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Description

A group of students and researchers at Delft University of Technology are designing a starship capable of keeping
generations of crew alive as they cross the gulf between stars - and they've turned to ESA for the starship’s life
support.
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Abstract

Introduction

Radiation

2 2 Particles and dust
1.1 Challenges of interstellar exploration

Effects of radiation, particles and dust on materials

Need for regenerative life support

Effects of radiation on life support systems

1. Interstellar exploration and deep uncertainty

Interconnectedness

1.2 Interstellar exploration is a complex Differing time:scales

problem operating under deep uncertainty Dynamic behavior

Interminability
Deep uncertainty

2. Designing a solution for the complex

nature of interstellar exploration 2.1 Holistic design approach ; agiai thinking, fuctuating among disciplines
. < ’ We translate these two needs into two core design principles:
\ 2.2 Robust and dynamic design solution The objective is the capability to maintain a required isciplinary and bio-inspired design
functionality in spite of a range of unpredictable parameter
\ variations; recursive, not linear; ple of the Apollo program

Interconnectivity is exponentially useful

This add d + differing time scales [1.2]
3.1 Transdisciplinary design /"
3. Applied design principles {3'2 Bio-inspired design To ad?ressJintgrm:vability + deep uncertainty [1.2] we have to design a
P p! ystem
In order to create a complex system, we need emergence
In order to operationali; g we need a bination of evolvability

and morphogenesis <
Define evolution and evolvability; discuss optimizing vs satisfizing

To grasp the dynamic behavior of the entire system [1.2] we can include the
conceptual notion of the boli: ing and synthesizing at the

same time

Recursive, not linear; the methodology to find a dy i ion was in
3 itself dynamic
4.1 Research through design Design p cycling b qui - — —

4. Methodology

EVOIVIng Asteroid \ 4.2 Exploratory modeling

The use of a series of computational exercises to explore the implications of
varying pi and hypotheses

Starships

Goal: to provide a high-level description of the system architecture of the starship,
including the different processes, and the individual elements and their relations
The guiding design principles are ility, morphog is and lism, all expl

ina p y app h [3], in order to address the diverse challenges laid out in [1]

5.1 Assumptions

5.2 General spacecraft concept

Goal: these diverse p. perationalize the principles of evolvability,
ph and i

Specifics are described in [1.1]; what are the ramifications of this for the

5.3.1 Impact of the interstellar medium d design?

5. SyStem deSCI"IptIOﬂ To address interminability and deep uncertainty [1.2]

Provides resources for both the y and 3D facturing

5.3.2 Asteroid mining

5.3 Spacecraft processes

ionalize ility and morphogenesis [3.2]; introdi ity;

: N Op
5.3.4 3D manufacturing and self-replication include recycling and compare with reg ive life support

More speci iption of how the sp ft can evolve itself in view of
new and previously icipated chall [3.2]; introd dulari

P g

5.3.5 Spacecraft evolvability

Y

5.4.1 Spacecraft architecture Overview, geometry

5.4.2 Asteroid Asteroid type, composition
5.4.3 Spacecraft modules _Different types, shielding

5.4 Spacecraft elements

5.4.4 Mobile 3D manufacturing units ~_ Distributed manufacturing

ES,&S Population dynamics and ecosystem mass flows Reflect the inclusion of a regenerative life support system [1.1]
\ 5.4.5 Regenerative life support system Existing MELISSA system

Discuss bility: ition, g | impression, what does this entail?, relation with
morph: is and

Results: first exploration of functional requi its, a design concept, and a first
6. Discussion | conceptual prototype
Limitations and possibilities for future research: recycling is finite (build up of
i bi ion), no evolution of the y no social dynamics, no

socio-cultural evolution




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.

T 1e Peter Pnncnple
i Russell Baker

SYSTEMANTICS

HOW o
SYSTEMS 5&??%?

; T iy AND
ESPECIALLY
HOW
THEY
FAIL

BYJOHN GALL
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We're a team of students and researchers with a shared passion for
interstellar travel, looking for new team members from all faculties

Interested in helping to develop starship concepts?

Curious how to integrate engineering, architecture and biology?

Welcome to our open work sessions
Mondays between 4 and 6 pm
TPM, Room B1.300

More info: Angelo Vermeulen, a.c.j.vermeulen@tudelft.nl

Mikhail Sirenko
Statistics
Modeling

Alvaro Papic
Biological life support
Agent-based modeling

Farshad Goldoust

. Astrophysics

Modeling

Daniela Hallak
Astrophysics
Requirements analysis

Brennan Lutkewitte
Asteroid mining
Requirements analysis

Jason Kiem
Mass flow analysis
Requirements analysis

Arise Wan
Architecture
Biomimicry

Joris Putteneers
Architecture
Animation

Nils Faber
3D modeling
Visualization

Jasper Wennekendonk
3D modeling
Visualization

Amelie Kim
3D modeling
Architecture

Andreas Theys
Aerospace engineering

. | ‘ ‘1 Programming

v

Anton Dobrevski
Architecture
Web design

Jimmy Verkooijen

Background research
© QOutreach

Sharon van Rijthoven
Aerospace engineering

Community management

Angelo Vermeulen
Model development
Biological life support



ASTEROID MINING 3D MANUFACTURING

Material
Extruder Spinneret Source
Creates Structural / Spool
Elements of

Desired Length
Stereo-optic
Imager Performs
Metrology

Robotic Arms
» Provide Mobility —
‘ and Manipulation

SpiderFab, Tethers Unlimited & NASA, 2013
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A
\

MODULAR ARCHITECTURE
R h

MODULE TYPES

Regenerative life support
Habitation

Radiation shielding

. Collision shielding
Mining

Processing
Manufacturing

. Ore storage

Refined materials storage

%
-
© 0NV A WN R

& . :

3D modeling by Nils Faber
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3D m'o_deling by Nils Faber & Jasper V_\léhnekendo‘hk



VON NEUMANN SELF-REPLICATION

[

@ 3D manufacturing robot
B Manufacturing module



VON NEUMANN SELF-REPLICATION

@ 3D manufacturing robot
B Manufacturing module




VON NEUMANN SELF-REPLICATION

\ @ 3D manufacturing robot
______________ I S B Manufacturing module
/ @ Habitation module

B Ecosystem module




VON NEUMANN SELF-REPLICATION

\ @ 3D manufacturing robot
______________ I S B Manufacturing module
/ @ Habitation module

B Ecosystem module




VON NEUMANN SELF-REPLICATION

\ @ 3D manufacturing robot
______________ I S B Manufacturing module
/ @ Habitation module

B Ecosystem module




DISCRETE EVENT SYSTEM SPECIFICATION

A main.ipynb X

B + XO [ » = C Markdownwv Python3 O

[l

Corresponding classes are defined in the following way.

import numpy as np

class Spacecraft:

"The overarching class for an evolving asteroid starship (EAS)

Attibutes

factory: a salabim model

structure : array
A list of important spatial characteristics
Length of processing_waiting_line Length of stay in processing_waiting_line
total population : int
Total population of a EAS

n_modules : int
Total number of modules of a spacecraft

Mining Ore storage Processing Refined materials Manufacturing Printer

def init (self, total population=np.random.randint(5@, 168), structure=[], n_modules=5):

self.total_population = total_population # draw a sample from discrete random unifrom distribution . c ‘ o .
self.structure = structure

self.modules = []

self.asteroid = Asteroid()

for modules in range(n_modules):
module = Module()
self.modules.append(module)

class Asteroid: . . o . .
"""A class representing an asteroid object

Attributes

chemical composition : array
Chemical composition of a given asteroid

def init (self, chemical compostition = [8, 8, @]):
self.chemical compostition = chemical compostition

class Module:

LT T I 1 1 b | y = —n— -



UNPREDICTABLE CHALLENGES



UNPREDICTABLE CHALLENGES

COSMIC RADIATION
PARTICLES AND DUST



EVOLVABILITY

INTERSTELLAR MEDIUM

ANTICIPATED

START

SENSING HORIZON

SIMILAR

GROWTH

CHANGE

EVOLUTION



SIMULATION EXPERIMENTS

PARTICLE DENSITIES . ] ]
RADIATION EVENTS L] . ]
I N I ] B
JOURNEY B
ASTEROID STARSHIP
COMPOSITION MORPHOLOGY



ECOSYSTEM INTEGRATION

|
I
REGENERATIVE .
ASTEROID RESOURCES 3|  ECOSYSTEM GROWTH)
MINING E. i
| |
_ |

REAL-TIME
ENVIRONMENTAL | N
[ A J o STARSHIP .o
..................................................... : |
>ENSTRG .5 ARCHITECTURE GROWTHE
I
|
|

|
Lo o o o o e — e
— RECYCLING j L EVOLUTION
A

Simulation formalisms:

, i  ANTICIPATED
= ABM (agent-based modeling) ENVIRONMENTAL
= DEVS (discrete event system specification) IMPACT

= SD (system dynamics) :
= EA (evolutionary algorithms) REMOTE
SENSING




ECOSYSTEM INTEGRATION

Non-Edible Plant Material

—
Consumer
Compartment 5
+» Wastes
Food
-+

Carbon dioxide

Volatile Fatty Acids
WILEIEIS
Ammonium
4 =
Nitrates
Carbon dioxide
Ammonium otoheterotrophy

Compartment 3 Compartment 2

Minerals




AGENT-BASED MODELING

DEFINITION

* Works with agents and ticks

* Focus on interactions and

emergent patterns

* High granularity and

ontological correspondence

» initial model v0985 - NetLogo — O X
File Edit Tools Zoom Tabs Help
Interface Info Code
normal speed
J /| view updates
¢ B + ®abe Button I I I Settings...
Edit Delete Add . continuous
ticks: 13
L)
" . . Prot - Polys - Lipids
CV: Human Crew C I: Thermophilic Anaerobic Bacteria 6450
" R E BB R EEEEEDN
" E B EREEEEEEEEDRN
setup EEEEEEEEEN Plants for cons. [dry weight]
1580
go
0
13.8
VFAs - HNO3 - HN3
C II: Photoheterotrophic Bacteria 9580
C IV: Hydroponic Farm EEEEEEENEEEEEEEENENNENENEENEE . 13.8
C IVa: Higher Plants EEEEEEEEEEEEEEN NN .
SEEEEEEEEEEEEEEEEEEEEEEEEEEEEN
g ey SEEEESEEESEEENEEEEEEEEEREEEEE Algae for cons. [dry weight]
EEEEEEEEEEEEEEEEEEENEEEEEEEEN 440
ssans
0
W o pre 13.8
e e ¥ C02 - 02 - H2 - H20
- Nitrifvi i 8270
C b: Algae C lll: Nitrifying Bacteria
—_— 0
E B BB EEE R EEEEREEN " E FEEEEEEEEEEREECSR 0 13.8
EEEE "N
-830
13.8
W
Command Center 2| Clear
{{array: 5861.006 529.668 3111.38 826.619 1440 399.9976 8627.698 1265.923 1257.9262 1452.883 6414.9527 7717.4284 4843.1239 -1.0E-4}} ~
observer: "Prop{{array: 1111 1 1}}"
L
[=

observer>




MELISSA MASS FLOWS

Bacterial Protein
Fecal Protein
Lipids
Polysaccharides
Food biomass
VFAs

HNO,

Compartment

4 N\

Reservoir

. J

Auxiliary
process

IVVa

IVb




MELISSA STOICHIOMETRY

COMPARTMENT |

Fecal protein
3,2CH, 50 ,39Ng 539 + 3,035H,0 = C,H,0, + 0,1C,H,O, + 2.3H, + 0.76NH, + 0,8CO,

Bacterial protein
3,2CH; 469,04 34Ng 5507 + 2,712H,0 = C,H,0, + 0,1C,H.,0, + 1,3162H, + 0.8982NH, + 0,8CO,

Polysaccharides

3,199CH, ;O[553 + 1,134H,0 = 1C,H,0, + 0,1C,H.0, + 1,4H, + 0,8CO,

Lipids

C,H;3,0, + 13,0278H,0 = 6,5278C,H,0, + 0,6528C,H,0, + 0,3333CO, + 13,3611H,



MELISSA STOICHIOMETRY

COMPARTMENT |

Fecal protein
3,2CH, ,0, ,39Nj 539 + 3,035H,0 = CJH,0, + 0,1C,H.0O, + 2.3H, + 0.76NH, + 0,8CO,

Bacterial protein
3,2CH 469,04 34Ng 5807 + 2,712H,0 = C,H,0, + 0,1C,H.,0O, + 1,3162H, + 0.8982NH, + 0,8CO,

Polysaccharides

3,199CH, .,0, 435 + 1,134H,0 = 1C,H,0, + 0,1C,H.0, + 1,4H, + 0,8CO,

Lipids

C,H;3,0, + 13,0278H,0 = 6,5278C,H,0, + 0,6528C,H,0, + 0,3333CO, + 13,3611H,



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
HNO, 2228 2228 100.0% -0.07
NH, 3487 3494 99.8% 6.90
CO, 13703 13788 99.4% 85.92
H,O 17602 17564 100.2% -37.95
o, 12186 12186 100.0% 0.00
H, 1018 1027 99.2% 8.18
Total 102107 102170 99.9% 62.95



PLANT PLOT AGENT

1 AGENT ATTRIBUTES
000000000000000000 * |deal plant: 100 day growth cycle, 40g dry weight,
888888888888888888 60kcal, 0.5 harvest index
Q00000000000000000 .
Q00000000000000000 * Plant plot agent: 180 plants, 1 plant plot provides
Q00000000000000000 .
000000000000000000 enough nutrients for a crew of 6 for 1 day
Q00000000000000000 o
Q000000000000 00000 * 100 day production line: 100 plant plots
Q00000000000000000

BEHAVIOR

Input-output: stoichiometry



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

GROWTH
(BIOMASS)

1.0000

0.9000

0.8000

0.7000

0.6000

0.5000

0.4000

0.3000

0.2000

0.1000

0.0000

1 357 9111315171921232527293133353739414345474951535557596163656769717375777981838587899193959799

TIME
(DAYS)



PLANT PLOT AGENT

GROWTH
(BIOMASS)

1.0000

0.9000

0.8000

0.7000

0.6000

0.5000

0.4000

0.3000

0.2000

0.1000

0.0000

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

TIME
(DAYS)

REDUCED HARVEST



PLANT PLOT AGENT

GROWTH
(BIOMASS)

1.0000

0.9000

0.8000

0.7000

0.6000

0.5000

0.4000

0.3000

0.2000

0.1000

0.0000

1 4 7 10 13 16 19 22 25 28 31

l

REQUIRED NUTRIENTS
NO NUTRIENTS

D I I I i I

N

34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 100 103 106 109

TIME
(DAYS)

4

DELAYED HARVEST



PLANT PLOT AGENT

GROWTH oo
(BIOMASS)

0.9000
0.8000
0.7000
0.6000
0.5000

0.4000

0.3000

0.2000

0.1000

NO NUTRIENTS

NO HARVEST

v

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

TIME
(DAYS)

0.0000



SIMULATION OVERVIEW

I
I
REGENERATIVE |
ASTEROID RESOURCES < ECOSYSTEM GROWTH |
MINING E. i
I I
L o e e e e e e e e e o ___1

REAL-TIME
ENVIRONMENTAL | R
[ A ] o STARSHIP oo
..................................................... : |
>ENSTRG .5 ARCHITECTURE GROWTHE
I
I
:

|
Lo o o o o e — e
— RECYCLING j L EVOLUTION
A

Simulation formalisms:

, i  ANTICIPATED
= ABM (agent-based modeling) ENVIRONMENTAL
= DEVS (discrete event system specification) IMPACT

= SD (system dynamics) :
= EA (evolutionary algorithms) REMOTE
SENSING




CONCLUSIONS

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