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Abstract.

Currently, cities are facing great challenges such as the population growing, citizen wellbeing, externalities man-agement or
environmental deterioration. The search for solutions are making significant inroads into the incorporation of ICT in them
and subsequent large-scale digitalization such as programmable economy (PE) applications, offering the possibility to develop
new approaches over these issues, in particular which related to sustainability management. Operating under a fuzzy numbers
methodology and FIS (Fuzzy Inference System), the present exploratory work shows a new approach to city urban congestion
management by deploying PE applications, which include some disruptive inputs such as the Internet of value, blockchain/DLT
(distributed ledger technology), smarts contracts, digital assets and the monetization, all of this combined with the human

motivation.
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1. Introduction

Smart Cities (SC) are moving forward from phase 1.0, or ecosystem connectivity, to phase 2.0, inten-
sifying the decision-making process by involving all the actors that comprise the SC (government, busi-ness
and residents) with the aim of improving quality of life, increasing competitiveness, promoting sus-tainability
and creating open and inclusive platforms

[9, 23, 29]. However, what does smart truly mean?The adjective “smart” was born from the ideas of the
“Smart Growth Movement” in the 1990s, which was intended to promote new forms of urban plan-ning.
Technology companies appropriated this term for the deployment of ICT in cities [18]. Although there is no
definitive consensus on the idea of SC, there seems to be approval on the connection of this term and the use of
technology in cities. This deploy-ment is observed because there is growing pressure to improve the efficiency
of cities while promoting aspects related to human capital [15, 30]. It seems clear that the impact of ICT on
better city manage-ment is having a transversal impact on all agents [2], though there is a set of “soft” factors,
such as citizen participation, collaboration or reward, that are associ-ated with the objectives of managing
resources better, improving services offered or encouraging innova-tion, and all of them result in an
improvement of wellbeing [7, 16, 45].



These new technologies seek to alleviate or resolve
the different facets that occur in a SC, with one of
them being the mobility of the subjects and things
that happen in a SC. This mobility generates power-
ful negative externalities, all of which will increase,
given that 55% of the world’s population currently
lives in urban areas and that forecasts for 2050 sug-
gest that this percentage will reach 68% [37]. Possible
future consequences can be considered worrisome. In
the case of mobility, possible consequences include
pollution, climate change, urban congestion or energy
consumption. Cities currently account for 2/3 of
the world’s energy consumption and are responsi-
ble for 70% of greenhouse gas emissions [39]. The
charges of massive mobility in SC have a consid-
erable effect on inefficiency. It is estimated that
congestion’s impact on GDP (Gross Domestic Prod-
uct) in most cities is 2 to 4% in terms of waste of
time or energy and increase in the cost of doing busi-
ness [4]. In the United States alone, congestion costs
in cities will increase by 20%, from $160 billion in
2014 to $192 billion in 2020 [3]. Regarding this point,
many institutions are setting detailed objectives on
the efficiency of transport in terms of resources used
and the environment, urban congestion, and the for-
mulation of behavioural and social policies on the
issue [11].

The objectives of this paper are, first, to highlight
the importance of the digital and programmable econ-
omy (PE) as a tool to manage externalities. These
concepts open up new SC management possibilities
and are becoming key elements in formulating future
urban strategies, more so if one takes into account
the vertiginous acceleration of the negative external-
ities that occur in them, particularly those created by
urban congestion.

Second, to emphasize the need to focus on the treat-
ment of the current and new threats of SC from a more
holistic and inclusive point of view, considering the
vital importance that citizens will play in the search
for new solutions. The great challenges that the SC
of the future will face need to reinforce and promote
the active participation of the citizen using the afore-
mentioned opportunity offered by ICT in its different
aspects. These technologies should be approached
from a vehicular and social integrating point of view
to facilitate the better management of the SC and not
as ends in themselves.

To elucidate this subject, an exploratory approach
to urban congestion phenomena is proposed using the
paradigm structure-conduct-results (SCP) and fuzzy
logic to present a new congestion model that uses an

inference algorithm that makes it possible to simu-
late the level of expected congestion in a city based
on the combination of the aggregate factors that will
be developed in this study, such as the infrastruc-
ture and the programmable economy with the use of
human reinforcement through the application of citi-
zen’ incentives. What is sought is to find the balance
between these inputs in such a way that urban conges-
tion can be reduced by deploying the programmable
economy (PE) as a facilitator tool.

This paper is organized as follows: in section 2, the
theoretical background is described. In section 3, the
methodology is presented, followed by the results.
Finally, section 4 summarizes the most important
conclusions of this paper.

2. Theoretical background
2.1. Structure: Urban congestion

The situation of urban congestion worldwide is
truly worrying. Taking the Tomtom index (incremen-
tal time necessary to make the same journey in traffic
jam conditions compared with normal conditions) as
a reference, it shows us that in such cities as Mexico
City, the Tomtom index exceeds 66% [38]. A sim-
ilar situation occurs in such countries as Thailand,
Indonesia, and Brazil that occupy the first positions
in the traffic jam ranking provided by INRIX [20],
and the same happens in more developed cities. As
already mentioned, the impact of this congestion on
their productivity is alarming. The projections for the
future are not very promising. With the incorpora-
tion of the misunderstood electric vehicle (EV), the
idea of “zero emissions” being confused with “zero
carbon emissions”, the increase in the shared econ-
omy, the appearance of autonomous vehicle (AV)
and even the increase of commercial vehicles (CV)
making home deliveries caused by the increase of e-
commerce all added together, it seems that traffic in
cities will increase significantly, not decrease [3, 17].

Some solutions are offered in the literature, such
as citizens’ journey customization on a connected
transport network via multimodal solutions (users
can choose the best travel option at any time through
the incorporation of ICTs and intelligent driving) or
the accessibility increasing proximity concept and
eliminating the need to move by increasing tech-
nology penetration (tele services) [46]. Some cities
are deploying driving prohibitions or limitations for
certain types of vehicles (Hamburg prohibits the



circulation of the oldest and most polluting diesel
vehicles in certain areas and streets) [10]. On the
other hand, restrictive measures are implementing via
quantities (driving prohibitions on odd or even num-
bers of alternate days have been adopted in Madrid,
Mexico City, Beijing, Bogota, Caracas, and Santiago
de Chile). Finally, there are toll initiatives (conges-
tion pricing) where the vehicles that want to access
the city’s downtown during rush hour must pay, as in
Singapore, London, Stockholm, Milan and Gothen-
burg. This last measure is supported by a recent study
about using a congestion pricing viability tax to avoid
traffic jams and pollution in large cities [12].

Whatever the solution that cities adopt, what seems
obvious is that the enormous pressure toward SC
efficient urban management is accelerating the use
of ICT for finding proper solutions. Among many
other technologies behind the ICT concept, today
there is one major phenomena, the programmable
economy (PE) and the concepts underlying it (IoT,
blockchain/DLT, monetization, smart contract, and
token economy) are revolutionizing the way that
people understand and manage cities. These tech-
nologies could form new and diverse scenarios of
value exchange, both monetary and non-monetary
[13], and allow us to take a further step toward PE
monetization. Regarding this point, it will be possi-
ble to convert urban physical or intangible assets (like
urban space or traffic congestion) to digital assets,
opening the possibility to create new business man-
agement models and revolutionise citizen and city
interactions in a transparent and decentralized way.

These technologies will help to improve how cities
and citizens coordinate, connect and organize. If
cities want to change mobility and congestion, the
PE offers new opportunities.

2.2. Conduct: Citizen’s reinforcement

ICT measures, in some way, are contributing
greatly to better mobility and a reduction of urban
congestion; however, considering citizen habits as
a basis, these measures are not sufficient. In this
way, looking for a better resource combination and
mobility and congestion solution could be accelerated
through a better combination of digital technology
and PE, which are then all together joined with cit-
izen reinforcement, encouraging a change of habits.
Tomorrow’s cities (SC 2.0) are looking to provide
a positive citizen and visitor experience, and they
need to contemplate how to motivate them in their
equation.

The move of cities’ visions from “car-centric”,
anchored in the 1920s-30s, to “people-centric” (walk-
ing, riding, cycling or using public transportation)
needs to be reinforced [39]. Therefore, there could
be used some factors beyond the technological and
economic ones, such as human reinforcement and
motivation, in order to stimulate and involve citizens
in congestion resolution.

Learning theory [32] or reinforcement theory
refers to the stimuli used to produce desired
behaviours. B.F. Skinner argues that the administra-
tor only needs to understand the relationship between
behaviours and their consequences in order to create
conditions that encourage desirable behaviours and
discourage undesirable ones. This appreciation could
be used in urban city management to motivate citi-
zens and support or dissuade their mobility conduct
through negative incentives (congestion pricing, CP)
applied to (private and commercial) unfriendly vehi-
cles, and positive ones (uncongestion pricing, UP)
applied to friendly vehicles in a particular area, all of
which can contribute to better mobility in cities.

It is important to mention that the friendly or
unfriendly vehicles classifications have been defined
regarding urban transport environments’ impact in
developed countries according to their efficiency in
terms of respecting the environment while mini-
mizing the impact on the climate of greenhouse
gases (CHQG), [42], 1-Unfriendly: 61-170 max Co2-
eq emissions/passenger by travel (-gasoline, diesel,
electric- cars, motorbike, vans, trucks, coach). 2-
Friendly: 25-60 max Co2-eq emissions/passenger
by travel (bicycles, scooters, public transport-train,
metro, bus).

2.3. External conditions: Programmable
economy

In what way can SC combine technological
advances with citizen reinforcement deployment
such that they are encouraged to use minor polluting
vehicles at the same time that city hall is allowed more
efficient, rapid and transparent management over all
this?

PE will be the answer. The PE concept was intro-
duced by Gartner in 2014 to refer to an intelligent
economic system that supports and, at the same time,
manages the production and consumption of goods
and services, making possible new exchanges of
value (monetary and nonmonetary) [14]. PE is sup-
ported through blockchain or DLT, IoT, monetization,
token economy, smart contracts, artificial intelligence



and cryptography, thereby supporting new forms of
value exchange, new types of markets and new forms
of the economy. In this programmable economy,
it will be the individuals and the smart machines
that will define the value and determine how the
exchanges will be determined through peer-to-peer
transactions involving organizations and even smart
machines and agents. The PE permits the creation
of new business models by combining the physi-
cal world with the digital one, allowing predictions
regarding behaviour to be made while changing the
ways in which value is exchanged. The PE’s impli-
cations include removing the middleman, imagining
new ways of exchanging the value of the tangible and
intangible between people and institutions, rethink-
ing new forms of governance relationships, allowing
greater automation by minimizing external oversight
and decentralizing the economy and managing infor-
mation better. However, perhaps one of the greatest
characteristics of the PE is the possibility of monetiz-
ing things and services by redefining the economy and
the way in which value is exchanged between intel-
ligent physical or intangible things and citizens [33],
enabled by the second generation of the internet; that
is, through Web 2.0 going from an “internet of infor-
mation” to an “internet of value”, radically changing
the operation of the economy and of institutions [36].

PE technology drastically reduces the cost of trust
and allows us to imagine new business models and
opens the possibility of deploying new forms of col-
laboration at the same time. As a source of trust, PE
can expand organizations’ and institutions’ degree of
digital transformation whereby they can share pro-
cesses among all actors. All of this is possible due
to the fact that this technology makes the informa-
tion contained within it immutable, safe, shared and
consensual [19].

On the other side, PE by smart contracts or intel-
ligent contracts, a concept attributed to Nick Szabo
[34] in 1996, facilitates the agreement of individuals,
organizations and institutions in such contracts over
how they want their business or public services to
be carried out in a consistent and automated manner,
keeping participant interactions recorded in a trans-
parent manner at all times. This technology allows
better decision-making between people or between
machines without human intervention.

In addition, one of the most important characteris-
tics of PE technology is that it allows the reduction,
in a very consistent manner, of the so-called “trans-
action costs” defined in Coase’s work, ‘“The Nature
of the Firm” [6]. These costs include the cost of

organization, negotiation, information monitoring
and coordination [31], and digital technologies can
clearly reduce many of these costs. PE technology
tends to reduce decisions and many coordination
functions could be replaced by software, opening new
institutional possibilities in order to reduce transac-
tion, control, and monitoring costs and give them the
possibility to achieve more efficient data coordina-
tion.

Thus, PE allows a strong impulse toward connected
mobility by using IoT, DLT, smart contracts, tokens
and digital wallets in all kinds of vehicles. In this way,
if it is wanted to decongest a specific area of the city,
the city’s administrators could define a space (down-
town area) in which there would be an exchange of
externalities between friendly and unfriendly vehi-
cles through the use of incentives and PE. Thus, the
unfriendly vehicles that are mentioned before, can
make certain token transfers automatically to city
hall and friendly vehicles in order to pay congestion
charges (congestion pricing) to accessing a specific
city area, and friendly vehicles can receive them as
shown in Fig. 1.

In other words, if city resources, such as space,
are limited, then friendly and unfriendly vehicles
(vehicles that cause urban congestion and its nega-
tive externalities, such as contamination, noise, and
accidents) have a new way to compete for the city’s
scarce resources using the reinforcements’ monetiza-
tion. In this sense, friendly vehicles (and their owners)
can obtain the positive incentives (uncongestion pric-
ing) delivered by the PE if they have access to the
same area by a more sustainable mode, such as receiv-
ing part of the congestion pricing paid by unfriendly
vehicles in the same area. The form of this transac-
tion from unfriendly to friendly vehicles is possible
through PE and tokens and can be related to sta-
ble coins [22]. After that, friendly income can be
exchanged for public transport discounts, payment
of local taxes, commerce coupons in the congested
area or users can exchange it for fiat money too, all
with minimal human interaction.

Also, a part of this charge received by city hall can
be reinvested directly in maintaining and constructing
new city infrastructure.

Therefore, PE by externality monetization acti-
vates the possibility to deploy the digital asset concept
(a digital asset market representing the physical
assets, such as vehicle space in cities). In other words,
through PE technologies it is possible to create a
new city congestion scenario to manage and negotiate
access for any vehicle to a specific area, motivating
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Fig. 1. Downtown congestion framework.

citizens through positive or negative incentives and
dissuading the use of unfriendly vehicles and encour-
aging the use of friendly ones, such as public
transportation or bicycles. On the other hand, PE
applied to the institutional administration becomes
an excellent technology for governance, decentral-
ization and information systems. All of the above can
have an impact on productivity and organizations’
efficiency and will be extremely beneficial for them
[8].

In view of the above explanation, and to put
all of these concepts in order, a new approach
to urban congestion phenomena is presented using
the Structure-Conduct-Performance (SCP) paradigm
formulated by Mason and Bain.

This model states that the structural characteris-
tics of the market determine the behaviour of agents
and, in turn, their behaviours determine their out-
comes. The SCP paradigm assumes that the structure
of the market determines the conduct of the firms and
these determine the results [1]. The concept of mar-
ket structure is the set of characteristics that influence
the behaviour and results of the agents that operate in
it, and public policies would have a high impact on
this structure [28, 41]. On the other hand, the conduct
refers to the behaviour patterns followed by the firms
that operate in the market [1]. These patterns include
the behaviours or actions of the agents (citizens), and
these conducts are determined by the characteristics
of each industry (city mobility). Finally, the results of
the market (city congestion level) are the product of

the combination of its structure and its conduct. Also,
if it is wanted to have a big SCP picture it is needed
to add external conditions, such as socioeconomic
factors, governmental policies and, in particular, the
digital aspects of ICT. ICT plays a transcendental role
in this model by conditioning the market, because any
variation in ICT can cause changes in the model [5].
The measurement of these results can be determined
in the form of benefits, profitability or efficiency
related to the resources used [28].

Taking the SCP model as reference, it is proposed
that the solutions to the congestion problem become
more holistic and include, in addition to the different
functions of Batty’s Smart City [2], the combina-
tion of the external factors generated by digitization
and the programmable economy, along with aspects
related to behaviour, such as human reinforcement
and the use of incentives (positive or negative con-
gestion pricing depending on whether a friendly or
unfriendly vehicle is owned), can change the game.
All of this is contemplated in the SCPUC (Structure-
Conduct-Performance Urban Congestion) model, as
presented in Fig. 2.

Following the SCPUC model, a city’s performance
(arrow 3) is produced as a consequence of the city’s
structure and conduct (arrow 1). At the same time, the
results can also be affected by variations in external
city conditions if conducts’ factors are managed by
PE (arrow 2).

In this sense, placing the focus on urban conges-
tion is difficult, and it is proposed to exclusively
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Fig. 2. SCPUC model.

address the principal externality that it generates.
The main objective will be to increase traffic flu-
ency in downtown areas, although the list of results,
not treated here, would be expandable to others —
improve city productivity (reduce waste of time due
to traffic), improve the environment (more green
areas and less noise/Co2 pollution), improve health
(reduce personal stress, related diseases, and acci-
dents) increase public transportation and friendly
vehicle use (bicycles, electric skates), improve local
financial resources, increase institutional governance
efficiency (reduce transaction and monitoring costs),
increase connectivity and networking (digitization),
increase citizen participation (P2P, Apps) and build
the backbone to deploy others digital assets (reward
citizen behaviour) — not developed in this article.

The problem that is required to solve revolves
around knowing to what extent the modification of
the conduct factor by congestion incentives combined
through PE technology reduce urban congestion and
what kind of importance has the city structure in order
to apply these initiatives. Specifically, and as a first
phase, it is necessary to know whether the deploy-
ment of the programmable economy, together with
the implementation of positive and negative incen-
tives on the use of friendly and unfriendly vehicles
in a defined area of the SC, as described in Fig. 1
(arrow 2), can alter traffic levels (arrow 3) more than
if there are used only positive and negative incen-
tives without PE (arrow 1) to maintain city structural
fixes.

In the search for such results, there are no simple
solutions, since inaccuracy and uncertainty act within
cities. In addition, certain parts of the proposed urban
mobility system are unknown, and cannot be mea-
sured reliably without clear limits on the concepts
of structure, conduct and the external factors that
occur in cities. For this reason, what is proposed is to
make use of fuzzy systems methodology to reproduce
reality more faithfully and to relax the restrictions
because there are concepts that have no clear limits.
Therefore, it is used fuzzy science in order to find
an algorithm to understand if citizen reinforcement
measures, such as congestion and uncongestion pric-
ing deployed in particular areas, reduce a city’s traffic
and what would be the better way to deploy it, with
PE or without it.

3. Methodology
3.1. Fuzzy logic

The theory of fuzzy sets was introduced in 1965
by Lofti A. Zadeh. The idea resides in the fact that
the elements that make up human thought are not
numbers but linguistic labels. According to the prin-
ciple of incompatibility as the complexity of a system
increases, the ability to be precise decreases to the
point that precision and meaning are exclusive char-
acteristics [44]. From this idea, fuzzy logic allows
us to represent common thought in a mathematical



language based on the theory of fuzzy sets and their
characteristic functions. Fuzzy logic’s applications
have increased to the point of being considered a real
revolution, developing a large number of extensions,
such as soft computing that covers the fuzzy sets and
fuzzy logic for approximate reasoning and the the-
ory of possibility [27]. According to this theory, it is
been considering a referential set or universe of dis-
course, U, and an ordinary subset, A C U, of those
elements that fulfil a specific characteristic. For ordi-
nary subsets there are only 2 possibilities, V x € U:
“x” satisfies the characteristic (xeA) or “x” does not
comply (xIA). Therefore, the membership function
of A is defined:

lifxe A
Vx e Upyg (x) = Oifx ¢ A

An ordinary subset of A C U is symbolized by the
pair (U, 4 (x)).

Now, if the elements of A can take any value in a
range [0, 1], it could be said that there are elements of
U that fulfil the characteristics defined in subset A, but
only to a certain degree. In this sense, the membership
function of A will be defined as,

VxeU:

na(x):U— [0,1]

X— ua(x)=0,1

In this way it is possible to construct a fuzzy subset

(U, ;4 (x)) symbolized by A C U.

A ={(x, ua (x) /x € U}

On the other hand, fuzzy logic allows the assign-
ment of linguistic values to the variables of a problem,
similar to the evaluation of a parameter usually con-
ducted by people, whether they are experts or not [21,
47].

In this sense, the universe of discourse is the range
of possible values for an input to a fuzzy system. A
fuzzy set is any set that allows its members to have
different grades of membership (membership func-
tion) in the interval [0, 1]. Linguistic variables are
the input or output variables of the system whose val-
ues are words or sentences from a natural language,
instead of numerical values. A linguistic variable is
generally decomposed into a set of linguistic terms.

3.2. Mandami fuzzy inference systems

There are two well-known rule-based fuzzy infer-
ence systems (FIS), the Mandami fuzzy method [24]
and the Tagaki Sugeno (T-S) fuzzy method [35]. The

main idea of the Mandami method is to describe pro-
cess states by means of linguistic variables and to use
these variables as inputs to control rules. The Man-
dami fuzzy model involves developing membership
functions and defining the subsequent rules. The rules
connect the input variables with the output variables
and are based on the fuzzy state description that is
obtained by the definition of the linguistic variables.

The basic components of a Mandami Fuzzy Sys-
tem [25] are the following: fuzzification, a knowledge
base with an inference system and defuzzification.
Meanwhile, the general structure of a fuzzy model
includes the input variables, the development of rules
and the output variables.

i. Fuzzification, understood as the introduction of
input values and their interpretation as linguis-
tic values, determines the membership functions
of the system variables in the fuzzy sets. The
universe of discourse of each variable was deter-
mined by the linguistic components for input
and for output. A fuzzy set is defined by the
expression below:

A = {(x, pa (x)) /xeU, pa (x) €[00, 1]}

where U represents the universal set, X is an ele-
ment of U, A is a fuzzy subset in U and w4 (x)
is the membership function of fuzzy set A.

ii. The knowledge base consists of fuzzy rules
defined with the help of experts. A single fuzzy
if-then rule assumes the form:

If xis AThenyis B

where A and B are linguistic values defined by
fuzzy sets in the range (universe of discourse)
x and y, respectively. The “x is A” part of the
if-then rule is called the antecedent or premise,
while the “y is B” part of the rule is called the
consequent or conclusion [43]. During data pro-
cessing, a fuzzy system fuzzifies the crisp data
and applies the Mandami inference system using
the fuzzy rules (by experts). In this study, the
fuzzy control rules are of the form

R; : If XyisAland ...andX,isA" Then YisC;

where the variables X;, j € {1,2,...,r},and Y
have the domains U; and V, respectively. The
firing levels of the rules, denoted by {c;} are
computed by

;=T (oc},...,od)

1



where T is a t-norm and oc'i’ is the firing level

for A, je{l,2,...,r}. The causal link from
X1, ..., X, toY is represented using an impli-
cation operator, /.

This results in the conclusion C; inferred from
the rule R; being

pe, (x) =1 (i, pe; (), VxeU
and using Mandami implication 7 the formula is

e () = Iy (@i, pe (x)) = min {o, pe (x)}.

The final output of the model is the aggre-
gation of outputs from all rules using the max
operator:

e (¥) = Vi [oi A pe; (0] = ViZ e (x)

iii. Defuzzification is used to obtain an output from
the previous fuzzy set. A centroid method is
usually used. Subsequent defuzzification pro-
duces a crisp value output. Defuzzification uses
some methods, such as centre of gravity or cen-
troid (COG), mean of maximum (MOM), and
first of maximum (FOM). Centre of gravity is
the most popular and the most precise method
used for defuzzification. The centre of gravity
method is a grade weighted by the areas under
the aggregated output functions. The formula for
the centroid is given as

J e (x) xdx
S e (x)dx

where [ ¢ (x) dx # 0 forallu;

COG =

3.3. Fuzzy inference system to estimate the
congestion

This section introduces a fuzzy inference system
to estimate urban congestion (FISUC) by algorithm.
The objective of the proposed algorithm is to pro-
vide the urban congestion function of a city based on
the input given as structure (infrastructure), conduct
(negative incentives in the form of congestion pricing
for unfriendly vehicles and positive incentives in the
form of uncongestion pricing for friendly vehicles)
and an external factor (programmable economy). The
linguistics variables, fuzzy set and universe of dis-
course are given in Table 1 and Table 2.

Fig. 3 shows a block diagram of the proposed
FISUC algorithm (urban congestion), which includes

Table 1
Linguistic variables

Structure Conduct External Congestion
S © (E) (CO)
-City -(-) Incentives, -Programmable -City traffic
Infrastruct.  Congestion Economy (IoT, level
Pricing (CP) Blockchain,
Unfriendly DLT, smart
vehicles. -(+) contracts,
Incentives, monetization
Uncongestion and token
Pricing (UP) economy)
Friendly
vehicles.
Table 2
Fuzzy set and universe of discourse
Linguistic Fuzzy Set Discourse of
Variable Universe
Structure (S) As = {x, us (x) /xe[0, 100]} U =0, 100]
Conduct (C) Ac = {x, ne (x) /xe[0, 1001} U =0, 100]
External (E) Ag = {x, ng (x) /xe[0, 100]} U =10, 100]
Congestion  Aco = {x, ur (x) /x¢[—100,0]} U= [-100, 0]
(CO)
Inputs
o Structure
(Infrasructure) —|
o Conduct I
(Reinforcement)
i iresem— !
| [ Ouput |
Urban
Congestion
Traffic fluency

Fig. 3. FISUC Algorithm.

a fuzzification block, a knowledgebase, a fuzzy infer-
ence engine and a defuzzification block.

The proposed algorithm consists of three steps:
fuzzification, fuzzy rules, and defuzzification.

Step1 — Fuzzification: in order to keep the number of
fuzzy rules at a reasonable level, input can be defined
as fuzzy set levels with three membership functions
known as “Low”, “Medium” and “High”. For the out-
put, the congestion (city traffic level) fuzzy set has
three membership functions, such as “Jam”, “Dense”,
and “Fluid”.

To define the structure, conduct and external
membership functions, it is used the Global Com-
petitive Index Report 2017-2018 [40] sub index



Table 3
Structure membership function

Linguistic V. Functions
Low (L) L Function:
0 if x <38
1—py=< &8 ifxe(38,57)
1 if x>57
Medium (M) Triangular Function:
0 ifx<45
e — 4 ifxed5,62)
! L if x € (62,78)
0 ifx>78
High (H) L Function:
0 if x <64
I—je =94 foe5  if x € (64,80)
1 if x> 80
Table 4
Conduct membership function
Linguistic V. Functions
Low (L) L Function:
0 if x <35
l—pe =1 &5 ifxe(3545)
1 if x>45
Medium (M) Triangular Function:
0 ifx=<35
e — &35 if x € (35,60)
! oL if x € (60, 85)
0 ifx>385
High (H) L Function:
0 if x <75
l—pe =1 &% ifxe (7585
1 if x> 85

approach, including their “basic requirement” sub
index (institutions, infrastructure, macroeconomics,
and environment), “efficiency enhancer” sub index
(higher education, high efficiency, labour market
efficiency, financial market, and technological readi-
ness), and “innovation and sophistication” sub index
(business sophistication and innovation), respectively
behind a universe of discourse valued between 0 and
100. To obtain the congestion membership function,
it is used the TomTom Congestion Index (increase
in overall travel time when compared to a free float
situation or uncongested situation) [38] approach as
a close reference in a universe of discourse valued
between -100 and 0.

It is divided the initial linguistic variables where
each has their own appropriated linguistic values
defining the fuzzy set membership function, as
explained in Tables 3, 4, 5 and 6.

Step2 — Fuzzy Rules: in this step, it is used linguistic
quantification to specify a set of rules that captures

Table 5
External membership function

Linguistic V. Functions

Low (L)

L Function:
0 if x <30
1—pe=1Q 230 if x €(30,46)
1 if x > 46
Triangular Function:
0 ifx<40

) &S if x € 40,60)
o= &=x if x e (60, 85)
0 ifx=85
L Function:
0 if x <75
l—pe =1 &% ifxe(7590)
1 if x=90

Medium (M)

High (H)

Table 6
Congestion membership function

Linguistic V. Functions

Jam (J) L Function:
050 if x <-=50
5% if x € (=50, -30)
1 if x> =30
Triangular Function:
0 ifx<-35
2639 jf x e (=35, -22)
Hx = Z10—x .
! oy if x € (=22,-10)
0 ifx>-10
L Function:
0 if x <—15
SSEBL ifxe(—15,-5)
1 if x> -5

1L —py =

Dense (D)

Fluid (F)

1_/4)::

the experts’ knowledge about how to control the
output.

To be able to determine which are the rules to apply
to the model, two SC experts (Public Administration
and Private Enterprise) were asked through personal
interviews to carry out the rules.

It is important to mention that this project has
been divided into two phases: In a first phase, it is
tested the model with two SC experts to later intro-
duce their acquired learning, then go to phase two
and extend the number of experts to 10 in the fields
of: institutional, technology, blockchain, urban plan-
ning, public transportation, private sector, automotive
industry, commerce and academics.

The interview methodology started by explaining
the model, then experts completed some matrix in
order to establish the importance of structure, con-
duct and external issues in urban traffic congestion,
thereby establishing the rules given in Table 7.



Table 7 Step3 — Defuzzification: the inputs for the fuzzy sys-
Rules (Knowledge base) tem introduced in this study were structure, conduct

Rule If And And Then' and externalities, all of which are crisp. Initially, the
Structure  Conduct _ External  Congestion fuzzy system fuzzifies the crisp data and then, with the
! H H L D Mandami inference system, applies the fuzzy rules.
2 H M L D . . S . .
3 H L L D Finally, using COG, it is determined the congestion
4 H H M F output (city traffic level).
5 H M M F
6 H L M D
8 H M H F
9 H L H D Figs. 4 and 5 show the output of the fuzzy inference
}(1) ﬁ I\Ij[ II: IJ) system in the Matlab (Toolbox Fuzzy Logic Matlab)
12 M L L ¥ [26], software for the prediction of urban congestion.
13 M H M F For example, if the values of input variables for a
14 M M M D particular city (i.e., structure (infrastructure), conduct
ig ﬁ Iﬁ I\I_/II ]J: (incentives) and externalities (PE)) are 85.2, 45 and
17 M M H F 45 respectively, then the membership functions pro-
18 M L H D file is shown in Fig. 4. The values of output variables
;g ]]: 15[ Iﬂ ; (i.e., congestion) would be —11.3, belonging to the
o1 L L L ] dense langgage variable. ' '
27 L H M D Controlling levels between input structure vari-
23 L M M F ables with IF-THEN are presented in Fig. 5 (dark,
gg ]]: I]; 1;14 [J) grey and white areas represents jammed, dense and
2 L M H D fluent traffic, respectively). As shown, congested traf-
27 L L H J fic decreases as the structure — horizontal axis — and
PE - vertical axis — increase for any given level of
Structure= 85.2 Conduct= 45 External= 45 Congestion=-11.3
1 i [ 7 | I | -
2 [ Z ] | =1 | ]
3 [ Z [ [ <]
N ] = [ |
s 1 ] ] = 1| = |
s - ] ] ] [ =~ 1
T . =——— 1| I — 1] | <]
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Fig. 4. Membership functions example from Matlab.
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Fig. 5. Control levels between inputs and outputs (Matlab).
Table 8

Fuzzy inference system urban congestion (FISUC)

City TomTom  FISUC (1) FISUC (2) FISUC (3)
Real Traffic (Absolute) (Absolute) (Absolute)
Congestion S =City S =City S =City

Index level level level
2018 C=0, C=45, C=80,
PE=0 P=45 PE=0
Mexico 66 67 37 46
Bangkok 45 49 33 42
London 45 42 35 39
Beijing 45 48 33 42
L.Angeles 45 45 34 41
Brussels 38 40 35 36
Munich 30 22 11 12

structure, with its effects being more noticeable if the
structure is larger (1). In this way, the intensive use
of PE from a certain level of structure has a greater
impact on the reduction of congestion levels. On the
other side, actions carried out through initiatives on
conduct — vertical axis — (positive and negative incen-
tives) alone to reduce the level of congestion are more
limited to certain levels of city structure — horizontal
axis— (2). In other words, at the same level of struc-
ture, the expected results are greater if the two inputs
(conduct plus PE) are combined at the same time.
In this way it is clear that the joint effect of conduct
through the deployment of PE on the reduction of
congestion is greater (3).

The analysis diagram of the sensitivity of empirical
data from the TomTom Traffic Index vs the val-
ues predicted by the fuzzy inference system urban
congestion (FISUC) simulation data in several cities
(Mexico City, Bangkok, London, Beijing, Los Ange-
les, Brussels and Munich) with different levels of
inputs are revealed in absolute values in Table 8 and
in graphic version in Fig. 6.

As can be seen in Fig. 6, there is a good correlation
between the TomTom traffic index (real) and the con-

gestion simulation —FISUC (1) — with R? = 0.924,
which is notably high. On the other hand, Fig. 6
also shows us the greatest potential savings of time
is obtained if the deployment of the variable conduct
and PE were carried out at the same time —-FISUC (2)—
and not conducted in isolation —FISUC (3)—, keeping
the structure variable (infrastructure) constant.

4. Conclusions

The results presented by this exploratory study
would allow institutions and organizations to take
more effective measures to progress aspects related to
SC mobility and, in particular, to improve urban con-
gestion problems from a broader point of view that
includes the programmable economy and human cap-
ital elements. To achieve objectives a knowledge base
has been acquired through a group of SC experts and
representative organization indicators have been used
to calibrate the membership functions of the input
and output variables. Through this knowledge, it was
possible to extract the linguistic variables and their
rules, making it possible to build a diffuse inference
system. Also, this system has been tested using the
Fuzzy Logic Toolbox from Matlab.

In this research, the objective of which is to
reduce the negative externalities generated by urban
mobility (congestion), used fuzzy systems (Man-
dami inference) for the diagnosis of urban congestion
considering some inputs (infrastructure, conduct
and programmable economy) and regarding SCP
paradigm and the reinforcement theory. These inputs
are not exhaustive of the complex urban mobility sys-
tem, but they have a large impact on it. It is been
observed that by using the FISUC algorithm and
keeping the urban infrastructure variable constant
by each city, the impact of deploying an incentive
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Fig. 6. Congestion examples (real vs FISUC) by cities.

base that rewards sustainable mobility and discour-
ages the use of less sustainable vehicles through PE
technology is greater than if it was done in isola-
tion, presenting both options a high impact in terms
of traffic reduction and drivers’ time savings. The
benefits of the application of the proposed fuzzy
inference system may vary depending on the initial
level of infrastructure. Regarding this point, it is
been observed that there are limitations in the city
“structure” affecting the ability to take advantage of
the benefits of the other inputs. In this sense, the
deployments of incentives require a medium level
of structure to be effective. Therefore, cities without
a minimum level of infrastructure should prioritize
investing in it first to subsequently reach a certain
level of infrastructure that allows them to capitalize
other initiatives. Likewise, from a certain level of city
structure (medium-high), the best initiatives to reduce
congestion levels go through the application of incen-
tives on behaviour and the PE at the same time, and
do not focus so much on improving the infrastructure
only. Initial city infrastructure level is a key aspect to
assess the application of more advanced initiatives.
So, developed smart cities can start and deploy PE’s
initiatives, meanwhile early cities developers need to
invest and improve their infrastructures firstly in order
to achieve structure tipping point that permit them to
take off and, after that, combine with PE and take

advantage of it. In this way, it cannot be affirmed that
the same level of infrastructure corresponds with the
same level of congestion because there are specific
variables of each city that are very important, such
as geographic density or economic centres and jobs
locations.

In this article, it is also wanted to highlight the
possibility of exploring the treatment of other exter-
nalities generated in cities through the programmable
economy as the congestion issue was treated in this
article. The set of concepts that this technology
includes, all of them together, will be of vital impor-
tance in the future. Pushing citizens’ participation in
city decision-making at the same time in transparent,
reliable, monetized, peer-to-peer and decentralized
manner to open a new way for urban managers to
explore externalities or other issues. In no case is
this study intended to relegate the role of institu-
tions, but to the contrary seeks to provide them with
technological capabilities to find new modes of fairer
management efficiency and dissuade citizens from
generating negative footprints and encouraging them
to contribute to generating a more sustainable city.

As limitations of this article go, it should be noted
that this approach is in its first phase. At this moment,
this research has only attempted to test the feasibil-
ity of the model in order to move on to the next
phase. On the other hand, as for other limitations, this



paper does not talk about the important technologies
needed in order to implement the PE, such as 5G, arti-
ficial intelligence, big data, the machine to machine
economy or cryptography. Also, this article does not
include other variables of great relevance and very
high impact included in the SCP paradigm for cities,
such as legal aspects, taxes, user profiles, government
policies and many more.

As part of future research, it is planned to add new
variables to the proposed system such a monetary or
non-monetary incentives, multimodal transport tick-
ets and tele-services penetration in cities because, as
it has been seen in theoretical background section,
all of them are being testing in some cities and data
could be available for it study. On the other hand,
it could be analysed other results derived from this
work, such as the impact of reduced congestion on
SC productivity or its effects on citizens’ health, or
open up the possibility to apply PE and diffuse sys-
tems to the treatment of other urban externalities like
waste recycling or unhealthy consumption.
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