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The building industry must respond to the growing national
mandate to better steward our environment, while protecting
lives and property in disasters. The joint consideration of a
structure's unique vulnerabilities to natural or man-made hazards
and its sustainability—over the course of its lifetime or in response to
a disaster—is far from trivial. The models and data necessary for this
kind of end-to-end evaluation, from hazard characterization to
response and projected damage/deterioration and environmental
impact, engage various disciplines involved in building project
delivery. These disciplinary perspectives—from the fields of
architecture, structural engineering and mechanical engineering,
among others—affect the conceptualization of buildings in respective
modeling environments and the data sources used in their
evaluation; leading, ultimately, to the notorious challenges of BIM
interoperability. However, through this project, a fully integrated
and automated workflow for life-cycle assessment of buildings
has been developed that captures the dependencies between
multi-hazard resilience and sustainability, across multiple
dimensions of environmental impact and across the modeling
environments common to building practice using new semantic
data perspectives from computer science. This presentation will
introduce this end-to-end workflow, including modules dedicated to
hazard characterization, response, damage/deterioration, repair and
environmental impact (lifetime embodied and operating energy).

Course
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Learning
Objectives

At the end of the this course, participants will be able to:

1. Develop an awareness of the current challenges and evolving 
opportunities to advance resilient and sustainable building design

2. Develop an appreciation for the importance of systematically evaluating 
hazard resilience and multiple dimensions of environmental impact in 
building design process

3. Understand conceptually how such evaluations can be conducted and 
integrated with industry-standard modeling environments 

4. Appreciate the benefit of structured data to enable data discovery and 
interoperability of industry-standard tools in the context of such 
evaluations
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MOTIVATION OF PROJECT:

1. ARCHITECTS AND ENGINEERS MAKE DECISIONS

2. THOSE DECISIONS HAVE IMPACT

3. HOW ARE WE MAKING IMPACTFUL DECISIONS TODAY?

Gain a better understanding of the impact of the built environment on the natural
environment: how our design decisions about buildings impact – and are impacted
by – resource consumption.

What is a resilient and sustainable 
building -- and how do we currently 
approach the design of RSB’s today?

What are the barriers/ the opportunities to achieve a more resilient and sustainable 
built environment? 



GREENSCALE RESEARCH 
PROJECT

GREEN RESILIENCE
PROJECT
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EARLY STUDIES REVEALED:

1. Studies were hard to do 

2. Because complete data is hard to find and interpret 

3. Usefulness of retrospective understanding of building “costs” is limited 
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FASTER PROJECT 
DELIVERY

INCREASING DEMANDS ON 
PROJECT DELIVERY TO 
INCLUDE METRICS-BASED 
ANALYSES

CHANGING CLIMATE

COASTAL MIGRATION & 
EXPOSURE TO HAZARDS 
(INTENSITY AND 
FREQUENCY)
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Can we develop models within a comprehensive framework that USEFULLY CONSIDERS
SUSTAINABILITY ALONGSIDE MULTI-HAZARD RESILIENCE within the normative workflow of
firms already endeavoring to achieve RSBs while lowering the barriers for firms currently
struggling (with data and tools) to achieve RSBs?

GREEN RESILIENCE FRAMEWORK

Integrated Life-cycle 
Assessment of Building 
Resiliency and Sustainability



Extract properties of all components: soil, foundation, structure, 
envelope and finishes

Quantify site-specific hazards (wind, earthquake) and resulting 
load effects

Analyze structural response under static and dynamic load effects

Determine hazard-induced damage to components: soil, 
foundation, structure, envelope and finishes

Evaluate aging/deterioration of components: soil, foundation, 
structure, envelope and finishes

Calculate costs of resulting repair and replacement activities 
(dollars, downtime)

Inventory energy embodied in components: soil, foundation, 
structure, envelope and finishes

Estimate operating energy based on climate, geometry and 
component properties

FRAMEWORK CAPABILITIES:

Embodied Energy
Module 

Hazard 
Module

Response 
Module

Damage 
Module

Deterioration
Module

Loss
Module

Operating Energy
Module 

O
VER LIFE CYCLE

Revit 
Auditor



INDUSTRY PARTNER ENGAGEMENT



PROJECT CASE STUDIES

200 SF Commercial Building, 
Northeast U. S.  

5 story @ 150K SF/ story Medical 
Building, Southeast U. S.  

17 story Residential Tower, 
Northwest U. S.  
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Integrated Life-cycle Assessment 
of Building Resiliency and 
Sustainability: Framework 
Introduction

PRESENTERS: Tracy Kijewski-Correa, Alexandros 
Taflanidis
LEAD DEVELOPERS: Karen Angeles,
Dimitrios Patsialis, Holly Ferguson



Motivation

PRE-SERVICE SERVICE POST-SERVICE
Fabrication 
Manufacturing
Construction

Occupancy
Operations
Maintenance

Adaptation
Demolition
Waste/Recycle

t=0 t=i t=N

Repair, replacement

SUSTAINABLE DESIGN

S F S E F
STRUCTURAL

ARCHITECT
Embodied Energy
Operating Energy
Vulnerability

NEED: Designer-facing integrated life cycle assessments of multi-
dimensional environmental impact, accounting for multi-hazard 
resilience

SUSTAINABLE+RESILIENT DESIGN



Reductionism in Design

A

B

C

1 2 3

“WALL”

“WALL”

“WALL”

APPLICATION ABSTRACTION

Massing
Costing
Etc.

“wall”= [Volume]

Finishes
Load Projection
Etc.

“wall”= [Area]

Relative Position
Stiffness
Etc.

“wall”= [Line]



Abstractions in Modeling

ABSTRACTION GEOMETRY LOCATION FEATURES BEHAVIOR
Joint

(Nodes, Points)

(x,y,z) ►Boundary 
Condition

► Displacement
► Velocity
► Acceleration

Element

(Line)

Length [m]

Reference Point 
(x,y,z) + 
Transformation*

►X-Sec Geometry
►Matl Properties:

t0: Structural, 
Thermal

ti:tN: Fragility, Repair

► σ, ε 
► M, V, N
► Δ, θ

Surface

(Area, Polygons)

Height X Width
Area [m2] Reference Point 

(x,y,z) + 
Transformation*

►X-Sec depth
►Matl Properties:

t0: Structural, 
Thermal, 

Transmissibility
ti:tN: Fragility, Repair

► σ, ε field
► Interaction 
(shading)
► Embodied 
energy

Space

(Volume)

Height X Width X 
Depth
Volume [m3]

Reference Point 
(x,y,z) + 
Transformation*

►Matl Properties:
t0: Structural, 

Thermal, 
Transmissibility

► Embodied 
energy 
► Thermal 
Heat Flux

*Transformation: Offset/translation, rotation, extrusion (may exploit symmetry for efficient data storage)
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REVIT AUDITOR MODULE

FUNCTION: Characterize geometries, inventory components in 
Revit model

APPROACH: Ontology-based data patterns
that connect domain vocabularies

INPUTS: IFCXML file

OUTPUTS: Semantic graph information

DATA
SOURCES: Linked data views

KEY 
FEATURE:

Queryable graph so modules can 
easily access building information



COMPONENT AUDIT: WORKING EXAMPLE

Revit 2016 ModelR
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Revit Auditor
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HAZARD MODULE

FUNCTION: Identify hazard exposure at specified location

APPROACH: Site-specific hazard curves generated from governing 
building codes/standards

INPUTS: Site Characteristics, 
Dynamic Properties

OUTPUTS: Return rates for different 
intensity measures

DATA
SOURCES: Hazard maps (USGS, ATC)

KEY 
FEATURE:

Automated extraction of 
hazard characteristics
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HAZARD DEMANDS: WORKING EXAMPLE

M

SDOF @ Specific Locale
Hazard Module

2-Story, 4-room  RC 
Frame in St. Louis, MOEX
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RESPONSE MODULE

FUNCTION: Calculate engineering demand parameters for specific 
intensity measures

APPROACH: Response approximated from linear-elastic FEM

INPUTS: Intensity measures, 
building properties

OUTPUTS:
Drift ratios, velocities 
and accelerations; 
wind pressures

DATA
SOURCES:

Nonlinear response 
approximations

KEY 
FEATURE:

Direct interfacing with 
FEM packages



RESPONSE: WORKING EXAMPLE

SAP2000 (v. 17) ModelR
EP

R
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Response Module
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DAMAGE-DETERIORATION MODULE

FUNCTION: Calculate the probability of occurrence of the different 
damage states 

APPROACH: Assembly-based vulnerability methodology

INPUTS:
Engineering demand 
parameters, component 
assemblies

OUTPUTS: Probabilities of 
occurrence

DATA
SOURCES: Fragility curves (FEMA)

KEY 
FEATURE: Detailed loss assessment at component level



DAMAGE LEVELS: WORKING EXAMPLE

Assembly InventoryR
EP

R
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EN
TA
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N

Damage Module

Description Location

Interior Wall 
Assembly 1

Floor 2, 
Bay 1-2

Interior Wall 
Assembly 2

Floor 1,
Bay 1-2

2-Story, 4-room  RC 
Frame in St. Louis, MOEX
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LOSS MODULE

FUNCTION: Assess maintenance/repair/replacement and downtime 
costs 

APPROACH: Assembly-based vulnerability methodology

INPUTS:
Probabilities of 
occurrence of damage 
states

OUTPUTS: Repair cost, material,  
downtime

DATA
SOURCES:

FEMA cost, repair, 
downtime functions 

KEY 
FEATURE: Supports regional cost functions

DAMAGE LEVEL COST

Repair Level 1 $25/sq. foot

Repair Level 2 $50/sq. foot

Repair Level 3 $100/sq. foot

Replacement $200/sq. foot



LOSSES: WORKING EXAMPLE
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OPERATING ENERGY MODULE

FUNCTION: Asses operating energy of building within a given climate

APPROACH: Calculation of heat flux based on material and spatial 
properties (lumped capacitance model)

INPUTS: GBXML File 

OUTPUTS: Monthly energy 
consumption

DATA
SOURCES:

Energy Plus 
climatology data

KEY 
FEATURE:

Customizable 
thermal properties

Monthly Operating Energy [MBTU]



OPERATING ENERGY: WORKING EXAMPLE
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EMBODIED ENERGY MODULE

FUNCTION: Calculates building component embodied energy

APPROACH: Linked data relates model’s component assemblies to 
energy embodied in component production, transport, etc.

INPUTS: GBXML file

OUTPUTS: Component-level 
embodied energy

DATA
SOURCES:

Linked open databases, 
product declarations 

KEY 
FEATURE:

Full accounting of 
energy embodied in 
component life cycle Ext. Walls int. Walls

Embodied Energy [MBTU]



EMBODIED ENERGY: WORKING EXAMPLE
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POST PROCESSING MODULE

FUNCTION: Comparative evaluation of component contributions to 
project’s resilience and sustainability goals

APPROACH: Present results over varying service lives to support 
decision making, evaluation of design alternatives

OUTPUTS:

Total Embodied 
Energy, Operational 
Energy, Losses 
(dollars, downtime)

KEY 
FEATURE:

Identifies 
components that 
drive hazard 
resilience and 
sustainability metrics
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Summary
• Integrated Life Cycle Analysis interfaced 

to Revit modeling environment
• Modular: build and expand over time
• Enables evaluation of damage due to 

site-specific hazards, deterioration
– Repair and replacement costs, downtime
– Embodied and operational energy

• Identifies component-level impacts
• Accommodates user-supplied and 

regional data, full component life cycle



Green-Scale Resilience: 
Technology Can Build and 
Connect Community

PRESENTER: Charles Vardeman



Slight digression in our story...

https://store.google.com/us/product/pixel_2?hl=en-US



Actually, more of a story about 
these...

https://www.apple.com/ios/siri/

https://www.microsoft.com/en-us/cortana/?

https://assistant.google.com/intl/en_us/

https://www.apple.com/ios/siri/
https://www.microsoft.com/en-us/cortana/?
https://assistant.google.com/intl/en_us/


Source: Charles F. Vardeman II, License: (CC BY-
SA 2.0)

Which would not have possible 
without what happened here...



Source: W3C20 Anniversary Symposium, 
https://www.w3.org/20

https://www.w3.org/20


Source: W3C20 Anniversary Symposium, 
https://www.w3.org/20

https://www.w3.org/20


Source: Charles F. Vardeman II, License
(CC BY-SA 2.0)



Source: 
http://info.cern.ch/Proposal.html

Tim Berners-Lee March 1989
Notice: Subject-Predicate-Object Graph 
(SPO)

http://info.cern.ch/Proposal.html


Image Source: http://hi-project.org/blog/
Tim Berners-Lee, James Hendler, Ora Lassila. “The Semantic 
Web.” Scientific American 284, no. 5 (2001): 28–37.
https://www.scientificamerican.com/article/the-semantic-web/

http://hi-project.org/blog/
https://www.scientificamerican.com/article/the-semantic-web/




That’s great!
So, why haven’t I heard of this 

semantic web thingy?



Source:
https://www.thomsonreuters.com/en/press-releases/2017/october/thomson-reuters-launches-
first-of-its-kind-knowledge-graph-feed.html

https://www.thomsonreuters.com/en/press-releases/2017/october/thomson-reuters-launches-first-of-its-kind-knowledge-graph-feed.html


Source:
http://financial-risk-solutions.thomsonreuters.info/KnowledgeGraphFeed

http://financial-risk-solutions.thomsonreuters.info/KnowledgeGraphFeed


Source:
https://aws.amazon.com/neptune/

https://aws.amazon.com/neptune/




https://blog.google/products/assistant/learn-more-about-
world-around-you-google-lens-and-assistant/

https://blog.google/products/pixel/new-pixel-2/

https://blog.google/products/assistant/learn-more-about-world-around-you-google-lens-and-assistant/
https://blog.google/products/pixel/new-pixel-2/


Source: 
https://www.ibm.com/watson/

https://www.ibm.com/watson/


Source: 
http://www.slate.com/articles/technology/ibm/2014/11/better_than_cookbook
s_computers_could_make_healthy_eating_more_palatable.html

http://www.slate.com/articles/technology/ibm/2014/11/better_than_cookbooks_computers_could_make_healthy_eating_more_palatable.html


Source: https://www.ibmchefwatson.com/community

https://www.ibmchefwatson.com/community


“Chef Watson” is helping to explore 
possibilities that would not have 

otherwise been considered



“Let’s take a look at how this works.

Over the past couple of years, we created a food knowledge database 

that contains recipes, ingredient ontology, and nutritional facts and 

characteristics of the flavor compounds contained in different 

ingredients. We then developed a system that asks for a few inputs 

about a dish you want to make, such as the key ingredients, cuisine, 

and dish type. The system then produces hundreds of never-before-

seen recipe ideas accordingly, complete with proportions and 

instructions.”

Source: 
http://www.slate.com/articles/technology/ibm/2014/11/better_than_cookbooks_computers
_could_make_healthy_eating_more_palatable.html

http://www.slate.com/articles/technology/ibm/2014/11/better_than_cookbooks_computers_could_make_healthy_eating_more_palatable.html


Problem, these are largely 
proprietary Knowledge Bases BUT 

they are built on PUBLIC DATA



"Linking Open Data cloud diagram 2017, by Andrejs Abele, John P. McCrae, Paul Buitelaar, 
Anja Jentzsch and Richard Cyganiak. http://lod-cloud.net/" License: CC-BY-SA

http://lod-cloud.net/


Source: Picture, Mike Gogulski (CC BY 2.5).
Krzysztof Janowicz, Frank van Harmelen, James A. Hendler, and Pascal Hitzler. “Why the 
Data Train Needs Semantic Rails.” AI Magazine, 2014. 
http://corescholar.libraries.wright.edu/cse/169/.

http://corescholar.libraries.wright.edu/cse/169/


KEY IDEA: Use Structured Data
(Ontologies) based Knowledge 

Graphs as basis for information flow 
in computational models



An Ontology is an explicit specification of a 
conceptualization1

1Tom Gruber, “What is an Ontology?”, http://www-
ksl.stanford.edu/kst/what-is-an-ontology.html

Human ← → Computer

A definition from Siri’s Dad!

http://www-ksl.stanford.edu/kst/what-is-an-ontology.html


How can we use Community to 
capture SHARED Conceptualization?



Pascal Hitzler, Krzysztof Janowicz, Adila Alfa Krisnadhi:
Ontology Modeling with Domain Experts: The GeoVocamp Experience.
Diversity++@ISWC 2015: 31-36

Effort between domain 
experts, facilitators who 
understand some of the 
domain and some 
modeling and formal 
logics experts to 
encapsulate concepts

http://dblp.uni-trier.de/pers/hd/h/Hitzler:Pascal
http://dblp.uni-trier.de/pers/hd/k/Krisnadhi:Adila_Alfa
http://dblp.uni-trier.de/db/conf/semweb/diversity2015.html#HitzlerJK15


Cheatham, M., Ferguson, H., Vardeman II, C., and Shimizu, C., A Modification to 
the Hazardous Situation ODP to Support Risk Assessment and Mitigation, In 
Workshop on Ontology Design Patterns (WOP), 2016.



“Modified”Hazardous Situation 
builds on other Patterns!

Previous
Pattern in 
Orange



Conceptualization Formalization (Math)

Specification in the 
Web Ontology 

Language OWL 
(Share your KG)



LCA Ontology

Architectural 
Ontology

Civil Engineering 
Ontology

Connecting 
Ontology 
Design 

Patterns

LD View A

LD View B

LD View C

Application 
Document 
Schemas

Industry 
Resource 

Information

Linked Data Views & Ontology Design Patterns



Spatial Collections and 
Geometry



Geometries to Collections





Where are we going next in 
Knowledge Graphs and AI?



http://www.bbc.com/news/technology-42251535

https://arstechnica.com/gaming/2017/12/deepmind-ai-needs-
mere-4-hours-of-self-training-to-become-a-chess-overlord/

http://www.bbc.com/news/technology-42251535
https://arstechnica.com/gaming/2017/12/deepmind-ai-needs-mere-4-hours-of-self-training-to-become-a-chess-overlord/


Active research on how to 
integrate Neural Networks and 
Deep Reinforcement Learning
methodology with Knowledge 
Graphs and Reasoning
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This concludes The American Institute of Architects 
Continuing Education Systems Course

Aimee P. C. Buccellato
abuccellato@nd.edu

Tracy Kijewski-Correa
tkijewsk@nd.edu

Alexandros Taflanidis
a.taflanidis@nd.edu 

Charles Vardeman II
Charles.F.Vardeman.1@nd.edu
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