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Construction Productivity Graph: a
comprehensive methodology based on BIM
and Al techniques to enhance productivity

and safety on construction sites

Abstract
The construction sector is characterised by distinctive issues, such as product
uniqueness, the reluctance to introduce innovation, player fragmentation leading to
low productivity level and a related high level of risk intended due to the incredsed
likelihood of damages and injuries, and the consequences on construction productiv

areas with the resources
employed, allowing for the managementfof productiyity yates and the verification of
work safety conditions.

Keywords: Project Constructio
Location-Based Manageme

gent-based modelling and simulation, Health & Safety Management,
Process Modelling, BPM

1. Introduction

In light of recenf g¢ 1 events, we are undoubtedly facing a sudden paradigm shift in the whole global

production syste European Union - EU context, the challenges are related to the ecological transition,

ated by the ongoing energy crisis, and a new awareness of the quality of life and social
cohesion. essary to reflect on how these challenges affect the construction sector, which, among the
manufacturingy 1y, has always had structural peculiarities and limitations that result in low productivity associated

ors [1]. The paper encompasses the research field of lean construction and health and safety

consumption, which is very impactful in terms of the energy used [2]. Much of this consumption, however, is due to
construction sites taking longer than expected, inefficiencies in the supply chain [3], and reworking activities because
of variations, which can also result from design errors [4]. Since the 1990s, the manufacturing field has introduced lean
methodologies to limit inefficiencies, but nowadays, these methodologies are not widespread. This limitation is due to
structural inefficiencies in the industrial sector, such as the fragmentation of construction companies and design firms.
These, being too small, do not have the economic leverage to impact production processes with investments necessary
for innovation [5]. Despite this, an important diffusion of the BIM methodology, due to its collaborative vocation,
allows even the smallest realities to upgrade towards digital innovation.

The efficiency of productivity in construction has a proportional relationship with the level of site safety. Notably,
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construction sites that are not very productive — and therefore poorly organised — physiologically have a higher level
of accident [6] because of the poor predictability of risky events in uncontrolled environments. The increase in the
adoption of BIM gives the actors in the process the opportunity to use a shared database on which we can activate a
whole series of data analyses that can impact the increase in productivity and, consequentially, the improvement of
safety levels.

The proposed methodology relies on a BIM model linked to an Agent-based simulation - ABS environment.
Therefore, each component of the BIM model is represented as an autonomous agent, which makes the model reactive
to continuous design improvements and modifications, activating self-verification processes related to the satisfaction
of the requirements arising from the demanding framework of the construction project. Once the characteristics of the

defines the duration and number of required resources based on the dynamic productivity library,
task timing. The graphic result is the representation of the construction productivity graph - CP

organisation. In the current conditions, a ductile methodology can help the process
interruptions because of health quarantines, material shortages, or the rationing of e

ethodology and describes
the development of a case study. Section 4 offers a discussion of the fi ture developments. Section

5 presents the study’s conclusions.

2. Background

2.1 Recent applications of lean thinking in constru

The lean construction approach focuses on methads and practicesthat aim to continuously improve the result through
waste containment, respect for people, and wo ics. It achieves this by focusing on increasing productivity and
quality, reducing costs, and generating maxi e extant literature shows synergies between the lean method
and sustainable construction [7], also ¢ ing social ustainability as increasing the workers’ quality of life in
construction processes, and reducing acc

principles of lean construction,
planner system, besides a grow
‘hardware’ field such as
spread of BIM has le

the comparative tests produced on these tools revealed the main issue as the link between
the production of the optimised process diagrams according to lean logic [11]. After 30 years of
hniques, it is now possible to consider the outcomes of these methodologies. Regarding the positive
undoubtedly greater control over aspects such as space management, logistics chain effectiveness, and

planning gnd change management. However, from a cognitive point of view, we can notice a possible lack of attention
and responsibility by workers, resulting in a visible loss of autonomy and consequent exposure to risk in the event of
working conditions that are not explicitly foreseen. [12].

2.2 Impact of Industry 4.0 on health and safety in building production

The construction sector is among the most accident-prone in the manufacturing field [13]. Most of these accidents
result from a lack of coordination and interference at the construction site, incorrect use of machinery and equipment,
and a series of human errors combined with the factors mentioned above. Not only is this problem typical of developing
countries, where, for reasons also linked to a different approach to prevention, there is a high number of serious
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accidents, but also in the European Union [14]. From the point of view of the worksite, introducing the new Industry
4.0 production paradigm has the capacity to improve the digital connection of all the elements that make up the
production ecosystem. The aim, therefore, is to transform work traditionally understood as the sequential transformation
of raw materials into products according to processes of a purely mechanical nature to production managed by
computerised data and the potential that these data, once inserted into management and analysis systems, can provide
to forecast, production, and simulation of the results [15]. From site optimisation and safety management perspectives,
it is necessary to weigh the pros and cons of this type of technology.

A current application of the Internet of Things — (IoT) technique in construction sites is the use of smart devices and
wearable technologies. They have proven to be highly effective in the construction context, although there are problems
with the Information and Communication Technology — (ICT) infrastructure associated with the of these
technologies. However, especially when working on buildings made of shielding materials (i.e., thick walls,
areas that are not adequately served by broadband, there is a risk of inefficient service. This 4 i

ulation (DES), and System Dynamics
(SD), which follow a top-down approach in which a system is level at the beginning. Hypotheses are
then proposed, and their validity is measured. The processds dee empirical analysis and is thus affected by

approach, in which the basis is the agents and t
homogeneous/consequential manner, as is the ¢
Another key feature of ABS is its potential

achieve their objectives in a heterogeneous or
en pursuing swarm behaviour.

n efficient solution to a multi-optional problem. [19]. The
the generation of almost any scenario. The difference that
makes ABS so close to building production lies.i heterogeneity. Thus, whereas other simulation techniques
commonly represent a system as ell as standardised and are the properties of the elements that
populate the simulation model, t odelling of the rules individually and verifies the behaviour of the
agents both as a reaction of the ind1 ternal stress, with the possibility of verifying how the entire system can
react and coordinate durin, ig. 01). However, ABS, following a bottom-up approach, can establish
the interactive propertie acteristjcs of agents from the level of simple, reciprocal interactions, and thus produce
an emergent result asth . This characteristic makes ABS a preferable solution for activating what-if
@ ying heavily on empirical analysis, excessive assumptions, or directing the model
in a preordained and b ction [20]. Therefore, considering that ABS does not need to set rigid boundary
conditions,#ve can testithe, same conditions in different environments, with clear benefits when used for H&S
ture opens up interesting perspectives from the point of view of change management and
cially when performed during the facility’s operability.
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gulatéd by the efficiency of coordination and the
accuracy of forecasts, so better improvement of synergies betwe detailed progression of work and risk evaluations
to evaluating, at a proper level of reliability, the reduction of the

waste of resources from an ethical perspective(of sustainability [22], due to the reduction of resources required, the
diminution of time needed for the site cg i related decrease of emissions created by machinery and
transportation of material and workers i i e site. The first step to optimisation is based on a reliable
model of the available areas, and be performed there. To address this first issue, the presented
f all the components that make up a construction project.

BIM modelling for constructio rsive checking that ensures the viability of the project itself. This
implies the involvement of seye

system is presented. | gital BPM orchestrator, this system can manage BIM data flows, activate
ies and tools activated to process a specific task, and communicate among
professionals throughpush messages or digital file updates. Following this approach, it is possible to validate the model
building information intended as building objects. These are grouped as Work Breakdown

cated. Tasks are organised in locations by an ABS system, with the scope of maximising efficiency
urces and considering safety regulations. Once the work to be carried out into locations has been organised,

through the site. Finally, the results are graphically shown overlapping a series of information, such as the occupation
of the location, the crowding of nearby locations, and the productivity of the workers involved.
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In order to guarantee the efficiency of the propose dology, it'is necessary to gain a BIM model with an
appropriate Level of development (LOD) level as a reference. roper level for these applications is LOD 400 (in
the US scale, comparable to the Italian UNI 113 D E), since the process flow feeds itself with the information of
each element to be processed and their complex. inte tionships. Therefore, the more the BIM objects are detailed,
the more the data that feed the process argsiglia r amjongoing and automated validation process since the early
phases of construction design.

This validation phase requires th€ involvement ofiseveral actors working on an evolving model. Therefore, to avoid
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= 1 B3 ssue DETALS
package org.camunda.my_first_project; | =
import org.camunda.bpm.engine.delegate.DelegateExecution; -~ ’
s : e Spaces wihout Windows
import org.camunda.bpm.engine.delegate.lavaDelegate;
import java.util.logging.Logger; Description |Local devono avere una sufficiente superfcie vetsata
import java.awt.Desktop; o
import java.io.File;
) Ceordinstion
public class UpdateAndSaveDelegate implements JavaDelegate {
X Rejected (8) Rejected -
private final Logger LOGGER = Logger.getlogger(LoggerDelegate.class.getName());| Status [Open Issue Type [Error
Overs Stage Due Dote -
public void execute(DelegateExecution execution) throws Exception { Pricity
LOGGER. info( “Processing request by ‘User-abc'® + “..."); Responsibilites and Labes
+
File file = new File("D:/Users/Edoardo/Desktop/Solibri-AUTORUN.bat"™);
+
if(Desktop. isDesktopSupported()){ W
System.out.println(“Desktop is not supported”); @ Communication & Components
return; =
o G
: ; 2 \
Desktop desktop = Desktop.getDesktop(); >
if(File.exists()) desktop.open(file); X
} %
}
L | o]

- —d
Figure 03) Model validation path from importing an IFC file inside a modeFcheckin ! (Solibri™). The
activation of the process (micro-service) and the communication through the act ged’by the orchestrator!

the level of reliability and dynamicity of the analysis These quantitative analyses are the basis for the
development of the resource assignment phase.

ita d = IN . . . o
AR (el Tabella "Computo interventi - elemento+intervento+quantita

misure = IN[1] +costi - OUTPUT

quantitaeu = [] sfoglia... >
i range(len(unita_ord)): .\..\..\Desktop\muri T.xlsx

Data.ExportExcel
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“Computo interventi T"; |>
0; >

filePath
unita_ord[i]=="m": sheetName

quantitaeu.append(misure[3][i]) startRow

startCol
unita_ord[i]== data

overWrite

quantitaeu.append(misure[0][i])

List.Transpose

unita_ord[i]=="mc": lists > lists
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j range(len(quantitéeu)):\
quantita.append(quantitaeu[j][:-2])
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Figjure 04) On the left is an excerpt of the script that enables the relationship between tasks and the quantities of
raw material related to the building object included in the task; on the right is the Dynamo node that manages the
‘task/building object/quantities/costs’ * xls output, to be transferred by the orchestrator to the subsequent process

phases !

By starting with quantities, it is necessary to account for them in relation to costs. These could be established both
by public pricing indexes and by a specific cost analysis produced by the designer. These prices encompass costs related

! Case studies and implementations from Construction Site Organisation Thesis Lab

6
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to raw materials, rental charges, company income, general expenses, and workforce costs. Thus, when the cost of the
activity is known, the cost related to the workforce can be derived and divided by the imposed number of work team
members, as described in the following formula:

_ C(A) xWr (%)
" w, xC (Dw)

where:

T = time to achieve a WBS-defined activity

C = costs

A = activity, as defined in the WBS analysis

Wr = Workforce rate incidence inside the global cost of the defined activity

Wt = number of teams involved in the activity

Dw = daily wage for each worker involved in the team member, considering the differg
worker’s various roles and skills.

I d each

Here, it is possible to determine for each activity defined in the WBS the related,tim:
included in a single team, or the need to employ more than one team to accefiplish th alysed activity. This
development can also be useful for managing of the construction site supply chaln inpogtant problem in terms
of resource optimisation and, globally, the whole sustainability of the Const

and the congruence of the WBS with the categories of work to
of the optimised agent systern for constructlon are address d Thi

s set.out in the WBS. Thus, we model the WBS
esenting components and simple elements within

cope with specific issues, and generally ma the agent’s action or their idling status. Each process of the
presented methodology starts with an i§ concluded by a final MA message that determines the
conclusion of the process when it reach ing condition. Generally, the scope of the system in this process

plained in Section 3.1. As this phase is completed, the system starts
posed rules, such as the crowding of locations, the risk related to the
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Pseudo-code summary of the crowd rule

category of the new actors to set up.</param>

3 InCategory bimCategory) When MA activates location ()
Agent () append tasks in
location ();
For each task () init workers list
If location () is >> 1 room,
m;ff“ewzwhmﬁxg“w then invoke agent (room 1, room
2, room n ...);
elif == 1 room then invoke
dimension ();
If dimension () is >= 100 mq,
then invoke workers c [0,1,2
cationPoint - nl;
GetorderedParamecers(), elif << 100 Hhvoke
workers crew [0,
For each task, if
>> 1, set
crew;
elif worer set max 4
worker

n ActorSetup message

Pseudd-code sum f protection from

la

ates location ()

() append tasks in
() :

each task () == [4,5,6,8]

Then stop works in location ()

Figure 05) Parts of the ABS system: The left panelghows the creatign of actors for each instance of the input

category inside Revit and agents that represent rooms. On

are two examples of rules imposed by the user. !

The output of this iteration is the average ti
determined conditions. The results are represen
graphical references. These will be auto
3.3.

These duration analyses are critical for the

time of transport withis.the
and horizontal handling

¢ and number of resources could use to accomplish a task under the
i s (Fig. 00) that links tasks, locations, and duration without
ically produced'with a further automatised process, as described in Section

anaggement of time and resource optimisation, given that a large part of

e goal is to maximise the work planned in areas close to the loading verticals

Starting Date 1 ? 2 3 3 4 4 5
09/11/2021 8.00 Location 1 Location 1 LDC?“UH 1 Location 2 Location 2 Location 2 Lecation 3 Location 3 Location 3 Location & Lacation 4 Location 4
[2h! Start Finish (2h) Start Finish (2h] Start Finish [2h] Start Finish
Task 1 3z 9/11/21 8.00 1111142113.20 32 TA2113.20 16111721 10,40 32 1611421 10,40 19/11/21 8.00 3z 19/11/21 8.00 3211320
Task 2 38 241121 8.00 25/11/2112.40 38 25/11/21 12.40 29011721 9.20 38 23/11/219.20 30/11/21 14.00 38 30/11/2114.00 2/12/2110.40
Task 3 105 26/11/21 8.00 3011721 13.00 105 3011421 12.00 3/12/2110.00 105 3A12/21 10.00 712/2115.00 105 71221 15.00 1012/ 12.00
Task 4 25 7M2i218.00 9/12/21 8.40 25 9/12/21 8.40 1312721 9.20 25 1312/219.20 13/12/21 10.00 25 18/12/2110.00 171221 10.40
Task 5 50 10/12/21 8.00 15/12/21 9.00 50 3/12/21 9.00 20/12/2110.00 50 20/12/2110.00 Z32/2111.00 50 31221 1.00 28/12/2112.00
/ Task & 72 27/12/21 8.00 29112121 8.00 72 28221 8.00 3112/21 8.00 72 312421 8.00 41422 8.00 72 4f1/z28.00 6/1/22 8.00
5 & [} 7 7 8 8 9
Location 5 Location § Location 5 Location & Lacation 6 Location & Location 7 Location 7 Lacation 7 Lacation 8 Location 8 Location 8
(2h] Start Finish [2h] Start Finish [2h) Start Finish (2h) Start Finish
a2 23/11/2113.20  26/11/21 10.40 32 26/11/21 10.40 1/12/21 8.00 az 1/12/21 8.00 3/12/2113.20 32 3/12/2113.20  8/12/21 10.40
38 2/12/2110.40 3/12/2115.20 a8 3M12i2118.20 7N2f2112.00 38 7/12/2112.00 9/12/218.40 38 9f12{21 B.4D 1012/2113.20
105 10/12/21 12.00 15/12/21 2.00 105 16/12/21 9.00 17112421 14.00 105 1712/21 14.00 22/12/2111.00 105 22012/2111.00 2712/218.00
25 1712021 1040 2z 25 2112211120 23112/2112.00 25 23112/2112.00 2712/2112.40 25 27112421 12.40 28112/2113.20
50 2822112.00 312211300 50 31£12/2113.00 5/1/22 14,00 50 51722 14.00 10/1/22 15.00 50 10/1/22 15.00 1341422 16,00
72 6/1/228.00 10/1/228.00 72 101422 8.00 12/1/22 8.00 72 12/1/z28.00 16/1/22 8.00 72 14/1/22 6.00 18/1/22 8.00

Figure 06) The output of the agent-based simulation showing tasks, locations, and time needed.

3.3 Location and crew visualisation
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Once the number of workers obtained from the ABS in relation to the work to be carried out for each location, a new
microservice is activated for the graphic visualisation and checking of interference in relation to the activities expected
for each location and the number of workers used. Simple spreadsheets on accessible and widespread formats, such as
* xIsx, were used to define these graphs. In the first part of graph development, the location-based structure (Fig. 07)
is set up so that the duration of work, the maintenance of the optimal workflow average [25], and any overlaps can be
fully visualised.
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Figure 07) Source code for plottm productivity graphs.’

The first graphical result (Fig. 08) combines the hical ease of the Gantt diagram with the staff presence line
, makes it possible to verify both the sequence of activities
), to monitor the crowding of areas, any issue related to the
constantly verify the adequacy of worksite facilities (e.g., toilets,
ber. This kind of representation is the output of CPG. Once the
s been verified, the results related to the entire worksite are inputted
into the system for a compllwlerw optimised consecutiveness of the works.

(Gantt) and the simultaneous presence o
activities and the number of workers

Team 2 Team 4 Team. 5

4

' Team 1 Team3 eam 6

Fig. 08) A construction productivity graph: The red line shows the number of workers; the greyscale lines show
the tasks; The teams involved are also shown. Analysis conducted for a single location. '

We represent these according to the Gantt technique, whereas the line graph shows the co-presence of workers. This

9
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analysis verifies the worksite and areas’ occupancy rate, and the most critical one is analysed. From a conceptual point
of view, this graphical methodology is a decomposition of the well-known location-based management technique,
which, displayed in another view, allows a constant overview of productivity and the occupancy of working areas (Fig
09). These in-depth process services are linked to the BIM model which, thanks to the continuous exchange of data
made possible through the API, updates the technical elements displayed at each stage, thus having a bi-univocal link
between the graphic representation of the production processes and the construction site BIM model.

/’“'::,,»‘ 1

CORPOC P4 -PSI

o6 Propsl |

W oE

R

CORPQA P7-PSI

ition. The BIM model data are validated through the involvement

of checking tools and involved specialists, autofnatic ctivated by a BPM network. An ABS system uses validated
information to define the resources to em, working tasks. The final balanced results are represented
in overlaid graphs that describe the locatign crowdin roductivity of workers’ crew and, globally, the construction

management metrics. This informati teed by the service orchestrator and managed via APIs, opens
tions. Thus, other microservices could be added to the workflow

> definition inside the ABS environment. Considering that LOD is referred to an object and not
1, this methodology could face inaccuracies if the model were populated by building objects with a
n necessary because of the possible lack of information required to excerpt reliable quantities and
owever, the methodology reserves particular attention to offering users an easy and ready-to-use

of view of'safety this methodology allows for better coordination of the presence of workers and the crowding of areas.
For example, in the case study, due to the methodology implemented, we observed an underestimation of the
productivity reduction factor due to peak occupancy and overcrowding in some areas that are also at high risk, such as
the roofing structures (Fig. 10).

10
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” 158 operai

‘L

aller impact on urban mobility, where

sites are located inside urban centres. Finally, in view of thes owing issues present opportunities for

future work:

interesting to evaluate the development of digi
in order to carry out rapid assessment, creati

with a good amount of data, as is
since the construction plans of ¢
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