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Trends in Complex Design 

Institute for Software Integrated Systems 



Traditional System Design 



Adaptive Vehicle Make Vision 

• Speed: Design a system in 1/5 the time of 
traditional design methods 

• Functional: Probabilistic Prediction of 
Performance 

• Manufacturing: Designs can be built 

• Adaptive to requirements and new tech. 

• Accessible: Lower the barrier to entry 
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AVM Program Structure 

Reproduced from DARPA AVM Program Briefing, Approved for Public Release, Distribution Unlimited 



The META Approach 
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• Design Reuse, Distribute Workload 
• Leverage cross-domain Component 

Libraries 

• Explore, Evaluate, Understand 
Tradeoffs 

• Maintain Design Flexibility/Agility 

• Auto-compose models/invoke 
domain analysis tools 

• Minimize repetitive engineering 
labor 

Component Based Design Design Space Exploration Executable Requirements 

Meta Programmable Tools and Semantic Backplane 

• Support integration of new tools and analysis 
• Applicable across new domains and engineering processes 



The META Design Flow 

Design Space and Design Modeling Multi-Domain Component 
Model Libraries 

Cyber Physical 
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Component Models 

• Represent Behavior Across 
Domains 

• Electrical, Mechanical, Fluids, 
Thermal ... 

• Support Multiple Tools 
• Dynamics  
• CAD 
• Procurement & Cost 
• Cyber 

• Levels of Abstraction 
• Multiple Fidelity 
• Tradeoff Speed and Accuracy 

• Conforms to Ontology 
• Interchangeable Components 

• Composition 
• Components plug together to 

make systems 
• Properties of components 

maintained in systems 
• Semantics Maintained 

Detailed Geometry 
FEA Geometry 

Low-Fidelity Dynamics 

Caterpillar C9 Diesel Engine : AVM Component

High-Fidelity Modelica Dynamics Model

Rotational 
Power Port

Signal Port

Low-Fidelity Modelica Dynamics Model

Rotational 
Power Port

Signal Port

Bond Graph Dynamics Model

Rotational 
Power Port

Signal Port

Detailed Geometry Model (CAD)

Structural 
Interface

Structural 
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FEA-Ready CAD Model

Structural 
Interface

Structural 
Interface

Throttle
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Port

map

Power Out
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Mount
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Structural 
Interface

map

Weight
680 kg

Length
1245 mm

Number of Cylinders
6

Maximum Power
330 kW

Height
1070 mm

Width
894.08 mm

Maximum RPM
2300 rpm

Minimum RPM
600 rpm

Parameter 
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Power 
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Structural 
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Design Spaces Construction & 
Exploration 

Component Choices: Parametric Variation: Architectures: 
Mobility 
- # Wheels/Legs/Tracks 
 - Wheel Articulation 
Power Sources 
- Diesel, Electric, Solar 
Manipulators 
- ... 

Components 
Subsystem 

Design Spaces 

Design Space Evolution 
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Design 

Architectures 

Constraint-guided Design Space Pruning 

BDD Based Constraint Solver, Scales to Large 
Design Spaces 



Executable Requirements & 
Test Bench Concepts 

Scenario 
Specification 

Environment 
Specification 

Test 
Article 

Instrumentation 

Metrics & 
Requirements 

Parameters 



Test Benches to Evaluate  
FANG Requirements 

Simple Test Benches 
Complex/Sequenced 

 Test Benches 



Dynamic Performance Evaluation: 
Composition and Execution of 

Multi-Fidelity Ordinary Diff Equations 

Multiple Physics Domains Multiple Fidelity Behavior Models 

Design #2
METADesign

PowerPlant
Compound

Caterpillar C9 Diesel Engine
AVMComponentInstance

Rotational Power Output
PowerPort (virtual)

TransmissionAndPrimaryDriveshaft
Compound

ABC Corp BR204 Primary Driveshaft
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Rotational Power Output
PowerPort (virtual)

Caterpillar CX31 Transmission
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Weight
ComponentPropertyInstance

Weight
ComponentPropertyInstance

Weight
Property

Weight
ComponentPropertyInstance

C1
Calculation
(summing operation)

ValueConnector

ValueConnector

PortConnector

PortConnector

Length
ComponentParameterInstance Rotational Power Output

PowerPort (virtual)

Design #2
METADesign

PowerPlant
Compound

Caterpillar C9 Diesel Engine
AVMComponentInstance

Rotational Power Output
PowerPort (virtual)

TransmissionAndPrimaryDriveshaft
Compound

ABC Corp BR204 Primary Driveshaft
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Rotational Power Output
PowerPort (virtual)

Caterpillar CX31 Transmission
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Weight
ComponentPropertyInstance

Weight
ComponentPropertyInstance

Weight
Property

Weight
ComponentPropertyInstance

C1
Calculation
(summing operation)

ValueConnector

ValueConnector

PortConnector

PortConnector

Length
ComponentParameterInstance Rotational Power Output

PowerPort (virtual)

Design #2
METADesign

PowerPlant
Compound

Caterpillar C9 Diesel Engine
AVMComponentInstance

Rotational Power Output
PowerPort (virtual)

TransmissionAndPrimaryDriveshaft
Compound

ABC Corp BR204 Primary Driveshaft
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Rotational Power Output
PowerPort (virtual)

Caterpillar CX31 Transmission
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Weight
ComponentPropertyInstance

Weight
ComponentPropertyInstance

Weight
Property

Weight
ComponentPropertyInstance

C1
Calculation
(summing operation)

ValueConnector

ValueConnector

PortConnector

PortConnector

Length
ComponentParameterInstance Rotational Power Output

PowerPort (virtual)

Design #2
METADesign

PowerPlant
Compound

Caterpillar C9 Diesel Engine
AVMComponentInstance

Rotational Power Output
PowerPort (virtual)

TransmissionAndPrimaryDriveshaft
Compound

ABC Corp BR204 Primary Driveshaft
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Rotational Power Output
PowerPort (virtual)

Caterpillar CX31 Transmission
AVMComponentInstance

Rotational Power Input
PowerPort (virtual)

Weight
ComponentPropertyInstance

Weight
ComponentPropertyInstance

Weight
Property

Weight
ComponentPropertyInstance

C1
Calculation
(summing operation)

ValueConnector

ValueConnector

PortConnector

PortConnector

Length
ComponentParameterInstance Rotational Power Output

PowerPort (virtual)

Design 

Architectures 

Simulation Testbench for Behavioral Properties 

KPP 

KPP 

Uncertainty 
Propagation & 

Estimation 

PCC 
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Ts (ms) 10 40 70 100 

RMS body 
accel 

1.836 0.614 0.640 0.664 

Software Controller Synthesis & 
Verification 



Geometric Reasoning: 
CAD Assembly Composition 

META Model of  
Structural Connections 

CAD-Independent  
Assembly 

CAD Tool  
Specific Drivers 

iFAB Interface 
(partial) 

BOM, 

Assembly, 

GD&T, … 



Vehicle 3D Model 

Composed Vehicle Geometry as Designed 



Finite Element Analysis 

FEA Analysis Output 

iFAB Interface 
(partial) 

FEA  
TestBench 

CAD Assembly 

Grid 
Model 

Extract 

Constraints 
&  

Forcing 
Functions 

A
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 &
 FF 

Import/ Execute 
 in Abaqus 

Post 
Process 

Test 
Results 

Underpinnings 
• Annotated 3D Models 
• Semantics of 3D Physical 
• TouchPoints in Test Bench 
• Automated Composition 
 
Challenges 
• Scalability 
• Stability of Analysis 

• (Production & Detection) 
• Portability 
 
End State: 
Abaqus, ProE, Open Source 



CyPhy CFD Test Bench 
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Formal Verification Methods 
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Probabilistic Certificate of Correctness 

Counter 
Examples 

Failure 
Culprits 

Probabilistic 
Certificates 

Complete 

 Probabilistic 

Model 

Probabilistic Model Checking 

Qualitative Reasoning 

• Hybrid system --> Discrete system 

• Model check the (infinite state) 
discrete system   

• infinite bounded model checking      

• k-induction 

• Find: Safe/Unsafe/Goal States 

 

Relational Abstraction 



Data Visualization & Trade Space 
Exploration (Dashboard) 

Requirements Analysis 

Design Space Analysis 

Multi Attribute Utility Function 



Other CAD 
(TBD) 

META Analysis Composition 

Design 
Points & 
Design 
Spaces 
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META Tool Architecture & 
Execution Infrastructure 

• Open / Extensible Tool Architecture 
• Formal Meta-Models and Interchange 

formats 
• Dual Cloud-based & Local Analysis 

Execution Infrastructure 
 

CyPhy Model  
Editor 

AVM  
Components 

Vehicle 
Forge 

Design Space 
(CDS Tool) Master Interpreter 

Dynamics CAD FEA 

Analysis 

Mobility Cyber 

Results 

Modelica 
(Dymola/OM) 

CAD 
(ProE) 

FEA 
 

D3D 
Adams 

PCC PET 

OpenMDAO 



FANG Challenge I 

• 300 Design Teams, 20+ Finalists  

• 9 Amphibious Infantry Combat Vehicle Designs 

• Takeaways:  

– AVM Software/Models Used by Uninitiated Group 

– Small Teams designed complex systems quickly 

– Teams pushed the limits of design space, despite 
narrow component selection 

– Result being built for validation 
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New/Ongoing Development For 
2013-14 

• Geometry Focus 
– Interactive CyPhy/CAD Coupling 

• PDE Tools 
– CFD, Thermal, Dynamic Stress 

• Fault and Reliability Modeling 

• Mission Computing and RTOS Integration 

• Composition 

• Multi-Simulation Integration (HLA) 
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Transition of AVM Technology 

• Application to New Domains 

– Understand various design requirements 

– Define Components  

– Leverage existing tool resources 

• Prove Out META Processes In Situ 

– Immediate vs Gradual transition 

– Leverage NRE and Tools 

– Leverage assets (components) 
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