases of high and low efficiency (or velocity).
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Figure 7. Lattice size effects on the main quantities for A\ = 0. The selected values of AT and L are (32, 20), (48, 30), and
(64,40) with fixed ratio L/ ATo. The population density is fixed to M/N = 10°. The data are averaged over 1000 (for L = 20, 30)
or 500 (for L = 40) independent realizations of the population distribution and the movement process. The statistical errors are
about the width of the smooth Bezier curves.

In figure 7, we report the lattice size effects when the parameters g and « are varied for A = 0. We keep the
population density M/N = 1000 and the links’ capacity F;,, = M/|E| for different linear sizes L = 20, 30, 40.
It is observed that the efficiency and velocity go to zero very rapidly with L even when we increase ATq to
take the ratio L/ AT fixed. As figure 8 shows, the efficiency scales roughly as L8 for g values around 1. This
means that, under the above conditions, the city size is limited by the efficiency or velocity of the movement
process. A similar phenomenon is observed in [38], where infrastructure costs put an upper bound on the size
of a city (in terms of social interactions). The key point is that here the population is increasing with the size
and we have a strongly heterogeneous population distribution concentrated around the center of the lattice.
More importantly, here the link capacities F;, are the same in whole the lattice and do not change with the
size of the system. These assumptions explain why the efficiency approaches zero by increasing L and why in
practice we have to adjust the capacities according to the population size and distribution. The question then
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distribution and the movement process. The statistical errors are about the size of the points.

0.03 1.8
(a) K=Ozg=8.(2) - (b) 7»=O:g=8.g -
=04 1.6 e=04
0.02 . 2=0.8 2=0.8
a q 14
S 5 S
= 4 ~
0 01 02 03 04 05 0 01 02 03 04 05
o o o
0.03 (d) A=0.5:g=0.0 — 22 (e) A=0.5:g=0.0 — 036 () 2=0.5:g=0.0 —
g=0.2 2 g=0.2 " g=0.2
g=0.4 g=0.4 0.32 g=0.4
2=0.8 1.8 2=0.8 I £=0.8
0.28
8 S 8
= BN
< 0.24
0.2
0 0.16
0 01 02 03 04 05 01 02 03 04 05 0 01 02 03 04 05
o o o

Figure 9. The efficiency 7)o, relative entropy ASop, and velocity vop vs the randomness parameter «v for A = 0 (top panels) and
A = 0.5 (bottom panels). The lattice size is L = 40, and ATo = 64 here. The data are averaged over 200 independent realizations
of the population distribution and the movement process. The statistical errors are about the width of the smooth Bezier curves.
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L = 40, and ATy = 64. The data are averaged over 200 independent realizations of the population distribution and the
movement process. The statistical errors are about the size of the points.

is how we should set the local capacities such that the efficiency approaches a desirable limit as the population

grows.

Another interesting observation in figure 7 is that ASop initially decreases with the randomness parameter
« and displays a minimum that is more pronounced for larger lattice sizes. This behaviour is better exhibited
in figure 9, where we report the results for a fixed L = 40 with different values of g and A. In fact, the relative
entropy increases with « for small values of the interaction parameter. But, for g larger than a critical value,
which depends on L and the other model parameters (AT and \), a bit of randomness in the movements
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can reduce the relative entropy ASop. That is, random deviations from the shortest paths in this regime allow
to have more order in the destination time intervals. When A = 0.5 this behaviour is observed for a smaller
& as using the travel information from the previous days results in a larger effective interaction between the
drivers. Besides the minimum displayed by ASop, in figure 9 we also observe a maximum in the efficiency
and velocity for A = 0.5. It means that in this case the randomness is also reducing the total travel times by
avoiding the congested links of the network. Note that the minimum of entropy production and the maximum
of efficiency occur for different values of c. So, definition of an optimal o depends on the quantity of interest.
Recall that the parameter « represents the randomness in the local movements of the agents. In practice, such
a randomness can be effectively modelled by random local reroutings or by some level of noise in the shared
travel information.

In general, the efficiency is positively correlated with the probability of making a right decision which
is expected to increase by reducing the travel uncertainties. This relation should be exhibited by reasonable
measures of the two quantities (efficiency and uncertainty), see figure 10. As the figure shows, there is however
aregion where both the efficiency and entropy production decrease with increasing cv. For A = 0, this happens
when randomness in the movements reduces the relative entropy ASop. For A = 0.5, this region shrinks to a
smaller interval, that is from the maximum of efficiency to the minimum of ASpp. In other words, a negative
correlation between the efficiency and entropy production is better displayed in the more realistic case when
the shortest paths are chosen according to the available travel information.

4. Conclusion

In summary, numerical simulations of the movement process shows that in general interactions (g, \) increase
the travel time, reduce the efficiency, and increase the entropy production. A bit of information sharing by
exploiting the travel times from the previous days, could reduce the deviation of the actual travel times from the
expected ones, so increasing the process predictability. Moreover, some level of randomness in the movements
is beneficial for the efficiency (or inverse of the travel time) of selfish drivers in the congested phase. We also
observe a qualitative change in behaviour of the entropy production ASpp with the randomness parameter o
as the parameter g increases. In fact, for sufficiently large g, one can reduce the uncertainty in the destination
time intervals by introducing randomness in the movements. In other words, the response of ASop to the
randomness « can be used to discriminate the low- and high-congestion phases of the flows in the system.

It would be interesting to see how much these findings are sensitive to details of the movements and
definition of the efficiency, predictability, and the entropy production of the process. In this study, for instance,
we assumed that the departure times are uniformly distributed in ATy which can be considered as a first
approximation to a unimodal distribution, e.g. a Gaussian one concentrated on a rush hour. However, it is more
realistic to assume that distribution of the departure times is not uniform and these variables are correlated
with the expected travel times.

The line capacities F}; are another set of important parameters in the problem. Here, we worked with a
homogeneous distribution of the capacities that are proportional to the population density M/N. In this case,
the efficiency goes to zero by increasing the system size for a fixed population density. A future study can
look for an optimal set of (constrained) line capacities to compensate the reduction in the efficiency as the
population grows.

In this paper, we considered selfish drivers which follow the shortest-time paths and studied small devi-
ations from this routing strategy. The other extreme case is the movement of a large number of interacting
random walkers where the process is mainly governed by randomness. It would be interesting to see how the
entropy production and its relation with efficiency behave in this regime.
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