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Transitioning to a future of low-carbon built environments
requires the design of multi-beneficial design strategies
that take a whole building life cycle and systems-thinking
approach. Such an approach has the potential to enable
multi-stakeholder engagement and cross-industry collabo-
ration which are current siloed in the Built Environment
Process (BEP). The BEP involves energy, material and infor-
mation flows at each of its phases from the initial extraction
of raw materials to the final deconstruction of a building.
Technology and big data have a role to play in establishing
collaborative networks with efficient construction practices
which track material, energy and information flows across
the building life cycle. This paper attempts to map the BEP
through a new data to knowledge framework named SEVA
(Socio-Ecological Visual Analytics), which has been designed
to link heterogeneous data. It describes the methodology
used to map the BEP in SEVA. This involves the deployment
of semantic web ontologies to generate a knowledge graph
of the BEP; virtually connecting each phase and its associated
stakeholders, thereby, conceivably acting as an overview
tool for the BEP. As climate pressures increase and material
scarcity isimminent, innovation in eco-systems thinking and
data to knowledge frameworks will be critical towards ensur-
ing built environments embrace a socio-ecological future.

SCOPING THE BUILT ENVIRONMENT PROCESS (BEP):
ENVIRONMENTAL IMPACTS AND ORGANIZATIONAL
BARRIERS WITHIN THE BEP

According to federal scientists, understanding the conse-
quences of climate change on the US involves studying the
interconnections between the natural, built, and social sys-
tems we rely on and their vulnerability to cascading impacts
(USGCRP 2018) . Notwithstanding this complexity, as pointed
out by AIA’s “Designing for Integration” measure (AlIA 2020),
individual design strategies can offer multi-faceted value across
social, economic, and environmental systems. Managing
interconnections between systems poses many challenges,
including linking siloed streams of heterogeneous data, uniting

MOHAMED ALY ETMAN
Yale Center for Ecosystems in Architecture, Yale University

various stakeholders, and necessitating intellectual agility to
respond to societal, economic, and environmental shifts.

This paper outlines ongoing interdisciplinary research, explor-
ing the harnessing of big data in mapping interconnections
within the BEP (Keena and Dyson 2017; 2020; Keena, 2017). By
tracking carbon, energy and material flows, it aims to surpass
the concept of a building, in abstraction, fixed solely in the
operational phase, but rather as a system which undergoes
multiple journeys of carbon, energy and material transfor-
mation in its initial construction and future dismantle. Such
a system includes many stakeholders who represent each
phase of the BEP. According to the Department of Energy
(DOE 2008) , the compartmentalization and lack of commu-
nication between building professionals in each sector results
in suboptimal designs and less than optimal building opera-
tions while contributing to environmental impacts (USHUD
2003; Du Plessis and Cole 2011). A McKinsey report on the
construction sector echoes this view, defining the sector’s lack
of productivity and predicting that, faced with sustainability
demands, the sector will need to reassess how it builds to
reduce waste and abate carbon emissions (Barbosa, Woetzel,
and Mischke 2017) .The report also highlights the role big data
can play. In the construction phase alone, the report predicts
that an increase of up to 50 percent on-site productivity could
be attributed to the implementation of data techniques and
accurate data flows through various stakeholder systems that
are both backward looking and predictive. Within the entire
BEP, data to knowledge frameworks have a significant role to
play towards an ecosystem intelligence enabling distributed
knowledge across life cycle phases. This is particularly relevant
to overcome the challenge of the expanded scope of the BEP
with distributed teams and complex information flows, as illus-
trated in Figure 1.

METHODOLOGY: A DATA TO KNOWLEDGE FRAMEWORK
Bridging the gap between building stakeholders and navi-
gating a multi-scalar expanded scope of design may have
been unforeseen in the 20th Century, but with a transition
from industrial societies to knowledge societies, today data
to knowledge frameworks offer unprecedented opportuni-
ties in decoding complexity (UN Environment 2019). The
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Figure 1. Towards inclusive environments that link data, design and knowledge into parametric, queryable environments that can constantly be

reconfigured according to new information. Image courtesy of authors.

methodology employed includes mapping the BEP through
a new data to knowledge framework named SEVA (Socio-
Ecological Visual Analytics) (Aly Etman, Keena and Dyson 2020;
Keena and Dyson, 2017; Keena 2017; Aly Etman, 2018), which
has been designed to link heterogeneous data. Using web
ontology language (McGuinness and Van Harmelen 2004) and
semantic web frameworks, a knowledge graph of the BEP is
generated in SEVA. The concept of a knowledge graph involves
creating meaningful virtual connections and relationships
between data, representing each BEP phase and its associ-
ated stakeholders.

These virtual connections mapping the BEP are made through
semantic web frameworks (Berners-Lee, Hendler and Lassila
2001). SEVA employs two open-source semantic web frame-
works: 1) Whyis, and 2) Human-Aware Data Acquisition
(HADatAc), as illustrated in Figure 2. Whyis is a framework
to publish, manage and analyze nanopublications inside of a
knowledge graph (McCusker et al. 2018; 2020). In this case
nanopublication is defined as the smallest unit of publishable
information, an assertion about any topic that can be uniquely
identified and attributed to its author. HADatAc, a data and
metadata repository, is used to integrate, overlay, and link
metadata to raw data and scientific annotation (Pinheiro et
al. 2018). HADatAc allows for capturing knowledge about how
acquired data was generated, measured or informed. HADatAc
links the data to the metadata.

Both Whyis and HADatAc are enabled by ontologies.
Ontologies, described in greater detail elsewhere (Gruber
1993; McGuinness and Van Harmelen 2004; Bizer, Heath,
and Berners-Lee, 2011), can be defined as the explicit formal
specification of the terms in a domain and relations among
them; they provide a way to encode meaning that computers
and people can unambiguously understand. The SEVA envi-
ronment generates connections across data at all levels with
the help of its own built environment ontology named ‘Built
Ecologies Ontology’ (BEO) which is a family of existing ontolo-
gies including: (1) Human-Aware Science Ontologies (HAScO)

which integrates a collection of well-established science-
related ontologies and aims to address issues related to data
annotation for a large data ecosystem, where data can come
from diverse data sources from sensors to questionnaires,
(Pinheiro et al. 2018; Santos et al. 2017); (2) Semanticscience
Integrated Ontology (SIO) provides a simple, integrated ontol-
ogy of types and relations for rich description of objects,
processes and their attributes (Dumontier et al. 2014). (3)
PROV-O represents provenance information for different
applications, domains and under difference contexts, (Lebo et
al. 2013). (4) Virtual Solar Terrestrial Observatory (VSTO), rep-
resents observational, experimental, and model databases in
the fields of solar, solar-terrestrial, and space physics, (Fox et al.
2009). (5) Environment Ontology (ENVO), represents the con-
cise, controlled description of environments (Buttigieg, P. L.,
etal 2013; 2016). (6) United Nations Sustainable Development
Goals Interface Ontology (SDGIO), which aims to provide a
semantic bridge between a) the Sustainable Development
Goals, their targets, and indicators and b) the large array of
entities they refer to (Smith and Jensen 2016; Jensen 2016;
Buttigieg et al., 2016). (7) Units of measurement ontology
(UQ), represents information on various units of measurement
(Gkoutos, Schofield and Hoehndorf 2012).

Each data point uploaded to SEVA is accompanied by relevant
contextual knowledge related to that data point. This is then
linked via semantic web frameworks (i.e. Whyis and HADatAc)
to appropriate ontologies that classify and give meaning to
that data point, including the ability to automatically generate
and discover new relationships based not only on that data
point, but also on the contextual knowledge and vocabulary
about the data provided by data dictionaries; in other words, it
allows the computer to logically process knowledge based on
descriptive logic, i.e. inferences can be made upon it.

By linking BEP data in this way, a stakeholder can nimbly gener-
ate visualizations and data-storytelling by pulling data from an
intelligent knowledge graph that has multiple connections and
relationships already embedded within it. This aims to tackle
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Figure 2. The SEVA knowledge framework: the alignment of meta-data and micro-data, the semantic overlaying and critical annotation for
data-knowledge management and the visual analytics approach for data access, representation and data-storytelling. Image courtesy of authors

a specific challenge with big data, especially within the BEP, in
that different levels of data (e.g. simulation and analyses data,
embodied energy and carbon datasets, sensor-data, drawings
and media, geospatial data, digital 3D models, sketches etc.)
involve disparate heterogeneous data formats that are often
shown together but not necessarily linked via a knowledge
framework. SEVA aims to address this challenge by intelligently
linking various types of heterogeneous data as described
above, but it also strives to enable visualization of the linked
data and the generation of data journeys for data storytelling
and sharing, as shown in Figure 2. Through the creation of data
stories at each phase and timeframe of the BEP, SEVA aims to
provide visual clarity to the complexities of a multi-scalar BEP
while mobilizing various stakeholder engagement.

POTENTIAL SCENARIOS: LINKING EACH PHASE OF THE
BEP THROUGH VISUALIZED DATA JOURNEYS

Once these virtual connections are made and the data is
ingested into SEVA — the linked-data can be visualized. Here,
each phase of the BEP is demonstrated and visualized through
SEVA to indicate potential scenarios of how the framework can
help to organize and link these phases. These BEP phases are
described below and illustrated in Figure 3.

The work of the Geo-biosphere, Material Sourcing and
Manufacturing Phase: Using SEVA to map and visualize this
phase involves tracking the material life cycle from the raw
material sourcing location to the extraction and manufactur-
ing processes. With each data journey, not only the relevant
energy and material data is captured and visualized but also
imagery of sourcing conditions, geospatial maps etc. in order
to create transparency and empathy regarding material sourc-
ing and its relationship to the geo-biosphere. Such mapping of
information flows can help link the architectural work back to
the original sources of raw materials from which it is created.
It can help us understand and visualize the environmental
impacts associated with a building project at the global scale.

The geo-biosphere is the global ecological system that sustains
life on earth. Earth’s geo-biosphere includes the atmosphere

(air), lithosphere (rock), hydrosphere (water), biosphere (living
organisms) (Odum 2002; Yang 2018). The acquisition of raw
materials typically involves mining and quarrying materials
(construction minerals, sand, gravel, crushed stone, cement)
which are used in the production of common construction
materials (e.g. steel, aluminum, concrete, glass). These are
typically non-renewable resources which rely on long term
natural ecological products and services, such as natural
sedimentary cycles for their formation. These cycles can take
anywhere from thousands to millions of years. This knowledge
of the environmental context is represented via the ENVO and
VTSO ontologies in particular and the potential sustainable
development implications are represented via the SDGIO.

Our reliance on the work of the geo-biosphere is not only for
raw materials but also for other ecosystem services (MEA
2005) such as the dilution of air pollution often associated
with the manufacturing and production stages of construction
materials. Mapping and tracking these interconnected infor-
mation flows of the BEP ecosystem highlights the potential for
positive (or mitigating negative) reinforcing feedback loops.

The Design Phase: By mapping the design phase in SEVA, an
archive of design decisions and analysis is created. This bank of
knowledge also facilitates project management via an online
platform by integrating schematic design options, site and
climate analyses, performance analyses (energy, life cycle,
daylighting, structural etc.), 3D models, construction draw-
ing-sets, renderings, animated walk-throughs etc. This offers
transparency to the design team and becomes a tool where
design members can share data narratives or journeys with
their clients and specific stakeholders during the design phase.

Construction and Project Management Phase: The con-
struction phase involves multiple stakeholders where project
management can be challenging. The phase is known for its
notoriously slow pace and a lack of productivity. Analyzing
these limitations, a McKinsey report (Blanco, et al. 2018)
explains that unlike other sectors, such as manufacturing and
transportation which now operate more as ecosystems, the
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Figure 4. Visualizing and querrying the BEP data repository with a range of building projects filtered by a variety of factors.Image courtesy of authors

building sector continues to operate within siloes. It claims
the sector’s failure to embrace digital techniques have kept
it “stuck in a time warp”. It predicts that the sector will need
to reassess such rigid organizational structures and adopt
digitalization. The mapping at this stage within SEVA focuses
on organization of construction teams, industry stakeholders,
budget, schedules, digital drawings and models, as illustrated
in Figure 3. The web-based platform facilitates the upload of
live footage of construction sites towards on-site safety, site
management, waste reduction and carbon abatement towards
a more holistic project organizational system.

Operational and Maintenance Phase: The mapping of the
operational and maintenance phase focuses on the collec-
tion of data via sensor networks and internet of things (loT)
to capture and visualize operational factors such as environ-
mental conditions within the building, air quality monitoring
and building system performance. This data once collected
also catalogues post-occupancy data. Mapping this phase can
enable feedback loops towards enhanced occupancy comfort.

End-of-Life Phase: In terms of mobilizing a circular economy in
the built environment, knowledge from the earlier phases (as
outlined above) is critical towards enabling the elimination of
waste. For example, in order to re-use a material, knowledge
and information about that material is crucial, such as how
that material was initially sourced, how it was used in con-
struction and maintained during the life cycle. Such knowledge
facilitates informed decision making and is captured through
the use of material passports (Heinrich and Lang 2019) . SEVA
provides a ‘Data Fitness Ticket” which adds a layer of transpar-
ency to the material passport by clearly identify sources of
the data and providing links back to the different phases to
elaborate on how this data was acquired — it helps character-
ize the uncertainty of the data. Additionally, any design for

disassembly considerations during the development of con-
struction assemblies, during the design phase, offers valuable
knowledge for informed information during the deconstruc-
tion stage at end-of-life.

RESULTS: VISUAL MAPPING AND SEMANTIC
LINKAGES TOWARDS A SEAMLESS BEP ECOSYSTEM
Alongside highlighting gaps, redundancy and environmental
impacts within the BEP, the results show cross-cutting oppor-
tunities within BEP activities. Phases which are operating
within siloes are highlighted incentivizing stakeholder mobi-
lization towards breaking down such barriers and facilitating
stakeholders of the building sector to operate more as an
ecosystem across life cycle phases. Each phase has multiple
data journeys or data narratives associated with them. Screen
captures of states from these data journeys are captured in
Figure 3 showing the extended life span of a building. Each
data journey is embedded with information flows and poten-
tial feedback loops. Especially at the later stages, data mapped
in the early design, construction and manufacturing stages has
much influence and potential to enhance informed decision-
making and possibilities at the end-of-life stage. In this way the
data becomes a living document of the memory of a project.
Figure 4 illustrates how such a process offers the potential of
arepository and linked database of projects by location, typol-
ogy and analysis, phases or building framework, that can then
be easily queried offering a bank of knowledge on different
architectural projects. In Figure 4, the data is analyzed in terms
of the United Nations Sustainable Development Goals (SDGs)
established framework.

SIGNIFICANCE

This research has significance in multi-stakeholder engage-
ment and evidence-based decision-making, especially within
work which strives to find solutions to grand challenges such
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as environmental issues. By unlocking the potential of big data
for the BEP, it aims to facilitate in projecting future scenarios
towards a sustainable and progressive future. It offers poten-
tial value to circular economy methods, amendments to policy
and building codes, and the creation of incentives for cross
industry collaboration.
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