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Abstract

Netto Santos, Paulo Ivson; Celes Filho, Waldemar (Advi-
sor). Information Visualization for Managing Large-Scale
Engineering Projects. Rio de Janeiro, 2018. 132p. Tese de Dou-
torado — Departamento de Informatica, Pontificia Universidade Ca-
tolica do Rio de Janeiro.

Large-scale engineering projects such as buildings and city infrastruc-
ture require millions in investments and tight coordination between expert
teams across several years of design, construction, and operation. To tac-
kle these challenges, the Architecture Engineering and Construction (AEC)
industry is actively developing methods and tools based on Building Infor-
mation Modeling (BIM). BIM promotes the use of 3D CAD models as a
centralized database for all physical and functional characteristics of a faci-
lity and its related project/life-cycle information. The inherent complexity
of a BIM model offers a critical visualization challenge: how to best display
relevant information required by different engineering analyses? This work
contributes to answering this question through both theoretical and prac-
tical approaches. The thesis first presents a systematic literature review on
the current state of information visualization (VIS) in BIM research. The
review analyzes in detail currently employed visualizations in diverse use
cases across an engineering project’s life cycle. Based on these findings, the
thesis describes the design and evaluation of a novel 4D construction plan-
ning system that overcomes many limitations of previous work. Engineering
collaborators used the software to review the real-world construction plans
of an Oil & Gas industrial plant. The developed visualizations made evi-
dent schedule uncertainties, workspace conflicts and other constructability
issues. The thesis contributes to BIM research with important visualiza-
tion guidelines and also contributes to VIS research by raising awareness to

interesting challenges in a increasingly relevant engineering domain.

Keywords

Information Visualization; 3D CAD; Building Information Modeling;
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Resumo

Netto Santos, Paulo Ivson; Celes Filho, Waldemar. Visualizagao
de Informacao para Gestao de Grandes Projetos de
Engenharia. Rio de Janeiro, 2018. 132p. Tese de Doutorado —
Departamento de Informatica, Pontificia Universidade Catolica do
Rio de Janeiro.

Grandes projetos de engenharia como prédios e infraestrutura urbana
demandam milhoes em investimentos e estreita colaboragao entre equipes de
especialistas ao longo de varios anos de projeto, construgao e operacao. Para
vencer estes desafios, a industria de Arquitetura, Engenharia e Construcao
(AEC) esta ativamente desenvolvimento métodos e ferramentas baseadas
na Modelagem da Informacao da Construcao (BIM). BIM promove o uso
de modelos CAD 3D como uma base de dados centralizada para todas as
caracteristicas fisicas e funcionais de uma instalacao e suas informacoes as-
sociadas de projeto e ciclo de vida. A complexidade inerente de um modelo
BIM oferece um desafio critico de visualizacao: como melhor apresentar
informacgoes relevantes necessarias para diferentes andlises de engenharia?
Este trabalho contribui para responder esta questao através de uma abor-
dagem tedrica e pratica. A tese primeiro apresenta uma revisao sistematica
da literatura sobre o estado atual de visualizacao de informacao (VIS) em
pesquisas BIM. A revisao analisa em detalhe as visualizagoes adotadas em
diversos casos de uso ao longo das fases do ciclo de vida de um projeto de
engenharia. Baseado nesses resultados, a tese descreve a especificacao e ava-
liacao de um novo sistema 4D para planejamento da construgao que supere
varias limitagoes de trabalhos anterioes. Colaboradores de engenharia utili-
zaram o software para revisar os planos reais de construcao de uma planta
industrial de Oleo e Gés. As ferramentas de visualizacio desenvolvidas tor-
naram evidente incertezas no cronograma, conflitos de espago de trabalho e
outros problemas de construtibilidade. A tese contribui para pesquisas em
BIM com importantes recomendacoes de visualizacao e também contribui
para pesquisas de VIS ao trazer a tona desafios interessantes em um dominio

de engenharia cada vez mais relevante.

Palavras-chave

Visualizacao de Informacao; 3D CAD;  Modelagem da Informagao

da Construgao;
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“Nobody made a greater mistake than he who did nothing because he could
only do a little.”
— EDMUND BURKE, A Vindication of Natural Society (1756).
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1
Introduction

Capital construction projects are large-scale engineering enterprises in
terms of costs and durations. Typical investments range from hundreds of
thousands to millions of dollars. Design and construction can last several
years, while operation and maintenance span decades. Examples include
modern buildings, city infrastructure, and Oil & Gas process plants. Their
size and complexity demand tight coordination between diverse engineering
experts (e.g. structural, mechanical, electrical) and stakeholders (e.g. owners,
contractors, suppliers).

To overcome these challenges, the Architecture, Engineering and Con-
struction (AEC) industry is actively researching methods and tools based on
Building Information Modeling (BIM) [Eastman et al., 2011; Hardin & Mec-
Cool, 2015]. BIM employs 3D CAD models as a central database for all physi-
cal, functional, and life-cycle information of a facility [BuildingSMART, 2017].
This integrated environment enables automated data analysis and virtual sim-
ulations that improve quality of designs and work plans. Engineers benefit
from faster access to higher quality information that reduces uncertainties and
improves productivity.

From its inception, BIM has been used for design checking and virtual
construction planning [Collier & Fischer, 1995; Fischer & Aalami, 1996;
McKinney et al., 1996]. Over time, it has evolved to encompass diverse aspects
of construction projects, such as: work safety [Zhou et al., 2012b], asset
management [Love et al., 2013], and environmental sustainability [Azhar et
al., 2011; Schlueter & Thesseling, 2009; Wong & Zhou, 2015]. Lean production
management can also take advantage of the integrated information in Building
Information Models [Sacks et al., 2010; Tezel & Aziz, 2017]. By adopting
open data standards [Laakso & Kiviniemi, 2012], BIM creates a shared
knowledge resource that increases collaboration among owners, contractors
and suppliers [Grilo & Jardim-Goncalves, 2010; Sebastian, 2011; Taylor &
Bernstein, 2009].
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Task & Data :r; Visualization

VIS Requirements Techniques
research ’____f _______________ Ty
| |
gap | Current Work |

Engineering :r; Visualization
BIM Requirements Applications

Figure 1.1: The current work seeks to fill an important research gap between
Visualization (VIS) and Building Information Modeling (BIM).

In recent years, research have investigated the benefits and limitations
of Building Information Modeling. Real-world case studies have shown its
potential to reduce project costs and durations [Barlish & Sullivan, 2012; Bryde
et al., 2013]. For these reasons, governments around the world are encouraging
the use of BIM in public enterprises [Gurevich et al., 2017; Khosrowshahi
& Arayici, 2012; Porwal & Hewage, 2013]. Meanwhile, leading experts have
developed guidelines and frameworks to accelerate its implementation [Arayici
et al., 2011; Cerovsek, 2011; Jung & Joo, 2011; Love et al., 2014; Smith
& Tardiff, 2009; Succar, 2009]. Despite these efforts, Building Information
Modeling is yet to be widely adopted in the construction industry [Azhar,
2011; Gu & London, 2010; Howell & Batcheler, 2003; Miettinen & Paavola,
2014]. Typical barriers are high risks/costs of organizational change [Eadie et
al., 2014; Ghaffarianhoseini et al., 2017; Won et al., 2013] and deficiencies in
existing visual analysis tools [Aibinu & Venkatesh, 2014; Heesom & Mahdjoubi,
2004; Howard & Bjork, 2008; Tse et al., 2005].

BIM systems face a major visualization challenge: how to best display
relevant information for different analyses throughout a facility’s life cycle?
3D CAD representations often struggle with perceptual issues related to visual
clutter and occlusion. BIM further enriches these virtual designs with diverse
attributes and relationships among individual components and spatial regions.
The resulting information complexity calls upon innovative techniques for
effective visual analysis and exploration. However, this subject still remains
largely uncharted by both BIM and VIS studies (see Figure 1.1).

The present thesis seeks to bridge this gap in order to improve manage-
ment of large-scale engineering projects. We do so through both theoretical and
practical approaches. First, Chapter 2 presents an overview of the main chal-
lenges faced by the construction industry worldwide. Afterwards, Chapter 3

describes a systematic literature review on the current state of information
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visualization in BIM research. The study analyzes in detail the techniques em-
ployed in diverse use cases across a construction project. We consolidate these
findings in a set of design guidelines for future research in BIM.

The second part of the thesis builds upon these recommendations to
develop CasCADe: a novel 4D construction planning system (Chapter 4). Its
innovative visualization framework was designed to overcome many limitations
of previous work. Engineering collaborators evaluated the software against real-
world construction plans of an Oil & Gas industrial plant. We describe how
its analytical features made evident schedule uncertainties, workspace conflicts
and other constructability issues. Finally, Chapter 5 highlights future research
directions based on the insights derived throughout our work.

This thesis contributes to BIM research with important visualization
guidelines for future applications. It also contributes to VIS research by
raising awareness to interesting challenges in a increasingly relevant engineering
domain. We hope our theoretical and practical findings promote greater

cooperation between practitioners in both fields.
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2
Main Challenges in the Construction Industry

The majority of large-scale construction projects suffer from cost overruns
and failure to meet deadlines [Aibinu & Jagboro, 2002; Kaliba et al., 2009;
Koushki et al., 2005]. For decades, research have tried to identify the main
success factors of these high-cost and high-risk enterprises [Alzahrani &
Emsley, 2013; Ashley et al., 1987; Chan et al., 2004; Chua & Kog, 1999]. At
the same time, experts have reported on many unsolved problems related to
productivity, quality, safety, and others. The following paragraphs summarize
selected publications from around the world organized around these issues.

Costs. In 1988, a survey among Nigerian professionals found three main
reasons for cost escalation: (1) inadequate resource management, (2) poor rela-
tionship with subcontractors and suppliers, and (3) price fluctuation of materi-
als [Okpala & Aniekwu, 1988]. Two decades later, a study by the US National
Institute of Standards and Technology found a waste of $15.8 billion annu-
ally due to inefficient work processes and systems interoperability [Gallaher
et al., 2004]. Results like these have prompted researchers to try and model
cost escalation using stochastic simulation techniques [Touran & Lopez, 2006].
Nevertheless, a recent analysis across 57 countries found that, from 401 elec-
tricity infrastructure projects, 75% suffered an average of 66% overrun on their
original budget [Sovacool et al., 2014].

Delays. For almost two decades, surveys in the Middle East have
highlighted many causes of construction project delays: resource shortages,
company financial difficulties, deficiencies in design work, frequent change
orders, and poor supply chain infrastructure [Assaf & Al-Hejji, 2006; Faridi
& El-Sayegh, 2006; Al-Momani, 2000; Odeh & Battaineh, 2002; Sweis et al.,
2008]. Several studies in Southeast Asia found similar delay factors related
to inefficient work coordination, improper planning, lack of consistent scope,
and substandard contract relations [Doloi et al., 2012; Kumaraswamy &
Chan, 1998; Ogunlana et al., 1996; Sambasivan & Soon, 2007]. The Nigerian
construction industry also reported delays related to shortages of materials,

poor contract management, and inadequate resource management [Aibinu &
Odeyinka, 2006].
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Productivity. Since 2004, research in the UK identified the need to de-
velop more comprehensive performance measurement frameworks in the con-
struction industry [Bassioni et al., 2004]. In Malaysian residential projects, the
most important factors that impact productivity are related to material short-
ages, frequent change orders, late designs, and inadequate site planning [Abdul
Kadir et al., 2005]. A survey in Uganda identified similar problems of lack of
tools/equipment, poor communication, inaccurate drawings, and poor con-
struction methods [Alinaitwe et al., 2007]. Another recent work highlighted
issues such as lack of design clarity, excessive change orders during execution,
and lack of coordination among design disciplines [Jarkas & Bitar, 2014].

Quality and Rework. Twenty years ago, a case study found that the
lack of attention to quality in construction increases rework amounting up to
12.4% of total project costs [Love et al., 1999]. In the Japanese construction
industry, main causes of poor design quality are related to insufficient budget
and lack of constructability analysis [Andi & Minato, 2003]. Later analysis
of defects in Australian residential construction revealed that one house in
eight had quality issues, and that the cost of rectification was 4% of overall
contract value [Mills et al., 2009]. Around the same time, research identified
frequent change orders and errors/omissions in contracts as the primary causes
of rework [Love & Li, 2000]. A quantitative study in the Swedish construction
industry revealed costs of rework at around 4.4% of overall budget, increasing
project durations by 7.1% [Josephson et al., 2002]. Another survey among
161 Australian projects showed that, contrary to expectation, rework costs
do not differ relative to project type [Love, 2002]. The same authors later
developed an alternative procurement model to reduce rework in construction
projects [Love et al., 2004]. More recent research analyzed data from 359
construction projects in the Construction Industry Institute (CII) and found
major causes of rework related to design errors, owner and design changes, and
construction errors [Hwang et al., 2009].

Safety and Risks. A study has shown that the total costs of accidents
had risen from 6.5% of total costs in 1979 to somewhere between 7.9% and
15.0% of the total costs in 1996 [Everett & Frank, 1996]. Ten years later,
another survey estimated total costs of fatal and nonfatal injuries at $11.5
billion in 2002, amounting to 15% of the costs for all private industry [Waehrer
et al., 2007]. Research highlighted that contractors show more willingness to
accept risks that are contractual and legal-related rather than other types,
such as safety [Kartam & Kartam, 2001]. Economic risks range from inflation
to shortage in material and labor supply, while owner risks include unrealistic

schedules and improper design changes [El-Sayegh, 2008].
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Stakeholder Relations. Construction claims and disputes have been
found to be major factors in cost and time overruns [Semple et al., 1994].
Research demonstrated that transactional costs from conflict resolution can
account for a large portion of the total contract value [Gebken & Gibson, 2006].
A study in Oman has shown that frequent change orders can also be a source
of legal dispute [Alnuaimi et al., 2010]. Interviews with construction firms
in Hong Kong confirmed that cooperation is a major factor for construction
project success [Phua & Rowlinson, 2004]. Collaboration frameworks between
governments and private industry can improve procurement processes while
promoting a stable political, social, and economical environment [Zhang, 2005].
Another recent work demonstrated that long-term supply chain collaboration
and partnering help to solve construction performance problems [Meng, 2012].

Sustainability. In recent years, the quest for sustainability has put
the construction industry under immense pressure from governments and
general public [Adetunji et al., 2003]. In spite of this, very few of the major
companies in the UK positively embrace these ideas [Myers, 2005]. Analytical
decision models have been proposed to automate sustainability appraisal
in infrastructure projects [Ugwu & Haupt, 2007]. A similar line of work
applies Life-Cycle Assessment methodology to evaluate the impact of chosen
materials in the whole built environment [Ortiz et al., 2009]. Another research
demonstrated that strategic metrics can be integrated into a framework
for benchmarking construction sustainability [Presley & Meade, 2010]. A
recent assessment in the US highlighted the importance of considering the
whole supply chain when evaluating environmental, economical, and social
sustainability metrics [Kucukvar & Tatari, 2013].

As demonstrated by these research, effective management of large-scale
construction projects remains a challenging issue. It is in this context that
engineers have turned to information technology to improve designs and work
processes. Building Information Modeling consists of a paradigm shift in using
intelligent 3D CAD models as an integrated knowledge base of a facility.
Faced with this scenario, companies around the world are scrambling to better
understand the potential benefits of BIM and how to best realize them. We
hope this thesis provides valuable guidelines for researchers and practictioners

in order to increase the success of BIM in the field.
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Systematic Literature Review

The present chapter describes a systematic review of information visual-
ization techniques in practical applications of Building Information Modeling.
Its goal is to guide future research in implementing appropriate visualization
techniques for different BIM use cases. This study was designed to answer the

following research questions:

1. What are the main use cases of BIM that employ visualization?

2. What are the project life-cycle phases where each use case applies?
3. What kinds of information are required by each use case?

4. What are the current methods for visualizing this information?

5. What are the pros and cons of the current visualization methods?

6. Which other visualization methods could have been employed?

We have organized the results and contributions of this literature review
in four sections. We first propose a conceptual framework to classify previous
BIM research (Section 3.3). We use this framework to identify the main
application areas of visualization across a facility’s life cycle (Section 3.4).
Afterwards, we conduct a critical analysis of the visualization techniques
employed in these selected use cases (Section 3.5). Based on this discussion,
we propose a set of design guidelines for improving analytical features of BIM

systems (Section 3.6).

3.1
Related Work

Previous studies have focused either on understanding BIM adoption in
the industry or on evaluating some of its visualization challenges. The former
typically employed surveys to enumerate main BIM use cases across life cycle
phases. The latter typically analyzed BIM visualization systems and eventually
proposed alternatives to improve on specific applications. The current thesis

builds upon these previous results to conduct a rigorous categorization of
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visualization in BIM. To the best of our knowledge, no previous work has

assembled such a comprehensive analysis.

3.1.1
BIM Use Cases

Previous research have extensively analyzed the adoption of Building
Information Modeling across a facility’s life cycle. Hartmann et al. [2008]
studied 26 case studies of 3D /4D model applications on construction projects.
Most of these enterprises used BIM for only one of these analyses: design
review, cost estimating or construction planning. Two years later, Kreider et
al. [2010] found that design coordination and review were perceived as both
the most beneficial and the most frequently used applications. Around the
same time, Becerik-Gerber & Rice [2010] conducted an online survey in the
US construction industry. The study concluded that BIM is more suitable for
larger projects with no particular bias to one type of building over another.
The technology was mainly used for design and clash detection with almost
no adoption in sustainability analysis or facility management.

Becerik-Gerber & Kensek [2010] combined online surveys with student
workshops to identify major BIM research topics. Top choices included BIM
for construction management and BIM for sustainable design, with lower
interest in BIM for facility management. Park et al. [2011] confirmed this
trend with a statistical analysis of how construction engineers perceived the
effectiveness of 3D /4D CAD. Keeping within this theme, Becerik-Gerber et al.
[2012] conducted surveys and interviews to assess the current status of BIM
implementations in facility management. The authors found that organizations
had already started implementing BIM for locating components, real-time data
access, and checking maintainability. However, Eadie et al. [2013] found that
over 70% of construction companies did not provide a 3D model and COBie
dataset [East, 2007] at the conclusion of a project.

A review of more than 180 BIM articles in existing buildings was con-
ducted by Volk et al. [2014]. The study highlighted many unexplored appli-
cations of facility management: renovations and deconstruction planning, re-
mote monitoring, and sustainability analysis such as reuse/recycling and emis-
sions. In the following year, Azhar et al. [2015] overviewed BIM case studies
focusing on life-cycle applications. Main uses involved comparison of design
options, construction scheduling, and maintenance management. Farnsworth
et al. [2015] interviewed 18 contracting firms and identified main BIM appli-
cations in clash detection, constructability analysis, and work scheduling. In

the same period, Yalcinkaya & Singh [2015] applied Latent Semantic Analysis
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(LSA) to rank main BIM uses over 975 academic papers. The algorithm found
emerging areas related to energy management, safety management, code check-
ing, and facility management. Meanwhile, Yalcinkaya & Singh [2015] found
only incipient adoption of BIM in infrastructure industry, mainly in the design
phase.

Gledson & Greenwood [2016] surveyed the extent of BIM adoption in
the UK. Their work highlighted main applications towards construction plan-
ning (site layout planning, field work simulation, construction scheduling, and
workspace conflict analysis). Meanwhile, Gerges et al. [2017] showed that BIM
implementation in the Middle East focused more on design coordination and
clash analysis. Another review by Guo et al. [2017] studied Building Infor-
mation Modeling for construction safety management. The authors identified
benefits related to job hazard area identification, safety training, and on-site
safety monitoring. A recent work by Gholizadeh et al. [2018] studied the diffu-
sion patterns of BIM in the US construction industry. The three most widely
adopted functions were 3D visualization, clash detection, and constructability
analysis. The least adopted functions were code validation, material track-
ing, facility management, and energy analysis. Results pointed towards facility

management as having greater potential for adoption in the coming years.

3.1.2
Visualization in BIM

Another line of research has been studying the effectiveness of visualiza-
tion in Building Information Modeling. Early works by McKinney et al. [1998]
and Aouad [1999] praised the benefits of 4D animation to highlight inconsis-
tencies in construction plans. A year later, Pilgrim et al. [2000] conducted a
user evaluation of new visualization techniques for building thermal analysis.
The study found that the 3D representation of the building combined with
color coding improved upon the time taken to locate and report analytical
results with increased accuracy. Later, research by Boton et al. [2013], Kubicki
et al. [2007], and Kuo et al. [2011] reported on the benefits of a coordinated-
multiple-view interface for integrated problem management.

Chang et al. [2009] involved 58 users in a systematic procedure to de-
termine the ideal color scheme for a 4D model. The authors concluded that a
diverging-sequential color scheme is ideal for representing task progress and de-
lays. They also recommended against traditional 4D animations that changed
geometry visibility since it hindered the users’ judgment and lowered their un-
derstanding of the construction sequence. A few years later, Castronovo et al.

[2014] interviewed professionals regarding current 4D visualization methods.
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The study indicated several visualization guidelines: use adapted views for
each actor, use color schemes for 3D elements to dictate the activity type and
progression, use shadows and luminance difference to distinguish highlighted
elements, and use transparency to distinguish importance. In a different ap-
proach, Tory et al. [2013] proposed a new schedule visualization tool that aug-
mented traditional Gantt charts and network diagrams. It implemented several
graphical representations and highlights for constraints, task dependencies,
and differences among multiple schedules. From the observed improvements in
schedule analysis tasks, the authors suggested implementing similar techniques
in 4D CAD visualization to combine spatial and non-spatial data.

Studies have also analyzed the perceived benefits of visualization in in-
dustry practice. Nielsen & Erdogan [2004] surveyed the use of visualization in
construction companies. They found that visualization improves comprehen-
sion and clarifies construction methods. Engineers preferred 3D CAD drawings
and animations over 2D representations. In the following year, Bouchlaghem
et al. [2005] reviewed three research projects that made use of visualization
in design and construction. During conceptual design, visualization helped de-
signers to work collaboratively and to communicate ideas more efficiently. The
authors concluded that visualization can bridge the gap between designers and
site teams in identifying constructability problems.

A more recent study by Golparvar-Fard et al. [2013] identified many
remaining challenges related to improving analytical features of existing BIM
systems. Around the same time, Yang & Ergan [2014] focused on evaluating
various visualization techniques for facility operators. This user study found
that visualization improved the accuracy and efficiency of facility operators’
decisions when compared to tabular interfaces. The authors recommended that
3D-based interfaces should provide easy means of navigating and changing
viewpoints so that users unfamiliar with a facility don’t get disoriented.
Another industry survey was conducted by Leite et al. [2016] to assess
challenges in visualization, information modeling, and simulation. Results
indicated that visualization was mainly used for construction scheduling,
progress monitoring, and productivity management. Future directions included
visual decision-making tools based on real-time data and higher level of

automation in BIM analysis systems.


DBD
PUC-Rio - Certificação Digital Nº 1413521/CA


PUC-RIo- CertificagaoDigital N° 1413521/CA

Chapter 3. Systematic Literature Review 25

. . ' . .
Review Planning ! ! Review Execution
‘ :

Initial Results

' I 1- Define Research Goals I

—~

i =

! I 2- Define Research Questions I _

i 8- Check Titles and Abstracts and Apply
—~—— Inclusion/Exclusion Criteria

] I 3- Define Inclusion/Exclusion Criteria I =

i
' 1 n
. = o |1 [ |
! I 4- Define Search Databases I i
~—
Y

' I 5- Define Search Keywords I 10- Classify Results and Collect Data I

=

<L

Final Results

___________________________________________

I
! I 6- Assemble Query String(s)

___________________________________________

Figure 3.1: Systematic research method employed in the current literature
review.

3.2
Systematic Review Methodology

Systematic literature reviews have been successfully employed in numer-
ous areas of science [Budgen & Brereton, 2006; Isenberg et al., 2013; Petticrew
& Roberts, 2008; Sterne et al., 2011]. They provide a means to present a fair
evaluation of a research topic by using a trustworthy, rigorous, and auditable
methodology [Kitchenham, 2004]. We have employed this scheme to maximize
the reach of our analysis and also to enable other practitioners to reproduce
our findings in future work. As shown in Figure 3.1, the systematic review
conducted in this thesis consists of 10 main steps. Steps 6 through 10 were
continually refined among the 5 review participants until they agreed on their
results.

The beginning of the current chapter already presented the main goals
and research questions of our literature review. From them we devised the

following criteria for selecting primary studies:

Full papers.
— Academic research.

— Published in peer-reviewed international journals.

Engineering and Computer Science subject areas.

— Written in English.

Practical applications of BIM-based visualization systems and methods.

— Papers must present visual evidence of employed BIM-based visualiza-

tions (i.e. at least 1 figure where BIM information is graphically visual-

ized).
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The last two criteria cannot be automatically resolved by the search
engine and require manual inspection of individual articles. Since the review
seeks to analyze high-quality reports of practical applications of BIM, we have

chosen to exclude the following types of articles:

— Research focused on cultural heritage or historic buildings.
— Research focused on education or training.

— Short papers.

— Conceptual frameworks or methodologies in BIM.

— Technical descriptions of BIM-based visualization systems and methods

with no practical application.
— Methods and tools to create, update or exchange BIM models.

— Algorithms to enable or improve rendering of BIM models in desktop,

web, mobile, and immersive environments.

— Surveys on application areas, best practices or technology adoption in

the construction industry.

Once again, the last five criteria require manual inspection of each article.
Given these inclusion and exclusion criteria, we have chosen to conduct the
search for articles using the Scopus digital library [Burnham, 2006]. It not
only features a powerful search mechanism but also covers a wide journal
range, especially in Engineering fields [Falagas et al., 2008; Moya-Anegén et
al., 2007].

Moving on to Step 5, we selected the search keywords indicated in
Figure 3.2. The keywords were derived from the themes of Visualization, BIM,
Construction Industry, and Practical Application. Additional keywords were
selected to try and automatically exclude unwanted themes, such as: Historical
BIM and Education. The final query string was then assembled: “TITLE-
ABS-KEY((visual* OR 4d OR 5d OR 6d OR 7d OR 8d OR nd) AND (cad
OR bim) AND (building OR construction OR facility) AND ("case stud*"
OR implement® OR appl* OR evaluat® OR valid*) AND NOT (heritage OR
"historic* building" OR "monument' OR student OR curricul®* OR teach*
OR education)) AND ( LIMIT-TO ( SRCTYPE,"p " ) OR LIMIT-TO (
SRCTYPE,"j ") ) AND ( LIMIT-TO ( SUBJAREA,"ENGI " ) OR LIMIT-TO
( SUBJAREA,"COMP ") ) AND ( LIMIT-TO ( DOCTYPE,"ar " ) ) AND (
LIMIT-TO ( LANGUAGE, "English " ) )”.
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Figure 3.2: List of search keywords (leaf nodes) arranged by the chosen criteria
to include or exclude previous work.

The search procedure was last conducted on January 13 of 2018 and
returned 372 articles. We imported these references to Mendeley v1.17.12 [El-
sevier, 2018] and each of the 5 reviewers was assigned a set of articles for
further analysis. The first step was to check the titles and abstracts to per-
form initial article selection based on inclusion/exclusion criteria. This step
reduced the dataset to 173 articles. In the second step, the reviewers obtained
a copy of each document and again checked for all inclusion /exclusion criteria.
The dataset was further reduced to 140 articles. Finally, each reviewer applied
the proposed classification framework over these previous work. Results were
cross-checked until all participants agreed on the different labels and categories

for each individual article.

3.3
Classification Framework

Adequate design of visualization systems requires a clear understanding
of task and data requirements of target users. Therefore, we propose a

conceptual framework to classify visualization research in Building Information
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Modeling. The framework consists of 4 taxonomies designed to make evident
context and motivation of previous solutions as well as to provide common
ground for comparing their visualization techniques. The following subsections

detail each of these classification schemes.

3.3.1
Life Cycle Phases

The first categorization identifies the phases of a facility’s life cycle. The
same research article may employ one or more visualization solutions across
many stages of a construction project. We follow the organization of 3 main

phases, with 3 sub-phases each, first proposed by Succar [2009]:

Design
— Conceptualization, Programming and Cost Planning: initial draft of
construction scope for bidding.

— Architectural, Structural and Systems Design: main designs are produced

by various engineering disciplines.

— Analysis, Detailing, Coordination and Specification: integration and ver-

ification of produced designs.
Construction

— Construction Planning and Construction Detailing: detailed planning of

activities to be conducted in the field.

— Construction, Manufacturing and Procurement: components are pur-
chased, fabricated, and assembled in the field.

— Commissioning, As-Built and Handover: testing of assembled systems

and certification for facility operation.
Operation

— Occupancy and Operations: monitoring of facility use and systems per-

formance.

— Asset Management and Facility Maintenance: life expectancy and main-

tenance of components.

— Decommissioning and Major Re-Programming: preparing steps for reno-

vations or demolition.
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3.3.2
Use Cases

Building Information Modeling is used for diverse analyses throughout
a facility’s life cycle. We have assembled 35 different use cases from previous
work (Section 3.1) to specify the task and data requirements for BIM-
based visualizations. We propose organizing these use cases around themes
that identify common goals and typical implementation synergies. Some of
these themes naturally coincide with life cycle phases, while others represent

more general analysis that can be performed across the entire project duration.

Design Review

— Requirements Analysis: verification if the design meets the defined engi-

neering specifications.

— Structural and Mechanical Analysis: numerical computations to validate
the facility’s physical integrity.

— Regulatory Compliance Checking: search for violations of building codes

and other technical/legal regulations.

— Clash Detection: identification and correction of spatial interferences

among facility components.

— Change Management: tracking of sources and consequences of changes

in design.

— Constructability Analysis: assessment of the ease of constructing a given

design.
Work Planning
— Site Layout Planning: spatial organization and coordination of workforce,

materials, machinery, and temporary structures.

— Quantity Take Off: computation of materials totals for procurement and

fabrication.

— Risk Management: analysis of safety, quality, schedule, cost, environmen-

tal, and social factors that may prevent successful project execution.

— Cost Management: budgeting and tracking of expenses related to activ-
ities, resources, and others.
— Task Scheduling: estimation of duration and sequencing of activities in

time.

— Workspace Conflict Analysis: identification of inconsistencies in work

plans due to physical overlap of activities.
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— Freld Work Simulation: detailed animations and numerical simulations of

construction sequences, equipment operations, and resource movement.
Work Execution
— Digital Fabrication: use of geometric data and material specifications for

automated fabrication of components.

— Resource Management: tracking of available, allocated and free work-

force, materials, machinery, and temporary structures.

— Field Management: detailed coordination and live feedback of work in
the field.

— Positioning and Navigation: use of digital drawings by field workers to

assist in locating areas and components of interest.
— Progress Tracking: monitoring of task execution status and completion.

— Productivity Monitoring: use of metrics and indices to compute and

compare actual productivity with original benchmarks.

— Quality Management: inspection and verification of activity results ac-
cording to original requirements and tracking of change and rework or-

ders.

— Procurement and FExpediting: use of engineering specifications for the

purchase of goods and tracking their shipping.

— Logistics Management: planning and control of storage areas and routes
for the movement of workforce, materials, machinery, and temporary

structures.
Sustainability Analysis
— Lighting Analysis: degree of illumination within an area of the facility

due to incoming natural light and internal lighting fixtures.

— Thermal Analysis: amount of heat absorbed and emitted by individual

components as well as internal/external areas.

— Ventilation Analysis: air circulation, speed, and movement around and

across internal areas a facility.

— FEnergy Analysis: amount of electrical energy produced and consumed by

the building’s installations.

— FEmission Analysis: environmental impact in terms of water, air, soil,

thermal, radioactive, noise, light, and waste pollution.

— Natural Resource Use: assessment of how much natural resources are

necessary to conduct a certain activity or to operate the facility.
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Facility Management

— Remote Operation: monitoring and electronic control of a facility’s equip-

ment and automation systems.

— Maintenance Management: assurance of component’s correct functioning
and physical integrity through periodic inspection and maintenance

plans.

— Damage Assessment: evaluation of structural resistance and degree of

failure in the face of natural and artificial sources of damage.

— Emergency Management: simulation of disaster scenarios and analysis of

evacuation and contingency plans.

— Security Management: analysis of a facility’s ability to isolate and keep

safe its occupants and systems from outside threats.

— Signage Placement: evaluation of the best locations to place signs and

markers to inform occupants and improve circulation.

— Space Management: control of the ownership and availability of physical

spaces as well as their number of occupants.

3.33
Information and Data Types

Research have long identified that certain types of visualizations are more
adequate for certain types of information [Tufte, 1983; Ware, 2004]. In addi-
tion, different kinds of analysis require different sets of data of varying impor-
tance [Bertini et al., 2011; Shneiderman, 1996]. The sum of these requirements
motivates alternative visual representations that, when put together, may truly
aid in understanding and exploring datasets [Borkin et al., 2013; Keim, 2002;
Keim et al., 2006]. It is therefore necessary to categorize the available engi-
neering and project information in Building Information Models to determine
what are the more suitable visualizations.

We have assembled 160 information classified by six categorical, quanti-
tative and relational data types: nominal, ordinal, binary, discrete, continuous,
and relational. We propose a hierarchical taxonomy to organize these infor-
mation, extending the traditional BIM “information dimensions” [Ding et al.,
2014]. Common dimensions in the literature include Schedule (4D), Costs
(5D), Sustainability (6D), and Facility Management (7D). We propose six ad-
ditional dimensions: Risks (8D), Resource (9D), Supply Chain (10D), Security
(11D), Mechanical Analysis (12D) and Quality (13D). The following listing

provides some examples of information in each of these categories.
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Scope (3D)

— Spatial: component size, position, distances.
— Quantity: counts, lengths, areas, weight.
— Item: component 1D, type, relationships.

— Technical: engineering specifications, standards.
Schedule (4D)

— Task: start, finish, duration, progress, workspace.

— Metric: productivity level.
Cost (5D)

— Total: cost per component, task, resource.
Sustainability (6D)

— Ambient: measures of ambient lighting, temperature, humidity.
— Material: heat transmission and absorption.

— Use: usage of energy, water, gas, fuel.

— Emission: emissions of pollutants in air, water, soil.

— Metric: degree of environmental sustainability.
Facility (7D)

— Occupancy: management of occupants across spaces.
— Degradation: efficiency loss and remaining lifetime.

— Sensor: sensor id, type, readings, automation control.
— Problem: issue type, description, causes, consequences.
— Work Log: staff id, actions taken, access routes.

— Metrics: efficiency, maintainability, reliability.
Risk (8D)

— ID: risk id and type.

— Quantity: probability, impact, count, rate.

— Relationships: causes and effects.

— Action: prevention and contingencies.

32
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Resource (9D)

— ID: resource id, type.
— Quantity: total capacity, available, allocated.

— Manufacturing: fabrication capacity, required materials.
Supply Chain (10D)

— Procurement: supplier orders, shipping, delivery.

— Logistics: storage areas, transportation, capacities.

Security (11D)

— Access Control: access points, perimeter protection.
— Sensor: covered area, operating status, detection.

— Assessment: thread probability, impact, security level.
Mechanical Analysis (12D)

— Physical: force/stress over component.

— Damage: structural integrity, physical damage.
Quality (13D)

— Inconsistency: inconsistency type and amount.

— Metrics: overall quality and compliance level.
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3.3.4
Visualizations

The majority of BIM information is associated with individual compo-
nents and spatial regions of the 3D CAD model of a facility. Many analytical
tasks involve locating which items contribute the most for a given analysis or
which regions of space possess a certain attribute. For these reasons, it is often
more intuitive to present these kinds of information directly within a 2D or
3D CAD view. However, there are cases where a traditional Chart view can
better convey relevant features of the underlying data. More often than not, a
combination of Spatial views (2D/3D CAD) and Abstract views (Chart) may
provide the best results.

Besides this initial classification, we are also interested in evaluating
which visualizations are more suitable to different BIM use cases. To this
end, we analyze each approach according to the visual mechanisms it employs
to convey information. This establishes a common ground for comparing
visualizations against varying task and data requirements. We extend the
notion of Marks and Channels from Munzner & Maguire [2014] to enable
comparisons within 2D CAD, 3D CAD and Chart views. Marks represent
graphical entities while Channels convey information by changing one or more
of their visual properties.

We propose specific Marks to differentiate the use of 2D or 3D geometries
within CAD models. We are also interested in assessing the popularity of Text,
Icon, and Glyph Marks. Moreover, we devised new Channels such as Shading
and Outline Color to better understand how CAD geometries convey infor-
mation. Likewise, Transparency and Visibility Channels distinguish between

continuous and discrete visual encodings, respectively.

View

— 2D CAD: schematic drawings, blueprints, and maps.
— 8D CAD: high-fidelity representation of shapes and locations of physical

entities.

— Chart: tables, hierarchies, graphs, diagrams, and plots.
Mark

— Original Geometry: shapes within a 2D or 3D view that identify the

components of a facility.

— 2D Geometry: additional geometry overlaid on or embedded in a 2D or

3D view.
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— 38D Geometry: additional geometry embedded in a 3D view.

— Line: straight or curved lines overlaid or embedded in any view.

Text: identifiers, messages, annotations, and other strings.

— Icon: image that represents a logical concept or physical entity.

Glyph: abstract graphical symbols that convey data values via shape,

size, color, position, and orientation.
Channel

— Color: hue used to fill the surface of a graphical entity.

— Shading: variation in color over a surface, typically due to lighting effects.
— Outline Color: hue used for contour lines around a graphical entity.

— Qutline Weight: thickness of contour lines around a graphical entity.

— Qutline Stipple: dashed patterns on contour lines around a graphical

entity.
— Visibility: whether a graphical entity is drawn or not in a view.
— Transparency: degree of blending of a graphical entity with background.
— Shape: geometric form of a graphical entity.
— Size: length, width and/or height of a graphical entity.
— Orientation: tilt angles of graphical entities.
— Position: absolute spatial location within a given view.
— Texture: surface color patterns.

— Ordering: relative spatial location among similar graphical entities.

3.4
Application Areas of Visualization

This section presents the results of our literature review regarding the
frequency of use of visualizations in Building Information Modeling. From the
140 articles returned by the systematic search procedure, we have identified 248
different applications of visualization. This is because many research articles
apply their proposed solutions for more than one use case throughout the
phases of a construction project. We seek to identify the main application
areas of visualization, how they are related, and what are the trending research

topics in recent history.
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3.4.1
Statistical Distribution

Figure 3.3 presents the statistical distribution of visualization applica-
tions in different use cases throughout a facility’s life cycle. The top part of
the figure contains a histogram that follows, from left to right, the temporal
order of life cycle phases from Subsection 3.3.1. The right part of the figure
presents another histogram organized according to the top use cases within
each theme from Subsection 3.3.2. The central part of the figure consists of a
2D histogram (heat map) that correlates these two frequencies in a single view.
Each cell indicates its corresponding number of visualization applications and

is colored accordingly (darker cells indicate higher quantities).

3.4.1.1
Life Cycle Analysis

The life cycle histogram on the top follows a bell-like curve with a peak
at “Construction Planning and Construction Detailing”. This phase alone con-
centrates 107 (43%) of all 248 visualization applications. The second most fre-
quent phase corresponds to “Construction, Manufacturing and Procurement”,
with 65 occurrences (26% of total). These results are probably due to the
success of 4D visualizations for construction planning since very early BIM
research [Aouad, 1999; McKinney et al., 1998]. The “Construction” vertical
section of the heat map naturally has its most frequent cells within “Work
Planning” and “Work Ezecution” themes. As expected, there are very few re-
search that apply “Design Review” and “Sustainability Analysis” use cases
during construction.

According to the life cycle histogram, remaining visualization applica-
tions tend towards the “Design” phase. It exhibits an increasing trend from
earlier stages towards “Construction”. This is to be expected since the 3D CAD
model becomes increasingly useful as it is enriched with progressively detailed
design information. The heat map shows that the majority of visualizations
were naturally applied in “Design Review” use cases (22 works), with a focus on
“Clash Detection” (8 works). However, there are almost as many applications
in “Sustainability Analysis” (19 works), focused mainly on “Energy Analysis”
(6 works). This indicates great interest in using BIM for adapting a facility’s

design towards higher energy efficiency and lower environmental impact.
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The life cycle histogram on the top also shows a significant gap in the last
construction stage “Commissioning, As-Built and Handover”. The heat map
indicates a single visualization application focused on “Progress Tracking”.
This gap may help explain the relatively low frequency of applications in
BIM for later operation and maintenance. Previous research have already
called attention to technical barriers in carrying over BIM datasets to facility
management [Azhar et al., 2015; Volk et al., 2014]. Our review has found
an equal distribution of applications among “Occupancy and Operations” and
“Asset Management and Facility Maintenance” phases. According to the heat
map, both these phases involve applications in “Sustainability Analysis” and
“Facility Management” themes. However, research in the first phase focus more
on “Energy Analysis” and “Thermal Analysis” while the second naturally
concentrates on “Maintenance Management”. Note that there is almost no
research in the “Decommissioning and Major Re-Programming” phase, with a

few exceptions concerned with “Work Planning”.

3.4.1.2
Use Case Analysis

The use case histogram to the right indicates the highest frequencies at
“Task Scheduling” (33 works, 13% of total) and “Progress Tracking” (30 works,
12% of total). The heat map shows, as expected, that the “Work Planning”
and “Work Ezecution” themes concentrate in the construction planning and
execution phases. In contrast, the “Fuacility Management” theme contains
the lowest number of research (18 works for the entire theme, 7% of total).
Although most work are applied during “Operation” phase, quite a few research
have investigated “Facility Management” analysis still in the “Design” phase.

Note however, a significant difference in the distributions between “Work
Planning” and “Work FExecution” themes. In the former, almost all other use
cases besides “Task Scheduling” show relatively high frequencies (from 13 to
20). In the latter, the “Progress Tracking” use case greatly overwhelms the
others, which remain in the single digits. This indicates that BIM visualizations
for construction planning are relatively more mature and widespread. On the
other hand, despite notable interest in BIM for construction execution, there
are still many kinds of analysis yet unexplored by current visualizations.

The use case histogram also shows that the “Sustainability Analysis”
theme contains more works overall than the “Design Review” theme (32 vs
24). This result indicates greater research interest in environmental aspects
)

of construction designs. The heat map reveals that “Sustainability Analysis’

applications are relatively spread throughout all life cycle phases. In contrast,
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“Design Review” use cases are naturally concentrated in the “Design” phase
(22 works). Even so, during design, the number of “Sustainability Analysis”
applications almost matches others focused in “Design Review” (19 in the

former vs 22 in the latter).

3.41.3
Overall Remarks

One of the benefits of BIM is enabling the use of the 3D CAD model
to anticipate analysis from later life cycle phases. This allows improving
designs and plans when these changes have relatively low impact on the overall
construction project. The heat map already shows some interesting examples
in this regard. For instance, a third of “Cost Management” and the majority
of “Sustainability Analysis” applications were applied during “Design” phase.
There are also a few examples of research interested in bringing “Facility
Management” use cases in these early life cycle stages. We expect an increase
in these trends in future applications of Building Information Modeling.

A more pessimistic viewpoint could state that Building Information
Modeling is still deeply focused on construction planning and execution. The
“Construction” phase alone consists of 173 applications or almost 70% of all
results in our review. Nevertheless, another potential benefit of these kinds of
visualizations remains clearly evident and yet unexplored. The visual analytics
tools developed for construction scheduling and execution control could be used
for other kinds of field work. There is still an important life cycle phase that
could benefit from these: “Operation”. We suggest as a major avenue for future
work the adaptation of these successful planning systems to improve facility

management.

3.4.2
Historical Development

This section analyzes the historical trends in research topics among the

248 visualization applications found by our systematic review.

3.4.2.1
Absolute Totals Over Time

Figure 3.4 displays stacked area charts with the frequency of visualization
applications for the past years. Figure 3.4a summarizes the work in life cycle
phases from Subsection 3.3.1. Figure 3.4b organizes the same results by use

case themes from Subsection 3.3.2.
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Figure 3.4: Total number of visualization applications in BIM over the years.

We have chosen a color scheme that attempts to follow the distribution
of use cases across life cycle phases, as analyzed in Subsection 3.4.1. Shades of
blue indicate use case themes more closely related to “Design” phase, shades
of orange for the “Construction” phase, and green for “Operation” phase. Note
that the combined shapes with similar colors in the bottom chart closely
matches the related ones in the top chart. This suggests that each use case
has always been applied to the same life cycle phases over the years.

Overall, Figure 3.4 shows a growing trend of visualization applications
in BIM, going from 1 article in 1996 to 39 articles in 2017. According to
Figure 3.4a, “Construction” has always been the major application area. As
expected, its shape closely follows research in “Work Planning” and “Work
FEzxecution” in Figure 3.4b. Another natural correlation can be found between
“Operation” phase in Figure 3.4a with “Facility Management” theme in
Figure 3.4b.
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The charts indicate that, from the early 2000’s, there has always been
some interest in applying visualization for “Design”. However, from 2012 on-
ward, this phase saw a great increase in published works. Looking at Fig-
ure 3.4b, we find a strong correlation with the sudden growth in “Sustainabil-
ity Analysis” during the same period. It is curious to note that this movement
started around the same year as “Facility Management” research also gained
momentum.

We hypothesize the increase in both these subject areas has been mo-
tivated mainly by the United Kingdom (UK). First, the UK is the second
largest country in BIM research, only after the US. Second, sustainability was
a key consideration across all activities in the London 2012 Olympic Games.
Third, the games brought major investments in building and city infrastructure
projects. Fourth, the UK government disclosed in 2013 an industrial strategy
to promote the use of Building Information Modeling [HM Government, 2013;
Khosrowshahi & Arayici, 2012]. The report set ambitious goals of reducing
whole-life greenhouse gas emissions by 50% and whole-life costs for built as-
sets by 33%. Together, these factors probably led to the observed growth in

the use of BIM for sustainable building design and facility management.

3.4.2.2
Percentage of Totals Over Time

Figure 3.5 presents a different temporal view based on the percentage
of total work in each life cycle phase (Figure 3.5a) and each use case theme
(Figure 3.5b). These charts corroborate the aforementioned analysis and bring
forth some interesting features. Figure 3.5a makes evident the dominance of
BIM use in the “Construction” phase: until 2012 it held an average of 85%
of all research. Figure 3.5b indicates that, until 2007, most of these research
focused on “Work Planning”. From that year onward, half of the research were
also involved in “Work Execution” applications.

Figure 3.5a confirms ascending interest in “Design” and “Operation”
from 2012 onward. In 2017, research in “Construction” decreased to 41%,
with an increase to 33% for “Operation” and 26% for “Design”. The same
movement is displayed by the converging lines in Figure 3.5b: the last year saw
a fairly balanced interest of 15% to 25% among each use case. Extrapolating
this recent trend would show the curves crossing each other in the upcoming
years. Instead, we expect research interests to reach an equilibrium, with BIM

applications spread equally across all use cases and all life cycle phases.
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Figure 3.5: Percentage of total number of visualization applications in BIM
over the years.

3.4.3
Summary of Findings

According to the preceding analysis, Building Information Modeling has
been largely focused on construction planning and execution (70% of all
articles). Other applications tend towards the design phase (21%), with an
equal interest in “Design Review” and “Sustainability Analysis” themes. Only
a few research focus on facility operations (9%), with main applications in
“Energy Analysis”, “Thermal Analysis” and “Maintenance Management”.

A minority of works proposed anticipating analysis in earlier life cycle
phases (e.g. “Facility Management” during design). There are also many use
cases in “Work FExecution” that remain yet unexplored by current visualiza-
tions. Moreover, future research could adapt work planning and execution visu-
alizations, traditionally used in construction, towards “Facility Management”

applications.
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Until 2012, BIM was mainly used for construction with a few exceptions
in design. Only from 2007 onward that BIM saw major use in “Work Eze-
cution”. From 2012 to 2017, works in “Sustainability Analysis” and “Facility
Management” have been steadily growing in number (from 4% to 33% of all
works in each year). In the upcoming years, research interests should reach an
equilibrium, with BIM applications spread equally across all use cases and all
life cycle phases.

Within each use case theme, we can identify the following main applica-

tion areas of visualization:

— Design Review: Clash Detection

— Work Planning: Task Scheduling

Work Ezecution: Progress Tracking
— Sustainability Analysis: Energy Analysis

— Fuacility Management: Maintenance Management

3.5
Critical Analysis of Visualization Techniques

We present a detailed analysis of the visualizations employed by the 5
main BIM use cases from the previous section: Clash Detection, Task Schedul-
ing, Progress Tracking, Energy Analysis, and Maintenance Management. From
the 140 reviewed articles, 70 are concerned with one or more of these applica-
tion areas. We have identified 25 different types of visualizations employed by
these research (see Figure 3.6). The majority of techniques (19) are based on
the more traditional Chart view. Lists and tables present information mainly
using text. More visual schemes include graphs, plots, and diagrams. These
indicate relationships among CAD components, plot quantitative metadata or
illustrate temporal information.

Only 6 techniques are used within 2D CAD and/or 3D CAD views.
Two of these employ visual effects to call the user’s attention: Annotation
and Component Highlight. Typically, the former overlays 2D geometries and
text while the latter changes original geometries’ color and/or transparency
Channels. Highlight and Visibility Animations also change visual attributes of
CAD objects but to convey time information. The remaining 2 visualizations
enrich the 3D CAD model with additional geometries: Physical Entities or
Spatial Regions. These usually indicate the locations and affected areas of
heavy equipment, temporary structures, and other field work in general.

In the next subsections, we analyze in detail whether each visualization

meets the requirements for each use case. We make use of Alluvial/Sankey
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Attention Management Annotation

Component Highlight

2D/3D CAD View Time Animation Highlight Animation

Visibility Animation

Field Work Physical Entity

Spatial Region
Area Chart

Bar Chart

o . Heat Map
Quantitative Analysis Line Chart

Scatter Plot
Stacked Area Chart
Stacked Bar Chart
Surface Plot

Flowchart
Processes and Relationships Graph
Hierarchy
Chart View Sankey Diagram
Schematic Diagram

. Gantt Chart
Temporal Analysis PERT Network

Space-Time Cube
Time-Distance Diagram

Text-Based List
Table

Figure 3.6: Visualization techniques (right) applied to the main BIM use cases.
Similar techniques are organized by common themes (middle) within each view
type (left).

diagrams to understand the relationships between different characteristics of
each technique [Lupton & Allwood, 2017; Rosvall & Bergstrom, 2010]. This
representation enables us to make evident which Views, Marks, and Channels
are more frequently used. We control the color and width of each flow to match
the visualization scheme and its amount of information. Items that convey the

larger amount of information are sorted from top to bottom.

3.5.1
Clash Detection

Designing a facility with 3D CAD models enables automated checking
of physical inconsistencies. These erros can cause severe delays and rework
during construction, also increasing overall project costs. A recurring design
problem is when two or more 3D components physically overlap one another.
Usually this is a result of inconsistent 3D CAD models produced by different
engineering teams. Building Information Modeling helps to avoid these issues
by centralizing all designs in a single 3D CAD model.

Another type of clash may happen during construction, even if the
designs have no physical overlap. Items such as ducts and ceilings may require
installation of underpinnings, falsework, and similar components in the job site.
Depending on the planned construction sequence, these temporary structures

may occupy the physical space of another permanent facility component. This
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can also lead to delays and rework during assembly.

Analytical systems should help engineers locate these physical overlaps
using some kind of visual feedback over the 3D CAD model [Li et al., 2009].
In addition, the experts need to identify which components are involved,
their degree of inconsistency, and corresponding engineering specifications.
Comments and suggestions could also be associated with the problem to

increase collaboration among different teams.

3.5.1.1
Visualizations

Figure 3.7 describes how current BIM applications visualize information
related to “Clash Detection”. The second and third columns indicate major use
of the 3D CAD model through Annotations, followed by a Hierarchy Chart
view and Tables. Other techniques in the 3D CAD view include Component
Highlights and Spatial Regions. We have observed that all works using Chart
views have coordinated and linked them with the 3D view. Furthermore,
applications tend to use Hierarchies and Tables to present context-sensitive
information associated with the 3D CAD model (Figure 3.8d).

The Annotation visualization consists of overlay 2D geometries whose
color and shape together indicate the type of design inconsistency (Fig-
ure 3.8a). These are often supplemented by texts with distance values, com-
ponent IDs, and technical information. These Marks and Channels have been
successfully employed to review and annotate other kinds of 3D scenes in VIS
research [Burger et al., 2008; Cipriano & Gleicher, 2008; Loughlin & Hughes,
1994; Madsen et al., 2016]. In addition, glyphs of varying sizes are used to in-
dicate distance between components. Glyphs are a widely-employed abstract
representation capable of encoding diverse data within a 3D scene [Borgo et
al., 2013; De Oliveira & Levkowitz, 2003; Fuchs et al., 2017; Ward, 2002].

The Hierarchy visualization uses a combination of text, icon and line
Marks (Figure 3.8b). Texts contain component IDs and engineering specifica-
tions. Icon shapes are used to display the types of problems while its colors
represent their degree of inconsistency. Sufficiently different shapes can ade-
quately display nominal data [Boriah et al., 2008]. On the other hand, dis-
playing a continuous data type with colors requires adequate quantization of
possible values [Few, 2009; Levkowitz, 1991; Silva et al., 2011; Tufte, 1983].
Overall, these visualizations follow traditional approaches of representing hi-
erarchies [Burch et al., 2011; Graham & Kennedy, 2010; Holten, 2006].

Works that use Component Highlights change the color, outline stipple,

and/or transparency of original geometries to indicate the same information:
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(a) Annotation [Staub-French & Khanzode, 2007].

-] Clash Detection

=[] Requisiti minimi

+[] Tutti i modeli richiesti sono disponibili

+-[] Rappresentazione BIM dei progetti (Arch, Struct, MEP) nella stessa versione progettuale

[] I modelli sono localizzati nel corretto sistema di coordinate cartesiane

#- [ Intersezioni tra componenti architettonici v
+-[[ Intersezioni tra componenti strutturali oK
#- [ Intersezioni in modelli MEP & & X
=-[] Clash detection - Merged BIM (i modello completo)

) -[] Modello strutturale vs Modello architettonico & & & X

(+)-[] Modelo MEP vs Modello architettonico

@@ Modelo MEP vs Modello strutturale & & X

(b) Hierarchy [Ciribini et al., 2016].

sprinklef main and
supply duct
(highliglrt in red)

......

(d) Table [Kong, 2010].

Figure 3.8: Examples of the top 4 visualizations in “Clash Detection”.
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Table 3.1: Overview of visualization applications in “Clash Detection”. Rows
are ordered by frequency of use.

Visualization View Information Types Reviewed Work

Abd & Khamees [2017], Ciribini et al.
[2016], Khanzode et al. [2008], Staub-French
& Khanzode [2007], Trebbe et al. [2015],
and Xie et al. [2017]

Scope (spatial, technical),

Annotation 3D CAD Quality (inconsistency)

Hierarchy Chart  Scope (item, technical), Ciribini et al. [2016] and Kong [2010]
Quality (inconsistency)
Ciribini et al. [2016], Lin et al. [2017], and
Component Highlight 3D CAD Quality (inconsistency) Vries & Harink [2007]
Spatial Region ap CAp Scope (spatial), Quality Ciribini et al. [2016]
(inconsistency)
Table Chart S.cope (}tem), Quality Kong [2010]
(inconsistency)

inconsistency type. Geometry outlines have been used extensively to differ-
entiate nearby geometries [Cole & Finkelstein, 2010; Isenberg et al., 2003].
Although colors can accurately indicate this categorical data [Wang et al.,
2008; Weiskopf, 2004], they may not adequately emphasize a 3D CAD geome-
try against other colored components (see Figure 3.8¢). Likewise, transparency
seems inappropriate for these requirements. The faded geometry blends with
background objects and makes it harder for the user to distinguish shapes and
sizes [Bartram et al., 2011; Tory & Moller, 2004].

Table 3.1 summarizes the visualizations employed in “Clash Detection”.
Overall, we have observed some limitations in the surveyed techniques. First,
the majority of implementations required Annotations to be manually inserted
by the user. To improve accuracy and productivity, the visual analysis systems
should be able to automate this process using information contained in the 3D
CAD model. Moreover, the Annotation images shown in the articles not always
made clear which 3D components were in physical overlap. The software should
have also applied Component Highlights to better distinguish geometries of
interest. Finally, some clashes involved items surrounded by many other 3D
components. However, there were no mechanisms implemented to reduce visual
clutter and/or overcome occlusion. This forces engineers to spend too much
time navigating around the scene to accurately identify and analyze clashes.
Magic lenses [Tominski et al., 2017] and geometry simplifications [Semmo et
al., 2012] are examples of visualization techniques that can efficiently deal with
these issues in 3D CAD models.
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3.5.2
Task Scheduling

As demonstrated in Subsection 3.4.2, virtual construction planning has
always been the major use case of Building Information Modeling. The basic
idea is to associate metadata from construction tasks to 3D CAD components
and spatial regions. This enables 4D (space+time) visualizations that can
indicate the sequence of activities and their locations in the job site. Combining
temporal with spatial information allows engineers to avoid many scheduling
problems, such as inconsistent assembly ordering and workspace conflicts.
This environment also facilitates communication and understanding of work
plans among designers, planners, and field workers. The “Task Scheduling” use
case encompasses only the analysis of temporal information associated with
construction plans. Truly reliable “Work Planning” must involve many other
use cases that will not be the focus of this current study (see Subsection 3.3.2).

A construction schedule can contain thousands of activities with varying
start /finish dates, durations, and predecessor/successor relationships. In ad-
dition, tasks may involve from zero to many 3D CAD components or entire
spatial regions. Critical path analysis can be used to identify high-risk tasks
that must complete on time to preserve overall project deadlines. Visualization
systems must handle all these concerns and at the same time make evident the

planned assembly sequencing to avoid any mistakes in the field.

3.5.2.1
Visualizations

Figure 3.9 indicates a large variety of visualization methods used for
“Task Scheduling”. Slightly more information is displayed in Chart views
than 3D CAD views, with only a few exceptions using a 2D CAD view.
Interestingly, the third column ranks visualizations from Chart and 3D CAD
views in alternated fashion. Main techniques include: Gantt Chart, Visibility
Animation, Table, and Annotation. This indicates a fairly balanced approach
in using these two media for the current use case.

Perhaps not surprisingly, Gantt Charts are the most popular visualiza-
tions to analyze temporal information (Figure 3.10a). Other not so common
displays include PERT networks [Malcolm et al., 1959; Pearlman, 1960] and

Time-Distance diagrams (described in the next section).
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(a) Gantt Chart [Vries & Harink, 2007].
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(¢c) Table [Zhou et al., 2015].

(d) Annotation [Kim et al., 2015].

o1

Figure 3.10: Examples of the top 4 visualizations in “Task Scheduling”.
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Gantt charts have been widely used since early 20" century [Clark et
al., 1922; Wilson, 2003]. These graphs plot time using the horizontal spatial
dimension. Each task is represented by a Line Mark (horizontal bar) with vary-
ing positions, sizes (lengths), and colors. Positions indicate start/finish dates
while lengths represent durations. Likewise, color scales are used to distinguish
nominal and ordinal data: task types, criticality, and execution status. More-
over, thin connecting lines between tasks indicate predecessor/successor rela-
tionships, creating an intuitive graph-like view [Collins & Carpendale, 2007;
Herman et al., 2000; Shiravi et al., 2012].

Another common approach is to combine space and time information into
4D animations over the 3D CAD model. Most research change the visibility
Channel of original 3D geometries to display their construction evolution
(Figure 3.10b). In this scheme, facility components not yet built remain
invisible. As simulation time progresses, geometries suddenly turn visible
to indicate their construction has commenced. Color Channel adequately
distinguishes between ongoing activities and already finished ones (ordinal
information). However, this discrete animation makes it impossible to overview
the entire schedule. At any given moment, parts of the 3D model that
correspond to future tasks remain hidden. Moreover, no Mark/Channel is used
to display activity duration. The user must infer this information from the
length of time that corresponding 3D objects are colored as “in-progress”.
Similarly, predecessor/successor relationships are not directly obvious and
must be derived by the visual sequence of appearing geometries.

Both qualitative analysis and practical user studies have long criticized
this spatio-temporal visualization. A cognitive experiment with AEC profes-
sionals concluded that Visibility Animations interfere with the user’s percep-
tion of task durations, sequencing and inter-dependencies [Chang et al., 2009].
Another research investigated how changes to the 3D objects’ colors and con-
tour lines could instead convey task durations and relationships [Benjaoran &
Bhokha, 2009]. More recently, interviews with construction experts identified
many shortcomings in traditional 4D visualizations [Castronovo et al., 2014].

A not very common alternative is Highlight Animation. It changes vary-
ing Channels associated with original 3D geometries: color, transparency, out-
line color, stipple, and weight. These display categorical information such as
task types, execution status, and predecessor/successor relationships. Quan-
titative information such as task start/finish and durations are indicated by
auxiliary Tables or must be deduced from when the 3D geometries change in
appearance. This visualization ends up sharing many of the limitations of the

aforementioned Visibility Animation.
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Table 3.2: Overview of visualization applications in “Task Scheduling”. Rows
are ordered by frequency of use.

Visualization

View

Information Types

Reviewed Work

Gantt Chart

Chart, 3D CAD

Scope (item), Schedule
(task)

Candelario Garrido et al. [2017], Ciribini et al.
[2016], Elbeltagi & Dawood [2011], Kang et al.
[2013], Kang et al. [2010], Koo & Fischer
[2000], McKinney & Fischer [1998], Tanyer &
Aouad [2005], Tauscher & Scherer [2015], Vries
& Harink [2007], and Zhou et al. [2012a]

Abdelhameed [2012], Bansal [2017], Candelario
Garrido et al. [2017], Ciribini et al. [2016],
Gelisen & Griffis [2014], Hu & Zhang [2011],
Kang et al. [2013], Kang et al. [2010], Kim

et al. [2011], Kim et al. [2005], Koo & Fischer
[2000], Lin et al. [2017], Mahalingam et al.

Visibility Animation 3D CAD Schedule (task) [2010], McKinney & Fischer [1998], Moon
et al. [2015], Russell et al. [2009], Staub-French
& Khanzode [2007], Staub-French et al. [2008],
Tanyer & Aouad [2005], Tauscher & Scherer
[2015], Tsai et al. [2014], Xie et al. [2017], Zhou
et al. [2012a, 2014], and Zhou et al. [2015]
) ] Benjaoran & Bhokha [2009], Kang et al.
Scope (item, technical),  [2013), Kim et al. [2013c], Kim et al. [2005),
Table Chart Schedule (task),- McKinney & Fischer [1998], Tsai et al. [2014],
Resource (quantity) and Zhou et al. [2015]
) ) Gelisen & Griffis [2014], Kim et al. [2015], Koo
Annotation 2D/3D CAD Scope (1tem,rtechnlcal), & Fischer [2000], Mahalingam et al. [2010],
Schedule (task) and McKinney & Fischer [1998]
) Kang et al. [2013], Kang et al. [2010], Kim
Hierarchy Chart Scope (item), Schedule ot al. [2013¢], Koo & Fischer [2000], and
(task) McKinney & Fischer [1998]
Benjaoran & Bhokha [2009], Kam et al. [2003],
Highlight Animation 2D/3D CAD Schedule (task) Kim et al. [2015], and Zhang et al. [2015]
PERT Network Chart Schedule (tas}{)v Kim et al. [20130]

Time-Distance Diagram Chart

Resource (quantity)
Schedule (task)

Staub-French et al. [2008]

Like the previous use case, Annotations are a fairly common mechanism
to present additional information within either the 2D or 3D CAD views.
In “Task Scheduling”, overlay texts and icons indicate task IDs, types, and
sequencing (Figure 3.10d). Tables and Hierarchies also have similar roles as
the previous use case. Tables are typically linked with the 3D CAD view
to present context-sensitive metadata (Figure 3.10c). Hierarchies indicate
parent/child relationships among the facility’s components. We refer to the
previous subsection for a more detailed analysis of these techniques.

Table 3.2 summarizes the visualizations employed in “Task Scheduling”.
Overall, this use case presents interesting challenges of combining categorical
and quantitative information with the 3D CAD model. One popular approach
is the use of coordinated multiple views [Keefe et al., 2009; Wang Baldonado
et al., 2000]. Another frequent approach is to display additional visual effects
within the 3D CAD view. In this case, the commonly employed Visibility
Animation suffers from severe perceptual issues. Continuous animations should

be preferred, since they maintain the user’s focus and visual memory.
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3.5.3
Progress Tracking

Project managers need to closely accompany construction execution to
make sure all activities follow the defined schedule. Any deviations or delays
must be quickly identified so that alternative plans can be devised and put
into motion. Moreover, at any given moment, hundreds of activities may be
ongoing at the same time on the field. Main challenges include tracking all
these information, combining it with the 3D CAD model, and calling attention
to problems and delays. Traditionally, project management uses the same
methods and tools for planning and controlling the execution of activities.
Many schedule visualization and analysis systems have the ability to track

task delays and schedule deviations to enrich their visualizations.

3.5.3.1
Visualizations

It was expected that Figure 3.11 would show similar visualization tech-
niques as the previous use case. Although Chart and 3D CAD views are still
predominant, we observe many differences in the ranking of visualizations in
the third column. Tables are now the most prominent mechanism of conveying
information, closely followed by Gantt Charts, Highlight, and then Visibility
Animations. Compared to “Task Scheduling”, we see an increase in the use of
Highlight Animations and Time-Distance Diagrams for the current use case.

The use of Tables hasn’t changed: they convey mostly textual information
related to task ID, execution status, progress, delay, start/finish, and others
(Figure 3.12a). Meanwhile, Gantt Charts have the ability to display all these
information with appropriate Marks and Channels (Figure 3.12b). It has been
long established that visualization brings many benefits to understanding data
properties [Keim, 2002; Ware, 2004]. The question is then: why isn’t this
traditional visualization being used more than tabular views? We present two
hypothesis: lack of user familiarity and limitations in BIM-related Gantt views.
First, construction managers may not be accustomed to advanced progress
tracking and schedule comparison tools in commercial planning software.
Second, Gantt visualizations within BIM analysis systems may not contain
sophisticated analytical tools, being used merely as basic linked views. Future
research could enrich these environments with advanced analytical features, as

has already been suggested by Tory et al. [2013].
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(a) Table [Elbeltagi & Dawood, 2011].

“2nd Floor (N-Tower)' 13 days
*2nd Floor (C-Tower)' 13 days
*3rd Floor (N-Tower)' 9 days
*3rd Floor (C-Tower)' 9 days
*4th Floor (N-Tower)' 9 days
*4th Floor (C-Tower)' 9 days
*Sth Floor (N-Tower)’ 9 days
*Sth Floor (C-Tower)' 9 days
‘6th Floor (N-Tower)' 9 days
*6th Floor (C-Tower)' 9 days
‘7th Floor (N-Tower)' 9 days
‘7th Floor (C-Tower)' 9 days

T —r
e

© @
(c) Highlight Animation [Hamledari et al., 2017].

£ As-planned & Ag-bun
| 2005-03- 10 'I" | 2005-07-30  *]

Intervl [0 gumudation

(d) Visibility Animation [Chin et al., 2008].

Figure 3.12: Examples of the top 4 visualizations in “Progress Tracking”.
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Figure 3.13: Example of Time-Distance Diagram for tracking progress of
construction works [Elbeltagi & Dawood, 2011].

Figure 3.13 displays another Chart-based visualization: Time-Distance
Diagrams, also known as Line-of-Balance diagrams [Arditi et al., 2002; Pierce,
n.d.]. This visualization is typically used to control longitudinal construction
works such as pipelines, rails, roads, etc. They employ similar Marks and Chan-
nels as Gantt Charts (line positions, sizes, and colors) to convey similar infor-
mation (task start/finish and durations). However, a Time-Distance Diagram
uses one spatial axis to represent time and the other to indicate real physical
distance. This allows using other Marks such as 2D geometries and Channels
like shapes and orientations. These visual effects can indicate the occupied
area of each task, the direction of progress, and even the progress rate. In
essence, Time-Distance Diagrams are a powerful schematic-like visualization
for tracking simultaneous activities on the construction site.

Regarding the 3D CAD view, most information is visualized using either
Highlight (Figure 3.12¢) or Visibility Animations (Figure 3.12d). Compared
to the “Task Scheduling” use case, Highlights are more frequently used. This
could be explained by the need to call the user’s attention to 3D components
associated with delayed tasks. Indeed, colors are the main Channel used to
indicate task progress and delay amount. Unfortunately, this creates a very
confusing visualization. The color Channel of original 3D geometries now
convey both categorical information (task type and execution status) and
quantitative information (task progress and delay amount). A few approaches
failed to circumvent this issue by using other similar Channels such as outline
color, stipple, and weight. Meanwhile, Visibility animations share the same

limitations already described in the previous subsection.


DBD
PUC-Rio - Certificação Digital Nº 1413521/CA


PUC-RIo- CertificagaoDigital N° 1413521/CA

Chapter 3. Systematic Literature Review 58

Table 3.3: Overview of visualization applications in “Progress Tracking”. Rows
are ordered by frequency of use.

Visualization View Information Types Reviewed Work

Benjaoran & Bhokha [2009], Chin et al.
Scope (quantity, item), [2008], Elbeltagi' & Dawood [2011], Hu &
Table Chart Schedule (metric, task) Zhang [2011], Kim et al. [2013a], Park et al.
[2017], Russell et al. [2009], Tserng et al.
[2014], and Turkan et al. [2014]

;
Resource (ID, quantity)

Braun et al. [2015], Hamledari et al. [2017],
Han et al. [2015], Han & Golparvar-Fard

Gantt Chart Chart Schedule (task) [2017], Kim et al. [2013b], and Son et al.
[2017]

Benjaoran & Bhokha [2009], Bosché et al.

[2014], Braun et al. [2015], Chen & Luo

(2014], Hamledari et al. [2017], Han et al.

, ; 2015], Han & Golparvar-Fard [2015], Park

Highlight Animation 2D/3D CAD (St(;i(; (ttem), Schedule <[)t a14][2017], Russell et al. [200$[)]7 Tiuschcr

& Scherer [2015], Tserng et al. [2014],

Turkan et al. [2014], Wang et al. [2014], and

Zhou et al. [2015]

Bjornfot & Jongeling [2007], Candelario
Garrido et al. [2017], Chin et al. [2008],
Elbeltagi & Dawood [2011], Golparvar-Fard

Visibility Animation 3D CAD Schedule (task) et al. [2011], Han & Golparvar-Fard [2017],
Kim et al. [2013a,b], Mahalingam et al.
[2010], and Son et al. [2017]

Schedule (task), Resource Bjornfot & Jongeling [2007], Elbeltagi &

Time-Distance Diagram  Chart (ID, quantity) Dawood [2011], and Russell et al. [2009]
Bar Chart Chart Schedule (metric, task) Chin et al. [2008] and Russell et al. [2009]
Graph Chart Scope (item), Schedule Braun et al. [2015]

(task)
Spatial Region 3D CAD Schedule (task) Park et al. [2017]

) Hamledari et al. [2017], Han &

Annotation 3D CAD Scope (technical), Schedule  Golparvar-Fard [2015], and Mahalingam

(task) et al. [2010]
Physical Entity 2D CAD Facility (sensor) Chin et al. [2008]
Hierarchy Chart Scope (item) Russell et al. [2009]

Instead of using these discrete animations, coordinated multiple views
could combine the 3D CAD model with Gantt Charts or Time-Distance
Diagrams. Both have had great success in improving management of schedule
execution. For example, linking and brushing could help construction managers
locate critical tasks in the 3D view [Boton et al., 2011; Buja et al., 1991; Yi
et al., 2007].

Table 3.3 summarizes the visualizations employed in “Progress Tracking”.
As noted in Subsection 3.4.1, these approaches lack from additional analysis
that could be provided by other use cases in the “Work Ezecution” theme.
We call attention to this important research gap so that future work in BIM
visualization can try to explore the latent synergies between these many use

cases.
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3.5.4
Energy Analysis

Today’s governments face environmental pressure from several factors:
global warming studies, increasing costs of fossil fuels, elevated pollution in
large metropolis, among others. This general public concern combined with
ever stricter regulations is forcing construction companies to improve their
practice. As described in Subsection 3.4.2, the last 5 years have shown a
growing trend in sustainable building design using BIM. Also known as Green
Building, this practice promotes environmentally responsible and resource-
efficient processes throughout a building’s life-cycle [Zuo & Zhao, 2014].

A major concern is the efficient use of energy resources throughout de-
sign, construction and, mainly, operation. Governments around the world have
created certificates systems to promote and award efficient buildings [Pérez-
Lombard et al., 2009]. An example is the Leadership in Energy and Environ-
mental Design (LEED) rating system in the US [Azhar et al., 2011]. Another
benefit of energy-efficient design is the resulting cost savings during operation
phase [Council, 2008]. This scenario has sparked the interest in the combined
use of BIM with energy performance simulation systems [Crawley et al., 2008].

Several factors can influence a building’s energy use, for example: physical
characteristics of materials, size and placement of windows, and layout of air-
conditioning equipment. Building Information Modeling can aggregate all these
information within its detailed 3D CAD model. This virtual representation is
then used for diverse physical simulations to analyze heat propagation, wind
flows, ambient lighting, among others. These studies can be performed still
in design stage to improve building materials and equipment layout prior to
construction. During operation phase, the simulations can help understanding

actual consumption and guide efficiency-focused renovation plans.

3.5.4.1
Visualizations

Figure 3.14 shows that the overwhelming majority of “Energy Analysis”
information is displayed using a Chart view. The second most frequent view
is 2D CAD, followed by the 3D CAD view in last place. This is very different
from previously analyzed use cases, where 3D CAD and Chart views shared
the highest ranks. As described in this section, we suppose this is mainly due

to the specific nature of energy-related information.
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(a) Line Chart [He et al., 2009].

Indoor air temperature (°C)  Sensible cooling load (kW)
o

Index number Analytical construction Visual lighting Solar heat gain Thermal resistance-
transmittance coefficient R(hft? °F)/BTU
0 1/8 in Pilkington single glazing 0.9 0.86 0.8466
1 1/4 in Pilkington single glazing 0.9 0.86 0.8473
2 3/8 in Pilkington single glazing 0.88 081 08478
3 1/2 in Pilkington single glazing 0.88 081 0.9096
4 Double glazing - 1/4 in thick-bluegreen/low-E (e=0.05) 0.45 027 28573
5 Double glazing - 1/4 in thick - clear/low-E (e =0.1) 0.45 039 2.8573
6 Double glazing - 1/4 in thick - clear/low-E (e =0.2) 0.45 0.45 28573
7 Double glazing - 1/4 in thick - gray/low-E (e=0.05) 0.35 0.24 2.8573
8 Double glazing - 1/4 in thick - gray/low-E {e=0.1) 037 034 28573
9 Double glazing - 1/4 in thick - gray/low-E (e=0.2) 0.37 039 2.8573
10 Double glazing - 1/4 in thick - greenflow-E (e = 0.05) 06 031 28573
1 Double glazing - 1/4 in thick - green/low-E ( 1) 0.61 0.36 2.8573
12 Double glazing - 1/4 in thick - greenflow-E (e =0.2) 0.61 0.41 28573
13 Double glazing - 1/4 in thick - low-E/clear (e =0.05) 0.7 03 2.8573
14 Double glazing - 1/8 in thick - clear/low-E (e =0.1) 0.57 0.48 28573
15 Double glazing - 1/8 in thick - clear/low-E (e =0.2) 0.58 0.57 2.8573
16 Double glazing - 1/8 in thick - low-E/clear (e =0.05) 0.72 0.41 28573
17 Single glazing SC=0.2 0.08 019 0.8473
18 Single glazing SC=0.4 03 039 0.8473
19 Single glazing SC=0.6 0.76 06 1.1803
20 Single glazing SC=0.8 0.88 081 1.1803

(b) Table [Rahmani Asl et al., 2015].
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(c) Bar Chart [Jeong et al., 2016].
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(d) Component Highlight [Gerrish et al., 2017].

Figure 3.15: Examples of the top 4 visualizations in “Energy Analysis”
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The top visualization technique, Line Chart, plots curves to indicate
simulated energy use or actual sensor readings over time (Figure 3.15a).
Typically, the color Channel distinguishes the curves of different sensors or
building components. Displaying the variation of continuous data as a time
series is a well-known and intuitive visualization technique [Hochheiser &
Shneiderman, 2004; Javed et al., 2010]. The predominance of quantitative
information also leads to the high use of Bar Charts (Figure 3.15¢). These are
also a widely-established mechanism to display and compare different numeric
values [Talbot et al., 2014; Wehrend & Lewis, 1990]. Many other kinds of charts
are used for these same purposes: Sankey Diagrams, Stacked Bar Charts, Heat
Maps, and Scatter Plots.

Looking at the right of Figure 3.14, we see a great diversity of categorical
and quantitative and information. Note how the Table visualization relates to
almost all of them: it is very easy to simply present all these data in tabular
form (Figure 3.15b). This has the negative side-effect of overwhelming the user
with too much information.

Only a few research combine Charts with 2D /3D spatial views. Typically,
a 2D CAD view accompanies numeric plots to present Component Highlights
(Figure 3.15d). Curiously, this view is preferred to the 3D CAD representation.
We observed typical applications concerned with individual floors of a building.
In this case, a 2D representation made it easier to color-code different rooms
in order to display ambient measurements and energy use.

Table 3.4 summarizes the visualizations employed in “Energy Analysis”.
We can conclude that this use case brings a rather unique set of visualization
challenges. The main information is quantitative in nature and understanding
their change over time is one of the main user tasks. This is probably the
principal reason why Chart views are so popular: many established techniques
already meet these demands. Linked 2D CAD views are then only employed to
provide associated geometry highlights. Nevertheless, displaying quantitative
information within a 2D/3D CAD view could facilitate understanding of root
causes affecting building energy performance. Therefore, we suggest future
work to evaluate the possible benefits of scientific visualization techniques
within Building Information Models [Brodlie et al., 2012; Haber & McNabb,
1990].
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Table 3.4: Overview of visualization applications in “Energy Analysis”. Rows
are ordered by frequency of use.

Visualization View Information Types Reviewed Work

Abdelalim et al. [2017], Gerrish et al.

Scope (item, technical), [2017], He et al. [2009], Jeong et al. [2016],
Line Chart Chart  Sustainability (use), Kim et al. [2015], Oti et al. [2016], and
Facility (sensor) Shalabi & Turkan [2017]

Scope (item, quantity,

technical), Sustainability McGlinn et al. [2017], Oti et al. [2016], and

Table Chart ;

(use, metric), Facility Rahmani Asl et al. [2015]

(sensor)

Scope (item), Abdelalim et al. [2017], Jeong et al. [2016],
Bar Chart Char Sustainability (use), Kam et al. [2003], and McGlinn et al. [2017]

Facility (sensor, work log)

Scope (item), Abdelalim et al. [2017] and Gerrish et al.
Component Highlight 2D CAD  Sustainability (ambient, 2017]

emission, use)

Scope (item), Facility Shalabi & Turkan [2017] and Wu & Chang
Hierarchy Chart (sensor), Sustainability 2013]

(metric)

Scope (item),
Sankey Diagram Chart Sustainability (use), Abdelalim et al. [2017]

Facility (sensor)

Stacked Bar Chart ~ Chart :Z‘;f;éjgﬁt)v (o) Gerrish et al. [2017]

Heat Map Chart Sustainability (use) Gerrish et al. [2017]

Scatter Plot Chart Quality (inconsistency) Gerrish et al. [2017]

Spatial Region 3D CAD Sustainability (ambient) Kam et al. [2003]
3.5.5

Maintenance Management

One of the main activities during “Operation” is maintaining a facility’s
physical integrity. Structures suffer continuous degradation from exposure to
elements. Depending on climate conditions, different materials may corrode
or fracture more easily. Hydraulic, mechanical and electronic systems lose
efficiency and tend to malfunction over time.

It is the responsibility of the facility manager to keep track of current
health and remaining lifespan of its building. These professionals employ
several different maintenance management strategies [Garg & Deshmukh,
2006]. Each has varying task and data requirements, as well as different
implementation costs.

Reactive maintenance is the simplest form, where components are used
until the point of failure. It keeps routine maintenance costs low, but can

severely increase operational costs in the long run. Preventive maintenance
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is the most common: periodic interventions are planned to keep components
functioning. With the increasing adoption of building automation systems,
it is now possible to monitor the health of critical equipment in real time.
This enables Predictive maintenance schemes, where computer models and
algorithms can predict failures based on observed behavior. Another similar
strategy is Proactive maintenance, which focuses on improved operation to

minimize the root causes of wear and tear.

3.5.5.1
Visualizations

Figure 3.16 describes how Building Information Modeling is being used
for these various maintenance strategies. Information are visualized mainly
with 3D CAD and Chart views, with a few exceptions using the 2D CAD
view. This distribution is very similar to the ones observed in previous use
cases, except for “Energy Analysis”.

Within the 3D CAD view, the main visualization technique is Annota-
tion (Figure 3.17a). It conveys three major types of information: maintenance-
related problems, sensor-related readings, and component-related specifica-
tions. These data are typically displayed using texts over the 3D components.
Regrettably, BIM applications tend to display too much textual information
in this manner, overwhelming the user’s perception. Only a minority of infor-
mation is visualized with other Marks and Channels such as icons and glyphs
of varying shapes and colors. The former can be adequately used to convey
categorical information, while the latter can also be employed for quantitative
data. Future BIM research should look into using more of these visual effects
to lower cognitive load in complex scenarios. For more details on Annotation
and glyph-based visualization, see our analysis in Subsection 3.5.1.

As with previous use cases, Chart views concentrate mainly on Tables
(Figure 3.17b). BIM applications seem to employ these whenever many differ-
ent kinds of information need to be inspected at the same time. Researchers
typically combine these with Component Highlights within 2D or 3D CAD
views (Figure 3.17c). These provide spatial context for each information while
also promoting richer visual analysis of data properties and relationships.

Schematic Diagrams are a form of Chart view that is used solely in
“Maintenance Management” (Figure 3.17d). This visualization combines sev-
eral Marks and Channels to display a graph-like structure of facility com-
ponents. Texts and icons convey sensor ID and type, lines show automation

dependencies, and glyphs indicate problem-related information.
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(a) Annotation [Patacas et al., 2016].

Maintenance information attached

"

BEMS Element Status True
BEMS ID TAB-015
CMMS ID TABI3
Location 1733
Maintenance Cost 10.9
Maintenance Type HVAC
Model Number CFR Size 1018
(OmniClass Number 23.75.70.21.24.14
OmniClass Title Variable Volume Air Terminal Units
PM Maintenance Tasks Energy Recovery Ventilator: Inspect Air Filters
Previous Maintenance Description  Night call- ERU1 off in Alarm Low Limit- Craig
Previous Maintenance Number WA06951
B Serial Number 012209118523
g Served Space Studio 15 Room 1733
= | _— Type Terminal Air Box
Type Name Size 2 - 12 inch inlet
‘Warrenty Date 7/14/2010
VAV Material Steel
Temperature 15.55555555557
e A L -

(b) Table [Shalabi & Turkan, 2017].

[—

1 Adjust
[ Replace
[ Repair

[ Replace L PM_|
|_PM |

(c) Component Highlight [Yang & Ergan, 2016].

= . . Smoke al il :
67.12F Nommal " Nowaar 67.02F Nomal " Nowar 6712F Nommal " Normal "

Option 3A Option 3B Option 3C

(d) Schematic Diagram [Yang & Ergan, 2016].

Figure 3.17: Examples of the top 4 visualizations in “Maintenance Manage-
ment”.
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Identifying problems, tracking their root causes and estimating their
consequences are all activities that require a deep understanding of logical
relationships among facility components. Schematic Diagrams can convey these
kinds of information in a direct and intuitive manner [Kim et al., 2010].
Moreover, facility managers are already familiar with these representations
from supervisory systems [Boyer, 2009]. If physically locating a particular
component is necessary, they can be linked to 3D CAD view for a more
integrated analysis.

Figure 3.16 also indicates a few maintenance-related applications during
“Design” phases. These research used Spatial Region and Physical Entity
visualizations within the 3D CAD model. The first adds semi-transparent 3D
geometries to indicate maintenance accessibility areas. The second adds 3D
representations of field workers to evaluate the designed maintenance routes.
Both strategies enrich the 3D CAD model to evaluate overall maintainability
of installations. This brings the critical view of the facility manager to
designers, who can then improve facility layout to avoid later maintenance
issues, improving whole-life costs.

Table 3.5 summarizes the visualizations employed in “Maintenance Man-
agement”. In conclusion, we have found these techniques to be quite similar
to “Clash Detection”. Both use Annotations and Component Highlights over
the 3D CAD model to call attention to issues related to facility components.
At the same time, “Maintenance Management” employs unique views such as
Schematic Diagrams to improve understanding of causes and effects of prob-
lems. The current use case is also similar to “Energy Analysis”: both need to
investigate quantitative measurements from sensors. However, BIM applica-
tions for maintenance simply show these information as text within Tables or
Annotations. We refer to our analysis in the previous use case for recommen-
dations on how to improve this paradigm. As mentioned in Subsection 3.4.1,
future work could also adapt schedule analysis tools to bring the benefits of

virtual construction planning to virtual maintenance planning.
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Table 3.5: Overview of visualization applications in “Maintenance Manage-
ment”. Rows are ordered by frequency of use.

Visualization View Information Types Reviewed Work

Scope (item, technical), Patacas et al. [2016] and Yang & Ergan
Annotation 2D/3D CAD  Facility (degradation, [2016]

problem, sensor)

Scope (item, technical), Hallberg & Tarandi [2011], Shalabi &
Table Chart Facility (problem, sensor, Turkan [2017), and Wang et al. [2013a)]

work log)

Scope (item), Facility Hallberg & Tarandi [2011], Liu & Issa
Component Highlight 2D/3D CAD (degradation, problem, [2014], Shalabi & Turkan [2017], Williams

sensor), Schedule (task), et al. [2014], and Yang & Ergan [2016]

Quality (inconsistency)
Scope (item), Facility

Schematic Diagram  Chart Yang & Ergan [2016]

(sensor, problem)
Schedule (task), Quality

Spatial Region 3D CAD (inconsistency), Facility Liu & Issa [2014] and Wang et al. [2013D]
(work log)

Hierarchy Chart Scope (item) Hallberg & Tarandi [2011]

Physical Entity 3D CAD Facility (work log) Wang et al. [2013b]

3.5.6
Summary of Findings

Figure 3.18 displays a general overview of the preceding analysis. We have
identified Chart and 3D CAD views as the most common means of visualizing
information in the analyzed BIM use cases. Recurring Chart visualizations
include Tables, Gantt, Hierarchies, Time-Distance, Bar, and Line. Schedule
information was effectively visualized using Gantt Charts and Time-Distance
Diagrams. Hierarchies was adequately used as linked views to provide context-
sensitive information. Line and Bar Charts were also associated with a 2D/3D
view to display quantitative data. We found that the abundance of Tables
can overwhelm the user with too much textual information. Instead, BIM
applications should always strive to display facility data visually, preferably
using 2D or 3D CAD views.

Within the 3D CAD view, the majority of BIM information was presented
with Visibility Animation, Annotations, Highlight Animation, and Component
Highlight. Annotations and Component Highlights were adequately used to
call attention to problems and design inconsistencies. However, Visibility and
Highlight Animations should be avoided for not making evident important
schedule issues. These techniques make it harder to understand task durations,
sequencing, and spatio-temporal simultaneity. We observed that some analysis
were hampered by too much visual clutter and occlusion, yet almost no research

tackled these issues.
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We also identified possible visualization improvements related to specific
use cases. For example, “Clash Detection” and “Maintenance Management”
techniques could automatically call attention to problems and inconsistencies.
In addition, Task Scheduling and Progress Tracking could employ context-
preserving continuous animations. Moreover, Energy Analysis could benefit
from scientific visualizations of physical simulations and sensor data within
the 3D CAD model. Finally, Maintenance Management could explore already-

developed schedule visualizations to enable virtual maintenance planning.

3.6
Proposed Design Guidelines

In Table 3.6, we suggest overall design principles for future research
in Building Information Modeling. Each guideline focuses on specific issues
observed in the preceding literature review. These recommendations were
motivated by best practices from the visualization community.

Prefer graphical displays over text. Tables are a popular means of
presenting various types of information in BIM. However, too much textual
information can overwhelm the user, impairing his understanding and judge-
ment. Researchers have long acknowledged the benefits of presenting informa-
tion graphically [Borkin et al., 2013; Gibson, 1950; Tufte, 1983; Ware, 2004].
These studies have shown that human perception can process visual informa-
tion faster and more accurately than other means. Adequate visualizations can
bring forth important characteristics of the underlying dataset and help the
user conduct his analysis [Bertini et al., 2011; Few, 2009; Keim, 2002; Keim et
al., 2006; Yi et al., 2007]. For these reasons, future BIM research should refrain
from tables if the information could otherwise be presented graphically.

Employ 2D /3D CAD views whenever possible. Building Informa-
tion Modeling promotes the use of 3D CAD models as a central database of
facility and project-related information. This integrated environment becomes
a natural platform for engineers and project managers to conduct their anal-
ysis. Many use cases require the identification and correlation of information
with building components and spatial regions. For example, accurate and re-
liable work planning need to consider spatio-temporal simultaneity to avoid
workspace conflicts in the job site. Overall, 2D/3D CAD views can help the
users in browsing for relevant data, understanding causes of problems, and
evaluating their effects on surrounding physical areas [Cockburn & McKenzie,
2002; Haining, 2003; Huk, 2006; Kraak & Ormeling, 2013]. Therefore, BIM sys-
tems should always employ the virtual CAD model either to directly display

information or to provide spatial highlights from other linked views.
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Make better use of coordinated multiple views. Only about
half of previous work that make use of Charts also displays information
within a spatial view, such as the 3D CAD model. Furthermore, many
research do not take advantage of linking and brushing between these views.
Visualization literature has already demonstrated the benefits of coordinating
multiple views [Boton et al., 2012, 2011; Fredrikson et al., 2003; Keefe et al.,
2009; Kehrer & Hauser, 2013; North & Shneiderman, 2000; Roberts, 2007;
Wang Baldonado et al., 2000]. This scheme takes advantage of specialized
visualizations to highlight different aspects of the same underlying dataset.
We recommend future research in BIM to better exploit these interactions to
improve analysis throughout a facility’s life cycle.

Call attention to features of interest. Large-scale construction
projects involve lots of information associated with complex 3D CAD mod-
els. Existing BIM software still require the user to manually browse through
these datasets in search of relevant attributes and/or inconsistencies. Future
solutions should evolve into expert systems that could intelligently aid engi-
neers [Durkin & Durkin, 1998; Liao, 2005]. In this scenario, visualization would
play a major role in automatically calling attention to features of interest dur-
ing exploratory analysis [Lamberti & Wallace, 1990; Mackinlay et al., 2007].
For example, focus+context techniques could highlight important 3D geome-
tries while preserving their spatial relationships [Bjork et al., 1999; Bjork &
Redstrom, 2000; Ellis & Dix, 2007; Qu et al., 2009; Shneiderman, 1996].

Reduce visual clutter and occlusion in 3D CAD views. In com-
plex 3D CAD models, it is often difficult to distinguish individual components
and judge spatial relationships. The visualization community has already
developed many techniques that could help overcome these issues. Feature
distinction can be improved by outlines [Cole & Finkelstein, 2010; Isenberg
et al., 2003], tone mapping [Drago et al., 2003; Krawczyk et al., 2005; Reinhard
et al., 2002, and luminance enhancement [Kleffner & Ramachandran, 1992;
Luft et al., 2006; Tai & Inanici, 2012]. Richer illumination models can also
improve perception: ambient occlusion [Shanmugam & Arikan, 2007; Tarini
et al., 2006] and real-time shadows [Barroso & Celes, 2007; Govindaraju
et al., 2003; Wyman et al., 2015]. To reduce visual clutter, visualizations can
aggregate uninteresting details [Chang et al., 2007; Elmqvist & Fekete, 2010]
or replace them with simpler abstract representations [Glander & Dollner,
2009; Semmo et al., 2012]. Magic lenses can filter unwanted details in areas of
interest [Kruger et al., 2006; Tominski et al., 2017; Trapp et al., 2008]. Simi-

lar techniques can also overcome 3D occlusion issues [Elmqvist & Tsigas, 2008].
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Use continuous animations to preserve context. Since early days,
Building Information Modeling has been applied to virtual construction plan-
ning. In this use case, 4D visualizations have been developed to illustrate
construction sequences within 3D CAD models. Traditional implementations,
however, rely on discrete Visibility animations that fail to make evident
important planning characteristics. It is impossible to overview the entire
schedule since parts of the 3D model that correspond to future tasks remain
hidden. Moreover, activity durations must be inferred from the length of
time that corresponding geometries are colored as “in-progress”. Similarly,
predecessor /successor relationships are not directly obvious and must be
derived by the visual sequence of appearing geometries. Visualization research
have suggested that animations should be implemented as continuous visual
transformations [Heer & Robertson, 2007; Robertson et al., 2008|. This scheme
helps the user keep track of state transitions and brings his attention towards
objects of interest in the scene [Bartram & Ware, 2002; Healey & Enns, 2012].

Take advantage of scientific visualization. Physical simulations
play an important part in Building Information Modeling. Finite-element
methods (FEM) evaluate mechanical and structural characteristics of a facility.
Computational-fluid dynamics (CFD) predict the flow of air to understand
cooling/heat propagation. Additionally, modern facilities are equipped with
sensors that provide real-time measurements of ambient temperature and
energy consumption, among others. These large amounts of quantitative data
are all associated with 3D CAD geometries and/or spatial regions. Scientific
visualization research have already developed several techniques to analyze
these kinds of datasets [Brodlie et al., 2012; Nielson et al., 1997; Wong &
Bergeron, 1994]. Meanwhile, many BIM applications still rely on tables, charts,
and plots for such analysis. Future solutions could make better use of the
suggested visualizations to improve facility design and operation.

Choose adequate color schemes depending on data types. Colors
can be a powerful mechanism to call the user’s attention to geometries of
interest. Studies on human perception have determined that colors are useful in
either labeling categories or mapping quantitative data [Few, 2009; Silva et al.,
2011; Tufte, 1983; Ware, 2004]. We have observed that some BIM applications
mix these, displaying both qualitative and quantitative information with the
same color scheme. One example are Highlight Animations that encode task
execution status together with task delay amounts. Future work should take
care in choosing an adequate color scheme and applying it for separate data
types [Bergman et al., 1995; Harrower & Brewer, 2003; Healey, 1996; Zhou &
Hansen, 2016].
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Table 3.6: Proposed design guidelines based on the visualization issues observed
in current BIM applications.

Issue

Guideline

Related Work

Abundance of textual

displays

Lack of spatial

context

Unrelated abstract

and spatial views

Laborious exploratory

analysis

Complex 3D CAD

models

Animations as

discrete snapshots

No spatial display of

physical simulations

Inadequate color
coding within 2D /3D

views

Prefer graphical

displays over text

Employ 2D/3D CAD
views whenever

possible

Make better use of
coordinated multiple

views

Call attention to

features of interest

Reduce visual clutter
and occlusion in 3D
CAD views

Use continuous
animations to

preserve context

Take advantage of

scientific visualization

Choose adequate
color schemes

depending on data
types

Bertini et al. [2011], Borkin et al. [2013],
Few [2009], Gibson [1950], Keim [2002],
Keim et al. [2006], Tufte [1983], Ware
[2004], and Yi et al. [2007]

Cockburn & McKenzie [2002], Haining
[2003], Huk [2006], and Kraak & Ormeling
2013)]

Boton et al. [2012, 2011], Fredrikson et al.
[2003], Keefe et al. [2009], Kehrer & Hauser
[2013], North & Shneiderman [2000],
Roberts [2007], and Wang Baldonado et al.
2000]

Bjork et al. [1999], Bjork & Redstrom
[2000], Durkin & Durkin [1998], Ellis & Dix
[2007], Lamberti & Wallace [1990], Liao
[2005], Mackinlay et al. [2007], Qu et al.
[2009], and Shneiderman [1996]

Barroso & Celes [2007], Chang et al. [2007],
Cole & Finkelstein [2010], Drago et al.
[2003], Elmqvist & Fekete [2010], Elmqvist
& Tsigas [2008], Glander & Déllner [2009],
Govindaraju et al. [2003], Isenberg et al.
[2003], Kleffner & Ramachandran [1992],
Krawczyk et al. [2005], Kruger et al. [2006],
Luft et al. [2006], Reinhard et al. [2002],
Semmo et al. [2012], Shanmugam & Arikan
[2007], Tai & Inanici [2012], Tarini et al.
[2006], Tominski et al. [2017], Trapp et al.
[2008], and Wyman et al. [2015]

Bartram & Ware [2002], Healey & Enns
[2012], Heer & Robertson [2007], and
Robertson et al. [2008]

Brodlie et al. [2012], Nielson et al. [1997],
and Wong & Bergeron [1994]

Bergman et al. [1995], Few [2009], Harrower
& Brewer [2003], Healey [1996], Silva et al.

[2011], Tufte [1983], Ware [2004], and Zhou
& Hansen [2016]
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CasCADe Visualization System

Throughout the years, different visualization techniques have been ap-
plied to improve analysis and decision making over BIM models [Ding et al.,
2014]. These virtual designs can be enhanced with 4D visualizations (3D +
time) for virtual construction planning. Engineers can easily identify, analyze
and communicate problems regarding spatio-temporal aspects of construction
processes. More accurate and reliable plans consequently reduce waste and
improve productivity.

Despite all these potential benefits, BIM-based 4D visualization systems
are yet to be widely adopted in real-world AEC projects [Howell & Batcheler,
2003; Miettinen & Paavola, 2014]. This can be traced back to limitations in
the analytical features provided by existing solutions [Heesom & Mahdjoubi,
2004]. They typically follow the same principal logic: a discrete Visibility
Animation where 3D objects appear over time according to their construction
sequence [Mahalingam et al., 2010]. This limits the visual analysis to individual
snapshots of the entire construction plan. Additionally, task durations and
inter-dependencies are not evident and must be inferred from the animation
sequence. Typical scheduling problems such as spatio-temporal simultaneity
are also not immediately apparent.

This chapter presents CasCADe, a novel 4D visualization system that
aims to improve upon these previous approaches. We first present a list of
the main design requirements for 4D construction schedule analysis based
on the consultation of experienced AEC professionals. Motivated by the
shortcomings in previous research, we present our second contribution: the
design of CasCADe’s visualization framework. Its core concept is to map
time information as a spatial dimension to create an effect of cascading
equipment in a 3D exploded view (Figure 4.1). This unique environment brings
several advantages over existing approaches. A general overview of the entire
construction plan is now always available: at any moment, it is possible to
glance upwards or downwards to identify future or past activities. Moreover,
relative 3D positioning intuitively indicate tasks that occur simultaneously and
physically near each other. We also describe several analytical tools developed

to highlight spatio-temporal issues in the construction schedule.
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Figure 4.1: CasCADe’s unique 4D visualization combines the intuitive task
sequencing from PERT /Gantt charts with the spatial awareness conveyed by
3D CAD models to bring forth problems and inconsistencies in engineering
construction schedules.

CasCADe was collaboratively designed and evaluated by AEC profession-
als using the real-world construction schedule of an Oil & Gas process plant.
We describe how it helped the experts identify and understand several issues
in this large-scale engineering project. The results of this study motivated the
oil company to improve its work processes for future enterprises. We believe
the proposed framework opens-up new opportunities for visualization research
in the AEC industry.

4.1
Related Work

Collier & Fischer [1995] conducted one of the earliest research on 4D CAD
visualization in the AEC industry. The article implemented the already de-
scribed Visibility Animation: 3D objects appear over time to indicate their fab-
rication and assembly sequence (see Subsection 3.5.2). Many research followed
this approach to facilitate the generation of construction schedules [Adjei-Kumi
& Retik, 1997; Fischer & Aalami, 1996] and link them with 3D models [Aouad,
1999; McKinney et al., 1998, 1996]. The following subsections highlight other

visualization schemes closely related to CasCADe’s approach.
4.1.1
Work Space, Site Utilization and Safety

4D CAD visualizations support planning construction site layout and oc-

cupancy. Physical areas can be automatically identified from schedule data [Ak-
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inci et al., 2002] to manage spatial conflicts on the job site [Guo, 2002; Liapi,
2003] and to highlight safety risks during construction works [Zhou et al.,
2012b]. Semi-transparent volumes and color maps are the most common visu-

alizations techniques to classify these regions of space in 3D CAD models.

4.1.2
Coordinated Multiple Views

To facilitate analysis of diverse construction information, coordinated
multiple views are associated with the 4D CAD model to display context-
sensitive data for resource allocation [Chau et al., 2004; Jongeling & Olofsson,
2007] and cost management [Tanyer & Aouad, 2005]. Examples include hi-
erarchies, line-of-balance diagrams, data tables and time series plots, as well
as frameworks to arrange multiple views according to the needs of different
users [Boton et al., 2013; Boton et al., 2011; Froese, 2010; Kubicki et al.,
2007].

4.1.3
Abstract Graphical Overlays

Lean construction methods focus on visual management to improve
collaboration between multi-disciplinary teams [Arayici et al., 2011]. Following
these principles, 4D CAD visualizations have been enhanced with symbolic
representations as abstract graphic overlays to convey work flow, resource
demand, and construction status [Sacks et al., 2009] or to call attention to high-
risk activities [Hartmann et al., 2012]. Similar works explored user annotations
to highlight construction issues within the 3D CAD model [McKinney et al.,
1998].

4.1.4
Exploded Views

Previous researches have demonstrated the usefulness of exploded views
to convey spatio-temporal relationships between components of interest. Appli-
cations range from visually exploring volumetric datasets [Bruckner & Groller,
2006], examining equipment assemblies [Li et al., 2008], and navigating through
architectural models [Niederauer et al., 2003]. Other works have also explored
this concept for assembly planning of complex mechanical parts [Da Xu et al.,
2012; Driskill & Cohen, 1995].
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4.1.5
Space-Time Cube

Time-geographical studies have proposed a 4D visualization technique
named the space-time cube. It allows for spatio-temporal analysis of events
on maps [Kristensson et al., 2009; Miller, 2005] and other applications in
general [Bach et al., 2014]. A typical use case is to trace 4D event trajectories
as lines [Gatalsky et al., 2004] or stacked color-mapped bands [Tominski et
al., 2012]. Another goal is to identify clustering patterns through heat maps
and 3D plots [Kwan & Lee, 2004], or proportional symbols and volumetric
rendering [Nakaya & Yano, 2010].

4.1.6
Limitations of Previous Approaches

As already noted in Subsection 3.5.2, Visibility Animations bring several

limitations to virtual construction planning:

— Schedule overview is not practical since at any given time parts of the

3D model that correspond to future tasks remain hidden;

— Activity duration is not apparent and must be derived by the length of

time that corresponding 3D objects remain “in-progress”;

— Predecessor and successor relationships are not directly presented and

must be inferred by the sequence of appearing geometries;

— Spatio-temporal simultaneity is not evident, making it difficult to avoid

workspace conflicts in the construction site;

Unlike these traditional animations, CasCADe explores the concept of
mapping time as a spatial dimension. Previous researches have studied this
approach in exploded views and the space-time cube. CasCADe differs from
these by focusing on the detailed analysis of individual events at fixed locations
over extended periods of time. Instead of looking for overall trends and
patterns, its analytical functions are designed to make evident fine-grained
characteristics and relationships, such as event durations, inter-dependencies,

and spatio-temporal overlaps.

4.2
Designing CasCADe

This section describes CasCADe’s development methodology and identi-

fies the main requirements for 4D construction schedule analysis.
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4.2.1
User-Centered Methodology

CasCADe’s development followed a user-centered design methodology:
domain experts were involved from the beginning in requirements analysis,
throughout implementation and testing [Sedlmair et al., 2012]. This research
is part of an ongoing partnership with a major oil company, whose profession-
als work closely with academic researchers using real-world datasets. Three
collaborators were involved: (1) Schedule specialist with 15 years of experi-
ence (industrial engineer); (2) Field inspector with 9 years of experience (civil
engineer); (3) Piping and equipment specialist with 11 years of experience
(mechanical engineer). They participated in regular review sessions in an iter-
ative design and implementation process. These meetings were fundamental to
better understand user tasks and collect design suggestions through informal
interviews. This feedback guided the concurrent development of CasCADe’s

visualization framework and analytical functions.

4.2.2
Task and Data Requirements

Engineering construction schedules contain diverse types of planning
information. Some are numerical quantities, such as work durations, which
can be displayed using color mapping. Others define categories, like assemblies
that belong to the critical path. These can be made evident by highlighting
their corresponding physical entity. In addition, schedule data can be related
to different kinds of physical support, i.e. individual geometries or spatial
regions. These requirements were classified by task and data type to help select
appropriate visualization techniques [Keim, 2002].

Table 4.1 specifies the main design requirements for analyzing construc-
tion schedules with 4D visualizations. The first two use cases consist in acquir-
ing a general understanding of the construction plan and determining which
activities need to be further inspected. The AEC professionals typically spend
more time in use cases 3-5, where they carefully examine prioritized assemblies
and validate their constructability. Note that this order matches the visual-
information seeking mantra of overview first, zoom and filter, then details
on demand [Shneiderman, 1996]. Section 4.4 further explains these user tasks
and relates them to the analytical features implemented in CasCADe. This
non-exhaustive list presents only the fundamental requirements found in past

literature, as supplemented by the three interviewed AEC professionals.
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The last two columns compare the requirements met by CasCADe’s
visualization with traditional approaches from related work. Note that existing
solutions only partially satisfy use cases 1, 4, 5, and 7. Moreover, several
requirements are only satisfied by separate individual systems, as indicated
by the elevated number of white dots (cire). No single solution provides a
wide array of analysis functions. These two observations lead to the conclusion
that previous research focused more on broadening the scope of application of
4D visualizations than on improving elementary schedule analysis capabilities.

Unlike these approaches, CasCADe was designed to tackle the more fun-
damental use cases 1 through 5. These mainly determine whether a construc-
tion schedule will be feasible in practice. CasCADe’s goal is to provide a single
feature-rich information visualization in two ways: (i) by supporting a wider
variety of user tasks in the same 4D environment; and (ii) by providing more
than one visual technique to simultaneously display temporal information (e.g.
graphical overlays and color-coding). This strategy facilitates metadata corre-

lation and promotes a broader understanding of the underlying plans.

4.3
Proposed Visualization Framework

This section describes the main concepts behind CasCADe’s visualization

framework.

43.1
Background Concepts

Traditional approaches to construction planning focus only on temporal
aspects through Gantt charts and PERT network diagrams. These 2D views
do not capture the spatial aspects necessary to create a truly executable
construction plan. Recent research proposed many enhancements to these
environments: graphical overlays, links and highlights for relationships, and
comparison between multiple schedules [Tory et al., 2013]. For future work,
the authors suggested extending their approach to 3D CAD models.

Parallel to this, studies on BIM have demonstrated many benefits in in-
tegrating and presenting non-spatial information within 3D CAD models [Koo
& Fischer, 2000; Nielsen & Erdogan, 2004; Staub-French & Khanzode, 2007].
These systems improve communication and collaboration between specialist
teams [Bouchlaghem et al., 2005; Mahalingam et al., 2010]. This is likely be-
cause the 3D environment explores the domain expert’s cognitive memory to
identify components of interest and relate them with surroundings [Gibson,
1950; Healey & Enns, 2012; Kleffner & Ramachandran, 1992].
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Figure 4.2: The proposed cascading visualization enables an overview of the
entire schedule (a) and highlights future construction works (b).

4.3.2
Cascading Visualization

CasCADe introduces a 4D visualization framework that uniquely com-
bines the main features of 2D and 3D environments. Its main principle is to
use one of the 3D CAD model’s spatial coordinates to present time, similar to
PERT/Gantt charts. Geometries are translated vertically along the z-azis ac-
cording to the finish dates of corresponding schedule tasks (Figure 4.2a). This
way, the remaining z and y coordinates preserve crucial information about
each activity’s location at the job site.

All geometries, regardless of their original elevations in the 3D CAD
model, are mapped along the z-azis using the same frame of reference: a hori-
zontal plane, located at the bottom of the vertical time axis, which represents
the “current reference date”. This avoids any ambiguity when visually relating

nearby geometries in the 4D environment. The final z coordinate of each object
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is computed using the following equations:

(FinishDate,s, — Curr Date)
(LastDate,; — CurrDate)

Zobj - Zplane + * Sizeplot (4—1)

LastDatepr = CurrDate + Count pnierval ¥ Daysterval (4-2)

These equations perform a linear mapping of the task’s finish date
(FinishDatey,s)) against the currently available time range (LastDatep,: —
CurrDate). If the fractional term is greater than 1.0, the task lies above
the vertical time axis (Figure 4.2b). The user can change the current date
(CurrDate) and adjust the plot area to handle any time scale: days, weeks,
months or years (DaysSrniervar); how much far ahead in time to examine
(Countntervar); and the vertical size in scene units (Sizepy,:). The plot can
also be translated vertically (Zane), away from the scene’s visual clutter.

The choice of axis to plot time should reflect the main characteristics
of the underlying 3D CAD model. For an Oil & Gas plant, the horizontal
plane still preserve crucial positioning information to illustrate assembly
locations. Depending on the type and physical layout of the facility, the
visualization could use other axis combinations to plot time while preserving
spatial locations. Similar to traditional exploded views, multiple cascading
reference frames could be used simultaneously to illustrate assembly sequencing

of complex parts.

4.4
Analytical Features of the CasCADe System

Table 4.2 enumerates the analytical functions implemented within Cas-
CADe’s visualization framework. Different use cases and tasks from Subsec-
tion 4.2.2 guided the design of each set of tools, as well as recommendations
from previous research [Castronovo et al., 2014]. The following subsections de-
scribe which problem-solving tasks are facilitated by these functionalities and

compares them with related techniques from the literature.

441
Overview Schedule

The AEC professionals typically begin schedule review sessions by cross-
checking recently completed activities and verifying the remaining construction
sequence. The 3D perspective camera in the proposed visualization frame-
work can introduce difficulties in visually correlating geometries in time and
space [Shneiderman, 2003]. To prevent this, the system provides projection
aids to identify task finish dates (Figure 4.5a) and locations on the job site
(Figure 4.5Db).
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Previous work suggested animations can be used to attract attention,
engage the user and provide a narrative context that facilitate learning [Heer
& Robertson, 2007; Robertson et al., 1993]. Following these precepts, Cas-
CADe implements an animation to enhance perception of time evolution and
task sequencing (Figure 4.3). As simulation progresses, the system translates
downwards schedule-related objects, one step closer to the horizontal reference
plane. Geometries that cross this boundary are automatically positioned at
their target locations in the 3D CAD model.

4.4.2
Prioritize Tasks

Given the size and scope of a construction schedule, the engineering
experts need to prioritize detailed activity analysis. This requires looking for
discrepancies and anomalies in the temporal metadata associated to each
3D CAD component. CasCADe color-codes geometries to call the user’s
attention to these inconsistencies (Figure 4.4a). Colors are useful in labeling
categories and mapping quantitative data [Tory & Moller, 2004; Ware, 2004].
Researches have also shown the importance of choosing adequate mapping
schemes [Bergman et al., 1995; Healey, 1996; Silva et al., 2011]. In CasCADe,
the user is free to choose any schedule metadata to be presented using one of
its many configurable palettes [Chang et al., 2009; Harrower & Brewer, 2003].

The engineering collaborators requested the ability to create a customized
metric associated with the color mapping. Their motivation was that individ-
ual attributes may not indicate certain kinds of inconsistencies. Therefore,
CasCADe allows for a custom mathematical formula to be input in a text box
using pre-defined symbols and constants. This unique functionality opens up
the possibility of different kinds of analysis, such as: estimating probability of
delays, leveling resources between simultaneous activities, comparing planned
vs actual work execution, measuring costs vs productivity.

After selecting activities of interest, the user can activate focus+context
shortcuts for more detailed inspection [Yi et al., 2007]. As shown in Figure 4.4b,
focused geometries are highlighted with colored contours while context is
provided by surrounding semi-transparent geometries. When color-coding is
active, double-clicking on one of the legend’s colors automatically focuses
the camera on related geometries and sets the remainder of the scene as
transparent. The user can also quickly toggle visibility of non-selected activities
as a means to reduce visual clutter [Ellis & Dix, 2007]. Note these effects are

not possible in traditional Visibility /Highlight animations.
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Figure 4.3: Sequential snapshots of CasCADe’s 4D animation.
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Figure 4.4: Techniques for identifying and focusing on activities of interest: (a)
color-coding highlights schedule discrepancies; (b) focus+context shortcuts use
transparency to bring forth occluded geometries.

4.4.3
Examine Metadata

During detailed analysis, the AEC professionals inspect quantitative
data associated with each construction task. They look for inconsistencies on
start and finish dates, durations and other attributes. Usually, problems are
identified by cross-checking different fields over different activities. Therefore,
the visualization must be able to simultaneously present diverse characteristics
of the underlying schedule.

A typical approach in BIM has been to implement coordinated multiple
views (Subsection 4.1.2). The visualization literature has studied this technique
extensively with great success [Keefe et al., 2009; Kehrer & Hauser, 2013; North
& Shneiderman, 2000; Roberts, 2007; Wang Baldonado et al., 2000]. It supports
exploratory analysis through the simultaneous display of different aspects
of the same underlying dataset. CasCADe takes a fundamentally opposite

approach to achieve the same goal. As described in Section 4.3, the proposed
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framework combines multiple types of visualizations into a single 4D view.
This simplifies the users’ visual analysis tasks by focusing their attention on a
single display where data correlations are immediately evident. This approach
is similar to multi-layered visualizations in geographical information systems
(GIS) [Dykes et al., 2005; Wood et al., 2007].

Many of CasCADe’s analytical functions can be activated simultaneously
to present different metadata over the 3D CAD model [Few, 2009]. The
cascading view and visual projection aids make evident finish dates and task
sequencing. Additional linked views display the product hierarchy and schedule
metadata in tabular form. These attributes can also be shown directly over
each 3D geometry using texts, numbers and symbols. On top of that, different
temporal information can determine the geometries’ color-coding. Finally,

semi-transparent volumes indicate activity durations, similar to 3D bar charts.

444
Inspect Relationships

Construction schedules inherently contain many kinds of relationships be-
tween activities, e.g., predecessors/successors that indicate hard dependencies
between construction works. Another example is the critical path: activities
that cannot be delayed without impacting the final project deadline. A third
type of correlation between activities is seldom explored: the physical and func-
tional inter-connections between facility components. This information is cru-
cial to determine the most effective assembly sequencing to anticipate testing
of subsystems. Although these three examples are fundamental in a construc-
tion schedule, the majority of existing 4D CAD solutions fail to appropriately
support their analysis (Subsection 4.1.6).

CasCADe fills this gap by graphically representing relationships between
construction works. It preserves geometries from past and future activities al-
ways visible. The system draws colored highlights and links between 3D com-
ponents according to different types of relationships: predecessors/successors,
critical path or plant operating system (Figure 4.5¢). This design explores the
user’s familiarity with traditional 2D time visualizations, e.g. Gantt charts
and PERT networks. Other researches have also explored this representation
to display both 2D and 3D graphs [Becker et al., 1995; Herman et al., 2000;
Shiravi et al., 2012; Ware & Mitchell, 2008].
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Figure 4.5: Examples of visual tools for detailed task analysis: (a) horizontal
lines distinguish nearby finish dates; (b) overlay texts present contextual infor-
mation and vertical lines display assembly locations; (c) linked views convey
additional schedule information while green/blue highlights and links iden-
tify predecessor/successor relationships; (d) semi-transparent volumes indicate
task durations, occupied areas and workspace conflicts (in red).
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4.4.5
Plan Site Layout

A reliable and executable plan also needs to consider the handling of
facility components at the job site. Physical areas need to be prepared and
isolated in order to adequately and safely conduct programmed activities. For
example, falsework may need to be installed to provide access to hard-to-each
places, while heavy machinery may be required to move large components.
In addition, pre-fabricated materials are often gathered in the area to reduce
logistics delays. Consequently, the AEC collaborators emphasized the need
to identify occupied work spaces and any spatio-temporal conflicts between
simultaneous activities.

CasCADe uses semi-transparent volumes to indicate work areas, like
previous BIM research (Subsection 4.1.1). However, the proposed visualization
framework enables an enhanced visual representation of these areas over time.
Each 3D workspace volume is stretched along the vertical time dimension (z-
azis), according to the activity’s start and finish dates. The resulting “4D
envelope” conveys two important pieces of information: the space occupied
by each activity and its duration in time. This functionality also enables the
automatic identification of scheduling conflicts through 3D collision detection.
Robotics research has long explored a similar approach to plan the motion of
machines [Cameron, 1990; Tang, 2014]. Many real-time algorithms have been
proposed to detect collisions in interactive graphics applications [Hubbard,
1995; Jiménez et al., 2001; Klosowski et al., 1998]. CasCADe implements a
bounding-volume hierarchy to quickly identify overlapping workspace volumes
and highlight them in red for the user (see Figure 4.5d).

4.5
Implementation

CasCADe is a multi-platform Windows/Linux application developed in
C++ using GCC/MinGW. The user interface is implemented with the Qt
framework and rendering uses OpenGL. The rendering pipeline takes advan-
tage of geometry instancing to achieve sufficient performance for large 3D
CAD scenes [Santos & Celes Filho, 2014]. The graphics engine initially imple-
mented the order-independent transparency (OIT) algorithm from [McGuire
& Bavoil, 2013]. However, the users found it hard to distinguish between over-
lapping geometries. The depth complexity of 3D CAD models still presents
a great challenge in maintaining visual quality with OIT techniques [Everitt,
2001; Wyman, 2016; Yang et al., 2010]. Moreover, the oil company discarded a

solution based on ray tracing due to the costs in hardware necessary to render
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large-scale and dynamic 3D CAD scenes in real time [Wald et al., 2017, 2014].

4.6
User Evaluation

The collaborators evaluated CasCADe using the real-world construction
plans of an existing Oil & Gas process plant. Subcontractors defined the
schedule, while the owner company supervised task planning and execution.
The schedule contained 646 construction tasks, among which 127 corresponded
to equipment assembly in the field. Throughout the design and implementation
of CasCADe, the company conducted schedule review sessions to identify

problems and inconsistencies in this construction plan [Isenberg et al., 2013].
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Figure 4.6: CasCADe made evident schedule uncertainties: (a) many parallel
assemblies with unusually high durations; (b) these assemblies (blue bars)
would compete for resources with the critical path (in red).
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4.6.1
Schedule Uncertainties

The first step was to review the overall construction schedule and its
critical path. Figure 4.6a exemplifies how the developed visualizations were
applied. The professionals repeatedly found cases where a large number of
construction works with long durations were programmed to be executed in
parallel. This high degree of uncertainty would create conflicts in resource
allocation (e.g. materials and crew).

The 4D visualization also exposed another problem: the tasks did not
belong to the critical path of the construction schedule (Figure 4.6b). It would
be a great challenge to meet the simultaneous demands of both the critical
path and those other assemblies. In these cases, a more sequential scheduling,
considering the available work crews, could minimize temporal overlap and

increase assembly productivity and reduce storage costs.
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Figure 4.7: Example of workspace conflict found by the engineering collabora-
tors: (a) simultaneous scheduling of two vessels is made evident by overlapping
geometries and volumes (in red); (b) safety risks would prevent execution of
these activities on floors above one another.
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4.6.2
Workspace Conflicts

During the review sessions, CasCADe helped the engineering collabora-
tors to find several workspace conflicts in the equipment assembly plan. Fig-
ure 4.7a presents one of the situations identified automatically by the software.
In this particular case, one of the assemblies would start one month after the
other and both would finish at the same time.

In this case, the projection aids proved to be useful in checking the final
assembly location of each equipment. As indicated in Figure 4.7b, one of the
geometries would be built on the floor above the other. The engineers noted
that this would demand the isolation of the entire area for safety concerns. If
this conflict was not observed prior to task execution, it could lead to high-
risks for construction workers on the floor below. A new assembly sequence

could avoid idle teams and unused materials that would be left in the job site.

4.6.3
Custom Risk Metric

During real-world construction works, subcontractors regularly adjust
the schedule according to task progress and unforeseen problems. The owner
company must oversee these changes to avoid any new inconsistencies in the
construction plan. The collaborators used CasCADe’s custom-metric feature
to conduct a visually guided risk analysis. Their goal was to determine which
assemblies had the higher probability vs impact of compromising the schedule.
Special attention would then be dedicated to analyzing the constructability
of these activities. The following equation presents the metric devised by the

experts to identify critical construction works:

(Numppea + 1) * Durationpgse * (Numgy. + 1)

Float tree x v/ Floatiore + 1

In Equation 4-3, the dividend combines the delay probability of a

Priority = (4-3)

particular task with its impact on the overall enterprise. The probability
is given by two measures: number of predecessors (Numy..q) and baseline
duration (Durationy.s.). The higher the number of predecessors, the higher
the chance of an assembly being delayed by a previous one. Similarly, large
durations correspond to complex and/or uncertain activities that are more
likely to face unforeseen problems. The impact is quantified by the number
of successors of a given task (Numg,.): how many pending works would be

negatively affected by any delays.
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The divisor mitigates the overall metric by the task’s free float (Float f,..)
and total float (Floatiea). The free float represents the amount of time that
a task can be delayed without affecting any of its successors, whereas the total
float indicates the maximum delay that would not affect the project’s final
deadline. Because of its impact on the overall schedule, the total float is given
higher importance by a square root operation. Smaller float values correspond
to lower error margins, thus increasing the overall risk metric.

Applying Equation 4-3 in the developed 4D visualization highlighted
one heat exchanger in particular, as shown in red in Figure 4.8a. Compared
to similar equipment throughout the plant, there is no justification for its
excessively long assembly duration. This brought additional evidence of the
lack of detail in the schedule devised by the subcontractors. Different assembly
tasks corresponding to equipment of the same kind were planned to last
anywhere from 9 up to 110 days. This level of variability and uncertainty
would make it nearly impossible to accurately manage resources and logistics
in the job site.

The metric also identified the construction of the plant’s stack as a “high-
risk” activity. It was properly scheduled to start assembly before its connecting
furnaces, which were related as predecessors/successors in the construction
plan. However, the 4D visualization indicated an overlap between the stack
and furnace assemblies (see Figure 4.8b). In this situation, the furnaces would
arrive at the construction site while the area was still restricted by the stack’s
construction works, resulting in delays and increased storage costs. Using the
operating system highlight of our 4D visualization, it was possible to verify

which other equipment could be impacted by this problem.

4.7
User Feedback

Throughout this research, the collaborating engineers provided valuable
design guidelines and feedback. Afterwards, we conducted an interview with
a series of open-ended questions on three themes: (1) What were the main
benefits and limitations of the proposed 4D visualization? (2) Which analysis
tools worked best and which needed improvement? (3) What other kinds of
schedule revision tasks should be supported?

Overall, the experts demonstrated a high degree of satisfaction with
CasCADe, often highlighting the intuitive perception of task sequencing and
their locations on the job site. They also praised the ease to analyze diverse
time information in the same view using different visual effects. One standout

functionality was the focus+context navigation shortcuts, which quickly high-
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Figure 4.8: The collaborators used CasCADe’s customized metric to color-
code high-priority activities: (a) heat exchanger in red with unusually long
duration; (b) workspace conflict between the process plant’s stack (red) and
its two adjacent furnaces (green).

lighted and moved the camera towards geometries of interest. All participants
deemed fundamental the ability to customize the visualization by toggling ef-
fects and editing the color-coding metric.

Some participants had difficulty in navigating through the 3D environ-
ment and requested additional camera shortcuts; for instance, for switching
the point of view between plotted geometries and their final assembly loca-
tions. Another improvement would be to consolidate the many visualization
options into predefined templates geared towards different kinds of analysis.
For future work, the domain experts suggested the visualization of additional
construction information such as workforce and materials, and the ability to
compare two schedules in order to investigate alternative plans and follow work

execution.
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5
Future Research Directions

Throughout this thesis, we have identified many opportunities for future
work. This chapter compiles related topics into themes to guide both BIM and
VIS practictioners in their next endeavours.

Exploring synergies among use cases. Some BIM use cases directly
affect one other, creating the need for inter-dependent analysis. For instance,
planned activity durations (“Task Scheduling”) are heavily influenced by
the size of their work crew (“Resource Management”), both of which will
determine overall project costs (“Cost Management”). Future work could
integrate these different task and data requirements within a more intelligent
BIM visualization system. We have also found a relative lack of applications
across “Work Ezecution” use cases. This is another opportunity for BIM
and VIS pratictioners to explore latent synergies among related areas of
application.

Extending use cases to other life cycle phases. Management
strategies such as Integrated Project Delivery (IPD) highlight the cost-benefit
of anticipating change to early project life cycle [Guide, 2007; Lu et al., 2015].
According to our review, several BIM-based analysis from “Work Planning”
and “Facility Management” could also be performed in design phases. Future
research could also investigate how to increase BIM adoption across the entire
operation phase. In particular, we have identified an opportunity of reusing
existing “Work Planning” and “Work Ezecution” solutions in later phases,
such as: “Commissioning, As-Built and Handover”, “Asset Management and
Facility Maintenance”, and “Decommissioning and Major Re-Programming”.
Finally, applications of “Sustainability Analysis” could be expanded to all life
cycle phases. We suggest looking into the construction phase, where very few
research have explored so far.

Evolving CasCADe’s visualization framework. A more rigorous
and systematic HCI methodology could evaluate the proposed visualization
to identify possibilities for improvement. In addition, new order-independent
transparency algorithms could robustly handle the high depth complexity of
3D CAD models (Section 4.5). These techniques could even automatically

highlight features of interest, similar to rendering of volumetric datasets [Vi-
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ola et al., 2005]. Moreover, Subsection 4.2.2 suggests additional use cases that
could be explored by future works. In particular, developing analytical fea-
tures to compare construction schedules should bring interesting visualization
challenges. Finally, future work could explore the applicability of the proposed
spatio-temporal framework in other domains besides engineering/construction.

Improving current visualizations. Future research could follow one
or more of the proposed design guidelines from Section 3.6. These could
be implemented in existing BIM systems or developed in new visualization
applications. We suggest conducting formal evaluations of the benefits of these
changes, if possible with real-world case studies [Freitas et al., 2002; Plaisant
& Catherine, 2004; Sedlmair et al., 2012; Zuk et al., 2006].

Generalizing visualization frameworks. Some BIM use cases share
similar task and data requirements. For example: “Site Layout Planning”,
“Logistics Planning” and “Space Management”. The three are concerned with
improving space utilization, either in the construction site or in the built
facility. Future research could map these similarities and propose a single
visualization framework to meet the demands of many use cases. Another
example is the need to compare equivalent BIM datasets for alternative designs,
alternative work plans, or alternative risk contingency plans [Andrienko et
al., 2003]. This scenario should bring interesting visualization challenges in
exploratory visual analysis [Cooper & Podgorny, 1976; Gleicher et al., 2011].

Additional review analysis. Future studies could perform additional
analysis of the results from our systematic literature review. One idea is to
study the synergies among reviewed articles through graph visualizations.
These could indicate which use cases area explored simultaneously in the
same work. Another possibility would be to employ statistical methods to
find hidden correlations between the 4 proposed classification taxonomies.
Moreover, plotting the use of individual visualization techniques over time
could highlight converging trends in BIM research.

Future literature reviews. The systematic method applied in the
current review enables other researchers to reproduce our findings in the future.
The authors could compare new results with our conclusions in order to assess
the evolution of visualization in BIM. We also suggest comparing our analysis
of current practice with new research in conceptual BIM frameworks. This
could assess if emerging techniques are being directed to the right problems.
Finally, the proposed classification framework can serve as a basis for other
literature reviews across both BIM and/or VIS fields.
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Conclusions

This thesis described the findings of a systematic literature review of
information visualization in Building Information Modeling (BIM). The review
summarized research results using a novel classification made of 4 taxonomies:
Life Cycle Phases, Use Cases, Information and Data Types, and Visualizations.
This framework enabled a critical analysis of visualization techniques employed
in practical applications of BIM. Based on this study, we proposed a set of
design guidelines for new and improved approaches.

Motivated by these observations, we presented another contribution:
the design of an innovative 4D visualization system named CasCADe. The
developed visualization framework maps time as a spatial dimension to create
an effect of cascading geometries in a 3D exploded view. This creates an
intuitive environment similar to PERT /Gantt charts where general overview,
task sequencing, and spatio-temporal simultaneity are immediately evident.
We also described how its analytical tools are assembled into an information-
rich visualization for virtual construction planning.

Engineering collaborators used CasCADe to review the real-world con-
struction plans of an Oil & Gas process plant. The system brought forth un-
certainties from the lack of predecessor/successor relationships and tasks with
excessively long durations. Overall, CasCADe identified both large-scale issues
related to task detailing and sequencing and small-scale ones pertaining to
work-space conflicts and constructability. The results motivated the oil com-
pany to improve its work processes and to apply the solution on its next
enterprise.

BIM research has shown many potential benefits of information visual-
ization for managing large-scale engineering projects. Our work has aimed to
improve the effectiveness of these techniques following best practices from VIS
literature. We expect research interest in Building Information Modeling to
continue to grow for many years to come. We hope this thesis contributes to
its industry adoption while also raising awareness to interesting new challenges
for the visualization community. Greater cooperation between BIM and VIS

practitioners should lead to exciting new results in the future.
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