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ONE THOUSAND

ONE MILLION

ONE BILLION

ONE TRILLION

ONE QUADRILLION

ONE QUINTILLION

1900 1950 2000 2050 2100 2150

YEAR OF INITIAL OPERATION

Entire Defense 
budget to buy one 
airplane.  

*from Augustine’s Laws, 6th Edition, AIAA (June 1997)

The problem
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Complexity
[Part Count + Source Lines of Code (SLOC)]

Automobile
1960s

Automobile
1990s

Automobile
Next Gen

Integrated Circuit
1960s

Aerospace Vehicle
1960s

Aerospace Vehicle
1990s ~5X Reduction in

Development Effort

New IC
design flow

New automotive
design flow

Long-Range
Strike (est.)

Intel 8088 Intel 286 Intel 386

Pentium

Xeon

MIL-STD-499A

Historical Cost Growth (in then-year dollars)

Aerospace Systems  (1960–
present) 8-12%/yr

Automobiles (1960–present) 4%/yr

Integrated Circuits (1970–
present) ~0%/yr

~10X Increase in
Manageable Complexity

Integrated Circuit
Next Gen

Goal
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Dealing with complexity
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Cost
Optimization

Power Data & Control Thermal Mgmt

SWaP
Optimization

SWaP
Optimization

System Functional
Specification

. . .

. . .

Subsystem
Design

Component
Design

System
Layout

Verification 
& Validation

Component
Testing

Subsystem
Testing

SWaP = Size, Weight, and Power
Undesirable interactions (thermal, vibrations, EMI)
Desirable interactions (data, power, forces & torques)

V&V = Verification & Validation

MIL-STD-499A (1969) Systems Engineering Process

Re-Design

The process today
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Source: Giffin M., de Weck O., et al., Change Propagation Analysis in Complex Technical 
Systems, Journal of Mechanical Design, 131 (8), 081010, August 2009
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Complexity in a real system
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Old way:
Requirements
Flow Down/

Decomposition

Component
Design Build

Integration and
Developmental

Testing

Low Rate
Initial

Production

Full 
Rate

Production

Operation Test
and Evaluation
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A dozen 1
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~104

~10 1

1

META

C2M2L

iFAB

TEST AND
EVALUATION

PRODUCTION

VehicleFORGE
~1010

DESIGN TRADE SPACE EXPLORATION
INCREASINGLY COMPUTATIONALLY INTENSE ANALYSIS

FOUNDRY CONFIGURATION
INSTRUCTION GENERATION

AVM: entire development cycle 5x faster



META TOOLS
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Component Models
Static Trade Space Exploration

Qualitative Reasoning

Relational Abstraction
Ordinary Differential

Equation Models

CAD & Partial Differential
Equation Models

Embedded Software Synthesis

A

B

META Tools



C2M2L

Component, Context, Manufacturing Model Libraries
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System

Subsystems

Assemblies

Components

Static 
Models

Qualitative 
Models

Linear 
/ ODE

Nonlinear / 
PDE

Relational 
Models

~1010 ~105 ~102 ~10

Model Abstraction

# of Design Alternatives
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Improving designer productivity through abstraction



Elements of a component model
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iFAB

Instant Foundry, Adaptive through Bits
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iFAB Distributed, Digitally-Programmable Foundry

Manufacturing Process Model Library

Constraints
from Selected 
Configuration

META Design

Static Process Mapping Sequencing
Foundry Trade Space

Exploration

Kinematic Machine Mapping

Topological Decomposition

Kinematic Assembly Mapping

Scheduling
CNC Instructions

Human Instructions

*Manufacturing Constraint
Feedback to META Design

Rock Island Arsenal Bldg 299 
Final Assembly

*

*
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The iFAB Foundry

Information

Agreements

Goods

Joint Manufacturing 
Technology Center

Rock Island Arsenal, IL

ARL Penn State
State College, PA



FANG

Fast, Adaptable, Next-Generation ground vehicle
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Prize: $1,000,000
FANG Challenge 1 – Mobility and Drivetrain subsystems

APPROVED FOR PUBLIC RELEASE. DISTRIBUTION UNLIMITED.



APPROVED FOR PUBLIC RELEASE. DISTRIBUTION UNLIMITED.

Prize: $1,000,000
FANG Challenge 2 – Chassis and Structural subsystems



APPROVED FOR PUBLIC RELEASE. DISTRIBUTION UNLIMITED.

Prize: $2,000,000
FANG Challenge 3 – Full Vehicle Design



chassis drivetrain
auxiliary 
systems
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VehicleFORGE – Collaboration Platform
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