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RationaleRationale
 Why Replication?Why Replication?

 Revolutionary manufacturing processRevolutionary manufacturing process
 NanotechnologyNanotechnology
 Massive reduction in costs per poundMassive reduction in costs per pound

 Why Indirect Replication?Why Indirect Replication?
 Easier to implementEasier to implement
 Easier to controlEasier to control

 Why not Self-Assembly?Why not Self-Assembly?
 Not Not ““Genotype + Ribotype = PhenotypeGenotype + Ribotype = Phenotype”” (GRP) (GRP)

 No theoryNo theory

 Against the principles of sound designAgainst the principles of sound design

However, probably useful for simple input partsHowever, probably useful for simple input parts



Rationale:Rationale:
Why Kinematic Cellular AutomataWhy Kinematic Cellular Automata

(KCA)?(KCA)?

 Combines Von NeumannCombines Von Neumann’’s two designss two designs
 Hierarchical, standard Turing EquivalentHierarchical, standard Turing Equivalent
 Indirect replicationIndirect replication
 Increased flexibilityIncreased flexibility
 Decreased complexityDecreased complexity
 Large system work envelopeLarge system work envelope
 More capabilities than smart dustMore capabilities than smart dust
 Both macro and Both macro and nanonano scale scale



Benefit: Cost Reduction/Lb Benefit: Cost Reduction/Lb vsvs
ComplexityComplexity
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Benefit: ProgrammableBenefit: Programmable
MaterialsMaterials

Simple identical modulesSimple identical modules
 Flow ModeFlow Mode
 Pixelated ModePixelated Mode
 Logic Processing ModeLogic Processing Mode

Flow ModeFlow Mode Pixelated ModePixelated Mode



Application: SpaceApplication: Space

 ExplorationExploration
 RobustRobust
 HyperflexibleHyperflexible

 Base ExpansionBase Expansion
 Lower launch weightLower launch weight
 Resource utilizationResource utilization

 TerraformingTerraforming
 Politically feasiblePolitically feasible
 Opens new frontierOpens new frontier



AccomplishmentsAccomplishments

Modeled SimulationsModeled Simulations
 Sensor Position Sensor Position
 NAND gate and op-amp self-assembly NAND gate and op-amp self-assembly
 Facet Facet
 Transporter and Assembler Transporter and Assembler

Simulate designsSimulate designs

Developed RequirementsDeveloped Requirements
Preliminary DesignPreliminary Design

Design a KCA IRSDesign a KCA IRS

Refined ApproachRefined Approach
 Useful IRS Useful IRS
 Developed Hierarchy of Subsystems, Cells, Facets, & Parts Developed Hierarchy of Subsystems, Cells, Facets, & Parts
 Transporter, Assembler, & Controller Transporter, Assembler, & Controller
 Low-level simpler than high-level Low-level simpler than high-level
 Top-Down  Top-Down vsvs Bottom-Up Bottom-Up
 Self-Assembly for input Parts Self-Assembly for input Parts
 Standard concepts Standard concepts
 Universal Constructor is approach, not goal Universal Constructor is approach, not goal

Confirm or refuteConfirm or refute
approachapproach

Not trivial, but less than a PentiumNot trivial, but less than a PentiumQuantify theQuantify the
difficultydifficulty

Explored Multi-Dimensional SpaceExplored Multi-Dimensional SpaceCharacterizeCharacterize
unexplored areaunexplored area

GoalsGoals AccomplishmentsAccomplishments



Characterizing Replication: Adjusting theCharacterizing Replication: Adjusting the
Freitas/Freitas/MerkleMerkle 116-Dimension Design Space 116-Dimension Design Space
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Quantifying Difficulty of IRS DesignQuantifying Difficulty of IRS Design

1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06
1.00E+07
1.00E+08
1.00E+09

Units of 
difficulty

# parts
+

# interactions

Wrench Automobile  Pentium     KCA IRS



HierarchyHierarchy

MoleculesMoleculesMolecules

Transistors, Wires
Self-assembling Subparts:
Wires, Transistors, Actuators

Genes

NAND gatesParts: Inert, Simpler than higher levelsProteins

Finite State Machines,

Shift Registers,
Adders, and
MultiplexersFacets: Symmetrical implementationOrganelles

Cells: Cubic devices with only three
limited degrees of freedom

Cells

Bus/Memory, ALU,
and Controller

Subsystems:
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Brain and
Muscles

Processor
Replicating System:

Useful
Horse

ComputerBiology KCA IRS



The Bottom-up HierarchicalThe Bottom-up Hierarchical
Approach:Approach:

The essential problem in replicationThe essential problem in replication
Well-ordered environment,Well-ordered environment,
Simple inert Simple inert partsparts
Symmetric Symmetric facetsfacets
Modular Modular cellscells
Transporter, Connector, and ControllerTransporter, Connector, and Controller
subsystemssubsystems

Indirectly-Replicating Indirectly-Replicating SystemSystem



Transporter SubsystemTransporter Subsystem

(pink corner structural part)



Connector SubsystemConnector Subsystem

(pink corner structural part)

(yellow edge structural part)
(light blue preparation tool)



Controller SubsystemController Subsystem



Unit CellUnit Cell

(different styles of tabs, actuators, and sensors shown)



Facet AnimationFacet Animation



Parts: Structure, Sensors &Parts: Structure, Sensors &
ActuatorsActuators



Self-assemblingSelf-assembling
Wang TilesWang Tiles



Semi-automated Design of Self-Semi-automated Design of Self-
AssemblingAssembling

NAND gate and op-ampNAND gate and op-amp



Simulation ofSimulation of
Transporter and ConnectorTransporter and Connector



Conclusion and Future DirectionsConclusion and Future Directions

No roadblocks!No roadblocks!

 Final Design for macro physical prototypesFinal Design for macro physical prototypes
 Build physical prototypesBuild physical prototypes
 Build and run small cell collectionsBuild and run small cell collections
 Build and run subsystemsBuild and run subsystems
 Build macro scale IRSBuild macro scale IRS
 Write Place and Route softwareWrite Place and Route software
 Refine concept at nano scaleRefine concept at nano scale
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