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1 Extended Abstract

The expansion of the Internet of Things (IoT) is linked with the development of
Smart Cities. As sensors are becoming cheaper and more powerful, networks of
smart objects are becoming wider than ever. The scope of applications of IoT in
Smart Cities is huge, ranging from mobility to waste management [14]. Smart
Buildings have a huge role to play in this transformation [8]. This revolution
is socio-technical, as it involves the relation between building occupants and
its technology. In this work, we present the benefits of Multi-Agent Systems
(MAS) applied to Smart Buildings. First, we study the evolution of the Smart
Buildings concept from fully autonomous entities without human action, to a
more people-centric approach with human feedback, highlighting the increasing
levels of complexity. Based on a review of the scientific literature, we discuss
how the multi-agent paradigm can offer innovative solutions to cope with this
complexity. We then conclude with some perspectives and issues that still need
to be addressed.

Defining what a smart building is, is not an easy task, as scientific and
industrial literature is proficient of applications of new technologies to build-
ing management [3]. Common applications of Smart Buildings involve energy
management, modelling of occupant behaviour, and user comfort [12]. The term
Smart Building can be found in literature since the 1980s. For instance, [13] pro-
posed in 1988 the following definition: ”a building which totally controls its own
environment”. This definition emphasizes the notion of control, and proposes
to empower buildings with the use of technology to monitor their environment
and control its features, with an important focus made on energy management.
In their review, [16] highlighted that most of the early definitions indicated to
reduce human interaction (even to none).

A latter definition, proposed by [5], defines an intelligent building as ”one
that is responsive to the requirement of occupants, organization and society. It
1s sustainable in terms of energy and water consumption besides being lowly
polluting in terms of emissions and waste: healthy in terms of well-being for
the people living and working within it, and functional according to the user
needs”. This definition introduces a shift from the fully automated building of
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the early ages to a more people-centric approach. Indeed, the focus is made
on people, and control is not the goal of Smart Buildings, but a means to design
them. Furthermore, they promote a multi-disciplinary approach to deal with the
socio-technical aspects of smart buildings. [3] goes further in this people-centric
vision. They define Smart Buildings as "buildings which integrate and account
for intelligence, enterprise, control, and materials and construction as an entire
building system, with adaptability, not reactivity, at the core, in order to meet
the drivers for building progression:energy and efficiency, longevity, and comfort
and satisfaction. The increased amount of information available from this wider
range of sources will allow these systems to become adaptable, and enable a
Smart Building to prepare itself for contexrt and change over all timescales”.
They identify adaptivity (to different people’s perception of comfort, changes
in occupant or building use, varying occupancy data characteristics,...) as the
core concept of their definition. [7] propose that Smart Buildings should go
further by not only being designed with an adaptive people-centric approach,
but that Smart Buildings have to put humans in the loop. They argue that
"most of the current studies and solutions developed for building thermal control
have been designed independent of the occupant feedback”, leading to occupant
dissatisfaction and/or technological misunderstandings. Putting humans in the
loop is probably one of the major challenge that Smart Buildings will face, which
is also a key factor for Smart Cities: the association of technology, people and
institutions [1]. It involves not only learning from its occupant, but importantly
to learn with them. This requires to design local feedback loops. Those loops are
not only offering the possibility of interacting with the system and to shape it to
the occupants’ needs, but it also enables a cooperation between the building, its
occupants and its governance by providing adequate information. Explainability,
the ability to explain any non-trivial decision system to users, is thus becoming
an important issue in Smart Environment [15].

Smart Buildings, such as Smart Cities, are truly complex systems [10]. In-
deed, if we set aside the social and organizational aspects of Smart Buildings
and focus only on technology, Smart Buildings are equipped with numerous het-
erogeneous sensors and networks. Smart Buildings are open, meaning that new
sensors and data can appear or disappear at any time, and they have to face
non-linear and unpredictable dynamics. Putting humans in the loop to design
adaptive people-centric control systems will add another layer of complexity.
This involves designing systems equally complex, as expressed by Ashby’s law of
requisite variety claiming that if a system is to be stable, the number of states of
its control mechanism must be greater than or equal to the number of states in the
system being controlled [2]. This level of complexity makes those systems difficult
to be designed through traditional methods, as not all states of the system are
known a priori. Muti-Agent Systems (MAS), through their decentralisation of
decision and self-organisation capacities, offer interesting solutions to overcome
this complexity.

MAS are systems composed of multiple interacting and autonomous entities,
with the agents acting and sensing within a common environment. MAS offer
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a framework to model, study and control complex systems with a bottom-up
approach. This approach, focusing on the entities and their interactions, is
able to solve a wide variety of problems [17]. Due to the distribution of tasks
within the agents composing a MAS, and the possibility to decentralise control
and decision, MAS are more suitable to model and simulate complex systems
than traditional approaches [11]. We can classify the MAS application into three
categories:

— Modelisation, where the MAS paradigm is used to distribute the tasks and
roles and reflect the topological organization of a structure. For example,
[6] proposes a review of MAS for smart-microgrid energy management and
operation. The review focus on Smart Grids, a new type of decentralised
infrastructure to produce and control energy. The authors see in MAS a
paradigm enabling the autonomy of mini/microgrid, and the capacity to
deal with the distributed topology of the emerging smart grid systems by its
decentralised approach.

— Simulation, where MAS is used to reflect the interactions between social en-
tities and produces previously unseen behaviours. For instance, [4] use MAS
to build a stochastic simulation of occupants in buildings to provide design-
ers the means to evaluate the performance of their designs. According to the
authors, the MAS paradigm is used to ”enable the definition of archetypes
and archetypal behaviours to account for diversity between occupants, take
into account social interactions between members of a population and the
corresponding implications for their behaviours, and enable behaviours that
are conditional on others having already been exercised or indeed on prox-
imity to the building envelope or system, with corresponding implications for
interaction probability”. Thus, they emphasise the interaction component
of MAS enabling them to model behaviours.

— Problem solving, where the MAS paradigm is used to tackle the dynamic
context in which agents are evolving and to propose self-adaptive and emerg-
ing solutions to complex problems. For example, [9] use the MAS paradigm
to optimise energy consumption and allocation through the exchange of en-
ergy between multiple small scale battery, each one being managed by a
small community. In this application, the MAS paradigm enables to solve a
global problem (energy management) at a local level (a battery).

The MAS paradigm offers an intuitive and natural way to model entities
and their interactions, focusing on the social components of the system. The
decomposition of the problem into a set interacting agent allows the design of
innovative solutions, with emergent features, and address a wide range of issues.
The review of the literature illustrates this variety of applications within the
Smart Building concept and highlights interesting perspectives for cross-domain
applications.

In this paper, we identify some of the challenges of Smart Buildings relying
on new adaptive people-centric control systems with humans in the loop. Those
systems are complex and MAS offers an intuitive approach to deal with their
modelling, simulation and control. However, while the decomposition into agents
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is at the core of the MAS paradigm, there is a lack of frameworks and tools to
link the macro level (where the problem is expressed) of a MAS and its micro
level (at the agent level). The variety of applications of the MAS paradigm for
Smart Buildings illustrates how the paradigm enables multidisciplinary research.
This results in a great opportunity to trigger discussions among different fields
in order to better understand their respective needs and to build the missing
macro-micro link.
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1 Introduction

The EU aims at reducing greenhouse gas emissions to 80% by 2050, through domestic
reductions [1]As the heating and cooling sector accounted for 50% of the EU's annual
energy consumption in 2016 [2kducing its emissions is of great importance. Oppor-
tunities include adoption efficient heat technologies and buildings’ insulation [1, 3.

1.1  Purposeof this paper

We present an agent-based modelling (ABM) process for a neighbdshibedmal

energy transitionWe studyaresidential area where heating is providedbgite tech-
nologies fueled by natural gas, as is often the case in the Netherlands. We explore how
the adoption of buildings’ insulation and heat technologies can enable the neighborhood

to reduce its natural gas consumption. Hence, the quebtam can a Dutch neigh-
borhood transition from natural gas-based to natural gas-free heat supply over the
coming years while meeting theighborhood’s heat demand®e build on the theories

of socio-technical [4] and complex adaptive systems (CASp[8nswer this question.

We define they key performance indicators (KPIs) as natural gas used for heating
purposes [MWh] and expenses [Eurdale explore the KPI values as a function of
householdscharacteristics: value orientation (environmental, social or financial), time
horizonto assess investments, ability to compare combined investments, and whether
they invest on individual or building-wide solution®/e also explore how different
energy retail prices and biogas as a partial substitute of natural gas influence the KPI
values.
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1.2 Modeéling questions

Our modelling questions are the following:
1. Which combinations of househd#dcharacteristics lead to low natural gas
consumption and low expenses at the end of the simulation?
2. What are promising combinations of technologies and insulation levels
with which low natural gas consumption and low expenses were achieved?
3. How would the cost of heat supply be affected by promising combinations
of technologies and insulation levels?

1.3 Relevancefor the ABMUS 2018 wor kshop

We build on the work by [4] to design in socio-technical systems for the energy transi-
tion. We account for technology, institutioagtors and their interactions. In addition,

we discuss how we cope with the double challenge of representing a complex system
in the simplest possible way while producing quantitative resuksipport decisio
making. Our approach relies on the co-development of a simple agent-based model to
define the problem with stakeholders, identify influential factors and processes, and
discuss the key insights that they wish to obtain. Then, the model will be iteratively
extended to refine its quantitative capabilities to support decision making.

2 Resear ch approach

The theory of CAS and ABM aragplied to study lie neighborhood’s heat provision

as a sociaechnical system. While the neighborhood’s objective is to reduce green-

house gas emissions at low cost, decentralized decisions by households determine
whether this objectivés met. These decisions dependhauseholds’ heterogeneity,

which calls for a bottom-up approach to study the probkaemthermore, properties of
households can change over time as they learn and adapt. Learning may happen as
households observe how investment decisions and external factors influence their own
and their neighbor’s KPIs. Adaptation may happen when households use their
knowledge to adjust their decision rules. In this work, we focus on the study of bottom-
up decisions. We intend to account for learning and adaptation in future work.

2.1 Mode conceptualization

We model the neighborhood as households living in apartments, with an association
of house owners (AHO) for each building. Each apartment has a natural gas condensing
boiler and the same level of insulatidtouseholds and AHOs are model agents. The
environment, external to agents, tracks time, sells electricity, natural gas, biogas, heat
technologies and improvements in dwelling’s insulation, and sets their pric&heoreti-
cally, a household can decide to impriats@partment’s insulation and replace its boiler
with a micro combined heat and power unit, aerial or geothermal heat pump or electric
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radiators. Technologies vary in efficiency and costs (capital and operatisuiation
can be improved to two levelsach withits own costs

Households’ decisions are based on whether they have the ability to assess combi-
nations of insulation and heat technologies or can only assess them independently
(AAI), time horizon as years into the future that they consider when assessing invest-
ments (HRZ), and value orientation (ORI), which can be environmental (Env), social
(Soc) or financial (Fin)Households have perfect knowledge of their own heat demand,
insulation levelheat technologies, budgets, as well as the environmentcaheyake
simple financial cost-benefit analyses (CBA) of possible investments. Households do
not account for biogas in their CBAs, as they do not know its cost or availability in the
future. Households select their preferred option based onGBéis and value orien-
tation (ORI) After investing, a household cannot invest for a period equal to their HRZ
to represent limited financial resources.

When households invest with their neighbors on building-wide solutions, they allow
their AHO to decide on their behalffN=1). We assume that either all or none of the
households living in the same building invest with their neighbors, that AHOs are able
to assess combined investments (AAI=1), that all or none of the apartments will be
insulated or will replace their boilers with a building-wide technology. Available build-
ing-wide technologies are combined heat and power units and electric heating. AHOs
have perfect knowledge of all households in the building. Like households, AHOs base
their decisions on their properties (AAl, HRZRI). Changes in the values of KPIs as
a result of the decisions of both AHOs and households are influenced by external factors
defined in the model environment.

In this first iteration of the model, which will enable a discussion with stakeholders
regarding future research steps, we make assumptions to represent the research problem
in an intentionally simplified way. These include households having identical purchas-
ing power, time horizon, number of residents, deterministic demand and operation,
small natural gas condensing boilers and fixed decision rules by households. Further,
we limit the choices of technologies that are available to both households and AHOs.
We assume that AHOs are environmentally oriented and aim at reducing natural gas.

2.2  Experimental scenarios

The model was built in NetLogo %nd is currently parameterized based on desk re-
search, with real data considered for future applications. Table 1 presents the variables
that were used to generate experimental scenarios.

We observe changes in the values of KPIs over 20 years. We test combinfadions o
populations of households with a fraction of all households with each combination of
ORI: popl=[Env:0.33, Soc:0.33, Fin:0.33], pop2=[Env:0.50, Soc:0.25, Fin:0.25],
pop3=[Env:0.25, Soc:0.50, Fin:0.25], pop4=[ Env:0.25, Soc:0.25, Fin:0.50], pop5=[
Env:1]; 3 populations of households with percentages of IWN=1: 100, 50 and 0%; 3
populations of households with percentages of AAI=1: 0%, 50% and 100%; 6 HRZ for
all households: 1, 5, 10, 15, 20 and 30 years; 3 dGp cases: -.025, 0 and .025; 3 dEp
cases: -.06, 0 and .06; 3 Bp cases: 1.5*Gp, Ep and 2*Ep; 2 AB cases: 0 and 1.
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Table 1. Groups of variables that will change during the simulations

Variables Possible values
IWN: whether households invest individually or with | 0 or 1

their neighbors, allowing the AHO to decide.
AAI: ability to assess combinations of investments. | Oor 1

HRZ: time horizon when assessing investments. Number of years
[ORI]: environmental (Env), social (Soc) and financial “Env”’, “Soc¢’ or “Fin”.
(Fin) value orientation.
dGp and dEp: annual changes in natural gas and eleq Negative and positive
ity retail prices (Gp and Ep, respectively fractions.

Bp: biogas retail price, as a function of Gp and Ep. Function of Gp and Eq
AB: adoption of biogas, where 1% of the natural gas | O or 1

used the previous year is replaced by biogas this yea

3 Expected results and discussion

When making decisions individually, we expect households with longer HRZ and
higher environmental values to be the first ones to replace their boilers or improve their
apartments’ insulation. These choices may also lead todrigltpenses. We expect fi-
nancially oriented households to keep their boilers for a longer time, and possibly insu-
late their apartments in order to reduce their expenses. Furthermore, we expect to find
possibilities to achieve relatively low natural gas consumption and relatively low ex-
penses when households invest with their neighbors and try to minimize natural gas
consumption through building-wide solutions.

Insights from this study will be used to explore opportunities to steer neighborhoods
towards natural gas-free futures in two related ways. First, by discussing modelling
concept and outcomes with stakeholdergo-define a research agenda. Second, to
identify functional requirements of a model with quantitative capabilities.
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Abstract. Agent-based modelling (ABM) is ideally suited to modelling
the behaviour and evolution of social systems. However, there is in-
evitably a high degree of uncertainty in projections of social systems
— input data are noisy and sparse, and human behaviour is itself ex-
tremely uncertain — one of the key challenges facing the discipline is the
quantification of uncertainty within the outputs of agent-based models.
Without an adequate understanding of model uncertainty, or a means
to better constrain models to reality, simulations will naturally diverge
from the target system. This limits the value of their predictions. This
paper presents ongoing work towards methods that will (i) allow real-
time data to be assimilated into models to reduce the uncertainty of
their predictions and to (ii) quantify the amount of data (including over-
all volume as well as spatio-temporal granularity and regularity) that
are required for successful assimilation (i.e. to model the system within
an acceptable level of uncertainty). Specifically, this project emulates a
simple system of pedestrians who all move towards an exit. The paper
reports on initial experiments to constrain the range of possible model
outcomes using Bayesian inference techniques as implemented in a new
probabilistic programming library. Ultimately the project aims to pro-
vide valuable information about the number and type of sensors that
might be required to model movements of humans around real urban
systems.

* This work was supported by a European Research Council (ERC) Starting Grant
[number 757455], a UK Economic and Social Research Council (ESRC) Future Re-
search Leaders grant [number ES/L009900/1], an ESRC-Alan Turing Fellowship
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1 Introduction and Background

Individual-level modelling approaches, such as agent-based modelling (ABM),
are ideally suited to modelling the behaviour and evolution of social systems.
This is especially true in the context of modern ‘smart’ cities, where large vol-
umes of data, supported by innovative ‘big’ data analytics, can be leveraged
to better understand and capture the characteristics of the underlying systems.
However, there is inevitably a high degree of uncertainty in projections of so-
cial systems — input data are noisy and sparse, and human behaviour is itself
extremely uncertain — one of the key challenges facing the discipline is the quan-
tification of uncertainty within the outputs of these models.

This work focusses on the simulation of urban flows, i.e. the movement of
people around urban areas over relatively short time scales (minutes and hours).
It presents ongoing work towards methods that will (i) allow real-time data to be
assimilated into models to reduce the uncertainty of their predictions and (ii) to
quantify the amount of data (including overall volume as well as spatio-temporal
granularity and regularity) that are required for successful assimilation. In other
words, given some human system and a simulation of that system (we study the
movement of pedestrians in this case), how much data are required from the real
system in order to prevent the model uncertainties from causing the simulation
to rapidly diverge from reality? With too little data it will be impossible to
reliably constrain the model to reality, but how much is too little? Is one well-
placed footfall counter sufficient to capture the dynamics of the system, or in
reality would it be necessary to track the actual movements of a large proportion
of the individual people? The hypothetical model used here is a simple system
of pedestrians, each of whom move from an entrance towards one of two exits.
This is analogous to a train arriving at a train station and passengers moving
across the concourse to leave. The model environment is illustrated in Figure 1.

Very limited prior work has been conducted in this area. Some authors have
attempted to conduct data assimilation, but use agent-based models that are
simple in the extreme [5,7]. Here, a more advanced model will be used in order
to test how well the various methods handle complex features such as emergence
and feedback. Others have developed more complex agent-based models [1] but
those must remain mathematically coupled to an aggregate proxy model which
limits the flexibility of the underlying agent-based model. The most similar work
is that of [6], who attempt to assimilate data into a model of peoples’ movement
in buildings. They do this by running an ensemble of models and re-starting
each one using new input conditions that are created each time new data become
available. The main difference between the approach in [6] and this paper is that
here the aim is to eventually develop methods that are able to assimilate new
data that automatically alter the state of the simulation while it is running. This
is more analogous with data assimilation techniques in other fields [4].
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Fig.1: A snapshot of the simple, hypothetical model that is used here. Agents
arrive from the green entrances on the left and move towards the red exits on
the right.

2 Methods

2.1 Overall Approach

This paper presents a work in progress, whose overall proposed approach is to:

1. Develop a agent-based simulation of pedestrian movements from an entrance
to an exit using a simple social forces framework (similar to [3]) to control
the behaviour of the agents (see Figure 1);

2. Run the simulation to generate hypothetical ‘truth’ data, our equivalent real-
ity created with synthetic data. We assume this equivalent reality represents
the real underlying system. We sample from this in a manner analogous to
that of using sensors of peoples’ movements to sample from the real world;

3. Re-run the simulation with a different random seed and use samples of vary-
ing resolution from the ‘truth’ data to reduce the uncertainty of the new
simulation;

4. Quantify the volume (total number of samples), granularity (amount of ag-
gregation) and regularity (the number of samples per time period) that are
required to successfully model the hypothetical ‘real’ data.

This paper presents the preliminary results up to stage 3, with the ultimate
aim of quantifying the amount of data required to successfully constrain the
simulation being immediate future work.
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2.2 Preliminary Results: Constraining Model Uncertainty

Our initial experiments use a prototype probabilistic programming library to
perform parameter estimation using Bayesian inference (see [2] for a useful dis-
cussion about probabilistic programming and Bayesian inference). This work is
a precursor to performing data assimilation (i.e. step 4). The probabilistic pro-
gramming approach treats the pedestrian simulation as a black box, whose only
input is a list of random numbers that are used in the simulation whenever a
probabilistic decision is made and whose output is the number of agents in the
system at each time step. All internal simulation parameters are fixed. The sim-
ulation output is deterministic given the same input, but different inputs result
in different outputs, and so stochastic simulations can be performed by choosing
the input at random. Figure 2 illustrates the method.

We create truth data, i.e. agent counts over time, from a single model run
using a model input (a list of random decimal numbers) sampled from a Gaus-
sian distribution. Then, using a noisy observation of the truth data, we use the
probabilistic programming library to create a Bayesian network from which we
can compute the posterior distribution of the input given the noisy observation.
We then sample from this distribution using Metropolis-Hastings, resulting in
an ensemble of model realisations in which the uncertainty of the input, and
hence the output, is constrained.

‘Truth Data'
Pre-defined list of (number of agents in the Noisy truth data
random numbers. 0.3565 system iteration)
These are the model | 0.1954 Model - -
input parameters. 0.8235 Input . gll?tdil Adr?o?s?eme
The parameters 0.8400 RS Pedestrian \\\\\\\\\E\\\%»‘ AN
cannot be observed b Model b b
directly, but we can | 0-0187
use Bayesian 0.9701
inference to estimate | 0.0356
them
We can apply our
observations to the
output from the
probabilistic model
Priors Posterior After observing some 'real world'
? data, we now have a posterior
We want to ? distribution of our model parameters.
estimate the value ? Probabilisti v
f h of the robabilistic
rgngzi ::”11;:;_ 7 [ Model - Use MCMC Sampling to explore this
They are our ? multi-dimensional space.
(uninformed) ? If the samples are tightly constrained
priors. ? around the unknown 'real' data, then
the probabilistic model is finding

solutions that fit the observations

Sample 1 Sample n
a
o o ot ot

Fig.2: An illustration of the procedure to perform parameter estimation.
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Figure 3 compares the results of the sampling with and without the incor-
poration of the truth data. It is clear that when the Bayesian network makes
use of the observations from the ‘truth’ model, the output of each model (i.e.
sample of the posterior distribution) is much more similar to the truth data.
In other words, the procedure is more accurately estimating the list of random
numbers (the prior distribution) that were initially used as input to generate the
‘truth’ data. Although this result is not of value in isolation, it is very useful as a
proof-of-concept. It shows that Bayesian inference on an agent-based model that
has reasonably complex characteristics (namely the emergence of crowding due
to agent interactions) is able to perform parameter estimation. More rigorous
data assimilation is a relatively small step.

Number of agents in simulation Number of agents in simulation
as sampled from posterior (obs = TRUE) as sampled from posterior (obs = FALSE)

‘samples. o
— Tun oo — T
T T T T T T T

T T T T T
o 20 a0 600 s00 1000 1200 o 0 00 600 s00 1000 1200

(a) constrained to observations (b) without observations

Fig.3: Results of sampling the posterior with observations (3a) and without
(3b). When the ‘truth’ data are used to constrain the posterior distribution, the
sampling routine is much better able to estimate the input model state, so the
outcomes of the samples are much closed to the ‘truth‘ data.

3 Link to ABMUS Workshop Themes

This paper addresses a core aspect of the ABMUS workshop theme; that of the
trust that we can have in model outputs. The conference recognises challenges
in “designing, developing and implementing trusted models that can be used
by industry and governments to enhance decision-making”. By adapting existing
methods that are aimed at reducing uncertainty in models through the incorpo-
ration of up-to-date data, this work advances the methodology towards more a
rigorous representation of real urban systems that will be more acceptable for
policy use.
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Abstract. In this extended abstract, we are interested in the topic of
large scale urban and transport simulation applications. Most of the time,
in these simulations, users have to find a compromise between the level
of detail to take into account, the number of simulated agents and the
computational resources available. We think that the time scheduling
approach could be an alternative solution to explore. As illustration, we
show how the use of an approach called the temporality model could
increase the scalability of the SKUADCityModel while maintaining an
acceptable level of performance.

Keywords: Scalability - Urban and transport simulation - Scheduler.

1 Introduction

Agent-based simulation models are often used as decision support tools. They
intend to imitate complex phenomena that could occur in the real world, in order
to evaluate their possible consequences. Thus, a simulation model should meet
a set of constraints related to its field of application [5].

The transport and urban systems involve a large number of heterogeneous
agents that operate in complex and very large sizes environments. That requires
computational resources. Thus, when working on personal computers, the diffi-
culty is to build a simulation model that can scale up while maintaining accept-
able performance, short execution time and relevant results. Common solutions
consist in finding a compromise between the level of detail taken into account,
the number of simulated agents and the computation power available. However,
in these kind of simulations, the level of details taken into account is important
as it could affect the relevance and accuracy of the results [2].

We think that the time scheduling approach could be an interesting track
to explore. This topic is relevant in the context of ABMUS Workshop because
we tackle a problem of agent-based simulation of urban and transport systems’
scalability.

* Supported by organization the Région Réunion, the L’Oréal-UNESCO for Women
In Science Fellowship and the the municipality of Saint-Denis, Reunion Island.
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2 The Temporality Model Approach

The simulation platform part that is responsible for the virtual time manage-
ment is called the scheduler. This scheduler uses different approaches [1] such as
the time-stepped, the event-driven and the mixed approaches. However, these
conventional approaches may be inappropriate or may have limits in some cases
(see Figure 1). These restrictions can become a barrier to the scalability.

The authors of [3] proposed an approach called the “temporality model”.
This approach intends to fulfil a set of criteria that the classical approaches of
scheduler do not meet. So, we assume that it could be a potential solution to
explore.

Table 1. Advantages and limitations of conventional scheduler approaches.

Approach Advantages Limits
Time-stepped . Pasytosetup Limited in case of large number and highly heterogencous agents.
Convenient in case of homogeneous agents.
No control over the simulation execution duration;
Event-driven Convenient in case of highly heterogeneous agents. The simulated time can take very complex forms;
Calculations can become heavy.
Mixed Use of different types of scheduler appropriate to each submodels. No control over the simulation execution duration.

The temporality model approach tries to combine the advantages found in
the three different approaches mentioned above:

— The periodicity and reducibility of the execution time that we can have when
using the time-stepped approaches;

— The precision of the event-driven approaches;

— The adaptability to complex models of the mixed approaches.

The agents needs are expressed using a data structure called the “temporality”.
A temporality corresponds to a point on the time axis for which an agent wants
to be activated. The agents are invited define their temporalities during the
simulation initialization. Afterwards, if they need to adjust their behaviour, they
will be able to redefine or create new temporalities at any time. The scheduler
immediately processes the creations and the modifications, then updates the
time axis. Thus, at a given time, the scheduler activates only the agents who
need to be activated. This could reduce the computation resources required.
Consequently, simulating a large number of heterogenous agents becomes easier.
Another particularity of the temporality model, approach is the ability to
add time constraints. This is done by specifying three regulation properties:
the minimum time-step, the default time period (used to activate agents that
do not define any temporality) and the variability. This makes the difference
compared to event-driven or mixed approaches. Users are able to reduce the
simulation execution time by varying these parameters. In the extreme cases, if
no agent defines any temporality, we automatically fall back into a time-stepped
approach. On the other hand, if all the agents are complex and express a large
number of temporalities, we end up with an event-driven type of scheduling.
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3 The SKUADCityModel prototype

The SKUADCityModel is built upon the SimSKUAD simulation platform de-
veloped in our research laboratory. It is written in Java language and uses, by
default, the temporality model approach. In our case study, experiments are
conducted for individual transports in the city of Saint-Denis, the capital of the
Reunion Island.

The agents and their environment models are based on the SmartCityModel
simulation, developed in the Imperial College London, built upon the Repast
Simphony simulation platform and described in [4].

In the SKUADCityModel, pretreatments such as adding a road cache are
done during the initialization of the simulation. Thus, the simulation can hold a
very detailed definition of the roads and the buildings without a great deteriora-
tion of performance. Figure 1 shows a part of the SKUADCityModel simulation
GUI. The agents are in blue, the roads are represented by black polylines and
the area of interests are in green or in red.

To show how the SKUADCityModel scales up according to the type of sched-
uler used, we implemented two different types of scheduler: a time-stepped ap-
proach and a temporality model approach. We choose to not make an imple-
mentation of the event-driven or the mixed approaches because they are not
appropriate if we want the users to have control over the simulated time in order
to reduce it for example (see Figure 1).

4 Comparison and results

The experiments are conducted on a personal computer with the following con-
figuration: Intel core i5 (fifth generation), 16 gigabytes of RAM and a Solid
State Drive. The comparison is based on the execution duration performance.
Two types of manipulations are done (see Figure 2):

— A variation of the experimental constraints from 0% to 100%. In this
way, we show how the simulation duration can be reduced depending on the
time scheduling approach used.

— A variation of the number of agents from 1000 to 10000 moving over 12
hours. In this way, we show how the simulation model can scale up depending
on the time scheduling approach used.

Figure 2 shows the results of the first experiments carried out. First, when we
vary the experimental constraints (see Figure 2), the simulation durations can
become shorter in the case of the use of the temporality model approach. Second,
the results show that when using the time-stepped approach, the maximum
number of agents supported by SKUADCityModel does not exceed 10,000. In
the Figure 2, the yellow curve on Oms indicates a crash due to an out of memory
error. This is a problem we do not encounter, at least up to 10,000 agents,
when we use the temporality model approach. Finally, the performances remain
acceptable and the simulation execution times are less than five minutes.
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Fig. 1. A. Screenshot of a part of the Fig. 2. Execution duration performance
SKUADCityModel user GUL of each scheduling approach.

5 Summary

In this extended abstract, we intend to show how the time scheduling approaches
could play a role in urban and transport simulation scalability. First, we describe
in a general way the bases of the temporality model approach. Second, as an il-
lustration and an application, we built an agent based simulation called the
SKUADCityModel. We run it using two different scheduling approaches: the
temporality model and the time-stepped approaches. Finally, we made a com-
parison based on each simulation execution duration performance. First results
are quite convincing. However a deeper analysis should be done with an even
larger number of agents, a wider and more detailed environment and more eval-
uation criteria. For comparison, it could also be interesting to implement the
temporality model in other simulation models built upon other platforms.
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Abstract. Agent-Based Modelling (ABM) and simulation have gained
popularity in disciplines dealing with complex systems, such as urban
systems. Despite the increasing number of models built by experts and
users, it is not always guaranteed that one is able to replicate the basic
results of a research model nor to understand it. In this paper, we raise
the questions that need to be answered to cope with ABM specification
issues. We review some of the existing solutions that have been developed.
We aim to address this problem by building a framework that includes a
domain specific modelling language to respond to ABM documentation
concerns. We show that ideas from the Web Semantic can enhance the
understanding of ABM and improve users’ trust in this kind of tools.

Keywords: Domain ontology - Geographic Information Science - Agent-
Based Modelling - Domain Specific Modelling Language.

1 Introduction: why documenting ABM matters

To understand geographical problems such as sprawl, congestion and segregation,
researchers have begun to focus on agent-based modelling (ABM) which allows
one to simulate the individual actions of diverse agents, and to measure the
resulting system behaviour and outcomes over time [5]. Modellers have been
using ABM to simulate social interactions to understand and manage cities and
urban infrastructure systems. [1], [2] and [3] are some examples of a broad range
of applications.

As the number of models created by researchers increases, the opportunity to
analyse a model and replicate its results naturally grows. Modellers are seeking
to transfer the knowledge from one domain to another domain or to replicate
an ABM and adapt it to their own case studies. It turns out that comparing
different models representing a same empirical fact is a difficult task. To com-
prehend a model and assess the results of its simulation, these models need to be
clearly described. This description is necessary not to only enhance communica-
tion, replication and comparison of models, but also to enable dialogue among
disciplines [7].
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2 Related work

For the last decade, initiative have been developed to enhance the description
and communication of ABM. The ODD protocol [7] is a protocol originally for-
mulated by ecologists that aims at providing a standard layout for describing
individual and agent-based simulation models. It especially aims at documenting
ABM for scientific publication and consists of several building blocks that facil-
itate writing and reading of model descriptions, using natural language. ODD is
a real step forward communicating ABM. However, it is not a formal description
aiming at being read by machine nor at being directly compiled to computer
code. It is then still subject to interpretation. On the other hand, the degree of
ODD’s acceptance among experts has not been even between domains. In some
domains such as Urban Systems the acceptance has been slow.

Another interesting initiative is the OpenABM (http://openabm.org), a repos-
itory of ABM contributed by users. OpenABM website is a portal specifically
designed to facilitate the dissemination of simulation code, where contributors
are required to upload the simulation code and describe the models using the
ODD protocol. With about 500 models, at the time of this publication, Open-
ABM has now grown to a cyber infrastructure to preserve computational models
and their digital context on agent based modelling. The sharing of models and
computational code certainly contributes to facilitate models replication and val-
idation. Nonetheless, the link between a model description with ODD and the
respective simulation code is not verified and each user would need the program-
ming skills to verify if description conforms to implementation.

Provenance in agent-based simulations is another way of tackling the spec-
ification of ABM. Provenance, which is a type of metadata, is the lineage of
a data product or process: its creator, contributing processes, interactions, and
data sources. In the context of agent based modelling, provenance captures state
changes in individual agents and interactions through time [4]. In [8], authors
investigated the role of provenance and proposed to record three types of prove-
nance about a simulation: provenance about the social process of model devel-
opment, about the execution of a model and about the history of a simulation.
Authors concluded that as the number of simulation runs and agents in the simu-
lation increases, these queries become exponentially complex and the application
to more complicated model might be challenging.

3 A framework for the specification of agent-based
models in socio-spatial systems

We believe that it should be possible to relate a model description (e.g., with
ODD) to a simulation code. Many ABM practitioners are not computer scien-
tists who can write and read computer programs. We think that this gap between
description and implementation remains a challenge for many ABM users. To
address this question we propose to adopt a research approach consisting of the
development of a Domain Specific Modelling Language (DSML). DSMLs are
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specification languages that offer, through appropriate notations and abstrac-
tions, expressive power focused on, and usually restricted to, particular problem
domains [6]. On the other hand, in computing, linked data describes a method
of publishing structured data so that it can be interlinked and become more
useful through semantic queries. It builds upon standard Web technologies such
as HTTP, RDF and URIs, but rather than using them to serve web pages for
human readers, it extends them to share information in a way that can be read
automatically by computers. Using ODD as a domain model, we aim at using it
to compare the executable systems (source code for simulation) and the model
description, to verify the conformity between both artefacts. Using this DSML,
we could represent the model instances from the code as linked data and compare
it to ODD representation and vice versa.

4 Conclusions

In this paper, we present the importance of agent-based model documentation
and the challenge for practitioners to verify its conformity to models imple-
mentations. We identified that a gap between system representation and system
implementation still exist for modellers, which represents a limitation to ABM
communication and replication. Our goal is to provide a modelling language that
would meet users needs and that would be straightforward enough to be adopted
by the main users of the domain. We aim at presenting the first steps towards
the development of this modelling language.
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Abstract. Recent crowd accidents have posed a challenge to the canjdage
pedestrian simulation studies established during the 1990s. In this artice; w
scribe a vision of our research initiatives aiming at establishingdgm-solving
science based on pedestrian simulation using an artificial society approach for
dense space management. To secure our initiatigeaddress a five-layered
framework for integration of pedestrian agent models, and forirsukéy pro-

ject refer to the 2001 Akashi pedestrian bridge accident as argpecase. We

will cover the three layers of Physical interaction, Personal spacid Spatial
cognition, andasthe current position of our model development also shiew v
sion-driven agent simulations.

Keywords: artificial society, multi-layered agent model, Akashi pedestrian
bridge accident, vision-driven agent

1 Our research question

Pedestrian dynamics research originating from complex system research indke 199
has been developed as an agent-simulation model representing individual pedestrians
by dynamic equations of micro-motives, and this has contribiotgrogress on the
mechanism of crowd accidents at urban mass evEmsabsence of accidents over the
intervening years could be seen as evidence of the successful appli¢atbomier-
measures, but in the 2010s, systemic risks that cannot be handadi&yapproaches
were seen in such incidents as the 2011 Love Parade disaster [1], thkatktarm-
pede in 2014, and the Mina crowd accident near Jamarat bridg&é5nDiese events
are indicative of the growth of urban mass events, and there is aareeew ap-
proaches.

This situation as shown in Fig.1 involves two differing appreadhedestrian dynam-
ics can be describexba Schelling approach in which micro factors contribute to unin-
tended crowd behavior by manifesting the micro-interaction assumptioriqghyal-
lision and social force) between agents. However, the systemiofrigkent years has



forced the introduction of aBl-Farol approach in which each agent is influenced by
feedback information about the state ofitheociety Our artificial society approach
introduces both of them.
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Fig. 1. Artificial society approach for agent-based urban modeling

In this paper, the spatial inhomogeneity of crowd density is calledwaiddense,
crowded or bustling)" and is a central research theme, but from thporigwf dense
space management, three more features are considered. (1) Mesoscalge meitgr
whether crowd-scale or space-scale, occurs on the mesoscale béevemtroscopic
and microscopic. This system is between the closed system and theystem. (2)
Spatial form: whether it is a crowd accident or a purchase singular poimtaihot of
a downtown area, it is influenced by the physical form of the sf@€itizen science:
many citizens participate in the dense space, where they sense the conditimms
them. We suggest that we consider diversified civic values in betimdasurement
data and analytical evaluation. In fact, research papers by Helbing et al. wrrednaly
the Love Parade disaster mention ov&0 ditizens evidence data files][1
Our research initiative adopts an artificial society approach based on intelligent agents,
but from the viewpoint of dense space management, the compadittenagent, such
as the spatial recognition of an agent who is acting, message transnrissagmtion,
and micromovement due their purchasing motive. For that reason, we are adopting a
constructive methodology of exploring knowledge through simulatiomefiimement
of the consequence space, without concern for any inevitable itb@dt- heavy)”
model compositions. The simulation itself is a tool of deductive sciémtlee sense
that it derives a possible consequence from a given set of conditios,dun meth-
odology, it is empirical science with the following two meanings. Firste/can only
solve the problem by utilizing a wide variety of real-world infation source data
Secondly, we are getting close to effective scientific knowledgetbrdygh the trial
and error of model compositions and comparisons of various coitypl€ke core of
our research question is exactly found by answering: how can e utiVersified
real-world data to approach the problem-sol?iipreover, low do we composea
wide variety of models to gain scientific knowledge?



2  Afivelayered framework for integration of pedestrian
agent models

The key feature of our research initiative lies in the artificial society appravhich
represents dense space whgbomposeaf intelligent agents. The spatial behavior of
the agent is composed of the following five ascending layers, ane esnduct further
research into each layer and aim at an integrated model dealing with muiltgsie, la
we approach the heart of the problem (see Fig.2).

(a) Physical Interaction Layer: handles physical consequences at the time of con
tact/collision among pedestrians or between pedestrians and obstacles such as walls.
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Fig. 2. Five layered frameworks on spatial behavior of pedestrian models

A pedestrian walking direction is given as various conditions (exoge@oiables).

(b) Personal Spacing Layer: deals with the effect of personal spaisegl in social
psychology, in situations of local avoidance without physical interacTioa.walking
direction is endogenized by given waypoints.

(c) Spatial Cognition Layer: constructs a vision field with L®&Sight (LOS) and
handles direction chgesby the "LOS principle" during exploratory behavi@he line

of sight should generallyerepresented in the three-dimensional space. The destination
is given, and thegent’s waypoints are calculated as a result.



(d) Communication Layer: switches behaviors by acquiring informatioformation-
based action" in a narrow sense inclual@saction intended to obtain information such

as using personal information devices and broadly refers to any spat&idyetf-
fected by such acquired information. The destination may be chamgesponseo
results.

(e) Higher-order Intelligent Functional Layer: assumes a BDI (belief, desire, imentio
model in artificial intelligence research, including emotions as well as planning and
learning dynamics and these, may conflict with resolutions. Multigaepnulti-stop
behavior called shopping-around behavioaiowntown area can also be composed
in this layer. The visit plan (a chain of destinations) may be rescheduled.

3. Akashi pedestrian bridge accident revisited —asa
specimen case allowing a postmortem through simulation

As a key project of this research initiative, the authors focus on taghikedestrian
bridge accident in Japan as a specimen. The Akashi stampede accideimgatu
mediately after the end of the July 21, 2001 firework festival hefldeirseaside city of
Akashi, resuled in a tragic catastrophe with 11 people dead and 247 injuies.
disaster was caused by significant densification of the crowd dueot@pposing
crowd flows meeting on Asagiri pedestrian bridge as they moved betheardoy
Asagiri station and the venue.

Early coverage of newspapers speculated on a domino effect caupaditybut
the official accident report published in January 2002 found no evidadrbés and
determined the accidebe mainly due to a crowd avalanche or crowd quake that only
occurs with a density of 10 or more pedestrians per sq.enrdport also pointed out
the inadequacyf safety measures. After a legal dispute, in August 2005 the victims
won a victory in court; the ruling ushered in a new era for Japarewpevailed, and
in our countran event organizés responsibility for management can now be
questioned.

The official report states the following. The width of the pedestrian bridgenis-6
ters, whereas the width of the staircase section connected to the west sidangfi¢ial
section at the southern end of the bridge is 3 méikns stationary firework sightseers
were on the south side of the staircase. Victivase concentrated on the southern end
of the pedestrian overpass. As the shape of the pedestrian bridge forntéenadiq
this zone becamedensely packed with a density of sob3people per sg.m. resulting
in a crowd avalanchevhich was ascertained as the main cause of the accident (see the
right of Fig3).

Furthermore, the crossing of the opposing flows was listed as thef fingt igger
points leading to the crowd avalanche. "Sometime a little before the firevaoflksy
was returning to the station of the people watching fireworks ost#ies and pedes-
trian bridges. This flow revolving from the staircase to the east sittee gfedestrian
bridge compressed the other flow from the station to the venue iy thatapushed
pedestrians over to the west side.



The flow toward the venue and the flow toward the station met asd®edagainst
each other on a line diagonally heading north-east from the cdriee pedestrian
bridge and the staircase.[2]

Based on this report, the authors had already conducted a simulation dB8hlsis
composing a model of the personal spacing layer in the two-dioreisspace, the
findings on the local densification at the southwest end of the peddstidge were
confirmed, and prevention measures drawn up (route separatidre dyridige) for
crossing flow conditions of low or medium density (with no effé¢he physical body
pressure, about 3 or less pedeaas per sq.m. density).

Subsequent research on the Akashi accident focused on high-détusitiorss;
mainly the stud wave phenomena [4]. In addition, simulation reseaeciplore trigger
conditions of accident occurrence in high-density situations has algepsed.

In our research project with sycfch data, we will plan a postmortem, oreapost
verification through the composition of a multi-layer model.

Especially the aim is to establish whether the crossifigws that occurred in the low
and medium density situationsagthe accident trigger? In the official report, there is
an estimate of the numbers of inflows and outflows of the pedesti@dgebwith the
average density rapidly increasing from 2.92 to 7.56 pedestriang.perfeom 19:00

to 19:30. In our research, using this estimate as a prerequisite, mptadtigeproduce
the cross-flow in the low and medium density situation by simulafitime density rise
process at the south end of the pedestrian bridge (accident occurrence zone).
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Fig. 3. Akashi pedestrian bridge accident, July 21, 2001
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At that time, in existing personal spacing layer modelgjvestigate if the position
of the waypoint of the case pkyamajor role in the composition of the crossflow, we
apply a prototype application of the spatial cognitive layer model with three-
dimensional space representation. Since the waypoints are in a visible rbiptiens
dogenization of waypoints is one technical subject in our integrated riduls, this
research project deals with the integration of three layers of the five lagatsoned
in the previous section: the physical layer; the personal spacing égkthe space
cognition layer.



4. Vision-driven agents—the current position of spatial
cognition layer model development

Here, to explain the current stage of our research project, the authors nafgorte
driven agents, which ka been developed as an example of the spatial cognitive layer
model.

A vision-driven pedestrian agent behaves based on information irfi¢hetiof vision

It became known as a model class dealing peétiestrians’ natural movement by EVA

by Turner & Penn [5]. This natural movement is a behavior in whicgdagtrian does

not have any destination and only depends on information thatrappeheir field of
vision, giving rise for example to such behavior s as free-mode explonatien en-
tering a space for the first time. In the model, the vision field is dividedaiplurality

of Bins, and a Liné@f-Sight (LOS) segment represents each Bin is used as information.
In other words, the distance to an obstacle at each viewing angkdiss information.

As a behavial algorithm, it consists of straight walking and turning direction selec-
tion, but variations are known depending on the direction change coisditial turning
direction selection method]6

£
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Fig. 4. Trails of the smulation results (Base case)



On the other hand, the navigated movement combines the vidiem-égent mecha-
nism with destination information. Various technical methods have beenagpo-
cording to the internal structure of the agent and the balance between ffeexpto-
ration and destination orientation][6

The vision-driven agent used here starts firstly with a naturaement mechanism,
and then whenevet finds a direct destination, it moves straight towards that point.
Besides, the direction change condition is set for each step probability 1fBednch-

ing direction selection is set to the Longest LidESight method. This agent model is
simple and runningnitwo-dimensional space.

(Base Case) The plaza is a rectangle, there are six entrance/exits, ofivehan f
trances are facing the inside of the plaza and easy to see. ©nlgshside escalator
entrance/exi®2) is facing the north, and it is difficult to see,@oorigin and destination
flow lines draw arcs. Except for the cas&s { ®) where the destination cannot be
visually recognized and returned, the redundancy of the walking belmagenerally
small (see Fig.4).

(Stage Case) A case where one stage is located on the north $ideplaiza, and
ten sets of long chairs are arranged on the south side. In thbetipsenD and®,
the majority of agents bypass the west side. Als® at- @ trips, they go round the
stage counterclockwise. There are no agents passing through the stelgaisnghich
form a "mass The other trends were the same as in the base case. The spatial cognitive
layer model calculates direction change points (waypoints) for a passerltlcesed
zones where theglo not want to walk, whereas the personal spacing layer model is
trying to follow a given set of waypoints. In our further resbakve are planning to
develop an integration model through the introduction of the third-dimeaisipace
(see Fig.5).

Fig. 5. Trails of the simulation results (Stage Case)

@ S




5 Concluding remarks

In this article, we explained a vision of our research initiative aiming airtéicial
society approach for dense space management. We also explainelhpefied-frame-
work for integration of pedestrian agent models to secure our initiatieeet®rred to
the2001Akashi pedestrian bridge accident, as a specimen case for our flagsbgt, proj
in that the three layers of Physical interaction, Personal spacing and Spgtidion
were covered. We also showed vision-driven agent simulations as oemtquosition.
The Akashi accident has many things in common with the Love paraiieai; and
the following implementations of 'Venue Capacity Evaluation' and 'Predlicfivisi-
tors' are future taské&\in agents communication layer and a Higher intelligent function
layer are required for completing the artificial society approach. We haviedstud
modeling research ofinformation-based behavibdrin tourist emergency evacuation
[7], and a modeling research ardynamic rescheduling function [8]. However, an
integrated modeling with BDI model in mind is also a future task.
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Abstract. Air pollution from personal motorised transport has a big impact on
quality of life in cities, as a function of human activities, land-use and the
transport network. In this paper we simulate a neighbourhood in Beijing where
an existing train line is being decommissioned, offering the potential to develop
new public spaces, houses and offices, as well as new road infrastructure. Using
an agent-based simulation model which generates activities for a synthetic pop-
ulation the baseline and two alternative scenarios are compared, illustrating the
impact on local air pollution by translating the traffic volumes to emissions.
This chain of models shows how different urban designs can be successfully
evaluated, giving planners and local authorities insights in the effect of different
plans.

Keywords: Land-use, transport, infrastructure, air pollution calculation, agent-
based model, linear park

1 Introduction

In large cities, such as Beijing, transport is a dominant contributor to urban air pollu-
tion and a major risk factor impacting public health, not only due to the large quantity
of its emissions but also because such emissions are close to humans, with much of
the population exposed to dangerous pollutants [1] such as nitrogen oxides and fine
particulate matter [2]. Road traffic emissions account for two-thirds and one-half of
nitrogen oxides (NOx) and total hydrocarbon [3]. Urban planners need to take this into
account when designing or updating existing neighbourhoods, and evaluate people’s
exposure to dangerous pollutants such as nitrogen oxides and carbon dioxide and
quality of life resulting from their design choices. To support this process, simulation
tools can evaluate different scenarios against a range of performance indicators and
targets. Given that physically changing an actual system would be costly and disrup-
tive, building a model as a representation is economical and efficient [4]. Urban mod-
els aim to capture the complexity of cities, linking theory and practice [5]. In particu-
lar, agent-based models are helpful in testing alternative configurations of a system to
support decision-making through the evaluation and prediction of various policy al-
ternatives and impact on decisions by individual agents [6].



In earlier work [7] we simulated a synthetic population in Beijing, but had simpli-
fied the emission calculation and only considered the baseline. The contribution of
this paper is a combination of the agent-based simulation model of the urban envi-
ronment with an air pollutant calculator to generate insights on a number of urban
designs. Next, the methodology is presented followed by the case study in Beijing.

2 Methodology

In this research we link an agent-based model of a synthetic population of a sample
district with the multi-spatial description of the transport infrastructure, land-use, and
public open spaces in GIS. Based on the integrated design-modelling methodology
presented in [7], we use a responsive design process of "simulating the existing sys-
tem—urban design—simulating different design scenarios—evaluating their impacts
on air pollution—redesign and decision-making". Firstly, the status quo of the road
network and land-use (consisting of residential areas, workplaces, public open spaces,
etc.) is represented at a self-defined sampling segment in QGIS as two separate layers
with buildings/points of interest and a road network.

Using the GIS data, an agent-based model generates a synthetic population based
on the socio-demographic data from the 6 population census of Beijing (2010). The
agents travel for a workday, following their activity patterns, select destinations and
deciding the time duration on different types of land-uses. In terms of route choice,
the original model, which uses a shortest path algorithm, was upgraded by allowing
the agents to consider the different travel speed on each road leading to a quickest
path algorithm. Agents then react to the different urban plans and available transport
infrastructure. The model yields result of traffic volume on each road segment, which
is transformed to amounts of pollutants—CO; and NOx—in the COPERT software,
one of the most widely used emission models [8].

Vehicle data as input for COPERT was based on a Beijing Vehicle Activity Study
[9], setting the type of simulated vehicles as 90% passenger cars and 10% light com-
mercial vehicles, the most of which consume gasoline unleaded fuel and are subject to
the China 4 and 5 Emission Standards (equivalent to Euro 4 and 5 Standards). It is
worth noting that COPERT only uses average speed to estimate hot running emis-
sions, and takes congestion into account during model development, resulting in a
limitation that users cannot change the level of congestion [10]. To compare the im-
pact of different road and public space design scenarios on air pollution, we zoom into
a smaller area because the indicators of city-scale air pollution are complex and can-
not be simplified as private car emissions. Finally, the air pollution under different
scenarios is visualised in QGIS for decision-making support.

3 Case study and results

The Jing-Zhang Railway was located in the north-west Beijing and is being replaced
by an underground high-speed rail. Two urgent issues have therefore appeared: how
to redesign the linear spaces formerly occupied by rail track, and how to reorganize



Fig. 1. Traffic volumes generated by the agent-based simulation model for a synthetic popula-
tion in Beijing using the shortest route choice algorithm (left) and fastest route (right).

the transport network previously cut by the rail. Since air pollution has been a crucial
issue in Beijing, this paper uses air pollutant emission as a key indicator of evaluating
designs for transport infrastructure, public space and buildings. We chose an area
within a radius of 3-km from the railway track to validate the accuracy of the model
against measured traffic volume, using the census and land-use input also used in [7].
Fig. 1 shows the traffic volume results generated from the original model using short-
est path algorithm and the updated model using quickest path algorithm which are
closer to the real-time traffic volume data. This data on simulated movement resulting
from the agent behaviour can then be used as input for the COPERT software.

Having simulated the baseline scenario of the existing transport infrastructure and
land-uses, we zoom in to an area within a radius of 1-km from the railway, to com-
pare different accessibility and connectivity of the road networks, kinds of redesigns
of the railway track and public open spaces, and multiple land-use redistributions. In
scenario 1 the railway track is transformed to a linear park, adding east-west road
connections to join the road networks lying on both sides of the rail, inspired by [11].
By combining the park with existing linear open spaces, a public space network is
created. Knowing that linear parks could raise the land value of the surrounding areas
[12], they are redeveloped as residential areas and workplaces. Scenario 2 transforms
the railway to a main road, adding east-west roads, and only exploits the underutilized
linear spaces along the line. Fig. 2 shows NOx pollutant emissions of the baseline plan
(the railway is shown as a dash line), followed by two redesign scenarios.
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Fig. 2. NOy distribution from the COPERT model in the three design scenarios: baseline (left),
scenario 1 (middle) and scenario 2 (right)

4 Concluding remarks

The results from the case study show how the combination of models, simulating the
urban activities for a given infrastructure and land-use input and calculating emissions
and pollutants resulting from the generated trips, can give valuable insights in the
impact of design choices on local air quality. Early results demonstrate that changes
in land-use and road network have a direct impact on trips resulting in different air
pollution levels, though these outcomes need to be validated before any design deci-
sions could be made. With the same approach, other traffic simulation tools could be
employed to take advantage of route planning algorithms with also include, for exam-
ple, congestion levels, though for the purpose of this work it is essential to also in-
clude the activities themselves as they are dependent on land-use and infrastructure
changes so the effect of urban planning decisions can be explored.

Next steps in our research are to feed the generated air pollution back into the
agent-based simulation model and update the location and route choice algorithms to
take differences in air pollution into account, for example allowing pedestrian agents
to choose parks for leisure activities and routes with less pollution for their commute.
This would be particularly relevant when incorporating mode choices and active
transport modes. Exposure to air pollution by individual agents can this way be stud-
ied too, which allows comparisons between socio-demographic groups. Finally, de-
veloping urban plans in close cooperation with architects will allow testing this ap-
proach directly with potential users of the tools while comparing the outcomes with
detailed measurements taken on the ground for the baseline scenario can aid further
validation of the models. This bottom-up approach can then lead to decision-support
tools embedded in the design tools of urban planners and transport planners and give
direct feedback to high level plans by developers including local authorities.
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Abstract. This paper shows an institutional effort to evaluate urban policies from
a complex system approach, focusing on the rise of land-use specific attraction
zones. These zones result from agglomeration processes permitted by an Urban
Development Program that by doing so may inadvertently attract unfavorable ur-
banization. Unlike physical land uses, attraction zones appear, grow, diminish
and rise again over time in the form of attraction pools. Understanding these phe-
nomena is vital for policy makers.

For this evaluation exercise, an Agent-Based Model was designed to find indus-
try-related attraction zones. Because they may rise regardless of land use regula-
tions, public officials expected to identify places with a probability for law in-
fringement or even discover unexpected opportunities and adjust public policies
accordingly if that may be the case.

Findings indicate that the Urban Development Program is ill-suited regarding
current industry development expectations. It also showed the roles that popula-
tion density, topography, roads network, and residential land use play in Attrac-
tive Land dynamics. Lastly, the process of designing and running the model acted
as an unexpected thought-provoking process for policymakers, as it helped them
to understand and acquire new knowledge about Ensenada's industry phenomena.

Keywords: Agent-Based Modeling, Urban Simulation, Public Policy Analysis.
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1 Introduction

An outstanding characteristic of the city of Ensenada, Mexico, is its spatial distribu-
tion of industrial activity. A series of historical factors ranging from non-compliance
with urban regulations, the lack of primary roads and the cost of land have determined
general dissemination of this activity, generating a low competitive profile of this sector
compared to other cities in the region. At the same time this distribution has created
severe urban problems like land use incompatibility, the invasion and damage to roads,
long transit times and street obstructions among others. In a recent project called Sec-
toral Program of Industrial Development of Ensenada ['], it is estimated that 48% of
the industries are in normative incompatibility with the Urban Development Program
of Ensenada (UDPE) [*], 87% of the properties that host this activity are in lots less
than one hectare contrary to the recommendation of 10 has [*] and 59% of this activity
is on local roads. Together with the abrupt topography that characterizes Ensenada, has
resulted in containing the lowest percentage of industrial use of all the cities of the state
with 1.45% of the total urban area. Despite the current unfavorable spatial distribution
of industrial activity, it is noteworthy that the city has had three iterations of its UDPE
where clear regulations for the orderly distribution of land uses are established, but the
industry has not occupied the territory as planned, but settling in certain areas stated as
incompatible by the Program.

In this 2018, the municipal government began updating the UDPE, so one of the exer-
cises that it carried out was to evaluate the pertinence of adapting the regulations re-
garding industrial land uses. To do this, it was considered necessary to know the prob-
able scenarios of the spatial distribution of the industry if the application of current
regulations were to continue as the city grew. Due to the fact of anarchic distribution
of this use and the high demand for adequately sized and located industrial spaces,
public officials concluded that the urban regulatory framework was not sufficiently es-
tablished to face the urban challenges that this relevant activity means. Given the nu-
merous future spatial distribution scenarios of the city as a consequence of a high num-
ber of compatibilities regulated by the UDPE, is that decision-makers wanted to adopt
a methodology that minimized the uncertainty that always is present in a large number
of results, and which of these scenarios should be taken into account in the event of a
possible public policy modification. As an additional element, it was observed that each
land use had specific location preferences. Given this high number of possible interac-
tions between spatial distribution, compatibilities, and preferences, is that the municipal
planning office decided to analyze the public policies of the UDPE from the perspective
of complex systems, focusing on the issue of urban patterns through an agent-based
modeling methodology. The objective of using this approach was to develop a model
that would help in the identification and analysis of emerging industry-attractive vacant
land as a result spatial agglomeration of favorable conditions for this use. Once these
areas were obtained, called here Attractive Land, they were compared with current
UDPE regulations to assess probable updates.



1.1  Complex Urban Systems

An important challenge in the context of urban development is how to design better
public policies in an environment of uncertainty and slow progress in urban knowledge.
In an institutional context where governments strive to order the city through urban
development programs with a normative, static and top-down vision, with the particu-
larity in Mexico of constant failure to comply with regulations, it is that there is a need
to improve both the development processes of these programs and their implementation
through knowledge that can shed new light on the functioning of cities. This perspective
must recognize the city as a complex entity, conceiving it as a result of the interaction
of a large number of environmental, social, economic and institutional components.
This is the perspective of complex systems, which can be defined as a system in which
large networks of components without central control and simple rules of operation
give rise to complex collective behavior [*]. Although it has its own characteristics
(Table 1), this approach is not exclusive of a particular science but rather an inter /
transdisciplinary exploration of nature in almost all scales and environments [°] chal-
lenging the traditional boundaries between physical, biological, ecological and organi-
zational concepts, as well as between the human and natural sciences [°]. Since it can
be applied to phenomena where a large number of interacting components are present,
it has been used for the study of seemingly dissimilar fields such as markets ['], epi-
dle3mics [*], social networks [’], traffic ['°], crowds [''], public policies ['*] and cities
(]

Table 1. Characteristics, themes, methods and tools of Complexity.

Characteristics Research topics Methods Tools
Cellular automata Computers
Chaos
o Graph Modeli d
Self-Organization rapas . ode mg, an
i Percolation computational
Adaptation . . .
Information theory simulation
. . .. Emergence
Anti-reductionist .. Neural networks
Autopoiesis . .
. Fussy logic Programming
.. System dynamics . .
Holistic . Genetic algorithms languages
Evolution Fractal ;
ractal geome
Networks geometty

Multidisciplinary Ph h Artificial life Software
ase changes

g . Network analysis

Performance according to scale

Non-linear . Multi-agent modeling
Learning .
Inf e . Data mining
o nformation processin e .
Multiplicity of P & Artificial intelligence
Path dependence
states Game theory

Far from equilibrium dynamics . . .
Numerical simulation
Patterns
S i Power laws
egregation . .
gres Machine learning

Monte Carlo simulation
Markov chains




The complexity approach applies to different phenomena through similar topics like
networks, self-organization, patterns, phase changes, inflection points and emerging
processes have also been found in all of them. In the case of cities, complexity has
functioned as a complementary approach to several urban disciplines, providing a the-
oretical basis to study and understand a variety of urban phenomena and properties that
were previously considered independent of each other and interpreted by different the-
oretical bases ['*]. The conception of cities under the complex systems approach is
called Complex Urban Systems. It overcomes the limits of traditional urban planning
(Fig. 1) since it unites aspects of cities and complex systems, where population an eco-
nomic growth, the increase in levels of urbanization, the dependence on infrastructure
and the role of technology in society are considered as elements that drive urban com-
plexity ['°]. This approach achieves a solid theoretical basis for a variety of urban phe-
nomena that until then were considered independent from each other, in addition to new
revelations about our understanding of cities that are a reflection of the basic properties
of complexity ['*]. What initially began with issues such as cities in equilibrium, scale
laws, networks, exponential growth, logistic growth, non-linear behavior, chaos and
bifurcation ["*], has now advanced towards the conception of cities with evolutionary
behavior and organization that change and adapt ['°], the classification of cities accord-
ing to power laws [''], the identification of a genetic code in cities based on functional
and spatial structures ['*] and cities as a hyper-network or "system of systems of sys-
tems" ["]. A sample of the subjects in which the city has been studied under this ap-
proach and that have brought new urban knowledge is shown in Table 2.
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development of Bahia de Los Angeles, Ensenada identified through network analysis [20]



Table 2. Complex urban systems research topics and methods.

Complex Urban Systems research topics

Methods

Land use spatial patterns

Cellular automata
Agent-Based modeling

Social group segregation

Cellular automata

Economic performance according to scale

Power laws

Communication and services networks

Network analysis

Social networks

Network analysis

Urban emergent processes

Cellular automata
Agent-Based Modeling
Neural networks

Development based on positive feedback

Network analysis
Agent-Based Modeling

Social self-organization

Network analysis
Agent-Based Modeling

Phase transition towards new states of the
system

Montecarlo simulation

Transportation, traffic and congestion

Network analysis
Graph theory

Pedestrian mobility

Network analysis
Graph theory
Percolation theory

Network analysis

Crowds Graph theory
Percolation theory
Residential mobility Cellular automata

Agent-Based Modeling

Spatial location of commerce and services

Cellular automata
Agent-Based Modeling

Health and infectious vectors

Network analysis

Land market and real estate interactions

Cellular automata
Agent-Based Modeling

Informal settlements

Cellular automata
Agent-Based Modeling

Sprawl

Cellular automata
Agent-Based Modeling

City size distribution

Power laws

Urban planning processes

Agent-Based Modeling
Network analysis

Urban risk

Agent-Based Modeling
Network analysis

Economic spatial distribution

Cellular automata
Agent-Based Modeling
Network analysis




One aim of urban analysis from a complexity approach is to discover new ways of
addressing urban challenges in a context of uncertainty, posing as an alternative to the
traditional process of public policy design that is unaware of interactions with domains
foreign to the problem originally intended to address and that will operate in a highly
complex space beyond what can be controlled or observed in a deterministic way [*]. It
must provide knowledge about cities by identifying emerging behaviors and anticipat-
ing how they can be affected by the implementation of policies before their application
in real life, as well as identifying new relationships between urban structure and dy-
namics that allow more successful solutions and sustainable. Thus, forecasting, explain-
ing and controlling would have relevant conceptual implications for those who design
and implement public policies [*'].

Given the large number of variables, states, interactions, relationships, and rules to
be considered in a complex system, it is asserted that without the existence of computers
the field of Complexity would not have emerged [**]. With the formalization of an ur-
ban system through a computational model, it is possible to do a series of exercises to
understand the system and to predict its possible future states that for decision makers
in urban matters can be of great importance. Since the 1960s, with an initial focus on
issues of urban transport and land uses, the processing power of computers has been
used to implement complexity research topics through methods such as cellular autom-
ata (Fig. 2), [*’], [**], chaos theory, neural networks, fuzzy logic, genetic algorithms,
fractal geometry, artificial life, network analysis and multi-agent models, contributing
to the understanding of cities or project their future behavior [*]. The application of
these concepts has already been varied, but circumscribing the theme to urban dynamics
similar to those observed in Mexico, hybrid models of logistic regression, Markov
chains, and cellular automata have been used to simulate population growth, represen-
tation of dispersion drivers with the use of geographic automata [**], representation of
dispersed growth through links of macro-scale processes with micro-dynamic processes
[*], probabilistic maps of sprawl [*'] and its modeling in Geographic Information Sys-
tems [**]. Such has been the recognition of the potential of simulation that it has been
classified as the third way of doing science in addition to inductive and deductive pro-
cesses [*’], and has come to be called as Computational Social Sciences [*°]. The use-
fulness of these tools lies in the fact that questions of the "what if" type can be posed
as a way to analyze public policies [*'] where they can be tested in-silico with different
public policy options in a practical and economical way approaching its effects, effec-
tiveness, and costs ['°]. In a limited budget and resources environment where large ur-
ban projects become prohibitive because of their high cost, surgical and selective inter-
vention becomes essential. Under the light of Complexity, it is glimpsed then that one
of the keys of the administration of interacting and complex systems is that solutions
are not imposed per se, but are extracted from the same system, to guide it towards one
of the available states [*'].

So, the usefulness of complex urban systems approach through computational sim-
ulation, apart from understanding and prediction [**], also lies in planning. On the one
hand, it helps understand systems through characterization of its behaviors and thus
identify essential properties [’]. Even the process of constructing the model can be as



enlightening as the use of the same model because it reveals what we know about its
connections and causalities [*°], and with this knowledge, we can design better public
policies. On the other hand, it can be used to forecast unexpected scenarios that could
result if public policies are applied. Regarding the latter, although the modeling does
not indicate with absolute certainty the effects of a policy in real life, knowing the va-
riety of these effects would ensure a better understanding of the whole as possible and
thus ensure more robust public policies [’].

Overlap amount

Total Surface Residential Commercial Industrial Mixed

§
§
§
g
8
g
8
8

800 800 % %0 2% + N\ c
= \ %00 { -\ 300

200 200 200 200 . \ "
500 + 800 e %0
1 150 1 150 200 1 200
0 —— - i65 150 150
o 2000 100 100 100 .
. 50
°

oject Adtusl Promct Actusl Promct Acul project Acual Project Actu

¥
/

coBEBBEEEEEE
BEBBEEEEEE

g

g

8

Fig. 2. Result of an urban simulation to identify urban growth impacts in Ensenada, México [*]

Even so, and despite the potential usefulness of the approach of complex urban sys-
tems and the increasing accessibility to high processing power computers, there are few
examples of application in the area of public policy generation since there is not yet a
coherent and unified set of concepts and tools for planners and formulators of public
policies ['%]. Moreover, although there are substantial advances in these fields, most of
the studies are for urban contexts unrelated to the urban dynamics of Mexico, where
the generation of this knowledge is still relatively new [**], literature devoted to Latin
American cities is scarce, mainly focusing on squatters, so these studies are still con-
sidered "in their infancy" [*°].



Urban patterns. The spatial rise, displacement, diminishment and rise again of Attrac-
tive Land pools relates to one of the most distinct aspect of complex systems: emer-
gence. Defined as the rise of new and coherent structures, properties and patterns during
the process of self-organization [*°], it relates in turn to pattern formation, a topical area
of complex systems.

In spatial terms, urban processes imprint distinctive patterns. The way in which these
footprints physically manifest (form, arrangement, location, distribution, size, group-
ing, dispersion, density, connectivity and variability in time, among others) expresses
information in a coded form of the system that generates them [*']. This suggests that
urban patterns can be used to infer about their generating processes. However, although
there are methodologies to characterize spatial patterns, simulating their emergent be-
havior in ways that reasonably capture their behavior remains a significant research
challenge [**] and there is still a great deal of uncertainty regarding their spatial impli-
cation. It is thought that by shedding light on this issue, better planning principles will
be possible and understanding their behavior in cities will allow planners and public
policy makers to improve urban interventions [**].

2 Methodology

When simulation tools are required, the complexity approach uses multi-agent systems
to formalize and test hypotheses about different aspects of their dynamics [*’]. For this
reason, the methodology in this research relies on Agent-Based Modeling (ABM)
which focuses on individuals and on explaining how results can be achieved through
their choices and interactions, which makes it a good method for policy analysis [’].
The present ABM was developed through the Netlogo, a widely used multi-agent pro-
grammable modeling environment [*'].

Because ABM is generally more difficult to analyze, understand and communicate
that other analytical models, the methodology will be described through the ODD
(Overview, Design Concepts, Details) protocol [**]. The intended benefits of this pro-
tocol are to improve the writing and reading of model descriptions and to better com-
municate the theoretical background and assumptions of a model.

2.1 Overview

Purpose. The purpose of the model is to identify the emergence of specific spatial con-
ditions of interest as a result of aggregation behavior in an urban policy context. It
demonstrates how the sum of allowed urbanization can result in an attractive environ-
ment for prohibited urbanization. The case in point is vacant land that can attract indus-
try (Attractive Land) by meeting requirements established from a developer’s perspec-
tive regardless of compliance to the UDPE. These requirements include closeness to
regional roads, workforce, urban equipment and not adjacent to residential areas. Due
to the fact that the UDPE is currently under revision, this model is designed to be a tool
to support the analysis and design of urban development policies by timely identifying



zones where urban regulations may be infringed or even to discover unexpected oppor-
tunities, and adjust public policies accordingly.

Entities, State Variable and Scales. This is a grid based model representing the spatial
extent of the city of Ensenada, México. Each cell of the model represents 10,000 m2 or
1 hectare. The surface of the city’s polygon in which the model takes place is 45,652
hectares and is taken from the Urban Development Program.

The entities of the model are of spatial nature and represent the city’s land use with
variables that change over time. This takes place at the cell level, so 1 hectare is the
basic spatial expression of this entity. The basic time unit is a year and the model is run
in a 10-year span. These scales have been chosen because they are the ones used when
designing and reviewing urban development programs.

Low-level variables. This are variables that cannot be deduced from other low-level
variables because they are elementary properties of the entity. Each cell of land contains
the following low-level variables (Table 3):

Land use. 1t represents the activity that that takes place in the cell. It can be of 7
general types, or it can also be vacant, which means that there is no current activity.
The 7 general types are subdivided into 111 specific land uses according to the UDPE.
The 7 general types are Residential, Touristic, Industrial, Agro-Industrial, Commercial,
Equipment, and Farmland. For visualization purposes, Industry land use appears as or-
ange cells, and the rest of land uses are gray.

Attractive Land. Attractive Land is not a land use but vacant land suitable for indus-
try from a developer’s perspective. As such, in contrast to land uses that once they
urbanize a cell is stays the same for the rest of the simulation, Attractive Land rises and
diminishes on places that are urbanized or that aggregate favorable conditions for in-
dustry.

City subsector. The city polygon is divided into 5 main sectors and subdivided in 61
subsectors according to the Urban Development Program (Fig. 3). The city limits pol-
ygon is greater than the current urban surface, so it also contains natural areas. Each
one of the 111 specific land uses are compatible, or not, with each one of the 61 sub-
sectors. Subsectors and compatibilities are taken from the Compatibility Matrix of the
Urban Development Program.

Developable?. The city’s polygon is composed of areas that are developable or non-
developable. Non-developable areas represent streams, farmland, geologic faults, nat-
ural land, steep slopes and land 200 meters above sea level. The rest of the surface is
developable land, including vacant lots inside the city. These areas are obtained from
the UDPE.

Potential. Random value that changes over time. It refers to the potential of vacant
land to be developed. If this value is greater that an established threshold, the vacant
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land holding this value is urbanized and stays urbanized. Value is estimated according
to the Vicsek-Szalay model that is later explained.
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