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Nowadays, methodologies coming from studying physical systems are being applied to the description of a wide variety of complex systems.

In particular, one can study thermodynamical methods to describe the overall behavior of many systems, independent of the precise micro-
scopic construction. In this paper, a real Mexican highway is studied as a cellular automata system using available official data released by
the Mexican Government. The system studied is the Cuernavaca bypass, which was modified in 2016. Official data allows to compare the
highway before and after the modifications. As more complex thermodynamic variables such as entropy are difficult to define and measure

in discrete traffic models, it is shown how other more simple variables such as the standard deviation can be enough to have a complete
analysis of the system. More specifically, it is shown how standard deviation can be seen as a measure of order. Results from the study of
the highway show how, taking a minimal measure such as ordering the transit of heavy trucks can reduce up to 32% the travel time from one
end to another. Otherwise, travel times stays practically constant with respect to the original system.
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1. Introduction physical systems and addressed, in particular, the example
of vehicular traffic. The cited work illustrates how the stan-
Nowadays physics are contributing to methodologies, whicldard deviation of an average quantity can be associated with
have been successfully used for decades to address probleths entropy of the system. Nowadays, one can study thermo-
of many bodies, describing phenomena of social, economidynamics to describe the overall behavior of many systems,
and biological systems. In general, the methodologies oindependent of the precise microscopic construction of each
physics are being applied to the description of a wide vari-system using simple models, which are more amenable to ef-
ety of complex systems. Among those, a cellular automatonficient simulation, and potentially to statistical analysis. The
based description has become the most fruitful due to its théact that the dynamics of cellular automata (CA) can be im-
relative simplicity and flexibility. plemented in the form of intuitive rules has allowed to include
For instance, a few decades ago Sznajd-Weron [1,2] pro@ther complex aspects of the behavior of the part in a rather
posed an Ising model to model the decision-making process&imple way [4].
in parliaments. The idea is straightforward, members of the CA are recognized as a simple modeling paradigm, which
parliament raise their hands driven by the interactions withpffers to graduate students an alternative method to the com-
their neighbors and an external pressure, due to public opirmonly used analytical approach, in order to study many com-
ion or to a decision of the party to which they belong. Forplex systems. In this type of models attention is paid explic-
Sznajd, the parliamentary dynamics seemed similar to the betly to each individual integrating the studied system and to
havior of magnetic particles interacting with each other andhe interactions among these generated by the the mutual in-
with the presence of an external field. fluence [4]. Space is discrete and consists of a regular grid
On the other hand, in a pioneering work, Montroll of cells, where each cell is in a particular state belonging a
et al. [3] show how thermodynamics could describe non-finite set of states. All cell states are updated synchronously
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in discrete time steps. Updating obeys a finite set of locals extended by 12.8 kilometers to the south, resulting in a total
interaction rules that can have a probabilistic influence. Thef 27.3 kilometers. Governmental modifications are exposed
new state of a cell is determined by the actual state of thén Sec. 2.2.
cell itself and its neighbor cells. This local interaction allows  The North-South sense of the highway is called D1. Be-
to capture micro-level dynamics and propagates it to macrofore the modifications, the road was composed of two lanes.
level behavior. Thus, CA can be viewed as discrete approxiThe South-North sense is designated as D2. Originally, D2
mations to particles dynamics and transport phenomena. was also a two lanes road for the first 26 km. In the last
The aim of this work is multiple. Our general objective is 1.3 km, an additional lane was added to the right of the high-
to study a real highway as a cellular automata system usingay.
available official data released by the Mexican Government
while using statistical physics tools. The highway studied i
the Cuernavaca bypass: 27.3 kilometers crossing the southern

Mexican city of Cuernavaca. The highway is not only impor- Ajong the highway, two different topographical elements re-
tant in a local metropolitan context, but also in the transporiy,ce the maximum speed of vehicles. First, dangerous curves
of goods between the Pacific Ocean and Mexico City. Theyt the geographical north of the system diminish maximum
bypass was modified, adding lanes to the existing ones argjpeed to approXvmax = 100 km/h in both senses, D1 and
modifying the topology of the highway. However, questionsp2. These curves are located along the first (last) two and a
have arisen in present times about its functionality, mainlyhaif kilometers of D1 (D2) and two kilometers after (before).
because of construction problems finishing in a meters-widghe curves can be located in Fig. 1. In the northern part of
crack in the middle of the highway. In that sense, the mainhe highway, a humanoid face is delimited by the road. Dan-
gquestion to be answered in the present work is: do the mo‘};erous curves are here the chin and the nose of that face.
ifications to the Cuernavaca bypass improve the mobility of  The mountains surrounding Cuernavaca at the north cre-
vehicles compared to the original highway? ate a continuous slope which affects heavy transportation
The model used is based in the Nagel-Schreckenberghen driving north. Slope has such an importance that their
model [5], w_here the cells of the_hlgh_wa_y can be oc_cgp|ed Ofaximum speed is diminished to appraXm.. = 60 km/h.
not by a vehicle. As space and time is discrete, so it is Speeene effect on the slow vehicles by the slope is only modeled

A maximum speed is imposed. To study the system, basig; the northern third of the bypass, and only applies to D2.
tools such as the standard deviation of the speed are used to

describe the behavior of vehicles on a highway. Indeed this
macroscopic measure can be used to detect phase transitions
in the system when other macroscopic variables such as en-
tropy or temperature do not appear as “organically”.

In Sec. 2, the studied highway and its modifications are
presented. Then, in Sec. 3 the model used is presented.
Available data processed and used to analyze the system is
presented in Sec. 4. A short introduction to the different
phases that are found in traffic systems and how they can be
linked with physics is done in Sec. 5. Also, in the latter sec-
tion the methods to use the standard deviation as a measure
of order are presented. Finally, results and conclusions are
shown in Sec. 6 and 7 respectively.

Topographical elements

~Ciudad de México
iJ” - Cuernavaca

= 19 min Jiutepec e
273 km
Progreso

2. Characteristics of the Highway

Emilianc
Fapata

The idea of the Cuernavaca bypass is to have a highway that,
we previously said, allows to cross in a North-South direction
the city, thus having a double objective: to allow local traffic
of Cuernavaca to have a quick way to transport themselves
within the city, and to allow the transportation of vehicles

. . . - Cuernavaca -
going from Mexico City to the Pacific shore. In that sense, Chilpancingo
the bypass is part of a larger highway with ends at Mexico v
City and Acapulco. Governmental modifications only con- Figure 1. Map of the Cuernavaca’s bypass. The modification
sider the 14.5 kilometers of the bypass crossing Cuernavacgoes from the northern end to the point where the white window
However, as the metropolitan zone receives local traffic fronstarts. Obtained from Google Maps; Map Daf@2018 Google,
other counties surrounding Cuernavaca, the studied systeMEGI.
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FIGURE 2. Official scheme of the modifications made to the Cuernavaca bypass (in Spanish).

2.2. Modifications done to the highway Even if, without a doubt, there are more complex and ac-
curate traffic models [9-13], the model used here was chosen
The modifications done by the Mexican Government can b§ecause of two reasons: the simplicity of the model makes it
summed up in two: the addition of three lanes to each sensg, minimal one. In that sense, there are only a small number
resulting in a highway of ten lanes taking into account bothof parameter to adjust and the rules it follows makes it very
senses, and the creation of an “express pass” in the four mightyitive and straightforward to use. Also, the results it re-

dle lanes (two lanes in each sense) where no ramp allowingroduces are in accord with the highways observed in daily
any car to enter or exit exists. A scheme of this is presentegfe [8,14].

in Fig. 2. This results in the distinction of three different
systems for analyzing in each direction: NaSch model with anticipation parameter

e D1 Original - two lanes during 27.3 km with 11 ramps; o caA model based in the Nagel-Schreckenber (NaSch)
. ... model [5] and modified to have an anticipation parameter [8]
¢ giarixr)sr.ess Pass - wo lanes during 27.3 km Wlthis used. The modifications are fully detailed in [7,8,15]. A
PS; discrete array of. cells and open boundaries is used. Each
e D1 Local Traffic - three lanes during 14.5 km and two cell is considered to have a length of 7.5 m, and is rather
lanes during the last 12.8 km with 12 ramps; used by a vehicle or not. Each vehicle has a discrete position
x €{0,1,...,L} and speead € {0,1,...,Umax - The time
e D2 Original - two lanes during 16 km and three lanesstep is considered to be 1 second.
during the last 1.3 km with 10 ramps; Two types of vehicles are used: a fast one representing
common 3/5-doors cars in good conditions, and a slow one
e D2 Express Pass - two lanes during 27.3 km withrepresenting heavy vehicles such as trucks or buses. Fast ve-
S5 ramps; hicles are denoted as type 2 vehicles. They have a maximum
speed ofvy,.x = 5 cells/s = 135 km/h and a length of one
cell. Slow vehicles are denoted as type 1, having a maximum
speed ofv,ax = 3 cells/s = 81 km/h and a length of two
cells.
3. Model Having two vehicleg andp (being the latter in front of
the former) on the same lane, with positiansz, and speeds
An already studied CA model [5-8] has been used to anaw;, v, respectively, then the distance or empty cells between
lyze the Mexico City-Cuernavaca highway. However, thethem is defined ag; := x, — x; — [,,. Wherel,, is the length
past studies focused on the non urban part of the highwagf vehiclep. The positionst; andx,, are considered as the
where only one ramp is present. cell number. So, if the vehiclgis in celln, thenz, = n. In

e D2 Local Traffic - two lanes during first 12.8 km and
three lanes during last 14.5 km with 10 ramps.
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the case of slow vehicles, their position is considered to be as The first three rules modify the speed independently of
the front cell. the position. The fourth rule gives the new position of the
Wolfram studied Cellular Automata during the secondvehicle: considering the new speed. R1 and R3 assure that
half of the twentieth century and for the first decade of thisall vehicles will go to the maximum speed available and will
century [16]. The goal was to create a framework where alow down when needed to avoid a crash. The second rule has
model based in discrete space and time could create complexstochastic parameter to model random deceleration while
(in the most basic sense of the word) behaviors with simplelriving. In comparison with the NaSch model [5], we com-
rules. In that sense, each discrete part of the space, or “cellinute R2 and R3 to avoid accidents.
follows the exact same rules as the others with the exact same The deceleration rule (R3) involves a parameteto
order. An interesting feature of Cellular Automata (then de-model different types of driving.« is called anticipatory
fined by the space and the set of rules) is their scalabilitydriving parameterset. Whenn = 1 the speed of the vehi-
“Complexity” can be escalated not only by the number ofcle ahead is not considered. This case can be compared to a
rules but also with how the rules make cells interact betweegery aggressive style of driving when the vehicle behind will
themselves. be very close to the one ahead. Getting closértteen means

Modern computational tools allow implementing a set of a very cautious way of driving, leaving big distances between
rules in two different ways: parallel and serial. The formerone car and another.

refers to parallel computation using GPUs and CPUs. Serial
implementation, as the names suggest, refers to the execution
of tasks by an only set of processors in a specific order. Nagéfl€rding into other lanes

and Schreckenberg [5] follow a serial order. _
As said before, the highway studied here is composed bWhen expanding the model to several Iar_1e_s_, each one of th_em
llows the same set of rules. The possibility from the vehi-

a discrete space. Only the right set of rules are needed i ) , ' X . .
order to model a proper behavior of the cars in it. In ordercles to merge into other lanes is available with considerations.

to do so, Nagel and Schreckenberg [5] decomposed how a Mexico's laws prohibit a vehicle to pass another one by
driver-car works in four different actions. Intuitively, drivers the right lane. This creates a distinction of lanes, being the
want to go as fast as possible. However, they are limited byxtreme left lane as the one where vehicles with greater speed
different factors like a maximum speed limit, other cars, ordrive and the extreme right one where slow drivers are found.
random incidents (sun glare, people crossing, etc.). Drivers In that sense, a prohibition to right-pass for all types of
thus need to find how much they can accelerate taking inty€hicle is imposed. Also, slow vehicles are limited to be in
account all these elements. Nonetheless, other elements dhe left lane only when passing is needed. In the case where
involved here. There is not one unique kind of driver, but athe highway has three lanes, slow vehicles are limited to drive
whole spectrum. A set of different driving styles is allowed, on the middle and right lane only. Thus, the conditions for
but only one is chosen and fixed. Car crashes are not allowegVery vehicle to merge are as follows:

The decomposition of the driver-car is thus put into four rules

asin [5,14]. Incentive The vehicle ahead must go slower.
R1 — Acceleration If v; < vnax, the speed of p 5
the cari is increased by one unit. i < Vi ®)
; in(v; + 1 . 1 . . L
v; — min(v; + 1, Umax) (1) Safety 1: The vehicle behind on the objective
R2 — Randomization If v; > 0, the speed of lane must go slow enough to avoid a crash.
the cari is randomly decreased by one unit with prob- .
ability R. dy > vp. (6)

v; — max(v; — 1,0) with probability R.  (2) ] o
Safety 2: The vehicle ahead on the objective

R3 — Deceleration If v; > d, with d5 = d; + lane must be far enough to avoid a crash.
[(1 — a)v,], wherea € [0,1] and [z] denotes the )
smallest following integer fromx, then the speed of d; > ;. (7)

vehicle: is decreased.

v; — min(v;, d3). (3) When merging into a lefter lane the three conditions are

required for both slow and fast vehicles. When merging into a

R4 — Movement The vehiclei is moved for- righter lane, the distinction between each type of vehicle lays

ward with the new speed computed by R1-3. on the urgency of slow vehicles to do it. As a measure for
assuring this, théncentive is only applied on fast vehicles

Ti — Ti + Vs (4)  wanting to merge onto a righter lane.
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FIGURE 3. Scheme of a ramp in the right lane, with a length of
Lyamp. A vehicle is inserted into the ramp with rate,;;— of
type 1 with probabilityr; or type 2 with probabilityl — r;.
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Whenr; > 0, a vehicle of type with speedy = 2 cells/s
= 54 km/h is inserted into the system before the four rules
R1-R4 are applied with probability;. The vehicle is inserted
without consideration of safety distance, meaning it will be
put into the first empty cell found, without considering its
neighbors. Whenm; < 0, then a vehicle of typéin the ramp
zone is deleted from the system with probability.

In that sense, at each time-step, every ramp might intro-
duce or remove two vehicles of different types, or simply in-
troduce one of any type.

To model the initial flux, a third rat®é < 7 < 1is
introduced so there are a maximumrgf;; x 3600 cars en-
tering to the system per hour per lane. The type of vehicle
inserted at the beginning of the highway is given by the re-
spective rate;. Doing a small summary for the presented
rates, for a sequence of random tests:

A “physical” ramp is not integrated [15], but we rather model

the capacity of a vehicle to enter/quit the system on a sec- ® An initial fast vehicle is inserted ifand() < 7t
tion of the highway. To each ramp two different rates < andrand() > ry;
r1,ro < 1 are associated, so at each time-step a vehicle of
type 1 or 2 can enter or quit the system. In Fig. 3, a scheme e An initial slow vehicle is inserted ifand() < ripj
of the ramp is observed. andrand() < rq;
exitt -
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FIGURE 4. Annual average daily traffic of cars per year for D1 and D2. Measurement stations are listed as driving through each sense. Odd
measurement stations are type 1, whereas even stations are type 3. (a): All kind of vehicles, D1. (b): All kind of vehicles, D2. (c): Only slow
vehicles, D1. (d): Only slow vehicles, D2.
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FIGURE 5. Flow added at each ramp of the six studied systems. (a) and (b) refer to the fast vehicles flux at the ramps of D1 and D2
respectively. (c) and (d) refer to slow vehicles, also for D1 and D2 respectively. Points showing 0 vehicles per hour mean that the ramp was

removed.

e A fast vehicle is inserted in a rampiénd() < 7o
with o > 0;

e A slow vehicle is inserted in a rampiand() < r;
with r; > 0;

e A fast vehicle exits at a ramp fand() < |ro| with
ro < 0;

e A slow vehicle exits at a ramp ifand() < |rq| with

ry < 0.

4. Available data

station with a given location and a given direction. The
AADT is the total volume of vehicle traffic of a highway or
road in a year, divided by 365 days. Measurements are taken
in three different types of reported stations: type 1 where flux
is measured before the “traffic generating point”, type 2 mea-
suring at the generating point, and type 3 measuring after the
generating point.

In the case of the Cuernavaca Bypass, data from 2013 to
2016 is taken. Before this period, there is missing informa-
tion of the 27.3 km studied, while in the four years taken the
information is consistent in the way and the place where flux
is measured. Figure 4 presents the total and slow vehicles
AADT data from the four years for D1 and D2, and the aver-

The Mexican Secretariat (Ministry) of Communications and@9€ Of this raw data (black bold line).

Transportation publishes each year a table with data from Data is processed to obtain the net flux per hour in the
most of the federal highways and roads [17]. Data presentdifferent ramps of both senses taking the temporal average of
the Annual Average Daily Traffic (AADT) and the compo- the obtained data. First, we suppose that there is an homo-
sition of that measurement as a proportion of motorcyclesgeneity of flux during 12 hours per day. Given the location of
small vehicles and large vehicles for a given measuremerd ramp, the measurements of the immediate station after (type

Rev. Mex. 5. E65(2019) 114-127
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3) and before the ramp (type 1) are taken. The difference is In Fig. 6, a schematic of the three described phases is pre-
computed and then divided by 12 hours. Supposing that theented. Phase 1 is the non-congested phase (free flow) when
flux in the ramps is homogeneous during 12 hours per dayhere is no influence of the increasing density on the speeds
the 7 days of the week is a poor approximation. However, 10
the information obtained from the official data is insufficient
to make a more accurate analysis given the number of ramps
and the different dynamics they can have during the different
hours and days of the week. P
We call, for matters of simplificationf,. the net flux in
rampr per hour. Thatisf = (AADT, 3 — AADT,)/12,
where AADT, ; is the documented AADT at station of type
1 of rampr. To obtain a rate; as in Sec. 3, then we divide
f- by 3600. The results of this computation are presented in PFhaseF}i
Fig. 5. 2 SRR

(] ~-Phase-2--
Synchronized Flow Phase 3
Wide Moving Jams

Flow [vehicles/s]

0.0 0.‘2 Oj4 056 058 1.0
5. MethOdS Density [vehicles/cell]

FIGURE 6. Transition phases in a fundamental diagram (see

5.1. Phases in traffic theory Ref. 8)

“or diff il - i I ' Cur at higher densities for automated vehicles according with
gaseous, or di grent mate_rla cgmposmons n metallurgy; oranticipatory behavior [7,8]. Phase 2 finds the freeway can-
different collective states in solid state physics) [18]. Most

. : .~ rnot sustain the slope with the injection of newer vehicles into
of the time, the terms phase and phase diagram are app“edttl‘?e traffic stream. In phase 3, the system enters into a con-

large _(qua5|-|nf|n|te), s_patlall_y_ ClPSEd’ and homogeneous sy jested state where the flow starts to decrease as the density
tems in thermodynamic equilibrium, where the phase can b creases

determined in any point of the system. However, when these
concepts are transferred to traffic flows, researchers have dig-o
tinguished between one-phase, two-phases, and three-phases
models. In particular, the number of phases is mainly related
to the number of traffic flow states that the instability diagramStudying the macroscopic variables obtained from a highway
distinguishes. such as a local density and a local flux, an organic nature to
Classical theories based on the fundamental diagram adpply analysis tools from fluids theory may come. However,
traffic flow have two phases: free flow and congested trafficthese tools must be applied with subtle care. More specif-
Kerner [19-21] developed a theory describing three phasesgally, in this section, we will refer to the fundamental dia-
adding a synchronized phase. However, Kerner defined thgram usually used to detect and examine phase transitions in
synchronized phase as a unperturbed flow with decreasinghysics.
flow. In this case we follow other definition of synchronized  As areminder, fundamental diagrams are plots of flux vs.
flow where an unperturbed mean speed is observed [22fensity. In a slow density regime, flux increases linearly as
Nonetheless, from Kerner we recover the names he used ttensity increases. It is in this regime where the fundamental
describe the different phases. These are: Free flow (F), Symelation of vehicular transif = pv comes,j being the flux,
chronized flow (S), Wide moving jam (J). In free flow, ve- p the density, and the speed. As described in the Sec. 5.1,
hicles travel at a maximum speed, which depends, amongste are talking about a free flow regime. However, in order
other things, on the design speed of a road, the weather aridr this relationship to be met, the way to measure is impor-
the speed restrictions in operation at any particular time. Aftant and can determine the information in a fundamental dia-
ter the congestion transition occurs, the free flow changes tgram [23].
synchronized flow. In the synchronized flow, the speed of ve-  In normal conditions, when the flux ceases to increase
hicles drops significantly from the maximum speed. Whenproportionally to the maximum speed as the density in-
the synchronization phase passes, jams start to occur, so ooeeases, the free flux regime finishes. More specifically, the
can find vehicles with null speed. At this phase, the greater isegime finishes when flux meets a maximum concerning den-
the density, the less will be the flow, up to the point where naosity. This maximum is known as theapacityof the system.
car will be able to move. At this maximum density, the flow Once this point is passed, the system enters irtorgested
will be zero again. state

Physical elements for vehicular traffic analysis and
its limitations
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However, it is at this point where things start to compli-  As an alternative to the entropy, the analysis of the stan-
cate. In a first place, it is imperative to know what a mea-dard deviation of the macroscopic variables is done [3,8,24].
surement plotted in a fundamental diagram is. This kind ofPhase transitions are easily detected doing this as it is further
diagram is thought to present one-dimensional equilibriunshown in Sec. 6.1. The intuitive idea behind this is the fol-
curves. In order to achieve that, equilibrium must be metlowing: imagine a highway scarcely driven. If a first vehicle
Nevertheless, in traffic analysis, equilibrium can be met onlydiminishes its speed by a random reason (noise), it is quite
if the system isclosedand unperturbed Translating into  probable that the vehicle behind will not be affected because
a more physical language, walls must be adiabatic, i.e. nof the large distance between both of them. As the highway
ramps. In an open system with ramps, such as the one stui filled, the distance between two cars diminishes, resulting
ied here, equilibrium cannot be met, but a stationary state cain the fact that a change in the speed of the first vehicle will
This is only because the flux entering at the starting point ofmore probably affect the next behind, and the next behind,
the highway and the ramps are set as macroscopically comnd the next behind, etc. If the mean speed and its standard
stant over time. Thus, fundamental diagrams cannot be usetkviation of both scenarios are measured, it is found that the
in the present study to detect phase transitions, and other toadsarcely driven system has a bigger standard deviation than
must be used to. the more dense one. In this sense, standard deviation gives

Also, vehicular systems might present different phenominformation about the order in the system and is also related
ena between a free flux regime and a congested staje, to the probability of having a crash with another car [7,8].
hysteresis [23] or what is known as a synchronization period However, what happens in a phase transition? Imagine
[24]. Both might be represented in a fundamental diagrama highway where the cars follow a free flow regime. As
(figures in Refs. [23,24]) and have a translation to physicakaid before, the standard deviation decreases as the density
systems. Hysteresis is evident and will not be developed. Ancreases. If a phase transition comes into a synchroniza-
synchronization period, however, might be seen in an analogyion phase, then there will be an interval of density where
with states of the matter as a mixed phase between gas amite whole systems rearrange itself in order to change its mi-
liquid. In this phase, vehicles might find a free path wherecrostructure into a new phase. This complete rearrangement
they can go as quick as they want, but they can also be emneans that many vehicles need to change their speed (possi-
closed within a group with a uniform speed. The speed obly violently), so the new structure can arise. In this sense,
these groups is determined by the group-leader which in owuring a phase transition, a significant change in the speed
case can be a slow vehicle or a fast vehicle. standard deviation must be observed. Once the system is in

In that sense, the gas-liquid analogy can be used to disx new phase, the order is restored, and the standard devia-
tinguish phases. A free flux regime is callgdseous state tion can decrease again. Thus, phase transitions are related to
where vehicles might go to a mean speed close to its maxpeaks in the speed standard deviation.
mum value; a first synchronized state calligtht mixed state
where only fast vehicles led-groups can be found, and a sec-
ond synchronized state callééavy mixed statehere slow  9-4. Computing Travel Times
vehicles led-groups can also be found. Finalliigaid state
equivalent to a full congested state. The analogy can continuEravel times are useful to compute as it gives a more intu-
up to a “solid state” where the highway is fully stopped, anditive idea and easy-to-rely impression of what is happening.

no car moves. However, such a scenario is not present in thfdighways in this kind of models are used to be divided in
study. different sections, where each end of a section can be delim-

ited by ramps or measurement stations, or any other real or
fictional limit. In this case of study, sections are delimited
by ramps to assure that the flux in a given section remains

The different phases in a vehicular system reveal how the rédnperturbed, thus resulting in a steady state.

lation of the macroscopic variables such as speed, flux, and Knowing the average speed of a given type of vehicle for

density might change. However, looking closer into the mi-each section of a lang (v), , and the corresponding length

croscopical level of the highway, a phase transition can b@f the section, a simple division between these two quantities

related to the apparition of specific structures created by thgives the average time to cross that sectign. Knowing

vehicles moving (or not), such as the led-groups described ithe average use of the specific lane in that particular section

Sec. 5.2. s e = Js,e/ Y Js,e Willfinally give the average time to cross
Traditionally, entropy is a good choice to measure orderall sections,

Nevertheless, the problem comes to how to measure it and to

g?ve a solid definition in our case. _Indeed it has already been T, = Z Z Us o Tay = Z Z Us o Lengthe. @8)

discussed how entropy can be omitted to “measure” order [3]. s P (V)50

In addition to this, being a macroscopic variable, an entropy

measurement does not give information about the formatiomn this case, the use, , refers to the portion of vehicles of a

of microscopic structures in the highway. given type that are in lané Thus,) , us ¢ = 1.

5.3. Standard deviation as a measure of order
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6. Results 6.1. Unperturbed system

The study of the unperturbed system is done with two dif-

The bypass is divided into different sections with lengthsferent purposes. First, to show and explain the concepts dis-
varying from 150 to 250 meters. D1 is divided into 18 sec-cussed in Sec. 5.3. Second, to study the effects of the topo-
tions and D2 in 19. Measurements are done at the end of eaginaphical elements in the system. We previously only the ini-
section by a unigue sensor measuring individual speeds artil flux, the proportion of slow vehicles and the topograph-
fluxes during a period of 12 seconds and then having an aveal elements of both senses influence the results. In that
erage temporal speed over the same period. The proportigense, D1 is omitted in this section as the dangerous curves
of slow vehicles; is swept from 0% to 40% taking steps of (topographical elements of D1) are in the first 5 kilometers
2%. The initial fluxr;,;; is also swept increasing three vehi- of the highway, so there is no important feature to report. On
cles per minute per lane from 0 veh/(h lane) to 2340 veh/(lthe other hand, D2, because of the presence of both curves
lane). Simulations are not transitory, meaning that the initiand the slope affecting fast and slow vehicles respectively in
flux and the proportion of slow vehicles remain constant durthe second half of the highway makes it more interesting to
ing the whole computation time. An ensemble/df= 101  study and report.
of simulations is taken for each combination of (i,it). An The slope affecting slow vehicles in D2 starts in section
“average system” over the ensemble is done to have a uniquet. In Fig. 7 we observe the mean speed of fast vehicles at
temporal system. This final system is the one analyzed ovahe left lane of section 16 (3.75 km after the slope begins)
time. It is important to note that results do not permute bewith respect to the initial flux and the proportion of slow ve-
cause of the lack of equilibrium and the stationary state of théuicles, with their corresponding standard deviation. As said
system. So, to do a first temporal average of any simulatioin Sec. 5.3, forr; = 0 the standard deviation of speed
and then a study over the ensemble gives different results. diminishes as the initial flux increases, mainly because the
Parameters used ate = 0.75, R = 0.2 [7]. In order mean _speed does not suffer essentia! chgnges. In that sense,

this is interpreted as the system ordering itself around a local

to meet the topographical conditions imposed on the maxi-

mum speed of each type of vehicle discussed in Sec. 2, fhpean speed. Nonetheless, this behavior is only observed for

. - . r1 = 0. When slow vehicles appear in the system and form a
top speeds imposed arg,.y a5y = 4 cells/s =108 km/h in . ) .
’ - . mixed flux, the system transits to an unorganized state as the
dangerous curves, ang,.x siow = 2 cells/s =54 km/hinthe . . ! S R
slope initial flux increases. The way this (_jlsorganlzgtlon is done
' seems to have different and interesting behaviors which can
In a first moment, the study of the unperturbed systenbe seen in Fig. 7b.
is done. The unperturbed system means that every ramp is Only some of the proportions of slow vehicles are shown
taken off and only the initial flux, the proportion of slow ve- in Fig. 7. This is to maintain the cleanness of the Figure and
hicles and the topographical elements of the highway play & focus in the relevant cases. Two different behaviors can be
role. Then, ramps are inserted again to study the Cuernavacdserved for; > 0. Forr; < 0.16 it is observed how the
bypass and its modifications in Sec. 6.2. The ramps have theean speed decreases as the initial flux increases, obtaining a
rates presented in Sec. 4. local minimum between 4800 and 5000 veh/h of initial flux.

140 T 3 7 X I I

130 e

120+

110

100 0%

4%

-_— 6%

Mean speed [km/h]

90

Standard deviation [km/h]

12%

16% O OO OO T B
18%
700 24% |-
— 40%

80 [

60
[}

0 I I 1 1 I
1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Initial flux [veh/h] Initial flux [veh/h]

(a) (b)
FIGURE 7. (a) Mean speed of fast vehicles and its (b) standard deviation at section 16 of D2, once the slope affects slow vehicles. Dashed
lines in (a) represent the discrete values that the model allows as speeds in cells/s. We remember that 1 cell/s = 27 km/h. The top dashed

line represents the maximum speed minus the rate of random noise affecting the speed at any given tiree Stegl)s/s - 0.2 cells/s
= 4.8 cells/s.
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Parallel to that, the standard deviation related increases. This ~ *'r——_—— Y
is because the number of slow vehicles increases, blocking .|| —
fast vehicles, which are forced to decrease their speed. As —
the number of slow vehicle increases, more fast vehicles are
perturbed by them, resulting in the increase of the standard
deviation. WherD.16 < r; < 0.24, mean speed bounces
when the initial flux is equal 3960 veh/h after decreasing. No-
tice how at this particular value of initial flux the mean speed
meets a local minimum. After this value of initial flux, mean
speed tends to the values that the model allows as speed. In
particular, forr; = 0.24 we observe a transition phase to a
synchronized flow. In this phase, the mean speed tends to a
value which is not perturbed by the increase of the number of 13

=
©
T

=
@
T

-
o

Time to cross D1 [min]
=
~

—
v
T

14}

i i I L
0 1000 2000 3000 4000 5000

vehicles inside the system. Initial flux [veh/h]
It is interesting to ask why, for certain proportion of slow @

vehicles do mean speeds bounce after a certain initial flux.  *[T— 30

Given that initial flux determines the number of vehicles in- — 13.0%

side the highway, then for a certain total number of vehicles 2r

in a mixed flux, their transit is disorganized, leading to a de-
crease in the mean speed. However, given a certain propor-
tion of slow vehicles £16%), fast vehicles are able to orga-
nize themselves to drive quicker. This is possible thanks to
the set of rules imposed in Sec. 3.

What happens between a free flux and a synchronization
phase is also interesting to analyze. Taking the case of 24% of
slow vehicles and in a range between 0 veh/h and 2100 veh/h, 14
the system is disorganizing itself as said before. On the other

N
o
T

-
o
T

Time to cross D2 [min]
=
©

hand, when fc_)wjd ir] an initial flux o_f 3960 veh/h, a mgximum. 125 55 5555 3055 2056 =550
standard deviation is found, meaning a maximum disorgani- Initial flux [veh/h)
zation in the system. From there, the system abruptly orga- (®)

nizes itself, described by an important decrease in the starFIGURE 8. (a) Travel times of fast vehicles and (b) its relative er-
dard deviation around a higher mean speed. It is this maxtor for D1 Original. Each line represents a different proportion of
imum standard deviation and a consequent abrupt decreas®w vehicles, going from 0% to 40% in 4% steps, starting with
what reflects a phase transition from a free flux to a synchro0% at the bottom and finishing at 40% at the top. The dashed line
nization phase. represents the phase transition.

The slope in D2 have important effects in the transit ofhave standard deviations as travel times are indirect mea-
the highway. The modifications described in Sec. 2.2 do nosurements computed using the mean speed, following Eqg. 8.
change anything about the effect of gravity in heavy transinstead of standard deviation, we have errors that related to
portation. Thus, effective strategies must be found to optithe mean speed and its standard deviation. In Fig. 8b, the

mize transit in the built infrastructure. relative errors are plotted.
Relative error, in comparison to standard deviation, does
6.2. Perturbed system not give information about transition phases. This can be seen

in Fig. 8. A dashed line is drawn in order to delimit two dif-
Ramps are considered, thus obtaining the complete systerferent phases in the system. The behavior to the left of the
Also, having this analysis done in two parts allow to know dashed line refers to a gaseous or free flux regime, where the
how much do ramps affect the system. Travel times are inaverage speed decreases as the initial flux increases as seen
troduced. Results are presented for both senses D1 and D2 Sec. 6.1, resulting in an increase of the travel time. The

separately. behavior to the right, on the other hand, refers to a synchro-
nization. This results in an unperturbed travel time by the
6.2.1. Results for D1 initial flux. This synchronization comes also with a maxi-

mum standard deviation which is negligibly perturbed by the
In Fig. 8a, travel times for fast vehicles in D1 before the gov-initial flux. However, comparing to the results in Sec. 6.2,
ernmental works (D1 Original) are shown with respect to thethe relative error does not reflect the transition phase with a
proportion of slow vehicles and the initial flux. Each bold line peak of transition phase, but rather has a smooth transition
represents a fixed proportion of slow vehicles, going from 0%phase. This contrasts to the fact that the studied model does
to 40% in steps of 4%. In the case of travel times, we do notnot present soft phase transitions [14].
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FIGURE 9. Average speed of fast vehicle along D1 Original, for s @
initial fluxes between 3600 veh/h and 5040 veh/h. — D1 Original
-- D1 Express
. . . 3.0H v D1 Local
In order to understand what happens in this synchroniza-

tion phase, the average speed along the highway is plotted in
Fig. 9 for 40% of slow vehicles and an initial flux between
3600 veh/h and 5040 veh/h where the travel time is 20.6 min.
As it can be seen, average speeds only differ in the first mea-
sure at the beginning of the highway. This comes from the
fact that the flux is supposed to initiate at the beginning of the ™ 15}
highway, while in the physical highway flux initiate a dozen
of kilometers before. The minimal change in average speed 1.0}
results in a constant travel time.

The qualitative behavior observed for D1 Original in 05}
Fig. 8 is repeated for D1 Express and for D1 Local. This al- Initial flux [veh/h]
lows to directly compare travel times of the three systems and (®)
to have a more complete picture of what the different govern-
mental works produce. Results are shown in Fig. 10. Insteaf!GURE 10. (a) Travel times of fast vehicles and (b) its relative er-
of plotting every different percentage of slow vehicles, cm|yrorfor D1. Only two lines per system are pre_sented, corresponding
the maximums are present (0% and 40%), representing tH@ 0% and to 40% of_slow vehicles. These lines serve as envelops
envelops. to the general behavior.

From Fig. 10b, it is observed how the best travel times
are obtained at D1 Local, having an increasing behavior as Also, the broadening of the relative error of D1 Express
the initial flux is increased and no synchronization phase. Off e€xplained by the fact that, as Fig. 5a shows, the deletion
the other hand, D1 Express has better times than D1 Origpf 8 ramps provokes a net flow of 500 vehth at the end of
inal but keeps the same transition to a synchronized phas#!e Express Pass. For small initial fluxes, the ramp perturbs
This transition is done more Smooth|y than in D1 Originaj’the flow inside the hlghway As the initial flux increases, the
reaching the synchronized travel time after an initial flux ofnumber of vehicles is such that the flux in the ramps has a
4500 veh/h. weaker effect in the flux inside the highway.

Looking at Fig. 10b, it is noticeable how D1 Local From the present results, an easy-to-implement strategy
presents the best travel times. The main difference betweeo optimize the traffic can be presented. If the traffic of slow
the latter system and the others is the addition of a third langehicles is prohibited in D1 Express, then travel times would
during the 14.5 first kilometers. The existence of this thirdbe reduced significantly. The effects of this strategy can be
lane allows freeing the extreme left one of slow vehicles, thuseen in Fig. 10. In D1 Original the interval of travel times
having space with higher average speed, decreasing travgbes from 13 mint 1% to 20.7 min+ 3%, which is the
times. However, whereas the extreme left lane exists dursame interval of times in the modified highway (D1 Local +
ing the 27.3 kilometers of D1 Local, the extreme right only D1 Express). However, if slow vehicles cannot transit in D1
exists for the 14.5 first kilometers. The result of this is that allExpress, then only the lower part of the envelop of D1 Ex-
vehicles being in the extreme right lane must merge into thepress must be taken in Fig. 10. The interval of travel times
second if they want to keep in D1, explaining the broadeningwill then be from 13 mint 1% to 18 min+ 2.6%, meaning
of the relative error in Fig. 10b. a reduction of almost 10% in travel times.

2.5F

2.0

Relative Error [%]

Rev. Mex. 5. E65(2019) 114-127



MODELING AN URBAN HIGHWAY: A STATISTICAL PHYSICS POINT OF VIEW FOR A NONPHYSICAL SYSTEM 125

T
|| — 00%
1— 16.0% ‘
— 20.0% o D2 Original o
Lol 240%| Il -- D2 Express -
= — 280%| ¢ gy i i || D2 Local
- 32.0%
= — 36.0% _20p
O 1gH c
o —  40.0% £
Q | —_—
b ' o
o a 18}
@ %)
£ 18 g
E °
2 16]
14 F
14+
12 I | | | |
0 1000 2000 3000 4000 5000 T I
Initial flux [veh/h]
1 120 10‘00 20‘00 30‘00 40‘00 50‘00
(a) Initial flux [veh/h]
5.0 (a)
: 3 : : | 5.0 : :
— D2 Original -
454 - - D2 Express (ar - T
4.0 4.0
£ 35 35F
b S
£ T
7 30 g 3.0f
g 5
= ¢ o5l
T 25 B
&
2.0+
2.0
1.5¢
1.5
1.0
10 i i i i
0 1000 2000 3000 4000 5000 0.5
Initial flux [veh/h]
Initial flux [veh/h]
(b) (b)
FIGURE 11. (a) Travel times of fast vehicles and (b) its relative g gygre 12. (a) Travel times of fast vehicles and (b) its relative er-
error for D2 Original. ror for D2. Only two lines per system are presented, corresponding
to 0% and to 20% of slow vehicles. These lines serve as envelops
6.2.2. Results for D2 to the general behavior.

D2 presents a different behavior with respect to D1. Resultgluring this transition phase, as it involves a higher probability
are shown in Fig. 11. In this case, the behavior of travel timesf having an accident.

of fast vehicles are not as simple as in D1, and only some  Similar to D1, Fig. 12 presents the envelops of the travel
of them are presented to maintain cleanness. Between Omes and its standard deviation for the three systems of D2.
and 16% of slow vehicles, travel times behave similar to Dl,However, in this case, the enve]ops are shown by the lines
increasing as the initial flux increases, to then become Corborresponding to 0% and 20% of slow vehicles. D2 Express
stant, entering into a synchronization phase. However, oncgresents the same general behavior of D2 Original which has
this proportion is passed, the synchronization phase is bragyeen already discussed. D2 Local, on the other hand, does
ken, observing a second kind of transition phase. This timepot present transitions of any kind, leaving the system in a
the transition is not only achieved varying the initial flux, but gaseous state. It is here that the smaller travel times and stan-
also increasing the proportion of slow vehicles. It is impor-dard deviations are found. Indeed D2 Local seems to follow
tant to notice what happens between 16% and 24% of slow complete different dynamics than D2 Original and D2 Ex-
vehicles, as it is in this interval where the transition phaseyress. The main reason of this is the presence of the third lane
happens. From a stable travel time at 16%, a destabilizatiogyring the second half of D2, where the slopes affects the
starts to happen at 20% and 24%, finishing with a completg|ow vehicles. As in D1, the third lane allows fast vehicles
different behavior of travel times at 28% of slow vehicles. It to have a space to accelerate and gotoa h|gher Speed' Fur-
is in this transition phase where the maximum travel timeshermore, for D1 Local it is observed a broadening of travel
and relative errors are found. It is undesirable to be drivingtimes and its relative error in Fig. 10, while for D2 Local,
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travel times and the relative error remains do not see sucbne becomes unpractical. In that sense, travel times are com-
and increase. The main factor for this to happen is the locaputed. This variable allows to have a macroscopic measure
tion of the third lane with comparison of the global transit in analyzing the system in a whole, whilst being attainable and
the highway. While in D1 Local, the third lane finishes at theintuitive for physicist, transit analysts and engineers. This
14.5 km of the modified part, and thus creating a bottleneclanalysis allows to detect not only gaseous and liquid states,
in both D1 Express and D1 Local, for D2 Local the third lanebut also synchronous phase in the different systems.
has the opposite effect. If there is a very dense and slow tran- The analysis done in Sec. 6 shows how, without any
sit in the first sections of D2, then this transit will disperse specific strategy, the maximum travel times in the modified
when the third lane is added. In this sense, the third lane inighway stay the same, while the minimum travel times im-
D2 Local buffers the topographical effect of the slope in slowprove. In order to actually make a profit of the modifications
vehicles done by Government, an easy-to-implement strategy must be
In this case the same strategy as in D1 can be impledone. Restricting the transit in the Express Pass to slow vehi-
mented, obtaining even better results. The introduction otles. Itis only in that sense that the modifications take sense.
the Local system provoked a different dynamics in the high-The analysis also shows how topographical elements present
way, reducing the travel times to 15 min2.25% in the most  in the bypass affect the transit in the highway, more specifi-
critical case of 5000 veh/h and %0of slow vehicles, mean- cally in the South-North sense. It is here where an unstable
ing a reduction of 3% in travel times. By itself, D2 Local free flux regime is obtained, finding the highest values for
made an important improvement. However, if no strategytravel times and standard deviations. This unstable regime,
is implemented, the driver does not experiment any chang@hich is found for a proportion of slow vehicles between 16%
in terms of time when crossing D2 Express than when hend 24% is not only the most inconvenient in terms of travel
crossed D2 Original. If all slow vehicles are forced to be intimes, but also the most dangerous, as the high standard de-
D2 Local (which does not have an important effect as juswiations reflects a highest probability of having an accident.
said), travel times in D2 Express are reduced to an intervaHowever, the addition of a third lane in the “Local” system
between 13 mint 1.1% and 16.3 mint 3.0%, meaning a allows to buffer the topographic effect, resulting in an impor-

reduction of 26% in travel times. tant decrease of travel times of up to 32%.
Also, and more importantly, the study presented here
7. Conclusions shows how physical interpretations of many body systems of

a non-physical nature can be successfully applied to describe
The Mexican Government realized several works to the Cuembservables which depend of human behavior. But most im-
navaca bypass in order to improve the mobility of the inhabiportantly, to study and interpret transition phases in human
tants of the metropolitan zone. The availability of traffic datasystems using standard deviation as a measure of order.
gives the opportunity to analyze not only the bypass before Official data release by the government is of enormous
the works but to project the behavior of the highway after-usefulness in order to analyze and create better strategies
wards. for the common wellness. In that sense, transparency pol-
To analyze and detect phase transitions, a particular emey must move towards a regime where data is measured with
phasis is put on the standard deviation of the mean averaggreat care and rigor and released to the general public (al-
speed. A presentation was done to use the standard devigays respecting privacy) in order to obtain critical analysis
tion as a measure of order, useful when other variables sudhom the scientific and industrial society.
as entropy are not available. The radical fluctuations of stan-
dard deviation allowed to detect phase transitions from free
flux regime (or gaseous state) to congested regimes (or liquidcknowledgments
state) and to a synchronized phase where the macroscopic
measure does not change as the number of vehicles in thide authors would like to thank the Centre for Complex-
system increases. ity Sciences (C3-UNAM) for the use of their computational
However, as the government works results in three difcluster “Borromeo” to execute the simulations for the present
ferent systems (one past, two present), the analysis of evemyork.
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