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ne farther we venture from home, the more self-reliant we
need to be. Thisisastruein space exploration asit isin more
commonpl ace aspects of the human experience.

In recent years, artificial intelligence and intelligent sys-
tems have enabled the initial demonstrations of autonomous

capabilities on robotic exploration space-
craft.! At the sametime, intelligent systems
have helped illuminate the means by which
biological systems solve some of nature's
engineering chalenges. It is often where
digparate fieldsintersect that unexpected
and useful insightsinto nature and engineer-
ing arise. And so it might be with intelligent
systems, biology, and space expl oration:

our deepening understanding of biology is
generating new ways to meet the chalenges
of space exploration and both fields are
increasingly dependent on advancesin com-
puting. Directly and indirectly, intelligent
systems can spur advancesin space system
engineering, letting us venture farther, per-
haps sooner, into the solar system and
nearby interstellar space.

The current decipherment of genetic
information in biology isrevolutionary. We
stand at the edge of a deep understanding of
biology at the system level, brought about by
fundamental knowledge of mechanismsand
strategies played out at the macromolecular
level. Understanding in detail how biological
systems store and retrieve information, con-
trol devel opment, fabricate structural compo-
nents, build molecular machines, sensethe
externa environment, reproduce and dis-
perse themselves throughout the environ-
ment, engagein error detection, and carry
out self-repair can pay big dividendsto space
exploration. Thistype of knowledge will let
us build more autonomous, more “ self-
reliant” space systemsthat can operate ro-

bustly in difficult environments farther and
farther from Earth.

Here, wewill discuss some of the ways
that intelligent systems are advancing the
understanding of human and other genomes
aswell asthe molecular regulatory mecha-
nismsfor gene expression. We al so extrapo-
late and specul ate on space applications that
could result from this new understanding of
biology in such areas as human spaceflight
(including space medicine and life support
systems), NASA's search for life elsewhere
(astrobiology), and robotic spaceflight (bio-
fabrication and in situ assembly).

Genomics

One of the most exciting things happen-
ing in biology isthat amajor community
effort—the Human Genome Project—and
similar projects for many other species
are approaching their goals of acquiring
nearly all the genetic information con-
tained in the DNA of aliving cell. How
this 1D sequence of information affects the
livefunctioning of acell isalso being
revealed by a second wave of new instru-
mentation that quantifies the activity of
thousands to tens of thousands of genesin
acollection of cells, aswell as other
genome-wide cluesto cellular function.
The understanding of DNA sequence and
cellular function information at the full
genomic scale both depend on substantial
computational effort. Thiseffort includes
special -purpose databases and pattern-
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recognition algorithms (central aspects of
bioinformatics), aswell as predictive dy-
namical simulationsin computational biol-
ogy. There is ample scope for intelligent
systemsto make further contributionsto
these emerging areas.

We already see major progressin se-
quence genomics and functional genomics
revolutionizing the molecular study of cells
in one species after another: numerous bac-
teria, and within the last two years baker’'s
yeast (Saccharomyces cereviseae), amicro-
scopic multicellular worm (C. elegans), a
fruit fly (Drosophila melanogaster), and
very soon human beings (Homo sapiens), to
be followed by amore experimentally
manipulable vertebrate, amouse (Mus mus-
culus) and at |east one plant (Arabidopsis
thaliana). In each case, we can expect
major improvementsin our understanding
of how these organisms really work as mol-
ecular, cellular, and multicellular systems.
We arejust beginning to understand the
technological implications of this cornu-
copiaof new information.

Biology background: the central
dogma and gene regulation
According to the central dogma of molec-
ular biology, DNA isthe heritable genetic
material of the cell, which istranscribed into
RNA, aninformational intermediate, which
isthen trandated into protein (see Figure 1).
Usually, a specific gene (aheritable unit of
information encoded in DNA) directsthe
production of a specific messenger RNA
(mRNA) containing asubset of theinforma-
tioninthe DNA. A special moleculecaled
an RNA polymerase performsthistranscrip-
tion step. The mRNA in turn specifiesapar-
ticular protein moleculethat is created by the
more elaborate process of trandation,
mainly performed by alarge assembly or
complex of molecules called theribosome.
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Transcription and trand ation together consti-
tute gene expression: the action of agenein
producing protein molecules.

The proteins that result from gene
expression are very diversein their chemi-
cal and structural properties and can act as
individual actuators, sensors, mechanical
structure elements, motors, regulatory cir-
cuit elements, and catalystsin the cell. For
example, acrucial proteinin muscleis
muscle myosin of the myosin-11 family,
which functionsin a cyclic manner analo-
gous to an automobile engine cylinder. We
can model it as having several phases
including a power stroke driven by energy
from adenosine triphosphate (ATP) and a
recovery stroke that readiesit for the next
power stroke. Each myosin molecule can
“walk” along an appropriate substrate by
itself if kept supplied with ATP for energy.
In other words, myosin is amolecular
motor. Very large numbers of these motor
proteins are organized to act in concert for
generating each and every one of our mus-
cle movements—such as those required
for breathing.

A very important and interesting class of
proteins, the transcription factors, provides
strong feedback from the realm of proteins
to the genes by regulating the transcription,
and thus the expression and action, of spe-
cific genes (see Figure 1). For example,
MyoD is atranscription factor that regu-
|ates a number of other muscle-specific
genes and proteins. It can trigger an entire
program of cellular differentiation (irre-
versible specialization) to turn an immature
cell in adevel oping mouse or human into
part of amuscle cell. Transcription factors
thus cast gene expression asagiant circuit
of genesregulating other genes. With very
few exceptions, mainly in theimmune sys-
tem, the circuit does not alter the gene
itself, because it doesn’t change the genetic
information encoded in the DNA molecule.
Thecircuit simply affects what molecules
are bound to the DNA and therefore how
the geneis expressed in aparticular cell.
Thisgene-regulation circuit, composed of
many interacting subcircuits, isahuge
unclaimed prize for scientific understanding.

Thuseach cell isan amazing, adaptive,
and robust mechanical and informational
system at the molecular level. The system
acts under the coordination of genetic infor-
mation that has probably evolved for robust-
ness against many kinds of stochastic envi-
ronmental challenges, among other selection

Biology and Al

This column makes the case for intelligent systems technology as an important component
of future space exploration systems. As science missions change character from initial recon-
naissance to continuous interaction with at best uncertain and at worst unknown in situ plane-
tary environments, space systemswill need to exhibit more completely the properties of sur-
vivability and eventually, evolvability. Biological systems have faced this challenge over eons,
and the successful products of evolution are al around us. Biology might be an increasingly
relevant source of inspiration for the design of future space systems. In this article, acomputa-
tional biologist and a biophysicist from JPL explore how the viewpoints of biology and artifi-
cial intelligence, in coming together, can provide unique leverage for addressing the
challenges of space exploration as the frontier moves continually outward.

—Richard Doyle, Al in Space Editor

criteria. Genes and their expression arethe
keysto understanding and controlling this
system, for any terrestrial form of life.

An essential engineering aspect of mole-
cular regulatory systemsistheir character-
istic timescale. Transcriptional regulation
of gene expression involves the slow (1,000
base pairs per minute) construction of long
polymers (MRNA and proteins) and re-
flectsrelatively long-term decisions or
other state information. Protein—protein
interactions such as phosphorylation and
noncovalent binding can also propagate
regulatory information and are much faster
(subseconds). Electrochemical neural

information processing is even faster (mil-
liseconds), yet till very slow compared to
artificial electronics. Therelatively slow
timescales for molecular regulation are
appropriate for regulating construction and
fabrication operations.

Datafrom new kinds of instrumentation,
including 2D microarrays (which measure
MRNA gene expression in tens of thou-
sands of genes simultaneously) and other
new technologies (which work at the pro-
tein level) are now opening our eyesto
detailed cellular control mechanisms gov-
erning the growth and devel opment of bio-
logical organisms.
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Figure 1. Genefic information encoded in DNA is transcribed fo messenger RNA (mRNA) by RNA polymerase Il and
related molecules. mRNA is translated to protein by a ribosome consisting of a complex or assemblage of multiple RNA
and protein molecules (not shown). Some proteins (for example, MyoD in muscle) can then close the feedback loop by
binding to DNA and regulating its transcription. Other proteins act as actuators, motors (such as muscle myosin), sen-
sors, structural elements, and regulators of protein state. In this way, the genetic information in DNA acts as a “pro-
gram” that controls the machinery and circuitry of the cell, including its own acfions.
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Intelligent systems

Intelligent systems are increasingly
required for genomic data handling and
analysis but also for hypothesis discovery
and testing. Shotgun sequencing has accel -
erated the human and fruit fly genome pro-
jectsand relies on large-scale computing
to assemble many small DNA sequences
into usable sequence data. This applica-
tion has gone far to catapult bioinformat-
icsinto the critical path of mainstream
biological science. Many Web-accessible
sequence databases provide essential pat-
tern recognition services for working biolo-
gists. Gene expression datais commonly
analyzed using avariety of unsupervised
learning techniques including k-means and
other clustering algorithms, and self-orga-
nizing maps. The output of such analyses
suggests useful clusters of related genes,
introducing semi-automated hypothesis
discovery asamajor application of intelli-
gent systemsin biology.?

In the short span of afew years, bioinfor-
matics with intelligent systems capabilities
has become critical to the development of
biological science. Yet, thefidd isextremely
dynamic and open to further computational
contributionsif well informed by biological
collaborations.

A core technology for genomic biotech-
nology will be computational modeling and
engineering at the cellular level. A challeng-
ing new analog of computer-aided circuit
design will be required—the computer-
aided design and optimization of life at the
cellular level. In cell design, like circuit
design, we must predictively model com-
plex feedback networks, modelable to some
degree aslarge sparse systems of ordinary
differentia equations with stochastic noise
added, and optimize them to meet specifica
tions. Unlike circuit design, however, we
must begin by solving quite adifficult sci-
entific problem: modeling aspects of an
existing, complex biological regulatory
network that has not been engineered for its
understandability by human designers.

Fortunately, there are cell modeling and
optimization methods that will work both
for cell design and to fit the parametersin
cell circuit modelsto biological data. We
can use such cell optimization methods to
fit genetic regulatory network modelsto
gene expression data®# or to design such
models to meet engineering specifications.
They must, however, be improved to work
at the required genomic scale.

Because reproduction is one of the defin-
ing attributes of life, anatural placeto start
modeling and designing is with the cycle of
cellular eventsinvolved in reproduction at
the cellular level. Mathematical models are
available for key aspects of cell-cycle regu-
lation in arelatively simple eukaryotic
species.® Others have considered the more
elaborate wiring of mammalian cell-cycle
control asacircuit.

To meet the challenge of computational
cell design, we will likely require many
other aspects of intelligent systemstech-
nology. Intelligent text mining of scientific
literature will also likely have arole, along
with intelligent planning systems for labo-
ratory experiments. Initially, we could use
intelligent systemsthat model, design, and
optimize cells on the ground to solve the
space application problems we describe

Among space applications of
genomics, it's a relatively
sure bet that space medicine
will benefit greatly, enabling
us to first understand and
then treat some of the main
health problems facing
asfronavufs.

|ater. Eventually, however, the cell-biologi-
cal analysis and design systems themselves
might be placed onboard the spacecraft to
meet the high demands for autonomous
function in very ambitious deep space mis-
sions such asinterstellar probes.

Space applications

Let'snow look at possible applications
in space of the confluence of computer
science and biotechnology, aswell as some
of the future missions that might employ
such capabilities.

Space medicine. Among space applica-
tions of genomics, it'sarelatively sure bet
that space medicine will benefit greatly,
enabling usto first understand and then
treat some of the main health problems
facing astronauts.

It isan inconvenient fact that astronauts
health declines dowly but inexorably in
space. Microgravity affects muscle and bone
inwaysthat pose serious challengesfor

long-term expeditionsto Mars and other off-
planet destinations. For example, astronauts
lose about 1% of bone mass per month spent
in microgravity. Microgravity muscle atro-
phy occurs even faster. People are vulnera
ble to much higher space radiation hazards
than on Earth, raising the specter of radia-
tion sickness and cancer, especialy inthe
pregnancies you would expect as part of
long-term human exploration.

Happily, biotechnology is moving for-
ward quickly to address many of these
space health and medicine problems. The
ability to measure and understand the action
of expressed human genesin the body at the
molecular level (what they do, not just what
they say) through the proteins they make
will revolutionize our ability to understand
problems like microgravity-caused muscle
atrophy and how to treat or prevent it.

Because genes are the key to dl terres-
tria life, we can expect enormous progress
against those medical conditions that we
choose to examine by the new gene expres-
sion technol ogies. Other breakthrough
technol ogies are coming online aswell;
only within the past year or two, for exam-
ple, hasit become possible to systemati-
cally locate and measure gene expression
in muscle satellite cells—the cells respon-
sible for muscle regeneration following
injury in mammals.” Measuring gene
expression in these cells opens up the pos-
sibility of understanding how they work in
adult human beings. Microgravity muscle
atrophy is one of anumber of related mus-
cle conditions and injuries that we should
examine with these new technologies. Sim-
ilar efforts are possible for microgravity
bone loss and, with more difficulty, space
rediation effects.

Clearly, acomputational understanding
of space-related muscle atrophy, bone loss,
or cancers might have strong application to
terrestrial medicine. Work in these areas
(especially cancer) overlapswith
mainstream biology and medicine and
spin-offsare possiblein either direction.

Astrobiology. The next application areais
necessarily among the most speculative
topicsin science. The discoveries of plan-
etsin other solar systems, of apossible
ocean under the ice on Europa, and of a
history for water on Marsall bring the pos-
sibility of nonterrestrial life closer to scien-
tificinvestigability. To pursue the possible
discovery of such life, we'll need to bring
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suitable instrumentation to bear on solar
system sites and in telescopic spectral
observations of extra-solar locations.

But what instrumentation or observation
would be appropriate for detecting traces of
unknown forms of life? Clues can be had
from consideration of the great diversity of
terrestrial life and habitats. Bacterial mats
and biofilms are relatively macroscopic
structures resulting from interacting behav-
iors of single-celled prokaryotic organisms.

On Earth, endolithic organismsleave
observable chemical tracesinside rocks,
including some from deep underground.
Visible spatio-chemical patternsin terres-
trial rocks might arise from such biological
origins but can also be produced by a sur-
prising variety of abiotic pattern formation
mechanisms. We will need detailed compu-
tational modeling of chemical and biologi-
cal reaction networks to differentiate
alternative biological and nonbiological
hypotheses and subject them to discrimi-
nating observations. In this area, acompu-
tational, genome-wide understanding of
terrestrial organismswould be quite valu-
able. It isbelieved that liquid water may
have been sequestered under the surface
of Mars. Understanding how endolithic
organisms manifest in terrestrial samples
will help usinterpret drilled samples of
rocks we hope to bring back someday from
Marsfor study on Earth.

In addition, acomputational understand-
ing of the evolution of genomic-scale regu-
latory networks will be essential to framing
hypotheses about the origins of terrestrial
RNA.- and DNA-based life and of extrater-
restria lifeif itispresumed to possess
some kind of molecular regulatory cir-
cuitry. Interrestrial life, entire regulatory
networks are clearly related to one another
evolutionarily; cross-species homologies
areamajor clueto understanding genomic
data and the course of evolution.

Even if we find no nonterrestria lifein
our solar system, preparing and executing
the search will nevertheless advance the
understanding of the origins of terrestrial
life and will possibly enable usto reengi-
neer terrestrial lifefor other locations as
well asto certify that doing sowon't
destroy indigenous life-forms elsewhere.

Biofabrication and morphogenesis. This
application areamight hold the broadest
interest for previously nonbiological engi-
neering disciplines. A computable under-
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standing of cellular functionislikely to
lead to molecular engineering of particular
biological mechanismsto solve engineer-
ing problems. Construction of wood, teeth,
bones, hard shells, spider webs, and many
other materials, minerals, and mechanical
structures proceeds biologically by a pro-
cess of evolutionarily optimized growth,
starting with molecular building materials.

The same istrue, on agrander scale,
for the construction of nervous systems
and brains. Morphogenesis—the genera-
tion of multicellular form by signaling
between cellsthat can grow, divide, and
specialize—couples with molecular assem-
bly at the cellular and subcellular scaleto
perform fabrication of organic, mineral,
and computational structuresin an
efficient, adaptive and optimizable way
from elementary building units. Upon
injury, aspects of the developmental self-
fabrication process can be restarted to
effect repair, resulting in arobust system.
At least one bacterium, Deinoccocus radio-
durans, exhibits strong radiation resistance
due perhaps to powerful genetic repair
mechanisms that genomic studies are
revealing now that it has been sequenced.?
These fabrication and repair capabilities
are potentially valuable properties of abio-
fabrication technology governed by genetic
and other regulatory networks.

For robotic space exploration missions,
there are overwhelming reasonsto learn
from biofabrication and biological engi-
neering. Perhaps chief among these reasons
isthelaunch mass required to establish a
self-sustaining industrial presence in space.

Current space engineering projects are

critically limited in scale and ambition by
the requirement that their full mass be
launched from Earth. A systematic alterna-
tiveisto launch fabrication technology that
can make use of mineral and material
resources on low-gravity inner solar system
bodies such as asteroids, moons, or even
Mars. But the mass of manufacturing
equipment isitself prohibitive when you
consider all steps, including power genera-
tion, required to produce a useful item by
conventional means. In principle biofabri-
cation offers avery low-mass fabrication
aternative, and so isthe key to large-scale
space engineering projects.

Because the nonterrestrial solar systemis
richin mineral and energy resources, the
ideal way to run a solar-system-wide econ-
omy might be to keep most of the people on
Earth (where we enjoy the largest terrestrial
environment that can be expected for cen-
turies or millenia), beam up information
such asindustrial designs, plans, and en-
crypted command suitesinto asolar-
system-wide industrial complex, and
receive high-val ue finished goods through
automated one-way descent transports man-
ufactured in space. Earth would also receive
massive return information feeds for sci-
ence, engineering, entertainment, and so on.
The solar system energy and materials
mobilized by such infrastructure would also
support big space projects such as creating
alauncher for intersellar probes. This sce-
nario minimizes the requirement for launch
mass because few people need to be trans-
ported into space, but it would still require
an enormous undertaking to lift whole
industries (including construction equip-
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Figure 2. Interstellar exploration mission concept using solar sail.

ment and assembly lines) up from the Earth.

The problem isthat we are thinking non-
biologically. Plants spread their sophisti-
cated chemical engineering operations
throughout a habitat by using seeds—
genetic information, plus an absolutely min-
imal physical and energetic starting point.
Therest of the mass and energy for making
anew plant comes from local materials
wherever the seed germinates. Animal
reproduction can get alittle less compact
and tidy, but istill vastly better than run-
ning agiant, billion-dollar fab line to make
small silicon chips. We can’t afford to
launch fab lines or construction machin-
ery-building factories from Earth; com-
puter chips and bulldozers must be built or
grownin place using local resources. What
should come from Earth instead is small,
affordable “seeding” spacecraft and a con-
tinual stream of design information. Thisis
where the enormous advantage of harnessing
biologica development could enter into the
space-engineering picture.

As one example, consider agriculture.
On Earth, the growing tips of plants—the
plant meristems—are the source for nearly
al human food (and areindirectly the
source of all of it) and fiber, of al of our
cellulose (and thus rayon and paper, for
example) and of substantial quantities of
chemical feedstocks, pharmaceuticals, ails,
waxes, and even perfumes and cosmetics.
Future genetically modified plants might
be able to produce precursorsfor plastics.
Thisisthe kind of technological base we
need to establish local, self-sustaining

industry in space, at whatever level of hu-
man presence turns out to be most useful.
And, of course, plants and oceanic algae
produce oxygen from carbon dioxide, asis
crucial to all animal life on Earth. If we can
control plant development at the level of
gene expression circuitry, as now seems
very likely, we can modify plants to adapt
to altered conditions in greenhouses
throughout the solar system, and more
importantly, to produce new chemical feed-
stocks required by local industry with a
minimum of investment in launching mas-
sive capital equipment.

The biofabrication route to manufactur-
ing has drawbacks aswell. Living cellsare
not good metallurgists; they compute elec-
trically with massive, slow ionsrather than
low-mass, fast electrons; and they have
rotating motors at the molecular scale but
not at larger scales. Blending biofabrica-
tion with current manufacturing technolo-
gieswill present quite achallenge. One
option isto imitate morphogenesiswith
larger electromechanical or robotic analogs
of cells? rather than reengineering actual
living cells. This path essentially gives up
on molecular-scale assembly and its adap-
tive and evolutionary optimization. Prefer-
ably, we can genetically engineer protein
catalysts that perform unbiological solid-
phase assembly tasks.

Future space exploration mission con-
cepts. How we choose to capitalize on our
growing understanding of biological mech-
anisms—directly, indirectly, or in ameta-

phorical sense—for the benefit of space
exploration, depends on the particular
problem being addressed.

Space missions thus enabled could in-
clude long-duration outposts in the solar
system, with ahigh ratio of robotic to
human occupants, as might be optimal for
challenging space environments. Both Al
and biotechnology could be brought to bear
on the robotic aswell asthe human ele-
ments of the missions. Space medicine,
astrobiol ogy, biofabrication, and autonomy
could have ready usesif the appropriate
investments in technology devel opment
had been made and the resultsinfused into
mission plans early.

Exploration of the possible ocean under
theice of Jupiter’s moon Europawill
reguire significant autonomy technology
and can also benefit from advancesin
astrobiology. Exploration of Saturn’s moon
Titan, which might have hydrocarbon
oceans, could likewise benefit from these
same technologies.

Demanding, long-term robotic missions
to far outer solar system objects (such asin
the Kuiper Belt or Oort Cloud) and inter-
stellar missions would benefit greatly from
the kind of radical self-repair and molecu-
|ar-scal e optimization technology that
advancesin biofabrication and autonomy
arelikely to provide.

Asan extreme exampl e of applying bio-
fabrication to space exploration, consider the
solar sail approach to interstellar spacecraft
design (seeFigure 2). It should be possibleto
get at least asfar away from the Sun asthe
interstellar medium (at 200 Astronomical
Units, or Earth-Sun distance units) by using
extremely lightweight and strong light-
reflecting material surfaces actively con-
trolled by asmall low-power spacecraft over
along duration.1° Such amission would
require ahigh degree of autonomy*! and
would be most effectiveif the sail and other
components were self-repairing under the
rain of cosmic radiation and molecularly
optimized for their mechanical properties.
Thusthe solar sail could be“grown” using
future biotechnology that incorporatesthe
best properties of spider webs, flagella, and
other biological structures.

One ambitious elaboration of the solar
sail mission design would require high-
power artificial directed radiation sources
to accelerate the spacecraft.1?2 Such sources
would be very substantial space-engineer-
ing projects, perhaps enabled by biofabri-
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cation and in situ assembly. These and References

related mission concepts could lead to

remote stellar flybys or even rendezvous at 1

the nearest star systems many decades from
now. If these stars possess planets that
could be explored by landing, they would

provide the ultimate application for biolog- | 2.

ically self-fabricating seeding spacecraft.

Long before we build probes that visit
nearby stars, the synergy of biotechnology
and intelligent systemsislikely to redefine
the technol ogies of space exploration. We
have discussed potential applicationsin
robotic and human spaceflight, astrobiol-
ogy, and the development of the solar sys-
tem. By considering the technical chal-
lenges and potential payoffs of the synergy
between engineering and evolved biologi-
cal design, we can broaden and perhaps

redirect our thinking about the essential 6.

technol ogies with which we will transform
our world and explore the universe. &
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