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ABSTRACT:

Construction sites are complex and dynamic environments where the continuous mutual interactions among a
sheer number of entities (e.g. workers, machines, equipment) and activities determine the frequent occurrence of
unpredictable hazardous events that makes risk estimation one of the most challenging tasks of Health & Safety
(HS) management. In recent years, the growing adoption of Building Information Modeling (BIM) and Internet-
of-Things (1oT) supported HS Managers in the improvement of construction site planning and monitoring and
hence increased workers’ safety. Nonetheless, probabilistic estimation of hazardous events and related risk
estimation still heavily relies on HS Managers’ field experience. This contribution proposes a novel framework
for the adoption of an Agent-Based Modeling and Simulation approach integrated with BIM in a game engine
environment for the probabilistic estimation of collision events in construction sites, between workers and heavy
vehicles. The paper provides the definition of the hazardous event occurrence and discusses in detail the main
aspects of the framework, including: the use of BIM data to create the simulation scenario, the agents and the
rules that drive their behaviors. The presented framework is the first part of an ongoing research that will
comprise its implementation and application in case study.

KEYWORDS: Probabilistic hazardous event estimation, Construction site planning, Agent-based Modeling and
Simulation, Building Information Modelling (BIM), Health & Safety management.

1. INTRODUCTION

Due to the dynamic and constantly changing nature of the construction site and many different types of entities
that live it, we can consider the site environment a complex system. Construction is often the largest source of
employment in any country and AEC projects such as buildings, infrastructure systems and plants are part of the
scope of urban spatial planning and design and have an immediate impact on and a direct relation to the
accommodation of land use for the future growth of cities. However, the construction sector still presents today
critically in terms of safety and accident, despite the continuous updating of prevention regulation and the
adoption of new technologies. Safety management is a fundamental part of the construction process and must
begin at the design stage through the site-layout design and safety measure to be adopted. The success of the
project lies in the effective ability to respect the construction schedule in terms of time and costs, and it depends
for great part on the construction site choices, carried out in planning phase because of risk estimation. Data
recorded by the National Institute for Insurance against Accidents at Work (INAIL), which carries out activities
of prevention and safety of the workplace in Italy, shows that the construction sector is the most dangerous work
sector, with 27% of work-related deaths, where among the most frequent occurrence modes results in interaction
with equipment/Machine, of which more than 50% caused by the activity of the injured person and by structural
and organizational deficiencies of the workplace, which in this case are the sites. These results are also found in
other countries, for example Occupational Safety and Health Administration (OSHA) reports that the second
cause of fatalities in the construction industry after falling is struck-by from heavy equipment (Vahdatikhaki &
Hammad, 2015). So the presence of dynamic resources such as heavy equipment, vehicles and materials, that
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works in proximity to ground workers can cause hazardous situation, increasing the risk of injuries and fatalities
for construction personnel (Marks & Teizer, 2013). Many studies investigated the hazardous proximity and
collision issues, on one hand with optimizing planning and scheduling methods that consider the space
requirements of various activities to avoid the dangerous proximities among different team of equipment
(Chavada et al., 2012)(Moon, Kim, et al., 2014), on the other hand with the application of new real-time
proactive detection and alert technologies to mitigate the collision risks by warning the workers from potential
hazardous events (Teizer & Cheng, 2015). Moreover, the new research trend aims at using of BIM-based
simulation to improve the construction site planning, monitoring, and risk management to increase the safety of
workers in the construction site. This contribution proposes a novel method to predict these hazardous events at
the site-design phase, through an Agent-Based Simulation of the activities implemented in a game engine (Unity
3D), from the data contained in a 4D BIM model. So, with the creation of a 3D digital scenario of the
construction activity and its simulation, from the interaction between the site entities and the representation of
hazard spaces, it is possible record the collisions between them occur during the simulation. The goal of the
research is to provide a map of the proximity hazardous events that can suggests to the safety manager how to
act in terms of layout design and activities planning to eliminate that risk.

2. BACKGROUND

Over the last few years, with the rapid development of new tool and Information technologies, the world of
research has shown considerable interest in their application to the field of Construction. BIM concepts, new
simulation methods and the use of game engines have seen a significant increase in their adoption for the safety
management of workers on site. Below, a description of the issues emerging from the research regarding these
aspects is provided.

2.1 BIM AND HS MANAGEMENT

Utilizing BIM and BIM-related digital technologies to manage worker safety has been a growing research
interest in the AEC industry. Most studies, classified within this research trend, are based on the development of
a knowledge-based system for safety management integrating a BIM platform, because every project produces
valuable knowledge and experience which can contribute significantly to managing risks in future projects with
the help of BIM. For example has been developed a tool for assessing construction risks during early phases of
multistory building projects at an activity level and on a daily basis in a 4D environment (Jin et al., 2019). Other
example focuses on the requirements for defining a database of construction hazards to be implemented in a BIM
environment (Mihi¢ et al., 2018). In another study aim to reduce the theoretical gap between knowledge and
experience proposing a tailored Risk Breakdown Structure (RBS) for a BIM-based risk management framework
for bridge projects (Zou et al., 2016). A much-analyzed topic concerns the verification of the project through rule
checking based on BIM model. In some cases they focus on the development of rule checking systems and tools
starting from BIM models (Schwabe et al., 2019), proposing the development of a rules-checking interface that
works through construction site layout objects in Building Information Modeling (BIM) and the construction
schedule (Schwabe et al., 2016). Other work demonstrates the potential of the approach, focusing on individual
specific risk situations, such as falling from a height. (Zhang et al., 2015).

There are also contributions from the more managerial aspects where methods for the digitization of the HS
normative text for construction site are studied and illustrated, from the interpretation of the rules to the creation
of the set of parametric rules that can be implemented in the BIM library of the construction site, so as to
translate BIM objects into effective design control tools to support the safety manager in the design and drafting
of a safety plan compliant with the standard (Getuli et al., 2017). Another aspect emerging from the research
concerns the creation of 4D BIM virtual prototypes as models for the simulation of the construction process, to
provide the safety manager with data and analysis tools in the planning phase to support him in his decision-
making process(Zhou et al., 2013)(Tak et al., 2021). Particular attention was shown to the optimization of site
spaces and the planning of the schedule of activities, minimizing spatial conflicts through the simulation of site
activities through 4DBim models (Moon, Dawood, et al., 2014).

In recent years, moreover, the development and adoption in the AEC world of new visualization and simulation
technologies such as VR and AR, has seen the integration of BIM and Game Engine models. These technologies
are mainly used for construction education and training of worker about construction site activity and
organization (Getuli et al., 2018)(Getuli et al., 2020), for which smart object libraries have also been studied and
proposed for BIM models on construction sites to support training experiences on safety in the VR environment
(Getuli et al., 2022). The potential deriving from the integration of BIM and Game Engine models has also been
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exploited during the monitoring phase of the construction phase, such as for example for the automatic updating
of the 3D BIM model through the real-time acquisition of images of the site's statuses, so as to provide project
managers with an advanced decision-making tool that highlights in real time and effectively the inconsistencies
between construction and planning (Pour Rahimian et al., 2020).

2.2 AGENT-BASED MODELING AND SIMULATION

Recent advancements in the development of computer simulations supported by increased computing power
have led to the emergence of simulation and modeling techniques that resemble actual systems more accurately,
and agent-based modeling (ABM) is one of these powerful simulation modeling techniques. This method has
seen the involvement of all phases of the building process, in particular the applications of ABM to solve
problems relevant to the construction phase. The strength of ABM in simulating site activities has been
confirmed by the literature and it has been utilized by many studies to improve equipment operations on
construction sites, also from the point of view of the safety of operations (Marzouk & Ali, 2013) (Younes &
Marzouk, 2018). Moreover, given the close link between the safety of the work and the productivity of the
construction site, and considering as central the role of the safety of workers and work teams for the success of a
project, Agent-Based Model and Simulation has been adopted by more studies to model the behaviour of
construction laborers, crews and their interaction considering the social-cognitive concept (Goh & Askar Ali,
2016) (Binhomaid, 2019). In addition to academic research, the diffusion of this simulation system is also due to
the the growing number of ABMS-specific software that can be used in combination with common and widely
used building information modeling (BIM) and computer-aided design (CAD) platforms. In general, the goal is
always to verify the design choices by simulating through ABMS the behavior of the occupants and their
response within the virtual environment, in relation to the different types of situations, such as evacuation in
emergency conditions in complex environments such as a construction site (Marzouk & Daour, 2018) or a
conference hall (Bina & Moghadas, 2020).

3. RESEARCH FRAMEWORKS AND METHODOLOGY

Complex systems are systems where the collective behaviour and the interactions of system entity entails
emergence of properties that cannot be explained by the understanding of the individual components only. The
study of complex systems investigates how that interactions and relations between single entity can form overall
structure and exhibit collective behaviour (Stieler et al., 2022). The construction site can be considered a
complex system as characterized by many activities, often contemporary and overlapping where several types of
autonomous entities interacting with each other lead to events difficult to predict also, especially in safety aspect.

Agent-based modelling and simulation is an approach to model these complex systems to understand the
emergence of these events. So, the Aim of the present contribution is to build a novel framework for the
introduction of an Agent-Based Model Simulation evaluation approach of the conflict between worker and
equipment in the construction site during activities, to estimate the probability of occurrence of the hazardous
event of contact between workers and heavy vehicles. The idea is based on the implementation of the virtual
simulation environment using the 4D BIM models of the project and construction site and the related data. These
allow the creation of a virtual scenario for a specific moment of time (phase n) corresponding to a given
configuration of the construction site. Through the schedule it is possible to easily identify the planning data
related to the specific activity and link them to the BIM object concerned, the data on the type and quantity of
human resources and heavy vehicles useful for identifying and loading into the simulation the 3DObjects
corresponding to the agents of this virtual scenario. Finally, by choosing a method for the representation of
danger zones and for the detection of collisions between human resources and these zones, the rules that will
govern their behavior in terms of navigation are defined and correlated to the agents. In this way it is possible to
simulate the movements of machines and workers within the virtual scenario and record the interactions between
the danger zones of the equipment and the workers themselves.

The goal of the simulation is to make a predictive estimate of the probability of occurrence of the investment risk
or contact with heavy vehicles by recording the number and position of collision events that occurred between
the agents during the simulation. That approach introduces Artificial Intelligence-based Simulations of
construction sites’ dynamics to support decision makers to predict these situations and suggest actions for the
optimization of the safety at level of site layout and activities planning. The framework development (Fig.1)
consists of four main components, 1) Defining and preparation of input data, 2) Implementation of simulation
scenario, 3) Recording and processing of simulation data, 4) Decision-making support to the Safety Manager.
The first three parts, described below, consists in the core of the study, and allow you to provide the data for the
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fourth part, which is to support the safety manager in checking his choices and eventually identify the most
critical situations where there’s the need for a redesign at level of site layout and schedule.

Input Scenario Data Decision-making
Data Simulation Processing support

Simulation
environment

[ 4D Building & Site

Information Model [ Safety Manager J

~ A

Agents

HAZARDOUS EVENTS
OCCURENCES

generatlon
. m Redesign
m Distribution (heatmaps) of needed?

rules

————————p

Fig. 1: Framework for activity Agent-Based Modeling and Simulation
3.1 DEFINITION AND PREPARATION OF INPUT DATA

The starting point of the process are the Building Information Models being the container of the design and
planning information. For this reason, it is necessary to acquire the following input data (Fig.2):

1) The BIM design model comprehensive of all building elements eventually arranged in multiple mono-
disciplinary models provided from different firms (architectural, structural and MEP).

2) The BIM site layout model which must comprise of at least the facilities (different type of space) and
static equipment (fences, parapets, scaffolding, ramps, ...) corresponding to the construction activities.

3) The construction schedule containing the remaining information related to the time and resource
planning of each construction activity.

Building objects properties Site objects properties Tasks properties
"+ IDCode =) (+ IDCode ™ i ™)
+ Geometlry = Geometry el “.3
= Duration
+ Phase ID *+ Phase D . Pesource type
- TaskID - TaskID P
= Sic *  Resource count
+ Position J * Position

LY

Fig. 2: Models structure and related input data

First these BIM models provides geometric data (e.g. length, width, and height) of each building elements such
as structural elements, architectural element, system elements and site layout elements as well as their location
data (geographic position) inside the reference system of the model, useful for the construction of the 3D virtual
simulation environment. However, such data aren’t enough to identify the real different configuration that the
site layout will assume during the construction progress. In fact, in relation to the development of the
construction object, we can observe the presence or absence of different elements which implies a different space
and equipment organization, corresponding to different layout configurations. A significant example of this
layout configurations can be seen in the clear differences that are found between the excavation phase, the
construction of the structural part and the installation of architectural elements. It is therefore necessary to
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generate a federated model of coordination organized by phases, consisting of the linked models of all
disciplines. A structuring of the model in phases involves the organization of the different models according to
the different macro-configurations of the construction site, within which all the project and construction site
components are distributed according to phases corresponding to the different site activities. This organization is
achieved by enriching each BIM component with a first parent parameter (Phase ID), corresponding to the site
configuration, and a second parameter (Task ID) corresponding to the code of the work package from WBS of
the different categories of objects. The first data is useful as filtering during export of the model for the creation
of the n simulation scenarios corresponding to the macro-configurations of the construction site. Instead, the
second parameter will allow the management of the various components, site, and project, within the simulation
scenarios, as well as their connection to the relative schedule data (duration and resources data). In this way we
created a 4D BIM model that allows to build the correct simulation scenario, with the geometric data of project
and construction site elements distributed to the different activities provided by scheduling, as well as those data
that allow the implementation of not model elements, within the simulation, such as human resources and
eventually dynamic equipment which represent the so-called simulation agents. Data exchange and
interoperability between the BIM software and simulation software required a standard for transferable data
which interest us. For these reasons it was chosen to use the IFC opens source format, which allows the
interchange of properties, relationship, and semantic information of the BIM model. In this case the IFC 4
version allows us to correctly map not only the geometric information of the 3D BIM model but also the
information related to the construction process contained in the 4D BIM model, that is task data and resource
data, through the schema ifcConstructionMgmtDomain and ifcProcessExtension.

3.2 IMPLEMENTATION OF SIMULATION SCENARIO

Agent-based modelling and simulation is an approach for the movement of complex systems composed of
autonomous and interacting agents (MacAl & North, 2010). Agents are endowed with an intelligence or rather a
behavior described by rules, which allows them to interact with other agents and with the environment. The heart
of an agent-based approach is precisely the autonomy of agents through a series of rules of behavior that allow
them to question the environment on which they act, make decisions, and carry out actions according to the
continuous perception-decision-action cycle. Generally the context environment is passive and the phenomenon
of use emerges from the combination, iteration and interference between the agents (Simeone et al., 2017). In
this contribution, the agent-based approach must study the construction site system during the performance of a
schedule activity where, different types of agents navigate the environment according to rules of behavior
interacting with the environment and the agents themselves. The overall aim is to record and map specific
hazardous events that occurred during the simulation, for hazardous events we mean the interactions in terms of
collisions between the different specific types of agents, to be able to provide data on the quantity and position of
these events within the construction site. The usefulness of such data is to provide support to the safety manager
in identifying preventive measures at the level of layout and planning of activities for the resolution or mitigation
of risk (investment, contact with moving parts, crushing, etc.).

There are many specific platforms for Agent-Based Modelling and Simulation, few of which have included 3D
features, most of which allow the development of two-dimensional models. In recent years other types of
platforms such as Game Engines, thanks to their advanced 3D graphic support and a user-accessible
programming interface for the implementation of the logic of the game model, allow the implementation and
development of 3D Agent-Based model and simulation. Typical game engines are composed of several main
parts, including a rendering graphics engine for 2D and 3D models, a physics engine for the implementation of
laws of kinematics and dynamics (movements, collisions, etc.) as well as graphical interfaces for model
management and scripting. The most powerful and most widely used game-engines on the market are essentially
three, Unity3D, Unreal Engine and Blender. For this work we chose the use of Unity3D game engine because 1)
it is equipped with an Open-source version, 2) it has been widely used as a simulation implementation platform,
3) it has a very powerful graphic and physical engine, 4) it has an official asset store where you can download
different resources and features already created by other developers, to be used in your project.

Therefore, a typical Agent-Based Model is characterized by three fundamental elements 1) Simulation
environment, 2) Autonomous agents, 3) Simulation Rules, rules that manage the behavior of the agent and the
simulation. Below these elements will be analyzed with reference to the objective to be pursued. As already
mentioned above, the construction site can be considered as a complex system, as it is characterized by many
work activities, often overlapping and interfering, in which different types of entities are present and act. Before
the development of the Agent-Based model, a classification of the site entities for this specific case was
necessary, so from the analysis of several real construction site environments the following classification was
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proposed (Fig.3):

- Entities without intelligence: Static elements, which constitute a fixed or temporary obstacle in the
construction space and play a passive role in the construction activity.

e Built elements, have been object of construction activities in previous phase, that occupancy
permanently space on site.

e Under construction object, they are the subject of ongoing construction activities, determining the
permanent and increasing occupation of a certain space necessary for its construction.

e  Static equipment: installed or stored during the phase, they can change position/configuration only
if moved or handled.

- Entities with intelligence: Dynamic elements, which contribute to the performance of the work activity
possibly also using static entities.

e Workers that they move within the construction site in correspondence with the work area of
competence and between the construction site areas not always following predetermined paths and
according to a logic of need.

e Dynamic equipment: they move within the construction site in correspondence with the work areas
according to the activities to be carried out (excavation, transport, loading / unloading, material
handling, etc.).

| CONSTRUCTION SITE ]

; v =
[ ENTITIES J
( ENTITIES WITH ' ‘ ENTITIES WITHOUT
INTELLIGENCE INTELLIGENCE
% ‘ Static Elements ‘ Dynamic Elements
o
= + Static equipments
[ .
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Fig. 3: Site entities classification for Agent-Based Modeling and Simulation construction activities

3.2.1 Simulation environment

The simulation environment is created using the 3D BIM model of the project of the various disciplines and the
3D BIM model of the construction site. Each model must serve to transfer the three-dimensional geometric
content of all the modeled entities within the game engine, these entities will therefore represent the
GameObjects that will constitute the context environment that will be "lived" by the simulation agents. Through
the export of the phased model in iFc format we have the file in open format that can be imported into Unity.
Unless you use specific paid tools that can be downloaded from the Unity Asset Store, the correct import of the
IFC file and the information content of the elements requires a slight manipulation of the file itself. This format,
in fact, to be correctly readable by the game engine needs to be converted into two types of formats and
processed by script, .OBJ for the import of geometries and . XML for the import of their information content. In
this way the BIM models and all its entities are usable for the creation of the simulation scenario.

Once all BIM objects related to a given phase and work package have been imported as 3DGameObject, they
must be made an active part of the scene through the implementation of their physical properties. In particular,
the surfaces that can be traveled by workers and machinery, such as the construction site ground, ramps, parts of
static work equipment, must be made navigable by our agents. In addition, agents during navigation must reflect
the real behavior of machinery or workers in motion, or search for the shortest route among the possible
construction site routes avoiding fixed obstacles voluntarily, without colliding with them. The correct procedure
to do this is the creation of the NavMesh of the walkable surfaces by defining the static entities as
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NavMeshObstacle, in this way the agents can move by calculating the shortest path (using A*Algorithm used by
the function) on the real navigable surface, voluntarily avoiding the collision with fixed obstacles instead of after
colliding. In addition, the NavMesh component can be updated in relation to the appearance of new static
elements on the scene, using scripts that invoke the function SurfaceBuildNavMesh. This is very useful in our
case, as it allows you to modify the navigable surfaces in relation to the appearance of the entities related to the
different work packages of each task from the schedule, for example during the installation of steel pillars of a
certain level of the building, the pillars are not all laid at the same time, in the initial situation I will find an
environment without pillars and every time a pillar is installed, even if the construction site configuration
remains the same, the environment changes as there is a new obstacle that will modify the navigable surface by
the agents during the same activity.

3.2.2  Autonomous agents for Agent-Based Modeling and Simulation of construction activities

The real scenario of each phase of work is therefore composed either by static entities that play a passive role in
the simulation, which constitute our simulation environment and treated as indicated in 3.2.1, and dynamic
entities that move between the static entities according to specific navigation behavioral logics. In a gaming
environment, this type of agent is generally defined as Non-Player Characters (NPC), or the characters of the
game that have an autonomous behavior, that is, not moved by an intelligent resource such as a human can be,
but from its Al system that allows it to make decisions. Therefore, these entities need a representation in the
simulation scenario in the form of 3DObject with additional physic properties, this way I have on one hand the
static entities will constitute the navigation environment and the obstacles as well as the targets for the
navigation of the dynamic entities, on the other hand dynamics entities through the implementation of rules and
navigation logics are transformed into the so-called autonomous agents.

The first fundamental aspect is the generation and three-dimensional representation of these resources within the
simulation scenario. The data relating to the construction site resources are not always available in the form of
geometric data that allow the three-dimensional representation in the 3D virtual environment. The topic of BIM
modeling of a construction site has already been widely discussed in research in recent years. In fact, analyzing
the methods studied for the creation of a 4D BIM model of the construction site, it is common to all the
modeling of the entities previously defined as static equipment, e.g. fences, gates, storage and storage spaces,
construction site plants. As for the construction site resources, previously defined dynamic elements, there are
two main lines of thought. On the one hand, for example, the studies that aim at optimizing in terms of
organization of site spaces, worker safety through also VR training environment (Getuli et al., 2020) and
verification of standards and rules of site design, consider necessary the parametric modeling of these elements
and their inclusion within the 3D BIM model for the subsequent connection to the work activity for the creation
of the 4D BIM model. Another line of thought is that these resources can be directly inserted as simple
information related to the schedule activity and managed through the 4DBIM model, not necessarily as three-
dimensional objects. As for human resources, such as workers, they are generally not implemented as three-
dimensional objects or within the 4DBIM model but are managed through properties linked to the task schedule.
In our case the process is based entirely on both the data of the resources related to the activity and their
availability in the form of 3DObject.

Given the possible absence of these three-dimensional elements in the BIM models received and given the need
to implement additional properties, within the game engine, for the use of these resources as an agent, it is
essential to create a library of Site Agents, to be recalled during the simulation phase, through the identification
code of the activity (TaskID). For the development of the geometric content of the objects of the new Agent
library it is possible to exploit a classic library of BIM parametric families of the construction site through the
same procedure shown in 3.3.1 for the creation of the simulation environment. For this reason, a modeling and
organization strategy of the agent library has been defined to optimize the models (lower computational cost for
BIM and Agent-Based models), maximizing the processing time of the same. Before proceeding with the
modeling of these elements it was important to define the level of detail of the objects, depending on the results
to be achieved. In this contribution, the need to simulate the volume of the macro-components of a machine, or
the volume of the worker in an upright position, a level of simplified graphic representation may be sufficient.
As far as construction machinery is concerned, a representation of elementary three-dimensional solids
corresponding to the volumes of the dimensions of the relative machine components and of the spaces of interest
is sufficient. Taking advantage of the considerations made in the studies on the theme of construction activity
workplaces (Getuli et al., 2020), each BIM object will be composed of nested families, organized within the
same category, containing the following two shared families corresponding to two types of spaces representative
of the machinery: 1) Object Space: consisting of solids corresponding to the overall spaces of the components;
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2) Hazard Space: consisting of volumes corresponding to the possible movement spaces of the vehicle and its
components. For human resources, the same principle of simplified representation in spaces is adopted through
the modeling of a single Object Space family represented by an elementary volume corresponding with cylinder,
sized according to the average measurements of the human body. Each Object must be equipped with the same
information content identified for the static entities and compiled with linking values related to the site planning
(Fig.2), to be recallable and manageable even in the gaming environment.

Once the objects and their information content have been imported into Unity3D through the same procedure
shown for the simulation environment, the 3DObjects require the implementation of additional properties to the
graphic and informative ones, necessary to make them the "agents" of the system. Through the implementation
of specific components, associated with the different volumes that make up the 3dObject, it is possible to exploit
the functions of the Unity physics engine. In particular, the path was chosen to equip all 3dObjects with the
Rigidbody component to activate them from the physical point of view and make them able to respond to the
application of forces, and the Collider component to activate solid body behavior, managing and detecting
collisions. An additional add-on, called NavMeshAgent, is required within each top-level nested family to help
the agent understand which navigable surfaces of the model are, that is, the NavMeshSurface, defined for the
static entities of the simulation environment model, on which to calculate its navigation path. These components
and their parameters will be used by scripts through which it is possible to manage events and program response
actions, creating interaction behaviors between agents and towards the environment, as described in the next
paragraph.

3.2.3  Simulation rules for the navigation of construction site autonomous agents

The third aspect of the process requires the study and implementation of a Behavioral Engine, corresponding to
the artificial intelligence that will govern the agents, composed of navigation rules and detection rules, which can
be implemented within the Unity system through different scripts. In artificial intelligence, an autonomous agent
is an intelligent agent (IA) which perceives its environment, takes actions autonomously in order to achieve
goals. The core of this approach is the autonomy of the agent, provided with a set of behavioural rules able to
interrogate the surrounding environment or his internal state, make decisions and performs actions that change
its status as well as the built environment in a continuous perception-decision-action cycle. In this approach, the
built environment is mainly passive and the use phenomenon emerges from the combination, iteration and
interference of the behaviours of the n agents (Simeone et al., 2017).

In order to simplify the problem of management and control of the agent or NPC, the hierarchical Decision
Making architectures of an agent, within the gaming environment, can be broken down into the following three
sub-aspects: 1) Animation, is at the lowest level, depends on the other aspects and concerns the movements of
the agent or its components (for example for human agents the movements of the limbs during movement or for
machines the movement of a component for carrying out the processing). In this research, since the goal is not
the visualization of the simulation but the recording and visualization of the collision points, it was decided to
neglect this aspect, while approximating the animations of the movements of the equipment through the
representation of the maneuvering spaces that assume the function of danger spaces. 2) Navigation is at the
intermediate level of the structure and concerns the ways of searching for the route and navigating to a goal by
the agent, avoiding obstacles. In Unity we have chosen to solve this using the system with navigation meshes. 3)
At the highest level of the structure, we find the Behaviour, deciding the motivation and the goal to achieve. It is
the part responsible of action selection, includes the mechanisms effectively selecting the actions to be carried
out, according to the perceptions of the environment and internal state of an agent (Fig.4).

There are different approaches to obtain specific Agent Al behaviour and they are generally classified into
deliberative and reactive.

e Reactive agents are elementary (and often memoryless) agents with a defined position in the environment.
Reactive agents perform their actions because of the perception of stimuli coming either from other
agents or from the environment; generally, the behavioural specification of this kind of agent is a set of
condition-action rules, with the addition of a selection strategy for choosing an action to be carried out
whenever more rules could be activated. In this case, the motivation for an action derives from a
triggering event detected in the environment; these agents cannot be pro-active.

e Deliberative or cognitive agents, instead, are characterized by a more complex action selection
mechanism, and their behaviour is based on so called mental states, on facts representing agent
knowledge about the environment and for every possible sequence of perceptions, try to select a sequence
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of actions allowing them to achieve a given goal. The internal state of agents is composed of three "data
structures”" concerning agent beliefs, desires, and intentions (BDI) (Fig.4). Beliefs represent agent
information about their surrounding world; desires are the agent goals, while intentions represent the
desires an agent has effectively selected, that it must some extend committed himself.

Both approaches can be useful for modeling the behavior of an intelligent entity (such as human resources and
machinery) in a social context, such as the construction site. The choice must be related to the complexity and
type of behaviors we want to achieve. Reactive approaches such as, for example, the Finite State Machine (FSM),
are widely used in the gaming environment, in the representation of simple behaviors of enemy NPCs, in which
the various actions are configured as variations of states in response to trigger events caused by the game user.
This architecture focused on fast reactions/response to change in the environment and is focused on a set of pre-
studied behaviors. This is difficult to implement and manage complex behaviors, as you must think and convert
into code, all the possible states and transitions that an agent could have. An approach deliberative focused on
long-term planning of actions, can handle more complex behaviors centred of basic goal as in the case del Goal
Oriented Planning or the usefulness of an action as in the case of Utility System. With this approach the plan to
carry out the action is not predetermined but will result from a decision-making mechanism of the best plan, to
achieve a goal based on specific preconditions and effects in the case of the GOAP or the best course of action
based on a score in the case of the Utility System. Looking at the example of behavior of the agents to be
simulated, the development of an action planning system in relation to utility parameters seems the most correct
approach (Fig.4).

BEHAVIOUR

—b‘ Beliefs |

Desires
Goals Utility
System
Intentions

‘ Plan |

' NAVIGATION
¢ Action | } Navigation
meshes

SIMULATION ENVIRONMENT

Fig. 4: Decision-making architecture of autonomous agent for Agent-Based Simulation of construction activities

For example, our human agent consists, on one hand of a series of internal state (e.g. energy, hunger, need
service, etc.) to which numerical values, that vary over time according to specific functions, and the relatives
limit values are assigned, on the other hand of a set of individual actions in terms of movement inside the
construction site (e.g. work, rest, eat, use services). Considering a series of decision-making factors dependent on
actions and the environment (action prize, action cost, target distance, time of day, etc.) and by linking scores to
these that affect the internal state of the agent, the determination of the action to be achieved does not depend on
the concatenation of the executable actions, but on the usefulness of such actions in terms of achieving the best
score for the internal states value. The utility system calculates, according to the Principle of Maximum
Expected Utility (MEU) (Russel & Peter, 2010) what is the most useful action to take at that moment by pushing
the agent in carrying out one action rather than another. Our Utility System, with each simulation frames update,
wonders what the most useful action to be performed to comply with the limit values of internal state
considering the relative decrement functions and the score of decision-making factors. The same concept applies
to equipment agents.

Collision detection method Survey rules mean all those criteria necessary for the detection and recording of data
of interest to the simulation. With the aim of detecting the coordinates of the collision points that occurred during
the simulation between worker agents and the hazard spaces of the equipment agents in addiction of the
identification data of the agents, after the definition of the behavior properties of an agent, understood as
conscious navigation of the virtual environment, it is necessary to generate properties that activate the agent to
detect the collisions seen above. There are several methods of collision detection in Unity, in this case, the
previous setting of the colliders of the agents allows the exploitation of the Contact point function through which
the collision of the Object collider can be responded, requesting the name of the colliders that came into contact,
the normal to the point of contact and possibly the printing of the contact point on a plane present in the
simulation environment.
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3.3 RECORDING AND PROCESSING OF SIMULATION DATA

The last aspects to be managed of the process concern the simulation settings. First, since the concept of
probability of occurrence of a hazardous event is closely linked to its exposure time, the actual duration of the
activity in question was chosen as the duration of the simulation. You must implement a script that uses Task ID
code to implement the time schedule text file from which determine the duration of each specific task to be
simulated. The possible availability of data relating to the sequence and duration of each individual entity present
in the activity, is useful to insert in the simulation, the appearance/disappearance of the entities under
construction and related equipment according to the real assembly sequence. Therefore, the simulation allows
the autonomous navigation of the environment by the agents, the variation of the environment based on the
appearance of the entities under construction, and the detection of the position and type of collisions that occur
during navigation. The representation of such data in the form of heat maps, acts as an important support to the
safety design decision-making process, carried out by the safety manager. The visualization of the distribution of
the concentration of hazardous events on the map of the site layout is functional to the identification of the
critical issues of the construction site for the definition of corrective safety measures in terms of organization and
design of the construction site and planning of activities. The process involves the verification by simulation,
even of the updated project models, up to the resolution of all the critical issues.

4. CONCLUSIONS

The current research on improving the safety of workers on site focuses on the study of different approaches
aimed at optimizing site planning, mainly in terms of space management and activity planning. Several studies
introduce technological innovation elements, demonstrating the usefulness of new tools such as VR, to increase
the level of information and knowledge of the worker, through virtual training prior to the work activity; or
monitoring and advanced detection tools to verify in real time the safety conditions in which workers are acting.
In any case, the assessment of hazardous situations and related risks remains entirely in the hands of the safety
manager, who provides subjective values in relation to his experience, on which organizational choices and
prevention and protection measures that affect the success of the project depend.

The proposed system, therefore, thank to the evidence of the results of the agent-based simulation, aims to
predict the outcomes of a work activity from the point of view of the probability of occurrence of collisions
between workers and moving machinery within the construction site environment. This possibility provides the
safety manager with an objective value on the probability of occurrence of such hazardous events through which
he can make a more accurate estimate of the risk for the specific construction site, as well as to verify the results
of the executive design choices, identifying any critical issues, allowing the implementation of corrective
solutions that are actually feasible, already in the planning phase. In this work, an analysis was conducted using
agent-based model and simulation approach, BIM Model, and Unity3D as a modeling and simulation engine. It
has already been demonstrated that this approach is functional to the modeling of complex systems but general
shortcomings for the development of 3D models have been found in the classic existing development platforms
of Agent-Based models. Unity presents great potential and freedom for the implementation of the simulation
scenario, for modeling the behavior of autonomous agents, providing the possibility to exploit existing project
data from BIM models, as well as access to the existing official and third-party Unity library.

Regarding the future recommendations, the proposed frameworks it covers the probabilistic assessment of the
occurrence of only hazardous events from contact between heavy vehicles and workers but could easily be
extended to other hazardous situations such as, for example, falling from a height or falling materials from above.
About the behavior of the simulation agents, the best artificial intelligence approach for the implementation of
the decision-making mechanism that allows to identify the best action to be carried out in terms of navigation in
the virtual environment of a construction site has been evaluated in this framework. The next step will be to
identify a case study for implement and test the proposed Utility System, which will involve: 1) the study of the
internal states that best represent the different types of agents, understood as dynamic entities of the construction
site, and the related functions of decrease; 2) the definition of all the possible actions that they can be carried out
by the agents, in terms of navigation the construction site during the work; 3) The identification of the decision-
making factors which can really influence the desire of the worker to perform one action rather than another,
calibrating the relative scores to obtain the most realistic behavior possible, in terms of navigation in the
construction site area. Moreover, given the results that arise from the simulation, the correlation of the
probability of occurrence of the hazardous event to an estimate of the risk, appears as the natural continuation of
the research.
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