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CHALLENGES OF HUMAN
INTERSTELLAR EXPLORATION

Radiation
Particles and dust
Regenerative life support
Not part of this study:
- propulsion & power supply
- social & cultural aspects



HUMAN INTERSTELLAR EXPLORATION 
IS A COMPLEX PROBLEM OPERATING 
UNDER DEEP UNCERTAINTY

Interconnectedness
Differing time scales
Dynamic behavior
Interminability
Deep uncertainty



BIO-INSPIRED DESIGN FOR HUMAN 
INTERSTELLAR EXPLORATION

▪ To address interminability and deep uncertainty
we have to design a complex adaptive system (CAS)

▪ To create a complex system, emergence is needed
▪ Emergence can be operationalized through a 

combination of evolution and morphogenesis



ASHBY’S LAW OF REQUISITE VARIETY

The larger the variety of actions available to
a control system, the larger the variety of 
perturbations it is able to compensate.



GALL’S LAW

A complex system that works is invariably 
found to have evolved from a simple system 
that worked. A complex system designed from 
scratch never works and cannot be patched up 
to make it work. You have to start over with a 
working simple system.
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SpiderFab, Tethers Unlimited & NASA, 2013

ASTEROID MINING 3D MANUFACTURING



MODULAR ARCHITECTURE  

3D modeling by Nils Faber



MODULE TYPES

1. Regenerative life support
2. Habitation
3. Radiation shielding
4. Collision shielding
5. Mining
6. Processing
7. Manufacturing
8. Ore storage
9. Refined materials storage

MODULAR ARCHITECTURE 

3D modeling by Nils Faber



3D modeling by Nils Faber & Jasper Wennekendonk

MORPHOGENETIC/EMERGENCE ENGINEERING



VON NEUMANN SELF-REPLICATION

3D manufacturing robot
Manufacturing module
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DISCRETE EVENT SYSTEM SPECIFICATION 



UNPREDICTABLE CHALLENGES  



UNPREDICTABLE CHALLENGES  

COSMIC RADIATION
PARTICLES AND DUST



EVOLVABILITY

GROWTH

SIMILAR

EVOLUTION

CHANGE

START SENSING HORIZON

ANTICIPATEDINTERSTELLAR MEDIUM
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SIMULATION  EXPERIMENTS



REGENERATIVE
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SENSING

ASTEROID
MINING

Simulation formalisms:
▪ ABM (agent-based modeling)
▪ DEVS (discrete event system specification)
▪ SD (system dynamics)
▪ EA (evolutionary algorithms)

ECOSYSTEM INTEGRATION 

RECYCLING



ECOSYSTEM INTEGRATION 



AGENT-BASED MODELING 

DEFINITION

• Works with agents and ticks

• Focus on interactions and 
emergent patterns

• High granularity and 
ontological correspondence
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COMPARTMENT I

Fecal protein
3,2CH1.76O0.239N0.239 + 3,035H2O = C2H4O2 + 0,1C4H8O2 + 2.3H2 + 0.76NH3 + 0,8CO2

Bacterial protein
3,2CH1.4697O0.34N0.2807 + 2,712H2O = C2H4O2 + 0,1C4H8O2 + 1,3162H2 + 0.8982NH3 + 0,8CO2

Polysaccharides
3,199CH1.667O0.833 + 1,134H2O = 1C2H4O2 + 0,1C4H8O2 + 1,4H2 + 0,8CO2

Lipids
C16H32O2 + 13,0278H2O = 6,5278C2H4O2 + 0,6528C4H8O2 + 0,3333CO2 + 13,3611H2

MELiSSA STOICHIOMETRY 
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MELiSSA MASS BALANCE 

Compound Consumed (g) Produced (g) Flow conservation Delta

Bacterial Protein 13828 13828 100.0% 0.00

Fecal Protein 1148 1148 100.0% 0.00

Polysaccharides 7486 7486 100.0% 0.00

Lipids 1912 1912 100.0% 0.00

Food - higher plants 3600 3600 100.0% 0.00

Food - algae 400 400 100.0% 0.00

Acetate 20501 20501 100.0% -0.01

Butyrate 3008 3008 100.0% -0.01

HNO3 2228 2228 100.0% -0.07

NH3 3487 3494 99.8% 6.90

CO2 13703 13788 99.4% 85.92

H2O 17602 17564 100.2% -37.95

O2 12186 12186 100.0% 0.00

H2 1018 1027 99.2% 8.18

Total 102107 102170 99.9% 62.95



PLANT PLOT AGENT 

ATTRIBUTES

• Ideal plant: 100 day growth cycle, 40g dry weight, 
60kcal, 0.5 harvest index

• Plant plot agent: 180 plants, 1 plant plot provides 
enough nutrients for a crew of 6 for 1 day

• 100 day production line: 100 plant plots

BEHAVIOR

Input-output: stoichiometry

1 AGENT



PLANT PLOT AGENT 

STATES

• Growth follows a sigmoid curve

• Reaching 40g in 100 days (10% first and 10% last week)

• For each day there’s a specific biomass increase, and 
hence, the corresponding necessary input can be 
deduced according to the plant plot’s stoichiometry
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PLANT PLOT AGENT 
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PLANT PLOT AGENT 
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PLANT PLOT AGENT 

0.0000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

0.8000

0.9000

1.0000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99

growth stage

NO NUTRIENTS
NO HARVEST

GROWTH
(BIOMASS)

TIME
(DAYS)



REGENERATIVE
ECOSYSTEM

EVOLUTION

GROWTH

GROWTH

RESOURCES

REAL-TIME
ENVIRONMENTAL

IMPACT
STARSHIP

ARCHITECTURE

LOCAL
SENSING

ANTICIPATED
ENVIRONMENTAL

IMPACT

REMOTE
SENSING

ASTEROID
MINING

Simulation formalisms:
▪ ABM (agent-based modeling)
▪ DEVS (discrete event system specification)
▪ SD (system dynamics)
▪ EA (evolutionary algorithms)

SIMULATION OVERVIEW 

RECYCLING



CONCLUSIONS

▪ CAS approach to create a robust system
▪ Exploratory modeling, not predictive modeling
▪ Consequences: co-evolution, intractability
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