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ARTICLE INFO ABSTRACT

As Building Information Modeling evolves into becoming the central mean for coordinating project design and
planning activities, we notice a few limitations/opportunities in the way current BIM tools address the needs for
integrated design, collaboration and analysis (the initial objective of BIM). First, substantial communications and
interactions about the design exist outside the BIM environment — typically in e-mail formats. This may cause
distractions, delays to the project, and could waste valuable knowledge (contained in these interactions).
Second, the need of engaging end-users and their keen interest in selecting “green” features. Professionals can
develop different designs that achieve varying levels of energy conservation, but these will always require
changes based on usage patterns. So, it is important that end-users are involved in the design process early on to
make sure that they receive adequate information/ education before they make decisions. This is the nature of
limitations that we try to address in this research. This paper builds around the design and development of an
online system, named Green2.0 that tries to leverage advancements in Building Information Models (BIM), en-
ergy-efficiency simulation tools, and online social network analysis methods to enable a data-driven approach to
building planning, construction and maintenance. Fundamentally, it allows participants (end-users or profes-
sionals) to comment and share views about building designs. Social network analysis and semantic modeling
tools are then used to extract information from these interactions. At the same time, it connects BIM to energy
analysis software to allow users to select different products from a catalog and assess the impact of each on
energy consumption. The platform aims to advance the current state of the art by bringing about a fundamental
shift in the way that AEC professionals, end-users and public policy makers work together throughout a buil-
ding's lifecycle. Designed as an open platform, it provides access to information that enables researchers and
practitioners to build new, more efficient theories and methods of building design. The premise of our work is
that by providing new insights into the building design process it is likely to have a profound beneficial effect for
both AEC professionals and the society at large.
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1. Introduction

As the world is experiencing a period of extreme urbanization,
professionals and researchers of the AEC (Architectural,
Engineering & Construction) industry, as well as, public policy makers
are challenged by the increasing complexity and need to improve our
understanding of the social, technical and business dimensions of green
building design. Green building design (or sustainable building design)
refers to the process of designing buildings (or other facilities) that are
environmentally responsible and resource-efficient throughout a buil-
ding's life-cycle [23]. This typically requires close cooperation of the
design team, the architects, the engineers, and the rest of the

” Corresponding author.

stakeholders (clients, manufacturers, contractors) at all project stages.
However, current common practice assumes that semantic building
model information is typically not existing or not available online (i.e.,
it lies in local repositories and is typically accessible through proprie-
tary stand-alone desktop software). Moreover, sharing of building
project information is either not feasible or done in a way or at a level
that is considered inadequate and inefficient, such as through email,
paper printouts or other traditional channels of information ex-
change [2]. Therefore, the scope of collaboration and analysis is typi-
cally still limited to single projects in isolation and valuable knowledge
about functioning of the various teams is lost in ad-hoc decentralized
and traditional forms of communication.
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Furthermore, green building design emphasizes the increasing role
of end-users in selecting green features. While the role of end-users is
especially important, their early engagement and education is required
to overcome adoption barriers [30,64]. As an example, professionals
might develop alternative designs that achieve varying levels of energy
conservation [24]. But, since these designs always require changes in
usage patterns, it is essential that end-users are engaged in the design
process early on and they receive adequate information/ education
before making decisions [19]. However, current common practice is to
perform energy efficiency simulations after the design stage. As such,
design-simulation iterations are slow and operate on disjoint models,
hampering sustainable design. Therefore, there is need for collaborative
design of BIM in an integrated environment — one that can engage not
only the professionals, but also non-expert end-users [27].

At the same time, the changing trends in the use of Web technolo-
gies that aim to enhance interconnectivity, interoperability and in-
formation sharing are transforming the way in which information is
accessed and disseminated online [15]. Most importantly, availability
of new standards, methods, tools and strategies that are enabled by
emerging technologies in the domain of AEC suggest new ways of
sharing and working with Building Information Models (BIM). De-
signing and developing services that provide a data-driven approach to
operate on building projects, is therefore, a global imperative and de-
fines a number of research and engineering challenges and opportu-
nities [9].

1.1. Aim and objectives

Our research aims to alleviate the aforementioned limitations of
building project design by advancing the state-of-the-art in two di-
mensions.

1.1.1. Managing interactions “around ” BIM.

We provide means to capture user input by integrating a com-
menting and annotation tool into BIM technology. Unlike existing tools,
the communication model proposed benchmarks social and information
network systems and is semantically rich. Recording and tracking
comments by all users (professional or non-experts) is coupled with a
full analysis of the resulting social and information network structure
and data, which allows to understand the social connections between
participating stakeholders and the dynamics of their communication. In
the era of the knowledge economy, these networks and user-generated
data constitute a rich source of creative ideas regarding design/opera-
tions plans. Indeed, this could provide the spark for a new realm in
innovation democratization and bottom-up decision making.

1.1.2. Linking BIM to sustainability analysis.

BIM models are large and complex-yet they currently have little
focus on green-oriented features. The solution is not just to expand IFC
(Industry Foundation Classes) to encapsulate all data related to green
design, as this would just compound the data management tasks.
Rather, establish a middleware that can loosely couple BIM and in-
dependent third-party building energy analysis software and libraries,
such as OpenStudio, without forcing a full merger. Such linkage will
make consideration of energy usage easy-allowing for an early-stage
and iterative consideration. The bridge developed between IFC and
third-party energy efficiency software is not meant to provide a 100%
accuracy in analysis (more fundamental and substantial rethinking of
product models is needed before that). Rather, we present a novel, easy,
scalable method to provide automated, fast and highly accurate means
to compare the energy performance of alternative designs and model
features. The aim is to provide adequate level of analysis with the end-
user as a main target (i.e. we want the end-user to be able to test/
compare the approximate energy performance of two or more alter-
natives to support their educated-input or decision making).
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1.2. Methodology and contributions

This paper builds around the design and development of an online
system, named Green2.0, that tries to leverage recent advancements in
building information models, energy-efficiency simulation tools, and
social network analysis methods for enabling online socio-technical
analysis of green buildings in an integrated environment[20,53]. In par-
ticular, Green2.0 brings about a fundamental shift in the way we in-
vestigate and assess green buildings at multiple fronts:

o Efficient BIM Management: It consists of an online BIM management

system that enables the efficient storage, indexing, querying and

visualization of BIM elements on the Web.

Online Sharing and Collaboration of BIM: It provides an integrated

environment for uploading, sharing and commenting on building

information models. That enables meaningful distributed online

communication and collaboration of researchers and professionals

of the AEC industry, but also non-expert end-users.

® Real-time Social Network Analytics: Mining and analysis of the col-
laboration data and information networks that become available in
the system can reveal interesting patterns of communication.
Visualization of these patterns in a meaningful way can help re-
searchers and professionals to identify, re-design and optimize
business processes, discover synergies, streamline the workflows of
different stakeholders, as well as, to optimize information flow be-
tween decision makers.

® On-demand Energy Efficiency Analysis: It provides an integrated on-
demand energy efficiency analysis for buildings that enables re-
searchers and professionals to better study and understand the
complexity of building sustainability, suggest alternatives of design
options, and develop new more efficient design processes.

® Monitoring of BIM-enabled Business Processes: It provides an in-
tegrated environment to analyze and improve industry performance
by monitoring, storing and visualizing business processes that occur
during the building design and collaboration procedures.

® A Sandbox for BIM Developers & Researchers: It provides to re-
searchers and third-party developers access (through a RESTful API)
to a repository of (i) building information models, (ii) BIM-related
communication and social analytics, (iii) Energy efficiency analysis
reports, (iv) BIM-related business processes.

Green2.0 takes BIM from the realm of a stand-alone proprietary
software into the realm of a socially-aware collaborative service for
decision making. We aim to give people (professionals and non-experts)
the controls of BIM software in order to suggest, choose, assess and
innovate new means to design, build and operate their facilities.

1.3. Paper organization

The rest of the paper is organized as follows. Section 2 discusses
background and related work. Section 3 provides an overview of the
system's functionality and high-level architecture. Section 4 presents
our approach for managing interactions between buildings and people
and our methods for analyzing the dynamics of information and col-
laboration networks. Section 5 presents a novel method for automating
the sustainability analysis of buildings within the context of BIM. Fi-
nally, a few extensions of this work are discussed in Section 6. We
discuss the significance and limitations of our work in Section 7 and
conclude in Section 8.

2. Background & related work

The impact of the AEC industry on the environment is substantial.
Manufacturing building materials account for 10% of global energy
usage; the operation phase produces at least 30% of all greenhouse gas
emissions; and, demolishing buildings is responsible for 40% of all solid
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waste [36,56]. Therefore, designing more sustainable buildings are of
vital societal importance. In addition, successfully engaging citizens in
early phases of building design decisions, and educating them about the
various design tradeoffs acts as a catalyst for embracing such buildings
in a community, ensuring their longer life. This paper subscribes to the
idea that the confluence of modular web services and a recent design
paradigm, called Building Information Modeling (BIM), provide the
means to reduce the energy footprint of the building life cycle.

2.1. BIM and the IFC model

A Building Information Model [18] is a digital representation of
physical and functional characteristics of a building project. Each object
in a real building is represented by an equivalent digital object in a BIM.
These objects are characterized by geometrical representations and
semantic and relational metadata. BIM software is used by profes-
sionals, businesses and government agencies who plan, design, con-
struct, operate and maintain diverse physical infrastructures. BIM is
often associated with the Industry Foundation Classes (IFC) model. The
IFC model specification is an open standard registered by ISO as an
official International Standard ISO 16739:2013. It is a platform-neutral,
object-based structured file format that is intended to describe building
and construction industry data. Contemporary BIM software provides
an option to export a BIM model to the IFC file format. A typical IFC file
consists of thousands of lines that adhere to the IFC model and can
consume hundreds of MBs, or sometime GBs in a hard drive. IFC plays
critical role in the design of Green2.0 architecture, as it offers inter-
operability among BIM models that have been developed using dif-
ferent BIM software. By sharing all information in one open format,
such as IFC, all building project actors can access relevant information
when they need so that everyone can work efficient together. We ela-
borate more on this issue in Section 3.

2.2. Managing interactions “around ” BIM

Within the field of architectural design, typical problems that are
encountered as a result of current manners of communication range
from the use of inappropriate media, a failure to interpret the asso-
ciated semantics and a limited effectiveness to the inability to reach the
right person [10,17]. In many cases, less optimal designs or even errors
are explicitly attributed to a lack of vertical communication, between
successive entities (within the project design and management supply
chain), and poor horizontal communication between individual team
members within the same entity [47].

Simultaneously, the advent of modern web technologies, such as
cloud computing, web services and the semantic web are generally
considered to have the potential to shape future online collaborative
environments [44,58]. This is equally expressed in the advent com-
mercial initiatives in the AEC industry’***. BIM carries potential to-
wards implementing more sustainable design construction and opera-
tion [52]. In particular, the need for comprehensive web-based tools
and integration of design, construction and facility management stages
as a crucial pillar to reduce carbon emissions is recognized [62]. The
BIM paradigm constitutes a shift from designs as collections of two-
dimensional sets of lines, into models in which buildings are re-
presented as machine readable knowledge models. This paves the way
for an automatic assessment of sustainability throughout the entire
design cycle [32]. In addition, the need to expose this in an online
context is ubiquitously recognized, evidenced by a body of RESTful
APIs, web-services and interlinked semantic web ontologies that help

1 http://www.bim360.com/.
2 https://bimsync.com/.

3 https://www.bimplus.net/.
4 https://flux.io/.
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information exchange across heterogeneous representations of building
data and disciplines [1,14,34,37,49,57]. Consequently, standards and
services are originating around BIM that enable a more collaborative
context [8]. Furthermore, it is recognized that the exposure of such
systems on the web enables more detailed analysis of stakeholder in-
teraction and the evaluation of design processes [2].

Moreover, researchers have developed models to analyze the net-
worked nature of project internal actors [16,55]. Others have con-
sidered the impact of project internal networks on the evolution of
project scope [59,63]. The most advanced approach is the proposal by
Chinowsky et al. [12] to model construction projects as social networks.
Van Herzele [61] found that inclusion of non-expert knowledge was
beneficial to the planning process given that the diversity of perspec-
tives (especially of those who are outside of the professional bubble)
can (re)discover creative solutions. In fact, citizen science often results
in superior solutions [40,41]. Further, such solutions are by default,
context-sensitive [13].

2.3. Linking BIM to sustainability analysis

BIM technology has been developed and promoted as means to in-
tegrate all information of building designs. However, it is overly fo-
cused on the traditional design of facilities, i.e. not green-oriented.
Designers and operators have to use an increasing set of heterogeneous
software systems to complement the missing features in BIM, facing
multitude of challenges in relation to interoperability and data in-
tegrity. With the increasing size and sophistication of BIM files and the
increasingly iterative development cycles, the burdens of transferring
data between software and the management of design changes is hin-
dering fuller analysis. Becerik-Gerber and Rice [6] found that the top
three BIM functions are visualization, clash detection, and creation of
as-built models. While most professionals believed that sustainability
analysis is of great importance, they didn’t consider it to be a priority of
the BIM agenda [11]. More alarming, researchers in green buildings
found that BIM-based energy management is still an immature do-
main [63]. More recently, the integration of sustainability assessment
and BIM has attracted attention [4,29,35,38,65]. However, these typi-
cally operate on specific sustainability measures, such as heat accu-
mulation due to lighting or placement of photo voltaic cells or provide
limited options to transfer the full semantics encapsulated in a building
information model.

Another body of research is directed at quantitative scoring me-
chanisms to evaluate building performance as a whole. Ilhan and
Yaman|[31] describe an approach in which output from BIM authoring
tools is enriched with a predefined set of manually assessed building
characteristics related to the BREEAM environmental assessment
method. Similar research has been conducted for other assessment
methods, such as LEED in Alwan et al. [3].

3. Green2.0 system overview

The system presented in this paper, named Green2.0, brings together
recent developments identified in the literature in order to advance
multi-disciplinary collaboration, socio-technical analysis, comprehen-
sive simulation and stakeholder participation in an integrated and
comprehensive web-based environment towards the goal of sustainable
building design. In this section, we present an overview of the system's
functionality and high-level architecture.

3.1. System functionality

Central to the system is the notion of a BIM project that a project
actor (user) can operate on. Green2.0 distinguishes between two types
of BIM projects —owned and shared. A user can either be the owner of a
BIM project or can be an invitee— invited by an owner to join a project.
The two types of users define different authorization policies and
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control access to resources. Actors participating in projects are assigned
roles (e.g., architect and engineer). There are two ways of assigning
roles to actors in Green2.0. The most popular way is to assign one of the
popular AEC industry roles, coming from an AEC domain ontology [22].
To add flexibility and accommodate ad hoc roles of participation in a
project, the system allows owners of the project to assign user-defined
roles, in the form of free textual tags, a practice commonly seen in
Web2.0 services.

As an owner, a user has unrestricted access to the projects she owns.
The main functionality of the system is described below and a flowchart
is provided in Fig. 2:

Creating/editing/deleting BIM projects. The IFC format of the BIM
project needs to be uploaded to the service from a local computer.
Most popular BIM software (e.g., Bentley AECOsim Building
Designer, ArchiCAD, Tekla Structures, Autodesk Revit, Synchro
PRO, VectorWorks) provides an interface to export a BIM model to
an IFC file (typically having file extension “.ifc”).

Exploring & Interacting with BIM. Once a BIM model is uploaded to
the system, a user can visualize it as a 3D model. The 3D model is
interactive, allowing the user to zoom in/out and rotate the model in
any direction. Moreover, the user can select a specific BIM element,
and explore its properties. The navigation is supported by a tree-like
textual hierarchical view (see Fig. 1).

Sharing BIM Projects and Collaboration. A user can share a project
with other users and start collaborating by participating in discus-
sions about BIM elements (see Fig. 1). User feedback allows project
owners to update the model in a timely manner and look for further
feedback. The outcome of this iterative refinement process is in-
creased coordination due to easy retrieval of information, speed of
delivery and reduced costs, therefore improved overall productivity.
Performing Ad Hoc Sustainability Analysis. A user can interact with
the building by substituting specific BIM elements with alternatives
that are available in an interactive inventory. One can also perform
ad hoc energy analysis and obtain a detailed report of the energy
efficiency of the building in relation to the alternative designs.
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Monitoring Activity and Trends. A user can monitor the collaboration
activity and participate as required. A user interface is provided that
essentially turns data coming from various sources of interactions
into useful information that is summarized and visualized into a
dashboard. Furthermore, trending discussions and useful network
insights are visualized that can reveal interesting patterns of com-
munication, therefore enhancing monitoring capabilities and better
supporting decision making.

As an invitee, a user has limited access to the projects owned by
other users including viewing, exploring and interacting with a shared
BIM, participating in a discussion and monitoring the social activity
around a shared project.

3.2. System high-level architecture

Green2.0 has been designed and deployed following a software
delivery model known as Software-as-a-Service (SaaS) [60]. Con-
forming to this model, a single centrally hosted version of the appli-
cation is deployed, with a single configuration (hardware, network,
operating system) and users of the system typically access the software
using a thin client (i.e., web browser), through a web-based user in-
terface. The SaaS model overcomes many limitations that constrain
traditional software use, deployment, and evolution and as the software
is globally accessible online, collaboration among users becomes easier.
In addition, the SaaS model is a suitable model for supporting in-
tegration with third-party protocols and application programming in-
terfaces (APIs), making it easier to combine data, presentation and
functionality from multiple services (e.g., cloud services).

In order to better facilitate the SaaS model, the high-level archi-
tecture of Green2.0 is consisting of a number of loosely coupled in-
dependent components. Software components emphasize the separa-
tion of concerns in respect of the wide-ranging functionality available
throughout Green2.0. Fig. 3 illustrates the components and how they
relate to each other. In particular, three components are presented:

Projects X
Tree-view BIM 3D BIM
Exploration Panel Exploration Panel
Tree Types Layers Classifications Properties 3D Project Revisions Browse Log

@ Basic Wall:Exterior - Brick on Block:143478 ®

@B 1

@B P 2 S

Comments Sort by | ID || Ascending |
From Moein Hosseini at 2015-08-07 03:04:47 AM
[Warning] @Ariel: Did you design any part of this wall as a shear wall?
From Raghav Grover at 2015-08-07 06:00:17 AM
[Unknown] @ Ariel | don't see any beams or columns in this building. Are all the walls structural elements made of concrete? . .
Discussion

From Ariel Li at 2015-08-07 06:16:39 AM Panel
[info] | am not the designer of this model... But given that there aren't any columns and beams, | think the walls are concrete shear walls.

Fig. 1. BIM exploration & interaction in Green2.0. A user can explore elements through the 3D visualization (upper right pane) or the textual tree-hierarchy (upper left pane). Once an

element is selected, comments can be submitted (bottom pane).
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Fig. 2. Flowchart depicting the collaboration, thermal analysis and network analysis workflows in Green2.0.

e Green2.0 BIM Management (Blue). components, as well as, implementation details, interchange protocols
® Green2.0 MVC (Green). and programming challenges.
e Green2.0 Modules (Orange).

) 3.2.1. Green2.0 MVC (Green)
In the next paragraphs, we analyze each of these components in The main part of the Green2.0 core infrastructure is a web service
more detail and present the architectural design of their programming that is based on a Model-View-Controller (MVC) web architecture[42].

BIM BIM Social BIM Green In & Business Process RESTful API

Module

Communication Network Analytics Out Analysis Management
Module Module Module Module

Green2.0 MVC

I

}

}

}

I

- =S
|

|
|
|
|
| e | o
|
}
1
}
}
|
|
|
|

Core BIM Storage & Indexing
Infrastructure

Fig. 3. Green2.0 High-level Architecture. The core infrastructure consists of a web-based service (lower left or Green) that is tightly integrated with BIM open source technologies (lower
right or Blue). A number of modules are independently developed to support domain functionality (top or Orange). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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MVC is a popular software architectural pattern for implementing user
interfaces. It divides a given software application into three inter-
connected parts, so as to separate internal representations of informa-
tion from the ways that information is presented to or accepted from
the users. This component is responsible for managing all user inter-
actions and domain-specific functionality. It is also responsible for in-
tegrating the BIM open source technologies, and facilitating the com-
munication with the various independent components of the system.

3.2.2. Green2.0 BIM Management (Blue)

The most critical functionality of the Green2.0 platform's core in-
frastructure is the efficient management and visualization of BIM
models. Towards this end, Green2.0 relies on a number of tightly-knit
open source technologies:

BIM Storage & Indexing (BIMServer). The BIMServer [7] enables to
centralize the information of a building design project. The core of
the software is based on the open standard IFC (Industry Foundation
Classes) and therefore knows how to handle IFC data. The BIMserver
is not a fileserver, but uses the model-driven architecture approach.
This means that IFC data are interpreted by a core-object and stored
in an underlying database (BerkeleyDB®). The main advantage of
this approach is the possibility to query, merge and filter the BIM-
model and generate IFC files on the fly.

BIM Access Management (Service Interfaces). The Service Interfaces is
a set of defined interfaces for interaction with BIMserver. These
interfaces are defined as (heavily annotated) Java interfaces. All
interfaces with namespace org.buildingsmart.bimsiel are
implementations of the BIM Service Interface Exchange standard
(BIMsie®). All calls in the org.bimserver namespace are BIM-
Server specific calls. Green2.0 uses a JavaScript Object Notation
(JSON”) interface (one of the three available channels to access
BIMServer, along with SOAP and Protocol Buffers) to access the
methods of the Service Interfaces. The JSON interface is mainly
there to facilitate connecting to the BIMServer from web applica-
tions/web sites. An alternative way to access IFC elements stored in
BIMServer is offered by BimQL [46]. BimQL (BIM Query Language)
is an open, domain specific query language for Building Information
Models. The query language is intended for selecting and updating
data stored in IFC models and it is currently implemented on top of
the BIMServer. Green2.0 currently doesn’t support querying of a
BIM model through BimQL. However, the plugin is readily in-
tegrated to BIMServer, so it can probably be easily provided as a
service to professionals.

BIM Visualization (BIMSurfer). BIMSurfer® is an open source web-
based viewer for the visualization of BIM models described as IFC
models. It is based on WebGL’ (Web Graphics Library), a JavaScript
API for rendering interactive 3D and 2D computer graphics within
any compatible web browser without the use of plug-ins.

3.2.3. Green2.0 Modules (Orange)

The Green2.0 high-level system architecture emphasizes separating
the functionality of the system into independent, interchangeable
modules, such that each contains everything necessary to execute only
one aspect of the desired functionality. With modular programming,
concerns are separated such that modules perform logically discrete

S BerkeleyDB is a family of embedded key-value database libraries providing scalable
high-performance data management services to applications. The BerkeleyDB products
use simple function-call APIs for data access and management.

S https://buildingsmart.github.io/BIMSie/.

7 JavaScript Object Notation, is an open standard format that uses human-readable text
to transmit data objects consisting of attribute-value pairs. It is used primarily to transmit
data between a server and web application, as an alternative to XML.

8 http://bimsurfer.org.

© https://developer.mozilla.org/en-US/docs/Web/API/WebGL._API.
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functions, interacting through well-defined interfaces with the core
architecture. Currently, Green2.0 consists of the following modules:

e BIM Communication Module.

® BIM Social Network Analytics Module.
e BIM Green In & Out Module.

® Business Process Management Module.
e RESTful API Module.

We further elaborate on the functionality of these modules in the
rest of the paper.

4. Managing interactions “around ” BIM

The first objective of our work is the efficient management of the
various interactions that occur between BIM elements and people. In
principle, the system provides means of online communication and
collaboration of the various actors (engineers, owners, contractors, end-
users, etc.) around building design elements. But, it also provides the
means of structural and textual analysis of the underlying collaboration
networks and discussions. In addition, it offers the means of directly
interacting with the building model, substitute building elements to test
alternatives and perform energy analysis, all within an integrated en-
vironment. This section provides implementation details about the
modules that facilitate the management of these complex interactions.

4.1. BIM Communication Module

Green2.0 supports online communication and collaboration through
shared BIM models. In order to share a BIM online, it first needs to be
uploaded by its owner in the system, typically as an IFC file. Then, the
owner can share it by sending email invitations to known actors or by
browsing the user database seeking for experts to join the project. Once
users have access to a shared BIM model, they can use the 3D building
model visualization tool to navigate, explore, and select specific ele-
ments of the model (see Fig. 1). Once an element is selected, the various
element properties are listed that provide useful information to the
expert. The collaboration is facilitated by means of a rich comment
management tool that allows to submit, edit, delete, and filter com-
ments about selected BIM elements. The functionality is similar to that
found in an online discussion forum, with the exception that the dis-
cussion is domain-specific and thus domain-specific features are sup-
ported. To facilitate interoperability and support the openness of the
platform we made a decision to model comments so as to adhere to the
BIM Collaboration Format befXML-v1'°[8], an open standard that sup-
ports workflow communication in BIM processes. According to the
standard, comment types are one of info, error, warning or unknown (see
Fig. 4 (a)). A user can navigate comments in chronological order or
other semantic properties. Notifications are also available that inform
actors for new dialogues or updated conversations.

4.2. BIM Social Network Analytics Module

As various actors interact with building information models online,
large amounts of data become available to the system. This module is
responsible for the collection, storage, analysis and visualization of such
data in a meaningful way. Reporting real-time aggregate information
about BIM project activity is essential. Fig. 4 (a) and (b) shows ag-
gregate analytics about an example BIM project.

Social interactions that occur among the various actors (engineers,
owners, contractors, etc.) during collaboration processes consist valu-
able information for analysis [48]. Revealing interesting patterns of this
communication can further enrich user experience and support decision

10 http://www.buildingsmart-tech.org/specifications/bcf-releases/bcfxml-v1.
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Fig. 4. Example analytics in Green2.0. (a) Distribution of project comments by type according to the befXML-v1 open standard, (b) Distribution of project comments over time, (c) Example
project-level network (PN), (d) Visualization of trending discussions (element-level networks (EN)).

making [54]. The approach we follow is to define discussion networks
based on interactions of actors and building elements and perform
analysis on the underlying networks [28]. These networks can be de-
fined at many different levels of granularity. Aiming for a platform as
flexible and open as possible, we made the decision to define networks
at three different levels of operation:

e Element-level Networks (EN)
® Project-level Networks (PN)

65

® Cross-project-level Networks (CN)

For each of the operational level above, a graph G(V,E) is defined
comprising of a set of vertices V and a set of edges E. In the case of EN,
each node represents a user and each edge represents that two users
have contributed in a discussion thread about a specific building ele-
ment. Accordingly, in the case of PN, each node represents a user and
each edge represents that two users have contributed in discussion
threads of at least one common building element of a BIM project.
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Finally, in the case of CN, each node represents a user, and each edge
represents that two users have contributed in at least one discussion
thread of a shared project. It is easy to see that a user always represents
a node in the network, while the type of interaction between two users
defines the exact semantics of an edge in that network. For the various
definitions of a network (EN, PN, CN), a number of network insights are
possible, based on network analysis. For each network, Green2.0 reports
a number of important network structure measures, such as network
size, diameter, density and characteristic path length. Note that due to the
system's architecture, it is easy to plug-in more network measures to
meet the needs of the various actors of the AEC domain.

As mentioned earlier, this module is also responsible for the visua-
lization of the various networks. Fig. 4 (c) shows an example PN net-
work, while Fig. 4 (d) illustrates a number of EN networks about var-
ious elements of a specific project. See how a user can easily depict
trending discussions visually. For example, the element-network (EN)
representing BIM “Element 8” in Fig. 4 (d) is trending because there is a
lot of discussion going on around it, as depicted by the large size of the
network. A user can navigate there directly by means of selecting
(clicking on) the network. There is a number of ways to make the
network visualizations more informative. Nodes can be labeled with
user-specific information, such as the role that a user is assuming in the
discussion; edges can be labeled with properties, such as the time of
interaction or the frequency of interactions over a time period. Essen-
tially, Green2.0 informs about the network structure and BIM-related
semantics of network nodes and edges, then analysis can be performed
in a number of meaningful ways.

The BIM Social Network Analytics Module is possible due to in-
tegration with third-party network analysis libraries. In particular, the
NetworkX'' software package is used for the creation, manipulation,
and study of the structure, dynamics, and functions of complex net-
works. Our system exports instances of a network based on the various
definitions of a network (EN, PN, CN) and provides them as input to the
library. The library performs optimized computations and computes the
graph metrics, which are then communicated back to our system and
stored locally in the Green2.0 database. For network visualization
purposes, we employ the D3.js JavaScript library'?.

4.3. BIM Green In & Out Module

The second objective of our work is to allow users to examine en-
ergy performance of several design alternatives ahead of making deci-
sions. This is particularly important in educating them ahead of making
“green” choices. For this purpose the Green In& Out Module is in-
troduced. It provides a comparative energy analysis of building models
by interfacing with a third-party energy analysis tool, OpenStudio.
OpenStudioI Sisa cross-platform (Windows, Mac, and Linux) collection
of software tools to support whole building energy modeling using
EnergyPlus and advanced daylight analysis using Radiance. It is an
open source project to facilitate community development, extension,
and private sector adoption. Other software applications for energy
analysis, such as DesignBuilder, eQuest, and IES try to present a state-
of-the-art User Interface to users. However, these software applications
are commercial (proprietary). As a result, users are constrained by the
provided UI to make limited analyses. In contrast, OpenStudio is open-
source, cross-platform and cross-language. In addition, OpenStudio
provides a rapid development mode and open application programming
interface (API), which makes it highly extensible and customizable. All
of these aspects suggest OpenStudio as a suitable platform for sup-
porting the data exchange needs of building energy modeling in
Green2.0. In particular, the module provides the following end-user

11 https://networkx.github.io/.
12 http://d3js.org/.
13 http://openstudio.nrel.gov.
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functionality:

® Building Model Decomposition into Building Elements: The module
supports a detailed visualization of a building model as a decom-
position of elements that affect its energy behavior (see Fig. 5 (a)).

o Building Element Catalog: IFC is a relational data model in which
building elements (subtypes of IfcProduct) are related to type in-
formation that groups common traits of building elements of the
same class (subtypes of IfcTypeObject). As an example consider an
IfcWall, which can be related to an IfcWallType. The product type
tree, used for substitution, is built from subtypes of the
IfcTypeObject in the IFC file. Upon synchronizing the data with the
main platform, the IFC files are scanned for such instances and re-
corded in the local database. This way the types in a model become
available for substitution to all models in the Green2.0 database (see
Fig. 5 (b)).

® Building Element Substitution: The aim of the Green In & Out Module is
to provide a comparative energy analysis of alternative building
models. One key component of such a framework is to make as-
sessments on the performance of an individual building element in
relation to the complete building assembly. For example, an en-
gineer might want to assess multiple window systems for the same
building. In order to facilitate this, a building element substitution
API is presented that allows to locally replace building elements,
such as a window, with a comparable element (see Fig. 5 (a) and
().

® Sustainability Assessment of a Building: In order to support sustain-
ability analysis of alternative building designs in Green2.0, building
models need to be interpreted by software tools that support energy
modeling. The results of the analysis are presented to the user by
means of an HTML report (see Fig. 5 (d)).

The integration of OpenStudio into the platform is critical for the
Green2.0 In & Out Module. The main challenge is to map the information
represented in an IFC file to information that can be represented in an
OpenStudio Model (OSM) file [65]. A crucial difference between the
two formats is that IFC files describe a building as a decomposition of
individual components, which have one or more solid-volume geome-
trical representations and are enriched with semantic and relational
information. An OSM file describes the building from the viewpoint of
thermal zones and thin-walled space boundaries. Therefore, not only
does the information need to be encoded differently, the geometrical
information needs to undergo a translation process that flattens the
solid-volume geometry for space bounding elements (such as walls, roof
and floor slabs) into thin-walled thermal zone boundaries. Section 5
provides detailed description of this translation process that enables to
link IFC models to sustainability analysis libraries.

5. Linking BIM to sustainability analysis

One of the main objectives of the Green2.0 project is the parametric
analysis of the sustainability of alternative building designs. In the
system presented here, a quantitative approach is emphasized based on
simulation results directly obtained from the processed BIM model. As
such, alternatives for selected building components can be individually
evaluated in context of the overall building design while maintaining
that information is up-to-date and accurate. On the other hand, geo-
graphic and demographic considerations, such as public transport po-
licies, that are assessed in quantitative scoring approaches, such as
Ilhan and Yaman and Alwan et al.[3,31], are not the focal point of this
research.

There are a number of motives for building green, including en-
vironmental, economic, and social benefits. However, modern sustain-
ability initiatives call for an integrated and synergistic design approach
that integrates the building life-cycle with each green practice. The
goals of a green building are usually related to life-cycle assessment
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Fig. 5. The Green In & Out user interface. (a) A BIM model is loaded and model elements are nested under their relating type in the model tree, (b) A window element of the BIM model is
selected; alternative products (i.e., windows) are automatically listed, suitable for product substitution, (c) A transformation occurs to the original model, (d) A sustainability report is
generated for each model that enables comparative sustainability analysis of alternative designs.

(LCA), structure design efficiency, energy efficiency, water efficiency,
materials efficiency, indoor air quality, waste reduction. The essence of
green building is an optimization of one or more of these principles.

The focus of Green2.0 has been on energy efficiency and in particular,
thermal performance. For detailed thermal assessment of a building, a
representation of its Heating Ventilation and Air Conditioning (HVAC)
system is essential. However, the interpretation of these data in the IFC
models is not currently in place. Yet, when it comes to reliably pre-
dicting building energy uses, the configuration and functioning of the
HVAC system plays an important role [50].

When information flows between stakeholders in a construction
project these different actors have distinct modeling paradigms. For
successful communication one needs to transliterate into an idiomatic
representation of information native to the receiver. For the needs of
Green2.0 the main challenge is to map the information represented in
an IFC file to information that can be represented in an OpenStudio
Model (OSM) file [65]. For the case of thermal analysis in particular,
this means that the model needs to undergo some geometrical trans-
formations. The BIM model describes a building as a decomposition of
solid volumes, that needs to be translated into a watertight assembly of
thin-walled thermal zone boundaries [5]. In addition, classifications of
element types can be used to filter out irrelevant elements that do not
affect the thermal behavior of the system [51].

5.1. Prerequisites

The geometry in IFC has traditionally been known to be lower order
tessellated geometries, where semantically richer and more precise
models could have been more appropriate [25,33].

The abstract IfcRepresentation entity is the base for the
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majority of the typical three-dimensional view on a BIM model.
Relational meta-data can also be annotated with geometrical elements.
In the context of thermal simulation, most notably, this is reflected in
the concept of spaces boundaries IfcRelSpaceBoundary, which re-
late spaces to their bounding elements by means of a surface where the
two elements touch. Similarly, IfcRelConnectsPathElements can
be used to model how wall elements connect into closed loops.
However, space boundaries in general can be missing or inaccurately
defined [45].

IfcRepresentationItem has 124 subtypes in the IFC2 x3
schema. This creates a wide variety of constructs that can be used to
model geometry in IFC. On top of that, geometry contained in re-
presentation items can be altered by relations on a product level. In
particular, and very commonly, IfcOpeningElements are used to
model cavities in walls and slabs, which subsequently are filled by other
building elements, such an IfcWindow.

A boundary representation (BRep) is a data structure for re-
presenting solid volumes by describing its oriented bounding surfaces.
It describes the topology (or connectivity) into types such as: vertices,
edges, wires, faces, shells, andsolids and associates the geometry (typi-
cally in Cartesian space), such as points, curves and surfaces. Solid vo-
lumes with the same topological characterization can have different
geometric forms. For example moving the underlying points of the
vertices only affects the geometry. In contrast, edge curves or face
surface can be altered without affecting the topology. Topological ele-
ments from a hierarchy, and hence, a BRep is in fact a tree structure, in
the sense that a solid encapsulates one or more shells, which in turn
encapsulate one or more faces, and so on. The elements that are not
paired with a geometrical elements, aggregate one or more lower level
topological entities.
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Algorithm 1. Collapse solid wall volumes.

Automation in Construction 82 (2017) 59-74

function coLLAPSE(W)

for all rep in w.Representation.Representations do

if rep.Representationldentifier =“Axis” then

A,, < BREp(rep)

B,, «— BRep(rep)
assert EpGes(A,,) # 0
assert Faces(8B,,) # 0
Ca, < Curvi(e) | e € EpGes(A,,)

10: d«0
11: u — (0o, —00)

12: for all 73, in Faces(8,,) do

13: if SURFACE(F3,) || Pxy then
14: if SURFACE(F3,) N C#, # 0 then
15: for all Vi, in VErTICES(F35,) dO
16: Po « Point(Vir, )
17: g < ProJECT(P) — Ca1,.)
18: u < (min(u(0), up), max(u(1), up))
19: P1 < Ca, (o)
20: 7 — P —Po
21: d=duv
assert |d| = 2

return EXTRUDE(TRIM(OFFSET(C 5, — avg(d)), u))

I:
2
3
4:
5 else if rep.Representationldentifier =“Body” then
6;
7
8
9

> Create Boundary Representation

> Random edge from set,
wall assumed continuous

> Parallel with XY plane
> Intersects with axis curve

> Project point onto
axis curve, returns
curve parameter

> Evaluate curve at u

> Find difference vector

> Add to set

> Modulo modeling precision

5.2. Proposed solution

As has been mentioned in previous sections, the geometry simpli-
fication module presented in this paper transliterates from an archi-
tectural or structural modeling paradigm into an idiomatic thermal
analysis model. From literature and own experiences it appears that
space boundary geometry can be unreliable [45], therefore the module
operates to a large extent only on the explicitly visible information, the
representations of the building elements. This ensures no operations
incur based on data that is invisible to end-users.

IFC Representation of building elements are converted into generic
Boundary Representations, for the purpose of having a generic view on
the geometry, agnostic of what exact geometrical entities (e.g. extru-
sions and explicit meshes) define the shape of the elements. For ex-
ample, in the case of wall elements, two key representations are tar-
geted: their Body and their Axis. The former is converted into a Solid or
Shell, the latter is interpreted as a Wire. The following are the main steps
used. Fig. 6 shows a sample of the transformations conducted. In gen-
eral, we start by a full IFC model (Fig. 6 (a)). we then select a zone or
subset for analysis (Fig. 6 (b)). Six transformation processes/algorithms
are then used to reach the final thermal zone representation shown in
Fig. 6 (h).

5.2.1. Collapse solid wall volumes (Fig.6(d), Algorithm1)

Algorithm 1 defines a surface (¢,,) parallel to the longitudinal di-
rection of the wall (w) that can replace the solid geometry of the wall in
a water-tight surface model of thermal zones. Vertices from the foot-
print of the wall are projected onto the parametric space of the Axis
curve. The difference vector to the projection of these vertices is stored
in the set created at Line 10. For walls with uniform thickness, these
will fall into two bins, modulo modeling precision, that represent the
distances of the two vertical faces in the longitudinal direction of wall w
to .. Averaging these two distances yields to necessary amount by
which %, needs to be offset in order to produce the center face. Note
that this procedure is necessary as %, is not necessarily in the middle
of the wall, this depends on the IfcMateriallayerSetUsage asso-
ciated to the wall.
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5.2.2. Create subsurfaces (for wall openings)

Window and door geometries tend to be defined in great detail in
IFC files, typically using detailed faceted geometry. Yet, from a thermal
analysis point of view, a single surface, defined as a subsurface on the
wall surface that harbors these elements is sufficient. Hence, the wall
center surfaces, that are the result of the previous step A. are intersected
with the opening element volumes to come to a simplified, yet accurate,
subsurface for these elements. Since this is a straightforward boolean
operation, no algorithmic description of this step is provided. The
subsurfaces are shown in Fig. 6 (h).

5.2.3. Align wall end-points (Fig.6(e), Algorithm2)

Because thick wall volumes have been transferred into a single
surface, these surfaces do not align at the corners where two walls meet.
In some cases, this leaves a gap between them. In Other cases, this
means that one surface extends beyond the other. Yet, for the thermal
simulation, it is imperative that the thermal zone volume is water-tight.
Hence, for every permutation of connected wall elements, the center
face surfaces are intersected and trimmed or extended based on the
found intersection curve (see Fig. 7).

5.2.4. Trim surfaces to create closed loops around spaces ( Fig.6(f))
Walls can extend beyond the boundary of a single space and run
alongside several spaces, as can be seen in Fig. 6 (c). In order to proceed
from Fig. 6 (e) to (f) halfspace solids'* are constructed from the wall
center faces in Fig. 6 (e) and used to trim connected walls. This op-
eration only needs to be applied to “ATPATH” wall connections.

5.2.5. Connect spaces vertically

Similarly to how walls have been collapsed to a single face, slabs
that bound the spaces are flattened to a single center face, based on
their orientation. The wall center faces are extended to these faces. And
for the spaces, bottom and top faces are created on these slab center
faces, bounded by the projections of the wall boundaries.
Geometrically, this is similar to the horizontal alignment of wall end-

14 A halfspace solid is a solid that divides the Cartesian space R® into two sets, either
on the one side, or the other side of the bounding surface
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Fig. 6. Schematics of geometrical simplification steps.
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IfcRelConnectsPathElements .ATPATH.
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Fig. 7. Aligning wall end-points after collapsing solid vo-
lumes.

IfcRelConnectsPathElements .ATSTART.

(b) Topological connection annotations in the IFC model

points, hence, an algorithmic overview is omitted for brevity. The result
of the procedure can be seen in the transition from Fig. 6 (g) to (h).

5.2.6. Create interfaces

The result from the previous step is a single water tight volume for
every space, that aligns geometrically with all neighboring spaces.
However, similar to the concept of second order space boundaries, in-
terfaces need to be created that map exactly from one thermal zone to
another. For example, in case walls that extend beyond multiple spaces,
one thermal zone boundary would map to several other zones. Hence,
for all 2-combinations of spaces {{S¢,51} | So=S1;S0 €lfcSpace;S;
€lfcSpace;} if there is a building element B with B €lfcSlab uIfcWall
that connects Sy and S, the faces resulting from Step D. #,  and F, 5
need to be intersected such that there is one face exclusively interfacing
So and S;. Since these faces share the same underlying surface, the
boolean intersection can be performed in the two-dimensional para-
metric coordinate space of the surface. This step yields the completely
converted geometrical model in Fig. 6 (h).

5.3. Requirements and limitation of the current implementation
The algorithm operates on the following constructs that need to be

present in order for conversion to be successful. Workarounds, that are
not currently implemented, are given in case they are deemed feasible.
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5.3.1. “Body” and “Axis” representation for walls

Without “Axis” representations, the opposing longitudinal faces
cannot be identified and the solid wall volume cannot be collapsed into
a single face. In this case the algorithm will terminate. Alternative ways
of identify the longitudinal faces can be implemented, for example by
judging surface area or the width of the IfcMateriallayerSet.

5.3.2. Geometric continuity of walls

Discontinuities in the wall axis will result in more than two pro-
jection vectors in Algorithm 1, Line 22. In this case, the algorithm will
terminate. Note that according to Liebich [43], the IfcWall-
StandardCase concept dictates the same requirements. A possible
solution to this include subdividing walls by the algorithm at dis-
continuities.

5.3.3. Walls of uniform thickness

A non-uniform thickness will yield different projection distances for
the reduced surfaces. In this case the algorithm will terminate. Further,
non- uniform thickness implies that the thermal conductivity of the wall
will not be uniform either. The changing thickness can be approximated
by subdividing the wall at regular intervals.

5.3.4. Semantic relations to opening elements
This is standard practice described in Liebich [43].

5.3.5. Connectivity information for elements to spaces
Without this, a thermal-zone centric view cannot be obtained. Several
contemporary IFC exporters have the option to turn this on or off.
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Algorithm 2. Align wall end-points.
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1: procedure MERGE_ENDS(W()

2 Frw0 < COLLAPSE(W()

3 for all rel in w.ConnectedT o do

4 if rel € IfcRelConnectsPathElements then
5 rt « rel.RelatingConnectionType

> Center face function from Alg. 1

6: if rt € {ATSTART, ATEND} then > If .ATPATH. only
the related wall end
needs to move
7: if rel.RelatedElement € TfcWallStandardCase then
. Fw.1 « COLLAPSE(rel.Related Element)
9: Cy,12 = SURFACE(F,.0) N SURFACE(F, 1)
10: dypin —
11: E. 0
12: for all ¢ in EpGes(F,,0) do
13: d < DistaNce(Curve(e), Cy,.12)
14: if Curve(e) || Cy.12 and d < d,;, then
15: Ec—e > The edge closest to the
16: Apin — d intersection will be moved
17: V0
18: for all e in Epces(7,,) do
19: if ¢ # &, then
20: YV, < VERTICES(e) N VERTICES(E,)
21: if V,. # 0 then
22: p < Curvi(e) N CURVE(E,)
23: VERTICES(e) «— VERTICES(€)\{ V.. — p}
24: Epces(F,0) < EpGes(F0)\Ec — Cy12}
5.3.6. Topological connectivity information using IfcRelConnect o Offline analysis of BIM business processes.

PathsElements

The algorithm will not terminate, but will fail to create water tight
volumes, as Algorithm 2 depends on this information. As an alternative,
it is possible to compute topological adjacency based on geometrical
proximity.

5.3.7. Correct classification of walls and slabs

Elements are selected for processing in relevant steps based on their
IFC entity types. Sometimes these can be incorrectly classified [39].
There is no remedy for this.

5.3.8. Convex space volumes vertically

As far as the bounding loop of adjacent walls is concerned, a space
can have concavities in its footprint. However, a concave elevation will
yield incorrect vertical alignments.

6. Extensions

In this section, we discuss two extensions of our research. The first,
manifested as the Business Process Management Module, allows to
monitor and store information of all the BIM-related building design
processes that take place in Green2.0. This is critical information, not
currently available that can lead to further analysis and optimizations
of the building design and collaboration processes. The second, mani-
fested as the RESTful API Module, enables interoperability of our service
to third-party services through providing access to Green2.0 resources.
We elaborate on these issues in the next paragraphs.

6.1. Optimization: business process management module

One of the long-term objectives of our research is to improve cor-
porate performance by optimizing business processes related to the
building design projects. To that end, we designed and developed a
Business Process Management (BPM) module that operates on processes
that become available in Green2.0 and supports:

e Storage of the business processes that evolve in Green2.0.
e Monitoring and exploration of business processes.
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e Access to BIM business processes through a RESTful APIL

The above functionality becomes feasible by integrating Green2.0
with Activiti'®>, an open source light-weight workflow and Business
Process Management (BPM) platform. Processes are designed in Activiti
and are instantiated in Green2.0. As users perform tasks and interact
with each other in Green2.0, Activiti RESTful calls are automatically
invoked that inform and update the BPM engine. Fig. 8 (a) illustrates an
example Green2.0 business process. A user initiates a new process in-
stance by creating a new project. The process instance saves informa-
tion about the project owner, name, description, and creation time. A
user then invites other users to comment on her building design and
performs a green analysis. Based on the green analysis results and the
comments received from other users, the user re-evaluates the design
and may (or may not) check-in a new design. If the design is complete,
the user stops accepting comments and hence terminates the process
instance.

The integration of Green2.0 and the Activiti BPM engine is of great
significance, as it provides a repository of all the BIM business processes
that took place in the system. This defines an enormously interesting
data set as it provides the ability to analyze and optimize BIM business
processes offline. Fig. 8 (b) shows the three main components of the
Activiti BPM engine: process modeller, process engine, and monitoring
tools. The process modeller provides the visual design tool required to
define a business process, as a collection of interlinked activities
achieving a certain goal. Processes are defined using the Business
Process Model and Notation (BPMN'®) standard. The BPMN provides
the notation required to communicate process information to business
process actors. The process engine is responsible for the execution of the
process model defined by the modeller. It keeps track of the different
process instances created by the Green2.0 users, the current state of
each process instance, data associated with each task/process step, and
the history of the user interactions. In addition, the process engine
manages execution paths of each process instance by applying the

15 http://activiti.org/.
16 http://www.bpmn.org
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components of the Activiti Business Process Management module that are integrated with Green2.0.
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Fig. 9. The Green2.0 RESTful architecture allows third-party developers and services to access the Green2.0 resources.

Table 1
Services provided by Green2.0 via a RESTful APIL

Service Description

BIM Users Provides access to BIM users

BIM Projects Provides access to BIM projects

BIM IFC Elements Provides access to IFC elements of given BIM project

BIM Comments Provides access to comments of given BIM project

BIM Networks Provides access to the discussion networks of given BIM
project

BIM Processes Provides access to BPM processes

associated business rules identified by business analysts. The monitoring
tools component provides metrics about the process such as the number
of running processes, number of completed processes, process duration,
execution times of activities, and process specific key performance in-
dicators (KPIs). Process metrics allow analysts to measure how the
process is performing in general, identify critical tasks, and modify their
design accordingly. This module also allows analysts to evaluate and
compare possible process design alternatives based on some predefined
objectives (e.g. reduce cycle time).

6.2. Interoperability: RESTful API module

One of the major architecture design decisions of Green2.0 is to
provide access to a cohesive collection of its resources (BIMs, BIM
project information, BIM-enabled networks, etc.) to third-party services
and applications. This is accomplished through the design and devel-
opment of a Representational State Transfer (REST) application pro-
gramming interface (RESTful API) [26]. A RESTful API is an archi-
tectural style that uses standard HTTP requests to GET, PUT, POST and
DELETE data. Such an API is easily accessible by a variety of HTTP
clients, including browsers and mobile devices.
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Fig. 9 illustrates a typical architecture for supporting a RESTful API
in Green2.0. Third-party applications and services are accessing the
Green2.0 RESTful API by submitting HTTP requests; our system per-
forms the necessary computation and compiles a REST answer to the
request, formatted and served to the requester as a JSON file. Through
the API a number of resources become available to third-party services,
clients and applications. For easy reference, Table 1 provides a sum-
mary of the Green2.0 resources that are accessible via the RESTful API
through a standard HTTP GET method.

7. Discussion

At the surface, and feature-wise, we developed a service (SaaS) to
support interactions (commenting) by stakeholders of a green facility.
All participants (professionals and end-users) can share views. To sup-
port testing of different design options, we connected BIM (IFC in
particular) and EnergyPlus (through OpenStudio). The proposed algo-
rithms to transfer IFC data into thermal zones represent a novel method
to create a link between BIM and energy analysis systems. In combi-
nation, the platform allows for iterative and collaborative testing of
alternative building design models potentially leading to more in-
formed, more green decisions. At a deeper level, Green2.0 is a mani-
festation and supportive tool of the opinion that design of green facil-
ities is a socio-technical domain. And that knowledge is an evolutionary
social phenomenon: it emerges through interactions between knowl-
edge agents (based on iterative analysis). This is why comments were
modeled in a semantic way and interpreted in the form of social and
information networks. Exploration of the dynamics of these networks
can reveal significant knowledge constructs.

Increasingly, we are noticing that green building research is a socio-
technical process. This is because the decision of selecting energy/water
saving measures, ultimately, rests on end-users. We have to match the
advanced technical tools with socially-aware tools that capture end-
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users needs. At the same time this synergy can influence their attitude
towards energy usage through providing access to relevant knowledge
that is customized to match their needs and the very conditions of the
project itself. This is quite a challenge given that the majority of ana-
lysis tools were developed by engineers for use by engineers. The shear
diversity of the user profiles, their incentives/decision criteria, and
their information aptitude is a major challenge to researchers. The
prevalence of crowd sourcing and prosumerism purges the creativity/
decision lines between professionals and end-users. Informed home
buyers are expecting a full engagement in the design. In fact, they be-
lieve they should lead decisions — bottom-up. The first challenge here
is not only to provide users with services to engage them but also how
to customize these services to their specific needs. Further, how to in-
tegrate ad hoc services (developed by others almost on a daily basis)
into the design process.

Researchers have advocated the use of social media to achieve
higher levels of active participation of end-users in project design and
operations. Further, with the evolution of the knowledge economy,
Project Discussion Networks (PDN) are poised to be a source of creative
ideas regarding project scope, funding and design/operations
plans [21]. Indeed, this could also be the starting point for a new realm
in innovation democratization and, more importantly, a bottom-up
public decision making. However, the lack of means to analyze these
seemingly chaotic discussions wastes these opportunities and is frus-
trating to end-users, engineers and decision makers. Of similar im-
portance is to streamline the discussions of professionals, which is a
salient feature of today's design environment-many disciplines are in-
teracting in facility design and decision making. Through embedding
commenting abilities and social network analysis into BIM, we facilitate
better flow of the inevitable debate between practitioners. At the same
time, we preserve their valuable input for analysis and knowledge
harvesting. The premise of our work is that by opening the building
design process to the world and providing new insights into the
building design process it is likely to have a profound beneficial effect
for both the AEC industry and the society at large.

8. Conclusions

Green2.0 defines an interesting and innovative, but complex en-
gineering system for enabling socio-technical analysis and online col-
laboration capabilities around shared building information models.
Designing and developing Green2.0, we had to identify the scope of the
system, investigate alternative system design and architecture concepts,
explore data collection methods and assess the relevant emerging
technologies. Moreover, we tried to adhere to a formal approach of
designing an open platform; a platform that can provide open access to
information that can help researchers and practitioners to build new,
more efficient theories and methods of building design. In designing
and developing it as an open platform, our choices were limited to
availability of open source technologies and libraries. This requirement
becomes more challenging when one considers how fragmented the
AEC industry is, with different disciplines operating different tools and
producing distinct models of the construction work; how slow the rate
of adoption of standards is; and, the large number of tools that might
work well in isolation but do not necessarily provide an easy way to
integrate them into third-party services. Materializing an open platform
that integrates together different technologies for socio-technical ana-
lysis of buildings was a major challenge of this research. This describes
a significant improvement over current practice and tries to advance
the current state of the art in green building design towards sustainable
development.
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