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 The Aerospace Systems Design Lab - ASDL 

• Founded in 1992, ASDL was created to bridge the gap between 

academia and industry research perspectives 

– 200 MS and PhD Students, 100 Undergrads, 45 Research faculty and over 

$14M per year in sponsored research 

• School of AE was one of the seven original Guggenheim Aeronautics 

schools, founded in 1930  

• GT consistently ranked 3rd or 4th best college of engineering in the 

country based on US News & World Report 
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ASDL’s Unique Academic/Research Mission 

• Overall Objective: the education and development of the next 
generation leaders in system architecting, technology 
development, integration, engineering, analytics and decision 
making  

• Focus of the Research Program: formulation, development, and 
implementation of comprehensive approaches to the design of 
affordable and high quality complex systems using Visual Analytics 
emphasizing: 
– Disciplinary breadth and depth while accounting for uncertainty and risk 

–  Multi-disciplinary analysis, optimization and design 

–  Reduction of analysis, design process cycle time 

–  Physics-based analysis and design of unconventional vehicles 

–  Systems-of-systems, architecture-based systems engineering 

–  Interdisciplinary research, both within the schools at Georgia Tech and through the 
formation of alliances with other universities, industry, and government 
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Design is a Series of Decision Making Activities 

Identify 
Requirements 

Establish Metrics 

Establish Alternatives 

Analyze and Compare 
Alternatives 

Make a Decision  

Need methods and tools to support every step of the 
decision making process for complex systems and 
system of systems 

• Requirements decomposition approaches to 
translate high level needs into meaningful 
engineering metrics 

• Well structured architectures for the 
meaningful identification of alternatives 

• Data-driven modeling approaches to gain 
insights about the past 

• Simulation-driven modeling approaches to 
enable “what-if” games on the future 

• Visual analytics approaches to combine data 
and modeling to enable decision making 
under uncertainty  
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A framework for engineering decision making 

Identify 
Requirements 

Establish Metrics 

Establish Alternatives 

Analyze and Compare 
Alternatives 

Make a Decision  

Need methods and tools to support every step of the 
decision making process for complex systems and 
system of systems 

• Requirements decomposition approaches to 
translate high level needs into meaningful 
engineering metrics 

• Well structured architectures for the 
meaningful identification of alternatives 

• Data-driven modeling approaches to gain 
insights about the past 

• Simulation-driven modeling approaches to 
enable “what-if” games on the future 

• Visual analytics approaches to combine data 
and modeling to enable decision making 
under uncertainty  



7 

 Requirements are the First (and Last!) Step 

 

 

 

 

 

 

Need to move from deterministic, single-point designs to model-
based/driven, parametric trade environments that can include 

trades at the subsystem, system, and system of systems levels, and 
which can be used to support decision making under uncertainty 

Critical to capture and understand 

• The significance of requirements’ impact on the design at all levels 

• The sensitivity of metrics to requirements 

• How design requirements and constraints change as the stakeholders learn 
about the design problem 

• The propagation of requirements from the system of systems level down to 
the subsystem level, and vice versa 

• How design decisions impact the ability to meet requirements across the 
board 



 Continuum: From System of Systems to Sub-Systems 

System
 Persp

ective
 

Components 

Subsystems 

System of Systems 

Systems 

Cyber-physical 
systems 

M
o

d
elin

g an
d

 Testin
g N

eed
s 

Physics-based 
modeling 
approaches  

Fully integrated 
virtual 
experimentation 
platforms 

Integration of 
component 
level models 

Process-based 
and stochastic 
simulation 
approaches may 
be required 

Virtual experimentation testbeds must be able to support design tradeoffs and  

sensitivity analysis across all levels of the continuum  



Modern Systems are Rarely Standalone 

• Systems are becoming increasingly 

complex as information and 

communications technology surges 

 

• Distribution of operations is creating a 

need for systems to become 

increasingly interoperable  

 

• Despite their complexity, systems must 

be cost effective 

 The need for integration into a larger system of 

systems is driving requirements at all levels of 

complex systems design 

https://nasea.faa.gov/architecture/main/display/2 



System of Systems - Definitions 

• “A set or arrangement of systems that results when independent 

and useful systems are integrated into a larger system that 

delivers unique capabilities.”  
– DoD Defense Acquisition Guidebook 2004 

• "System of systems applies to a system-of-interest whose system 

elements are themselves systems; typically these entail large scale 

inter-disciplinary problems with multiple, heterogeneous, 

distributed systems."  
– INCOSE-TP-2003-002-03, Systems Engineering Handbook V3 

• “Groups of systems, each of which individually provides its own 

mission capability, that can be operated collectively to achieve an 

independent, and usually larger, common mission capability “ 
– Pre-Milestone A and Early-Phase Systems Engineering: A Retrospective Review and Benefits for Future 

Air Force Systems Acquisition. National Academies Press, 2008 

Systems of systems may be able to achieve capabilities beyond what a system alone could 

achieve, but are also subject to higher degrees of uncertainty and risk 



What makes Systems of Systems (SoS) 
Different? • Compared to a System, an SoS might: 

– Be larger in scope  
– Have more complex integration  
– Be subject to higher degree of uncertainty and risk 
– Evolve more continuously with elements of differing lifecycles 
– Lack a single management/acquisition entity and have a broader 

range of stakeholders 
– Have elements which are not designed to fit the whole, and 

which are integrated post-design and deployment 
– Exhibit emergent behaviors 
– Have more ambiguous requirements and fuzzy boundaries 
– Have continuous SE which is never finished 
 

 
 

New approaches to design, development, and testing for system of systems are needed  

to reduce engineering design costs, mitigate high levels of uncertainty, and account for 

future evolution 

Sources: INCOSE SE Handbook v3, "Architecting Principles for Systems-of-Systems“ by Mark W. Maier, DoD SE Guide for SoS 
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A framework for engineering decision making 

Identify 
Requirements 

Establish Metrics 

Establish Alternatives 

Analyze and Compare 
Alternatives 

Make a Decision  

Need methods and tools to support every step of the 
decision making process for complex systems and 
system of systems 

• Requirements decomposition approaches to 
translate high level needs into meaningful 
engineering metrics 

• Well structured architectures for the 
meaningful identification of alternatives 

• Data-driven modeling approaches to gain 
insights about the past 

• Simulation-driven modeling approaches to 
enable “what-if” games on the future 

• Visual analytics approaches to combine data 
and modeling to enable decision making 
under uncertainty  



  IRMA for Scoping Intractable Problems 
• The Interactive Reconfigurable Matrix of Alternatives helps scope an intractable problem space to a 

manageable one 

• The IRMA process was created to provide an “audit-trail” to define reference system(s) upon which 
quantitative analysis could be performed in a traceable, structured, and systematic manner 

• IRMA builds on the concept of a Morphological Analysis created by Fritz Zwicky 
– "... within the final and true world image everything is related to everything, and nothing can be discarded a priori as being 

unimportant." (Fritz Zwicky: Discovery, Invention, Research through the Morphological Approach, 1969.) 

– "Morphological analysis is simply an ordered way of looking at things." (Fritz Zwicky: "Morphological Astronomy", The Observatory. Vol. 
68, No. 845, Aug. 1948.)  
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 A framework for engineering decision making 

Identify 
Requirements 

Establish Metrics 

Establish Alternatives 

Analyze and Compare 
Alternatives 

Make a Decision  

Need methods and tools to support every step of the 
decision making process for complex systems and 
system of systems 

• Requirements decomposition approaches to 
translate high level needs into meaningful 
engineering metrics 

• Well structured architectures for the 
meaningful identification of alternatives 

• Data-driven modeling approaches to gain 
insights about the past 

• Simulation-driven modeling approaches to 
enable “what-if” games on the future 

• Visual analytics approaches to combine data 
and modeling to enable decision making 
under uncertainty  



  A Virtual Experimentation Approach  

A game-changing, cyber-physical initiative that will enable the 
capability to seamlessly integrate and deploy 

technologies into the analysis, design, testing, validation, 
discovery, and manufacturing processes 
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Since the WWII era billions have been invested in large-
scale testing facilities, advancing technology for years 
to come. However, as technology advances the large-
scale testing sites are no longer as valuable as in 
decades ago due to  

 From Physical Experimentation to Virtual Experimentation 

• Ever-increasing complexity in technology 

• Expensive operating costs 

• Lack of flexibility for integration 

• Extensive travel time and costs 

• Long experimentation times 

The ability to perform virtual experiments can transform the way we do engineering decision 

making for complex systems, and is the next frontier in RDT&E 
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 Why Virtual Experimentation? 

 

 Today’s new designs have increased in complexity and need to address more 
stringent societal,  environmental, financial and operational requirements 
 

 

 

 

 Many organizations are attempting to deviate from the traditional, historically-
driven, deterministic design approaches by using model-based design practices 
to explore a wider range of options in more fidelity early in the design process 

 Advances in computing power, computational analysis, and numerical methods 
have strongly impacted the way design is conducted 

The availability of computing resources and prevalence of modeling tools creates a new 

opportunity to move to virtual testbeds, where greater numbers of alternatives and scenarios 

can be explored  



 A Vision: Virtual Experimentation (VX) 

High Performance 
Computing Cluster 

Adaptive Design, Prototyping, and Testing  
Collaborative Design Environment 

Collaborative Visualization Environment 

Reduced-Order 
M&S 

High-Fidelity M&S by HPC 

Focused Rapid 
Prototyping 



 Systems Continuum – Need for Integrated Environments 

System
 Persp

ective
 

Components 

Subsystems 

System of Systems 

Systems 

Cyber-physical 
systems 

M
o

d
elin

g an
d

 Testin
g N

eed
s 

Physics-based 
modeling 
approaches  

Fully integrated 
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experimentation 
platforms 

Integration of 
component 
level models 

Process-based 
and stochastic 
simulation 
approaches may 
be required 

Virtual experimentation testbeds must be able to support design tradeoffs and  

sensitivity analysis across all levels of the continuum  



 Integration of Diverse Models is Needed 

CAD Models Physics-Based Models 
Drawings 

Structural Models 

http://www.ansys.com/ Software Models mcgettrickengineering.com 

Mathematical Models Conceptual Models Constructive Models 
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Les Entretiens de Toulouse - 3 et 4 mai 

2011 

 Design Space Exploration – Cycle Time Reduction 

 

 

Response Surface Equations (RSEs) generated from the design space 

exploration can also be shown as three dimensional contours to which 

constraints can be applied 



 Design Space Exploration 

 

 

• The surface can be reshaped in real time 

The interaction between the designer and the exploration environment allows the 

designer to  

Enables trade studies to be performed and visualized instantaneously                                            

• constantly reformulate constraints 

and variables as he gains new 

insight about the design problem, 

thereby facilitating the formulation of 

informed decision [68, 1] 

• Uncover trends or solutions that 

have never been examined in a 

transparent, visual, and interactive 

manner 
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A framework for engineering decision making 

Identify 
Requirements 

Establish Metrics 

Establish Alternatives 

Analyze and Compare 
Alternatives 

Make a Decision  

Need methods and tools to support every step of the 
decision making process for complex systems and 
system of systems 

• Requirements decomposition approaches to 
translate high level needs into meaningful 
engineering metrics 

• Well structured architectures for the 
meaningful identification of alternatives 

• Data-driven modeling approaches to gain 
insights about the past 

• Simulation-driven modeling approaches to 
enable “what-if” games on the future 

• Visual analytics approaches to combine data 
and modeling to enable decision making 
under uncertainty  



 Data Overload 

http://compegence.com/pics/iuleft000003.jpg 

The amounts of data generated can rapidly become overwhelming 

and prevent the designer from learning about the design problem any 

further  

Data by itself has little value if it is not structured and visualized in a 

way that allows the designer to act upon it  



 Data Overload 

Information visualization without interaction between the information and 

the human cognitive system does little to stimulate human reasoning and 

enable the generation and synthesis of knowledge or the formulation of 

appropriate conclusions or actions [52] 

http://www.scan-xpress.com.au/products/images/big/x38_32.jpg 

Design always conducted through visual means 

Visualization needs to be combined with analytical techniques and 

embedded in the analysis/reasoning process, as opposed to being an 

end-product of it [39,52] 



Visual Analytics – Definition and Scope 

“Science of analytical reasoning facilitated by interactive 

visual interfaces” [78] 

• Encapsulates diverse 

research areas and 

disciplines grouped into 

three main components:  

– Interactive visualization 

– Analytical reasoning 

– Computational analysis 

 

The Scope of Visual Analytics [40] 



VX Product: Virtual Integrated Testbeds 

Gas Turbine Modeling 

& Simulation 

HiFire Scramjet 

Flight Testing 

Support 

High Fidelity Aero-

Structural Modeling 

Virtual Wind 

Tunnel Testing 

Space Mission 

Simulation 

*Smart Campus and 

Integrated Intelligent 

Energy Solution* 

Air Traffic Management 

System of Systems 

Modeling 
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CASE STUDY:  
THE SMART CAMPUS INITIATIVE 

An applied example of how virtual engineering revolutionizes 
the way we support decision making for a Cyber-Physical 
Systems of Systems Integration problem 
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Smart Grid 

Smart City Smart 
Campus 

A campus that combines ICT* with its physical 
infrastructure to improve convenience, facilitate 
mobility, add efficiencies, conserve energy, 
improve the quality of air and water, identify 
any problems and fix them quickly, recover 
rapidly from disasters, collect data to make 
better decisions and deploy resources effectively 
and efficiently 

Samsung’s Energy-Savvy Smart 

Campus in Seoul, Korea 

(Under Construction, 2012) 

Smart 
Building 

 Concept of Smart Campus 

* ICT is Information and 

Communication Technologies 
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 Many Modalities of “Smart” 

Smart capabilities apply to systems as well as to the approach to building them 

www.forbes.com 

Integrated Smart Architectures 

“Smart” systems architecting is motivated by  
energy conservation, sustainable infrastructures and cost savings 

System 
Functionality 
and Logistics 

e.g., “Sense-Assess-
React” intelligent 
capabilities 

System 
Design and 
Planning 

e.g.,  multi-
disciplinary, multi-
objective,  
multi-scale systems 
architecting 

Utilities and 
Services 

Provided 

 e.g. energy distribution, 
ventilation, etc. 

Enabling 
Technologies 

e.g., sensor networks, 
state estimation,  
analytics, new energy 
sources 



 Smart Campus Vision 

Broad Mission: develop the design and key components of a GT Smart Energy 
Campus, a living laboratory for study, development and testing of transformative 
smart energy technologies, enabled by a: 
 
 
 
 
 
 
 
 
 
 

  
 Enabling Strategic Campus Decisions 
 

     Planning: “what if?” scenarios      Operations: smart real-time management 
       Technical & business case analyses            Agile system state estimation and response 

 
 

Virtual 
Campus 
Energy  

Test Bed 
 

Campus Data 
Real-time & historic 

Physics-Based Computational Models 
Multiple campus energy scales, layers & disciplines 

  

an engine for 

Storage 
& Renewables 

Smart  Technology 
Additions 

Economic 
Trends & Cost  
Fluctuations 

Threats  
&  

Degradation 
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 Vision: Revolutionary Campus Energy Management 

Steam 

Chilled Water 

Electricity 

Geographical Campus Model 

integrated with Infrastructure 

Networks Database 

Consumer Activities 



A Need for Intergrated Modeling & Simulation 

1

2

Jan

2011

Average Difference between Building 

Chilled Water Inlet vs. Outlet Temp (ΔT)

July

2011

Jan

2012
July

2012

3

ΔT

t

Inefficiencies 

Irregularities 

Dependencies 

Added technologies 
(e.g., thermal storage) 

Modified operating parameters 
(e.g. flow rates, pressures, set-

points, etc.) 

New "smarter" operations & 
control paradigms 

Cogeneration Biofuel 

PV Thermal Storage 

Questions: 

• What are the sources of 

inefficiencies and 

irregularities? 

• “What if?” operating 

alternatives 

Thermal Network Modeling & 
Simulation 

Data Observations 
Modeling & 
Simulation 

Prediction of 
future/alternative 

conditions 

Need for a Virtual Physics-based Experimentation Facility 

Use real data as an input 

GT Meter Databases and 
Data Streams: ION, 
Metasys, & Niagara 
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Creating a Virtual Representation of Campus 

OpenDSS 

Campus Cooling Load 
Simulation Results Campus Thermal  

Network Model 

Electrical Model* 

View Electric Grid Impacts 

What impact of new technologies? 

*contributed by affiliated GT ECE Power Systems Group 
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 Baseline Campus Model (Chiller Plant + Buildings) 
GT Campus Map Modelica Model 

Building 
number 

Building name Sensor? Model name 

61 430 10th North Y B061 

61A 430 10th South Y B061A 

790 CRB Y B790 

99 Baker Y B099 

181 Nanotech Y  B181 

167 MS&E Only steam B167 

146 IBB Y B146 

147 ES&T Y B147 

165 BME Y B165 

66 Cherry Emerson Y B066 

50 CoC Y B050 

153 Klaus Y B153 

95 Pettit MiRC Y B095 

Building information extracted from: 
• Campus map 
• PIPE-FLO model building settings 
• Manufacturer’s spec sheets 

Baseline model: 

• A 6-chiller plant, sharing a 
single cooling tower 

‒ Common leg + 
secondary loop 
pump 

• Two “lumped” building 
loads 

‒ Represent east and 
west side of 10th 
Str. plant 

-10.00%

-5.00%

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

35.00%

0

1

2

3

4

5

6

7

13000000 13100000 13200000 13300000 13400000 13500000 13600000 13700000

E_DeltaT(ION)

East.DeltaT.y

W_DeltaT(ION)

West.DeltaT.y

Error(E)

Error(W)

“lumped” view 

Detailed Building view 

Given cooling load and flow rate, simulated building delta-T is 
well matched to actual measurement (error within 5 %) 
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 Use of Historical Data to Validate M&S Tools 

• Numerical Simulation based on; 
– Data-driven Chiller Model 
– Dynamic Simulation using Dymola® 

• Design of Experiments (DoE) to discover optimal chiller staging for each loading 
condition 

• Simulation results are well-matched to historic data 
• Discovered optimal settings work with promising energy savings 

 
 



Model vs. Historic Data  

• Model Benchmark Test for Historic Weather & Heat 
Load 

• Forecast for Upcoming Weather & Model 
Heat Load 

• Comparison for 
• Different Plant Settings on Historic Weather & Heat Load 

• Different Plant Settings on Upcoming Weather & Model 
Heat Load 

Source: 10th ST Plant ION Data 
 
 
 
 
 
 
 
 
 
 
 

↑ Pseudo-Real-Time Dymola VM 
Connection & Calculation for Generic 

Chiller Settings / Preprocessed CSV for 
Historic Conditions 

Source: 10th ST Plant Dymola Model 
 
 
 
 
 
 
 
 
 
 
 



 From Modeling to Engineering Decision Support 

38 

• Visual Analytics 
• Initial capabilities focused on the use of data to create situational awareness about the state of 

campus in the past and the present (INSIGHT) 

• With the addition of the model, the tool was extended to provide predictive capability to forecast 
future campus states (FORESIGHT) 



 INSIGHT Mode 

39 

Metadata about each building can be 
viewed with a click 

The electricity and chilled water 
networks can be overlayed onto the 
map 
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INSIGHT Mode 

Color overlays are used to show 
relative resources usage of buildings, 
and side list is update to reflect 
usage rankings 

A dial can be used to 
scroll through history, 
giving a quick way to spot 
unexpected changes in 
consumption by building 
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 INSIGHT Mode 

A browser is available to navigate to individual sensors, and time history 
plots of their readings can be scanned for anomalies 



Total Situation Awareness for 
Campus Energy Usage 
(We called this INSIGHT) 



Prediction Capability for 
Chilled Water Plant Energy 
Consumption 

Actual 
Data 

NN Demand 
Model 

Environmental Condition  
(Such as Weather Parameters) 

Energy Demand 
(Such as Cooling Load)  

Energy Response 
(Such as Cooling Energy)  



Prediction Capability for 
Chilled Water Plant Energy 
Consumption 

Environmental Condition  
(Such as Weather Parameters) 

Energy Demand 
(Such as Cooling Load)  

Energy Response 
(Such as Cooling Energy)  

Past (with Data) Future (w/o Data) 

Forecasted Weather from 
NOAA Digital Forecasting DB 

NN Predicted Cooling 
Demand 

? Plant Setting Dependent 
Cooling Energy Usage 
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 FORESIGHT Mode 

In FORESIGHT Mode, historical data is used to calibrate the simulation, which can then be 
used to forecast future energy usage, play “what-if” games, and fill gaps in the historical 

database 



Call for Modelica/Dymola for 
Chilled Water Plant 
Operation Analysis 
 

Environmental Condition  
(Such as Weather Parameters) 

Energy Demand 
(Such as Cooling Load)  

Energy Response 
(Such as Cooling Energy)  



Environmental Condition  
(Such as Weather Parameters) 

Energy Demand 
(Such as Cooling Load)  

Energy Response 
(Such as Cooling Energy)  

Past Future 

Forecasted Weather from 
NOAA Digital Forecasting DB 

NN Predicted Cooling 
Demand 

Modelica/Dymoal Analysis 
Result for Cooling Response 

Call for Modelica/Dymola for 
Chilled Water Plant 
Operation Analysis 
 



Environmental Condition  
(Such as Weather Parameters) 

Energy Demand 
(Such as Cooling Load)  

Energy Response 
(Such as Cooling Energy)  

Any Time Period of Interest 
can be queried to Analysis 
Module Instantly 



 Next Step: Virtual Campus Designer 

↑ Pseudo-Real-Time Dymola VM 
Connection & Calculation for Generic Chiller 

Settings / Preprocessed CSV for Historic 
Conditions 

Source: 10th ST Plant Dymola Model 
 
 
 
 
 
 
 
 
 
 
 

•Key Goal of the Smart Campus Effort 
• Virtual Modification of Existing Buildings and Estimate Its 

Impact to Campus Energy Consumption  

• Include Virtual Demolition of Existing Buildings 

• Virtual Addition of New Buildings and Estimate Its Impact to 
Campus Energy Consumption 



 Concluding Remarks: 

The Future of Model-based Systems and System of Systems Engineering 

As systems continue to grow in complexity and continue to move towards 
becoming cyber-physical systems, a paradigm shift to virtual integrated, multi-
physics, multi-fidelity experimentation is required 

Virtual environments will become critical to the design process at all levels, and 
must be able to: 

• Perform design tradeoffs at all levels 

• Assist with uncertainty quantification 

• Provide an integrated front end for design fusion 

• Include multi-fidelity analysis capabilities using a combination of data-
driven, physics-based, and process-based modeling approaches 

Key enablers for this transformation to occur will include: 

• Organizational culture shift to this new paradigm  

• Advances in high performance computing  
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Thank you! 
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