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AotpofLoTEXVOAOYLKA MTPOOTITIKA TWV AELYQVWV

Mua véa unodeon kat n cuykpitikn aétoAoynon tng Ue tn
Xpnon tou povtéAou aocawpouc Aoyiknc ASTRALIFE?!

EKTETAMENH NEPIAHWH

KaBe opyaviopog, omwe Kol KOs dpuoikod cuoTnUa £XEL OPLO AVTOXNG OE OKPALEC CUVONKEG
nepBaAAovtog. H avouytr) oulntnon mepl KALATIKAG aAAayn¢ Kal oL VEEC TEXVOAOYIEG oTnV
KOTAKTNON TOU OSLOoTAUOTOG €Xouv 08nNYNOEL TIOAAG EMLOTNUOVIKA Tediot otn HEAETN
OPYOVIOUWV TIOU OVTEXOUV Ot aKpoieg ouvBnkec. OL pelétec autég ouvhBwg
ETIKEVTPWVOVTOL OTNV QVTOX/ QUTWV TWV OPYAVIOUWV O TIOAU UPNAEG 1 TOAD XapnAEg

TIHEG Bepuokpaociag, atpoodalplkig rieong, padleveépyelag, vypaciag, Kot ofuyovou.

ESw kot moA\d xpoévio €ival yvwoTo MW oL AELXAVEG CUYKOTOAEYOVTOL OTOUG TAEOV
eVOLOPEPOVTEG OPYAVIOUOUC TIOU QVIEXOUV OE OKPaieg MePLBAAAOVTIKEG OUVONRKEG TOU
mMAavATn pog 1 Tubavov kot o AAoug TAQVATEG OmMw¢ o Apng. Mpoocdata OUwG,
TEKUNPLWONKE TELPAPATIKA OTL oL Aslyveg emiBlwvouv os uTEPBOAKA akpaiec cuvOnKeg
nepBaAlovtog, Onwe yla mapadslypa otnv amoAutn Enpooia kal otnv akpaio xopnAn
Bepuokpacia twv -196 °C, &latnpwvtag Ttov petaBoAlopd Ttoug avaAloiwto, Otav
enavélBouv ot duololoykég ouvBnkeg (Parasyri et al. 2018). Emiong mnpdodata
ovakoAUPONKe Kol TEKUNPLWONKE TTEPAUOTIKA TO OTL oL AELXAVEG £XOUV TNV LKAVOTNTA OF
QVOEIKEC OUVBNKEC va TapAyouv LEYAAEC TooOTNTeG Ubpoyovou, otolxeio Lolaitepa

ONUOVTLKO YLO TNV EVEPYELAKN auTovopia (Papazi et al. 2015).

Ot Vo mapandvw avakaAupelg, ap’ OTL Eylvav oe eAEYXOUEVEC TIELPAMOTIKEG CUVONKEC
oto ynwo TmeplBaAlov, avoiyouv €va véo keddhalo PLotexvoloykwy edappoywyv O

«adAofevoug» yla TNV WP TAAVATEG, oOTa TAaiol piag ooTPoBLOTEXVOAOYLKAG

! * ASTRobiotechnological Assessment for LIfe by Fuzzy logic Evaluation



npoaoéyylong. ETol, n mapoloa £pyaocia, afloMoLWVTOS AUTA TO VEX TIELPOUATIKO EUPAUOTA
KOlL KLVOUULEVN YUPpW amd To BACLKO EPWTNUA OTNV EMOIKLON TOU SLOOTAUATOC — UTIAPYOUV
opyaviouol 1 ocuoTnuata opyaviopwy, mou Ba emiBlwoouv o aAAov TMAQVATN OMWE OToV
Apn Kal mwg uropel kaveic va eAéyéel autr tn SuvatoTnTa; — XPNOLUOTIOLEL TNV aoadn
AoOyIKr yla voi 0€LOAOYNOEL CUYKPLTIKA QUTH TN VEO TIPOOTITLKN TIOU QVOLYETOL ylOol TOUG

AeLxnveg.

H avtoxn evog opyaviopol o€ 0KPALeC CUVONKEC Kal KAT €MEKTOON N ACTPOPLOTEXVOAOYIKN
TIPOOTTTIKY ToU €lval pia moAudidotatn Kal acadrng Evvola yla TNV omoia HEXPL OTLYUNG eV
UTTAPXEL KOWWG OTTOSEKTOC OPLOUOG, HE AMOTEAECHA va Tipoodlopiletal HeE SLapOpETKA

KpLtplo ylo ta omoia &gv umapxel eviaio mAaiclo amodoxng aAAd oute Kal cUoThua

HETPNONG.

‘Etol, otnv mapoloa epyacia n acodrg AoyLkn XpnoylomoLeital wg epyodeio ouvBeong Twv
SLadpopwv KPLTNPLWY Kal TAPAUETPWY TTOU puBuilouv TNV aoTPoPLOTEXVOAOYLKH TIPOOTITIKN
KOL avToXN TwV BLOAOYLKWY CUCTNUATWY AN KAl W EPYOAEL0 CUYKPLTIKAG afloAoynong. H
xpnon MeBOSwV TEXVNTAC vonuoouvng Kal acadoug AOYLKAG OTnV TOOCOTIKOTolnon Tng
00TPOPLOTEXVOAOYLKIG TIPOOTITLKNG OPYOVIOUWY O GAAo TAavntn epapuoletal, anod 0o

yvwpiloupe, yla mpwtn ¢opd.

JUYKeKpLHEva otnv Topoloa SlotplPry emxelpeital n  ouykpltikn afloAdynon  Tng
00TPOPLOTEXVOAOYIKNG TIPOOTITIKAG TWV AEXAVWV HE TN XPAON TOU HOVIEAOU aocadoug
Aoyikng ASTRALIFE (*Astrobiotechnological Assessment of Life using Fuzzy logic Evaluation)

Ttou eival mpoypoppaTiopévo os meplBaliov MATLAB.

JUVOTTTLKA. N Asltoupyia tou povtélou pmopei va meplypadel we €€ng: Amd exkTeTapévn
BBAoypadikry €peuva CUAAEyOVTOL HETPAOELS, EKTIMACELG KAl YEVIKWCG TANpodopleg

OXETIKEC HE TNV €€EAIEN peyebBwv Tta omoia ouvdéovtal HeE TO TEPLBAAAOV, OMWG



Bepuokpaoia, StabBeoipdtnTa vepol, Tieon, ofuyovo, padlevépyela, lofeiblo Tou avBpaka
K.o. To peyebn auta ovopalovtal deikteg emBiwong kot amotedovv ta dedopeva elcodou
Tou ouotipotog ASTRALIFE. Ou SlaBéolpeg mAnpodopieg yla toug Oeikteg autoug
avaAvovtal, Kal pe tn Bonbeta acadols AoYLKNG Kol KAVOVwY yvwong cuvtiBevtal oe
ETUEPOUG OUVIOTWOEG SlaoTnuknG aeidopiag, omwe n emPiwon, n petadopd, n
Blotexvoloylk LKAVOTNTA K.Q. TIOU XPNOLUOTIOLOUVTAL WG HETPO OTN GUVOALKA eKTiNON TNG
0.0TPOPLOTEXVOANOYIKIG TIPOOTTIKAG TOU EKACTOTE OpyaviopoUu. To  amotéAecua Tng
a€LOAOYNONG LE TN XPrON TOU LOVTEAOU £ival 0 BaBUOg aoTpoPLOTEXVOAOYIKNG TIPOOTITLKAG,
TWV UMO efftaon opyoviopwv oto daotnua Twpwyv [0, 1], péow Tou omoilou pmopsl va
TPOKUPEL N OUYKPLTIKA afLOAOYNON TwWV OPYOVICUWV YL TI( OKPAleG ouvBnKeg Tou
gehéyxovtal. To HOVTEAD €ilval aVOLKTO Kal UMOPEel va S€xeTal véoug delkteg emBiwong Kot

YVWon UTO T Hopdn VEWV KAVOVWV avoxnG/avOekTIKOTNTAG.

Me tnv napandavw pebodoloyia e€etdoTnKAV CUYKPLTIKA TtEVTe SladopeTikol opyaviopol,
OUYKeKpLUEVA SUOo eldn Aelynvwy Kal Tpla taxa pkpoPiwv Kol emeAéynoav OKTw SeiKTeC
emPBiwong mou BewpnBnke OTL €xouv TNV MAEOV ONUAVTLKN (BTIKA | apvnTikr) cUUBOAN.
ATO TN OUYKPLTIKN OflOAOYNoNn TPOEKUPE n UTEPOXN TWV AsXAVWV WG TPOG TNV
00TPOPLOPLOTEXVOAOYIKI TIPOOTTIKH, KATL TIOU avolyel Tov SpOHO yla TN BLOTEXVOAOYLKN
XPNon Toug o€ L8IKEG amooToAEC o€ TTAAVNTEG UPNAoU evdladEpovtog we tpog tn {wr) Tou

uropel va cuvtnprioouyv, 6mwc sival o mAavrtng Apng.

H pebodoloyia mou akoAouBAONKe amOTEAEl MO TIPWTOTOPLAKN TIPOCEYYLON, TIOU
OVOUEVETOL VA EMAVEKKIVAOEL TN oulAtnon mou adopd tn Bswpia ™ emPiwong
OPYAVIOUWV/CUCTNUATWY OPYaVIOUWY oTo Sldotnua pe mopAdAnAn xprion Ttoug ot
BlotexvoloylkeG edaplOYEG Kal VO ATIOTEAECEL VOl TIPAKTLKO epyoieio Tou Ba cupPAMeL

otn AN oxXeTkwv anodaoswy.
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Abstract.

Every life form has range of tolerance to extreme environmental conditions. The open debate
on climate change and the new technologies have led to many scientific fields in the study of
organisms that are tolerant to extreme conditions. These studies usually focus on the
tolerance of these organisms to extreme high or extreme low values of temperature,

atmospheric pressure, radioactivity, humidity, and oxygen.

For many years it has been known that lichens are among the most interesting organisms
that withstand extreme environmental conditions on Earth or possibly other planets such as
Mars. Recently, however, it has been experimentally proven that lichens survive in extremely
harsh environmental conditions, such as complete dehydration and extremely low
temperature (-196°C/77°K) and most importantly that they retain their metabolism
unchanged when they return to normal conditions (bio-regeneration) (Parasyri et al. 2018).
Recently, experimental studies reveal that lichens have the ability to produce large amounts
of hydrogen in anoxic conditions (Papazi et al. 2015), which is particularly important for
energy autonomy. The two above discoveries, for first time demonstrated that the
unprecedented poly-extremophile characteristic of lichens could be linked to biotechnological
applications, following exposure to these extreme conditions maintained unchanged their
ability to produce high yield of hydrogen. That opens the way for astrobiotechnological
applications for these organisms. Thus, this work, exploiting these new experimental findings
and moving around the basic question of space mission — are there organisms or systems of
organisms that will survive on another planet as on Mars and how one can control this

possibility? — uses the fuzzy logic to evaluate comparatively this new hypothesis for lichens.

The astrobiotechnological perspective and the extremophile behaviour of an organism is a

multidimensional and vague notion that has so far no commonly accepted definition, with
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the result that it is defined by different criteria for which there is neither a single acceptance

framework nor a measurement system.

In this work, fuzzy logic is used as a tool for synthesizing the various criteria and parameters
that regulate the astrobiotechnological perspective and tolerance of biological systems in
extraterrestrial environments, but also as a tool of comparative assessment. The use of
artificial intelligence and fuzzy logic methods in the quantification of the

astrobiotechnological perspective on another planet is being applied for the first time.

Specifically, this thesis attempts to benchmark the astrobiotechnological perspective of
lichens using the ASTRALIFE (*Astrobiotechnological Assessment of Life using Fuzzy logic

Evaluation) fuzzy logic model, which is programmed in a MATLAB environment.

In summary, the operation of the model started from extensive bibliographic research,
measurements, estimates and generally information relating to the variability of
environmental-related quantities, such as temperature, water, pressure, oxygen,
radioactivity, carbon dioxide, and others. These variables are called survival indicators and
are the inputs data of the ASTRALIFE model. The available information on these indicators is
analysed and, with the help of fuzzy logic and knowledge rules, transformed into partial
composed components of space sustainability, such as survival, transport and biotechnology,
which are used for the measurement of the overall astrobiotechnological perspective of an
organism. The result of the evaluation using the model is the degree of the
astrobiotechnological perspective of the organisms under consideration in the interval [0, 1],
through which the comparative assessment of organisms for the extreme conditions under
control can be obtained. The model is open and it can incorporate new survival indicators

and knowledge rules in the form of new standards of tolerance.
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Five different organisms that were formerly studied in astrobiological studies, namely two
lichen species and three taxa microbes, were examined with the above methodology, and
eight survival indices, considered to have the most significant (positive or negative)
contribution, were selected. The comparative assessment has shown the lichens' superiority
in the astrobiotechnological perspective, paving the way for their biotechnological use in
special assignments on planets of high interest in life they can sustain, such as the planet

Mars.

The methodology followed is a pioneering approach that is expected to relaunch the debate
on the theory of organism/system survival on space while being used in biotechnological

applications and to be a practical tool in decision making process.
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1. Introduction

Astrobiology is the study of the origin, evolution, distribution, and future of life in the
universe: extra-terrestrial life and life on earth (National Aeronautics and Space
Administration — NASA?). It addresses the question of whether life exists beyond earth, and
how humans can detect it if it does. Astrobiology makes use of physics, chemistry,
astronomy, biology, molecular biology, ecology, planetary science, geography, and geology
to investigate the possibility of life on other worlds and help recognize biospheres that might

be different from that on earth.

On the other side, Biotechnology is the use of living systems and organisms to develop or
make products, or "any technological application that uses biological systems, living
organisms, or derivatives thereof, to make or modify products or processes for specific use"
(UN convention on biological diversity, art.3). In the late 20th and early 21st centuries,
biotechnology has expanded to include new and diverse sciences such as genomics,
recombinant gene techniques, applied immunology, pharmaceutics, diagnostic tests and

renewable energy resources.

Astrobiotechnology is the natural interface between astrobiology, biotechnology, space and
geological sciences (Steele and Toporski, 2002), while the Astrobiotechnological perspective
of a species is related to the possibility of astrobiological and biotechnological uses of the
species for the production of valuable compounds/products in order to facilitate life

establishment or human setting in extra-terrestrial conditions, such as on Mars conditions.

Survivability of living organisms in other planets is nowadays a leading discussion among
scientists as a solution to earth sustainability problems and climate change adaptations.

Many conversations concerning what humans will do when Earth becomes less habitable,

2 https://astrobiology.nasa.gov/about/
3 https://www.cbd.int/convention/articles/default.shtml?a=cbd-02
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whether due to climate change or a series of manmade disasters, led to the conclusion
about leaving Earth for another planet. Mars, a planet of similar size to Earth and at the
outreach of humans, is often brought up as an option. Even if the idea of abandoning the
earth is not plausible, the technology acquired from astrobiotechnological research would

be helpful to cope with possible harsh environmental challenges on earth in the future.

Astrobiotechnological perspective and survivability are inherently vague and complex
concepts. As pointed out in the literature, it is not that survivability parameters are lacking
but their fragmentary and polymorphous nature hampers their direct usefulness in the quest
of strategies for survival (Cockell, 2016). Despite the fact that the concept of survivability
and astrobiotechnological perspective are still vague, the development of
astrobiotechnological and survivability policies is a necessity if we adopt the precautionary

approach for the future of our planet.

What we need is adequate information that is tailored to quantitative astrobiotechnological
objectives. Such information should: (a) give a clear indication as to whether objectives of
survivability are met, (b) concern the system as a whole, (c) have a quantitative character,
(d) be understandable to non-scientists, and (e) contain parameters which can be used for
periods of one or more decades. The need for a practical tool to assess astrobiotechnological
perspective is crucial to scientists and policy-makers if they are to secure future
development of human kind on space or under extreme environmental conditions. Since
such a tool is not available, management by trial-and-error instead of management by

acknowledge and prediction is currently the way to establish sustainable policies.

In this work, fuzzy logic is proposed as a systematic tool for the assessment of
astrobiotechnological capability of organisms. Fuzzy logic based technology is one of the
fastest growing areas in engineering (Bastian, 1995). The application of fuzzy logic is

widespread in the realm of automation, optimization and simulation techniques. Since
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1965, when the foundation of fuzzy logic theory was first announced and, especially, after
the discovery of the first fuzzy chips in 1987, the literature on both theory and applications
of fuzzy logic has been growing. In this subsection, we report a synopsis of the foundations

of fuzzy systems (Berkan and Trubatch, 1997).

Almost all statements and propositions found in practical life are within some proximity of
the absolute truth. However, in practice, most uncertainties are tolerable, manageable, or
negligible. We do not cancel our flight although the risk of a crash is not zero. We live in a

world of partial truth. So do the systems we build and operate.

Science has evolved around the idealism of mathematics, which sometimes falls short of
dealing with the reality of life. Realism, referring to perception of partial truth, cannot be
accurately expressed by true/false duality for obvious reasons. The mathematical approach
has been improved recently to accommodate partial truth by the introduction of fuzzy set
theory invented by Professor Lotfi A. Zadeh. Unlike classical set theory, fuzzy set theory is
flexible since sets are composed of elements, each with different degree of membership.
Similarly, in fuzzy logic, each proposition is assigned a truth-value ranging between 0 (false)

and 1 (true).

The theory of fuzzy sets provides a more realistic mathematical representation of
the perception of truth than traditional, two-valued logic and Boolean algebra. In the
transition from crisp sets to fuzzy sets, the key element is possibility theory and its extended
interpretations. In a collective manner, possibilities are defined by a distribution function,
often called the membership function. Membership functions give the truth-values of
expressions like “Hercules is muscular” or more complex expressions articulated in daily
language. As a result there is a way to compute with words using fuzzy set theory and

possibility theory.
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One way to understand the relationship between fuzzy sets and fuzzy logic is to
examine natural language. Expressions in natural language such as “Hercules is muscular” or
“Hercules can lift a heavy weight” are phrases describing an event or state of being. When
they are put together in a sense-making order, a context is created that leads to reasoning.
For example, the combination of “Hercules is muscular” and “Hercules can lift a heavy
weight” creates a context in which muscular volume and strength become related. Such
statements are called unconditional statements. One step further is the combination of
simple expressions using some linguistic connectors (also called operators) such as “If
Hercules is muscular then he can lift a heavy weight”. Such propositions are called rules
where the connectives “if-then” modify the context and make a conditional statement.
When such conditions are imposed, reasoning gets more restricted than in a simple

relationship, which leads to the subject of logical inference.

Classical logic, also referred to as Boolean logic, consists of three elements: truth-
values, linguistic connectors, and reasoning types. In Boolean logic, truth-values are either 1
or 0, which correspond to true/false duality. In fuzzy logic, truth is a matter of degree, thus
truth-values range between 1 and 0 in a continuous manner. This concept of continuum
constitutes the most outstanding difference between classical logic and fuzzy logic.
Linguistic connectors (or operators) in fuzzy logic have the same function as in Boolean logic

(union, intersection, negation).

Fuzzy logic is capable of representing uncertain data, emulating skilled humans, and

handling vague situations where traditional mathematics is ineffective.

The following three basic features justify the use of the fuzzy logic reasoning for our study:

a. Fuzzy logic has the ability to deal with complex and polymorphous concepts, which are

not amenable to a straightforward quantification and contain ambiguities. In addition,
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reasoning with such ambiguous concepts may not be clear and obvious, but rather

fuzzy.

Fuzzy logic provides the mathematical tools to handle ambiguous concepts and
reasoning, and finally gives concrete answers (“crisp” as they are called) to problems

fraught with subjectivity. Perspective is, indeed, quite subjective.

Another important aspect of fuzzy logic is that it uses linguistic variables, thus
performing computation with words. If a traditional mathematical approach towards
perspective assessment were adopted, such as cost-benefit analysis or algebraic
formulas, then certain factors, which are impossible to quantify, would be left out.
There exist, however, aspects of astrobiotechnological perspective, which cannot be
quantified and yet are very important as, for example, values and opinions. In this area

of human thought fuzzy logic performs successfully (Zimmermann, 1991; Zadeh, 1994).

Fuzzy logic is a scientific tool that permits simulation of the dynamics of a system without a

detailed mathematical description. Knowledge is represented by IF-THEN linguistic rules,

which describe the logical evolution of the system according to the linguistic values of its

principal characters that we call linguistic variables. Real values are transformed into

linguistic values by an operation called fuzzification, and then fuzzy reasoning is applied in

the form of IF-THEN rules. A final crisp value is obtained by defuzzification, which does the

opposite to fuzzification. A simple example of IF-THEN fuzzy approximate reasoning is the

assessment of human happiness based on the popular feeling about the importance of

health. Choosing money and health as the principal factors of happiness, the fuzzy rules

might be:

- IF one has “much” money AND “good” health, THEN he is “very” happy,

- IF one has “much” money AND “bad” health, THEN he is “insufficiently” happy, and
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- IF one has “little” money AND “good” health, THEN he is “satisfactorily” happy.

“Much” and “little” are linguistic values of the linguistic variable money; they correspond to
the fuzzification of a fixed amount of money. (Good, bad), and (very, satisfactorily,
insufficiently) are, respectively, linguistic values of the state of health and happiness.

Defuzzification of the linguistic values “very”, “satisfactorily”, and “insufficiently” provides a

crisp measurement of happiness.

Accordingly, to assess astrobiotechnological perspective and survivability using fuzzy logic,

the followings have to be defined:

e Linguistic variables, which best represent the survivability of the whole system,

e Linguistic rule bases and fuzzy logical operators which express qualitatively the

knowledge and the key features of the overall system,

e The membership functions which determine quantitatively the corresponding

value of the assessment, and

e A defuzzification method to convert fuzzy statements into a single crisp value of

overall survivability.

Towards this direction, a computer-based information system has been configured, which
uses common indicators of astrophysical, biochemical and biotechnological environmental
integrity as inputs and employs fuzzy logic reasoning to provide astrobiotechnological
perspective measures on cosmic or planet level. The new model is called ASTRALIFE

(Astrobiotechnological perspective Assessment for Life using Fuzzy logic Evaluation).

The launched in 2007 space experiment with the European BIOPAN ““ facility for a 10-day

spaceflight on board a Russian “Foton” retrievable satellite included for the first time the
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vagrant lichen species Aspicilia fruticulosa from Guadalajara steppic highlands (Central

Spain), as well as other lichen species (Raggio et al, 2011).

Lichens are the symbiotic phenotype of nutritionally specialized fungi (the mycobiont) that
acquire, in an ecologically obligate, mutualistic symbiosis, fixed carbon from a population of
green algal and/or cyanobacterial cells (the photobiont) (Honegger, 1998; Grube and
Hawkasworth, 2007). Most mycobionts belong to the Ascomycota, whereas only a few
species of Basidiomycota form lichens. Concerning photobionts, about 85% of lichen-
forming fungi associate with green algae, about 10% with cyanobacteria, and about 4%

simultaneously with both.

Lichens have proven to be exceptionally suitable organisms for experiments in astrobiology
(Raggio et al. 2011). During space flight, the lichen samples were exposed to selected space
conditions, that is, the space vacuum, cosmic radiation and different spectral ranges of solar
radiation. After retrieval, the algal and fungal metabolic integrity of the samples were
evaluated in terms of chlorophyll a fluorescence, ultrastructure, and CO, exchange rates.
Whereas the space vacuum and cosmic radiation did not impair the metabolic activity of the
lichens, solar electromagnetic radiation, especially in the wavelength range between 100
and 200 nm, caused reduced chlorophyll a yield fluorescence; however, there was a

complete recovery after 72 h of reactivation (Raggio et al. 2011).

Nevertheless, new findings, such as the ability of lichens to produce hydrogen under anoxic
conditions activating appropriate bioenergetics pathways (Papazi et al. 2015), as well as
their ability to survive in extreme environments (extremophile behavior), similar to those
encountered in extraterrestrial environments (Parasyri et al. 2018), pave the way for future
astrobiotechnological applications. Of course, it is widely accepted that a reliable measure of

astrobiotechnological capacity should be the result of integrating astrobiological survivability
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and biotechnological accounts. However, this is not readily achievable due to lack of data

and yet unsolved methodological problems.

Thus, taking into consideration all the above, a comparative assessment of
astrobiotechnological perspective of lichens has been attempted using the fuzzy model
ASTRALIFE, which configured for the needs of the current study, where two lichens species
and three other microorganisms were included among the selected organisms, which have

been tested and analyzed for Martian conditions.

2. Configuration of the ASTRALIFE model
For the needs of the current study the configuration of the ASTRALIFE model has been

achieved and the followed procedure is described below.

2.1 Linguistic variables for the ASTRALIFE model

Briefly, a linguistic variable is defined by four items: (a) the name of the variable (e.g.
money), (b) its linguistic values (e.g. “much” and “little”), (c) the membership functions of
the linguistic values, and (d) the physical domain over which the variable takes its
guantitative values. The membership function of a linguistic value gives the degree to which
any quantitative value belongs to the linguistic value. For example, the membership
functions of “much” and “little” could be exponential functions of the amount of income per

month in dollars, and the range of income is the physical domain of the variable.

In the ASTRALIFE model for the assessment of astrobiotechnological perspective on Mars,

we adopted the following linguistic variables:

a) Nine linguistic variables: PRESSURE (PRE), TEMPERATURE (TEM), UV RADIATION

(RAD), HUMIDITY (H,0O), OXYGEN (0O.), CARBON DIOXIDE (CO,), HYDROGEN
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production  (H,), BIOREGENRATION or reproduction (REG) and

CARBOHYDRATE/OXYGEN production (CHO),

b) Three primary linguistic variables: ASTROPHYSICAL parameters for transferability
(ASTRO), BIOCHEMICAL parameters for survivability (SURVI), and the

BIOTECHNOLGICAL capacity for human benefit (BIOTEC),

c) One final output linguistic variable: ASTRALIFE index, which stands for the

astrobiotechnological perspective for life index.

The following Figures show the relations between the twelve linguistic variables used in the
ASTRALIFE model (Fig 1 a and b), while the overall configuration of the ASTRALIFE model is

presented in Figure 2.

The ASTRALIFE model may be viewed as a tree-like network of knowledge bases. The inputs
of each knowledge base are basic indicators provided by the user or composite indicators
collected from other knowledge bases. By using fuzzy logic and IF-THEN rules, these inputs
are combined to yield a composite indicator as output, which is then passed on to

subsequent knowledge bases.

21



ASTROBIOTECHNOLOGICAL PARAMETERS USED IN THE FUZZY “ASTRALIFE” MODELLING

parameters for

ASTROPHYSICAL

transferability (ASTRO)

PRESSURE (PRE)

TEMPERATURE (TEM)

UV RADIATION (RAD)

BIOCHEMICAL BIOTECHNOLOGICAL
parameters for survivability capacity for human benefit
(SURVI) (BIOTEC)

OXYGEN (0y) HYDROGEN

PRODUCTION (Hy)

HUMIDITY (H,0)

CARBOHYDRATE

CARBON DIOXIDE
(CO2)

PRODUCTION (CHO)

BIOREGENERATION &

REPRODUCTION (REG)

a.
EXTRALIFE LINGUISTIC VALUES (ASTRALIFE INDEX)
| I
ASTRO SURVI BIOTEC

RAD — — O — H:

TEM | L CO, L CHO

PRE | || H,O — REG
b.

Figure 1. a. Parameters for the astrobiological perspective assessment with fuzzy logic b.

Linguistic variables for the evaluation of astrobiotechnological perspective with fuzzy logic
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The model is flexible in the sense that users can choose the set of indicators and adjust the
rules of any knowledge base according to their needs and the characteristics of the

environmental system to be assessed.

The model we develop herein serves a dual purpose: it provides a flexible framework
defining astrobiotechnological perspective as a function of a number of variables (any but
given) and at the same time it gives the mathematical machinery to compute numerical
values of the concept. The ASTRALIFE model provides also linguistic values of the overall

astrobiotechnological perspective, as well as its components.

e The single final output (ASTRALIFE index) linguistic variable takes the linguistic values

“poor” (P), “acceptable” (A), and “excellent” (E).

e For the three primary (ASTRO, SURVI, BIOTEC) linguistic variables, we use the

linguistic values Very low (VL), low (L), intermediate (1), high (H), and very high (VH).

e  For the nine basic secondary variables (TEM, RAD, PRE, H,0O, O,, CO,, H,, CHO and

REG), the linguistic values “weak” (W), “medium” (M) and “strong” (S).

In order to obtain a common scale and allow aggregation the data for each parameter
indicator have to be normalized before fuzzy computations. Measurements or data of each
basic indicator are normalized on a scale between zero and one to allow aggregation and to
facilitate fuzzy computations. This is done as follows. To each basic parameter indicator c we
assign a target, a minimum c (min) and a maximum value ¢ (max). The target can be a single
value or, in general, any interval on the real line of the form [t., T.] representing a range of
desirable values for the indicator. The maximum and minimum values are taken over the set
of available measurements of the indicator from various experimentations. Let x. be the
indicator value for the variable we want to assess. The normalized value y. is calculated as

follows
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( Xc—C
fe=C e<x. <t
yc(Xc) =4 1 te<x <T. (11)
Cc—X,
(- T T.<x. L€

The normalization of indicator values is illustrated in Figure 3, while different curves of

normalization can be used according to needs and context.

T, C Xe

Ke)
—

Figure 3. Normalized value of variable x..

Triangular functions are used for the basic and primary variables, while trapezoidal functions
are chosen for the secondary variables to represent an increased uncertainty involved in the
computation (see Driankov et al., 1996; Zimmermann, 1991) for a rather detailed exposition
on membership functions). The horizontal axis of each membership function expresses the
normalized values of each astrobiotechnological capability variable and ranges over [0, 1],
whereas the vertical axis expresses membership grades ranging again over [0, 1]. Triangular
membership functions are selected because they are simple and agree with widely held
opinions. Most importantly, triangular membership functions can approximate most non-
triangular ones (Pedrycz, 1994). Trapezoidal membership functions are straightforward

extensions of triangular ones.
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Examples of membership functions of the linguistic values are shown graphically in Figure 4.

—— very bad —B— bad ™= satisfactory —>— good —%— very good

O NWRUIONWO—

Membership grades
OOOOOOO0O0O

0,1 02 03 04 05 06 07 08 09 1

0
Normalized values of parameters
(a)
=== verylow =®= jow intermediate =>*= high == very high
3 1
T 09
5 0.8
0,7
206
£ 08
30
o 01
=0 o
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
Normalized values of parameters
(b)

Figure 4. Graphical presentation of membership functions of the linguistic values

The fuzzification module transforms the crisp, normalized value y. of indicator ¢ into a
linguistic variable in order to make it compatible with the rule base. Loosely speaking, a
linguistic variable is a variable whose values are words or phrases. In the model, the

linguistic values of each variable are recapitulated in Table 1.

A linguistic value LV is represented by a fuzzy set using a membership function pw(y). The
membership function associates with each normalized indicator value y. a number py(yc) in
[0, 1] which represents the grade of membership of y. in LV or, equivalently, the truth-value
of proposition “indicator c is LV”. The ASTRALIFE model uses trapezoidal and triangular

membership functions.
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Table 1. Linguistic values used in the ASTRALIFE model

Variables

Linguistic values

1 (one) Final ASTRALIFE index

(P) poor, (A) acceptable, (E)

excellent

3 (three) Primary components (ASTRO, SURVI, BIOTEC)

(VL) very low, (L, low, ()
intermediate, (H) high and (VH)

very high

9 (nine) Secondary variables (TEM, RAD, PRE, H,0, O,,

CO,, Ha, CHO, REG)

(W) weak, (M) medium, (S) strong

membership functions

HE(Y), 1a(y), pa(y) &

A=acceptable

1

HE(YO)|

Ha(yo)l

H(ye) =0

E=excellent

Figure 5. Examples of linguistic values of indicator ¢

An example of a linguistic variable corresponding to indicator c, which takes on three

linguistic values, P (poor), A (acceptable), and E (excellent) is presented in Figure 5. The

horizontal axis of each membership function expresses the normalized values of the

indicator.
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2.2 Linguistic inference rules and fuzzy operators

Knowledge concerning the astrobiotechnological perspective of any organism is represented

by fuzzy rules whose general form is

“IF (PREMISE) THEN (CONCLUSION)”

The rules are expressions of the role of interdependencies among factors or variables of the
assessment. They are the result of multidisciplinary studies about astrobiotechnological
capacity of organisms. We consider a typical knowledge base that computes indicators
from a number of input indicators, say, 1, 2, ..., ¢, ... . Suppose that s is represented by the
linguistic values LV, LVg, ..., LV, ... with membership functions pq, ug, ..., v, ..., respectively.
Similarly, for the input indicators the linguistic values are denoted by LV;, LV, ..., LV, ... with

membership functions pi, Y, ..., W, ... Finally, for each input indicator c the following are

available:
Ye normalized value of c (computed from the data or by some other inference engine),
c=12..

t(yc) grade of membership of yc in each linguistic value LV, where k= 1,2, ... and c=

1,2, ..

A rule r of the rule base has the form

IF “indicator 1 is LV{” AND “indicator 2 is LV;"..AND “indicator c is LV("..THEN

“indicator s is LV,”

To determine the overall ASTRALIFE index, the rule base needs 53 = 125 rules because we
have five linguistic values and three variables, ASTRO, SURVI and BIOTEC. For each of these

variables, the rule base has 33 = 27 rules because we have three basic variables for their
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determination. The linguistic rule base for the determination of the overall biotechnological

capability and the secondary variables are summarized in Tables 2, 3, 4 and 5.

The rule base was built in such a way that the minimal value of one variable dominates all
others. Thus, in each rule, the final output value (consequent part) depends essentially on

the minimal value of the inputs (premise or antecedent part).

Table 2. PRIMARY order rule base for the computation of ASTRALIFE INDEX

Rule if and and then
Nr. ASTRO is SURVI is BIOTEC is ASTRALIFE is
1 very low very low very low weak
2 very low low very low weak
3 very low intermediate very low weak
4 very low high very low weak
5 very low very high very low weak
6 very low very low low weak
7 very low low low weak
8 very low intermediate low weak
9 very low high low weak
10 very low very high low weak
11 very low very low intermediate weak
12 very low low intermediate weak
13 very low intermediate intermediate weak
14 very low high intermediate weak
15 very low very high intermediate weak
16 very low very low high weak
17 very low low high weak
18 very low intermediate high weak
19 very low high high weak
20 very low very high high weak
21 very low very low very high weak
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

very low
very low
very low
very low
low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low

low
intermediate

intermediate

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low

very high
very high
very high
very high
very low
very low
very low
very low
very low

low

low

low

low

low
intermediate
intermediate
intermediate
intermediate
intermediate
high

high

high

high

high

very high
very high
very high
very high
very high
very low

very low

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak
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53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
intermediate
high

high

high

high

high

high

high

high

intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low

intermediate

very low
very low
very low

low

low

low

low

low
intermediate
intermediate
intermediate
intermediate
intermediate
high

high

high

high

high

very high
very high
very high
very high
very high
very low
very low
very low
very low
very low

low

low

low

weak

weak

weak

weak

weak

weak

weak

weak

weak

weak

medium

medium

medium

weak

weak

medium

medium

medium

weak

weak

medium

medium

medium

weak

weak

weak

weak

weak

weak

weak

weak

31



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

high
high
high
high
high
high
high
high
high
high
high
high
high
high
high
high
very high
very high
very high
very high
very high
very high
very high
very high
very high
very high
very high
very high
very high
very high

very high

high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate
high

very high
very low

low
intermediate

high

low

low
intermediate
intermediate
intermediate
intermediate
intermediate
high

high

high

high

high

very high
very high
very high
very high
very high
very low
very low
very low
very low
very low

low

low

low

low

low
intermediate
intermediate
intermediate

intermediate

weak
weak
weak
weak
medium
medium
medium
weak
weak
medium
strong
strong
weak
weak
medium
strong
strong
weak
weak
weak
weak
weak
weak
weak
weak
weak
weak
weak.
weak
medium

medium
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115  very high very high intermediate medium

116  very high very low high weak

117  very high low high weak

118  very high intermediate  high medium

119  very high high high strong

120 very high very high high strong

121  very high very low very high weak

122 very high low very high weak

123 very high intermediate very high medium

124  very high high very high strong

125  very high very high very high strong
ASTRO=  Transferability under astrological conditions; SURVI=
Survivability — under  biochemical space conditions; BIOTEC=
Biotechnological ~ conditions  ASTRALIFE=  Astrobiotechnological

perspective assessment index;

Table 3. Second order rule base for the computation of ASTRO

Rule if and and then

Nr. PRE is RAD is TEMis  ASTRO s

1 weak strong strong very high

2 weak medium  strong very high

3 weak weak strong high

4 weak strong medium very high

5 weak medium medium high

6 weak weak medium intermediate
7 weak strong weak high

8 weak medium  weak intermediate
9 weak weak weak very low

10 medium  strong strong very high

11 medium medium strong high

12 medium weak strong intermediate
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13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

medium
medium
medium
medium
medium
medium
strong
strong
strong
strong
strong
strong
strong
strong

strong

strong
medium
weak
strong
medium
weak
strong
medium
weak
strong
medium
weak
strong
medium

weak

medium
medium
medium
weak
weak
weak
strong
strong
strong
medium
medium
medium
weak
weak

weak

high
intermediate
low
intermediate
low

very low
high
intermediate
low
intermediate
low

very low

low

very low

very low

Table 4. Second order rule base for the computation of SURVI

Rule if and and then

Nr. O:is CO:zis Hz0 is SURVI is

1 weak strong strong very high

2 weak medium  strong very high

3 weak weak strong high

4 weak strong medium very high

5 weak medium medium high

6 weak weak medium intermediate
7 weak strong weak high

8 weak medium  weak intermediate
9 weak weak weak very low

10 medium  strong strong very high

11 medium medium strong high
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

medium
medium
medium
medium
medium
medium
medium
strong
strong
strong
strong
strong
strong
strong
strong

strong

weak
strong
medium
weak
strong
medium
weak
strong
medium
weak
strong
medium
weak
strong
medium

weak

strong
medium
medium
medium
weak
weak
weak
strong
strong
strong
medium
medium
medium
weak
weak

weak

intermediate
high
intermediate
low
intermediate
low

very low
high
intermediate
low
intermediate
low

very low

low

very low

very low

Table 5. Second order rule base for the computation of BIOTEC

Rule if and and then

Nr. Hzis CHO is REG is BIOTEC is

1 weak strong strong very high

2 weak medium  strong very high

3 weak weak strong high

4 weak strong medium  very high

5 weak medium medium high

6 weak weak medium intermediate
7 weak strong weak high

8 weak medium  weak intermediate
9 weak weak weak very low

10 medium strong strong very high
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11 medium medium strong high
12 medium weak strong intermediate
13 medium  strong medium  high

14 medium medium medium intermediate

15 medium  weak medium  low

16 medium  strong weak intermediate
17 medium medium weak low

18 medium weak weak very low

19 strong strong strong high

20 strong medium  strong intermediate
21 strong weak strong low

22 strong strong medium intermediate

23 strong medium medium low

24 strong weak medium  very low
25 strong strong weak low

26 strong medium  weak very low
27 strong weak weak very low

There are many ways to quantitatively express fuzzy rules by choosing a specific
mathematical representation of the AND, OR, and IF-THEN connectives (Tsourveloudis and

Phillis, 1998). In our model, the connective AND is given by the min-operator.

Consider, for example, the linguistic fuzzy rule of Table 2 with number 43, the premise is as

followed:

“IF ASTRO is “Low” and SURVI is “Intermediate” and BIOTEC is “High”

THEN ASTRALIFE is “Weak”

If the values of ASTRO, SURVI and BIOTEC are yastro, Ysurvi, and ysiotec respectively, then the

degree to which the above rule is applicable is given by
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LeremisE = MiN {ML()/ASTRO), HI(ySURVI), HH(yBIOTEC)}

where w, w and us are the membership functions of the linguistic values “Low” (L),

“Intermediate” (I) and “High” (H), respectively.

It is easy to understand that the final resistance of the organism is depending on the limiting

factor in the existing environment.

The min operator is a natural choice for the logical AND. Bellman and Giertz (1973) have
devised a set of axioms which the membership functions of the AND operator should satisfy
and then prove that the min operator satisfies them. Intuitively, the AND operator
corresponds to the intersection of sets, which is the largest common set (Zimmermann,
1991). The choice of fuzzy logic operators can be deduced from the structure of the linguistic
rule base but the use of real data could also help in validating, modifying and improving the

mathematical interpretations of the fuzzy operators or the linguistic rule base itself.

In general, a rule base may contain several rules assigning subsets of the same linguistic
value LV, of the conclusion indicator s. For example, the rule base of the secondary
component ASTRO contains the following five rules which gives the final output of “Low” as

premises:

Rule nr. 15:

e |F PRE is Medium AND RAD is Weak AND TEM is Medium THEN ASTRO is Low

Rule nr. 17:

e |F PRE is Medium AND RAD is Medium AND TEM is Weak THEN ASTRO is Low

Rule nr. 21:
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e |JF PRE is Strong AND RAD is Weak AND TEM is Strong THEN ASTRO is Low

Rule nr. 23:

e |JF PRE is Strong AND RAD is Medium AND TEM is Medium THEN ASTRO is Low

Rule nr. 25:

e |JF PRE is Strong AND RAD is strong AND TEM is Weak THEN ASTRO is Low

To combine the results of these rules into a single truth-value, we use the union of the
individual-rule meanings via the max-operator. In general, if Rs, is the collection of all rules
assigning the linguistic value LV, to indicator s, the truth value of the conclusion “indicator s

is LV,” is expressed by

max HWpREMISE
foy = FRsv (1.1)

Finally, the inference engine produces a single fuzzy subset LV, for each linguistic
value LV,. The membership function of LVs, assigns a degree of fulfillment s, (z) of any

numerical value z€[0, 1] of indicator s to the linguistic value and it is computed from

Hs,v (2) = min{u(z), fsv } (1.2)

The maximum value of s, (z) is fsv and it is called the height of the fuzzy set LV, and the

function s (z) is a clipped version of py (z).

The collection of the heights f;, and membership functions s, (z) of the fuzzy sets

LVsy, v=a, B, ..., constitutes the output of the inference engine.

2.3 Defuzzification
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Defuzzification is the final operation assigning a numerical value in [0, 1] to the composite
indicator s. The ASTRALIFE model can use either height method defuzzification or center-of-

gravity formula for defuzzification (Driankov et al., 1996).
Height defuzzification is done in two steps:

1. We determine the peak value ps. of each fuzzy set LV, v=a, B, .... The peak value of
LVs, is the element of the maximizing set of s.(z), that is, {z: usv(z) = fsv} such that half of
the values of the set are above ps, and half are below it (see Fig. 6). Since us(z) is a clipped
version of ps(z), the maximizing set of us.(z) is the closed interval [ls, us.] such that ps(lsv) =
Us(usy) = fsv. Therefore,

1s,v +Usy

ps’\/: 2 (1.3)

2. The crisp value of indicator s is computed from the height formula of defuzzification:

Zps,vfs,v

v=ap,...

hI o

VolXe, X, )= V7B -

The above procedure is illustrated in Figure 6 for a hypothetical indicator with two
linguistic values LV, and LVp and heights f;o =0.5 and f;g = 0.7. By applying Eq. (1.4) we

obtain y, = (0.2x0.5+0.8x0.7)/(0.5+0.7) = 0.66/1.2 = 0.55.
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Figure 6. lllustration of height defuzzification

The center-of-gravity defuzzification is done also in two steps:

1. The outputs of the inference engine are the membership grades of s in the fuzzy subsets
Vs, LVsp, ..., LVsy, ... The meaning of the whole set of membership functions is the union
of all individual-function meanings, forming the composite conclusion “indicator s is LV, OR
LVsp OR...ORLV;, OR... ”. The fuzzy relation representing this proposition is expressed by the

max-operator:

max s,y (Z)
e(z) = Vb (L5)

for every z€[0, 1]. It should be noted that the above membership functions are also

functions of the observations xi, x3, ..., X, ....

2. The final crisp value of indicator s is given by the center-of-gravity formula

'lfzus(z) dz
0

1
jps(z)dz
0

Vs(X1, X2, ooy X¢p oa) = (1.6)
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We now apply the above procedure to the hypothetical indicator s whose linguistic
values are shown in Figure 6. Since the membership functions of LV, and LV do not overlap,
Eq. (1.5) reduces to

Lav(z), z€(0,0.5]

0, z€(0.5,0.6)

w(z) = voap @ |upy(@),2€[0.6,1]

Next we approximate the integrals of Eq. (1.6) by sums whose terms are obtained by

sampling at the points z;=0.0, 0.1, ..., 1.0. This yields

ZZJHS(Zj)
J 00
ZHS(Zj)

J

I

Vs(X1, X2, «oe) Xe, )

+0.6x0+0.7x0.7+0.8x0.7+0.9%x0.7+1x0
{O.5+0.5+0.5+0.5+0.5+0} 2.18

_ 0+0.7+0.7+0.7+0 - 46 —0474

[Ox0.5+0.1x0.5+0.2><0.5+0.3><0.5+0.4><0.5+0.5><0}

The ASTRALIFE model has been built using MATLAB’s fuzzy toolbox and all computations

involving Egs. (1.1)-(1.6) are done automatically.

2.4 Candidate organisms for Mars conditions

Bibliographical studies of existing organisms that have been suggested by previous
astrobiological researches for spatial experimentations on Mars have led to our selection of
five candidate organisms for a comparative assessment of their astrobiotechnological
perspective for Martian conditions. Specifically the bacterium Carnobacterium spp.
(Rothschild and Mancinelli, 2001), the Black Antarctic fungi Cryomyces antarcticus (Onofri et

al., 2008), the methanogen Methanosarcina barkeri (Mickol and Kral, 2017), the
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lichen Xanthoria elegans (Sancho et al, 2007), and the lichen Pleurosticta acetabulum (Papazi

et al. 2015).

Mars is much colder than earth (the average temperature is about -80 F (-60 °C), although it
can vary from -195 F (- 125 °C) near the poles during the winter to as much as a comfortable
70 F (20 °C). The air on Mars consists of 95,97% carbon dioxide, 1,89% nitrogen, 1.93%
argon, oxygen (0,146%), CO (0,0557%), water vapor, and other gases. The atmospheric
pressure on the Martian surface averages 600 Pascals (0.087 psi; 6.0 mbar), about 0.6% of

Earth's mean sea level pressure of 101.3 Kilopascals (14.69 psi; 1.013 bar).

On Mars, the total integrated UV radiation flux between 200-400 nm is comparable to the
Earth’s. However, on Mars the shorter UV wavelengths contribute a much greater
proportion of this UV flux. These wavelength ranges, such as UVC (200-280 nm) and UVB
(280-315nm) are particularly biologically damaging. The atmosphere is quite dusty, giving
the Martian sky a light brown or orange-red color (particles of about 1.5 micrometers in
diameter). The light intensity on the planet Mars is between 715 to 492 W/m? whereas the
intensity of sunlight at the Earth's distance from the Sun is about 1361- 1366 W/m? [Kopp et

al., 2011].

The main characteristics of these five organisms, which have been taken into consideration
for their comparative assessment through ASTRALIFE model, are summarized in Tables 6 and

7.
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Table 6.

Astrophysical, Biochemical and Biotechnological characteristics of the studied organisms. CRI: critical, RES: Resistant

ORGANISMS ASTROPHYSICAL BIOCHEMICAL BIOTECHNOLOGICAL
RESISTANCE RESISTANCE CAPACITY

>UV <TEMP <PRESSURE >C0O2 <02 <HUM H2 CHO REG
Carnobacterium CRI RES CRI CRI CRI CRI CRI CRI CRI
spp.
Cryomyces RES RES CRI CRI RES RES CRI CRI RES
antarcticus
Methanosarcina CRI CRI RES RES RES RES RES CRI CRI
barkeri
Xanthoria RES CRI RES RES CRI RES RES RES RES
elegans
Pleurosticta RES RES RES RES RES RES RES RES RES
acetabulum
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Table 7. ASTRALIFE normalized values for the studied organisms

ORGANISMS ASTROPHYSICAL RESISTANCE BIOCHEMICAL RESISTANCE BIOTECHNOLOGICAL CAPACITY

uv PRESSURE TEMP H.O 0. CO, CHO H, REG
Carnobacterium spp. [0;200] > [0-1013] < [-100;50] < [0-100] < [16-21] < [0;100] > [0;136] < [[0;100] < [0;100] >

250 6 -60 0.1 0.1 95,97 580 0,1 0

0 0.994 0.78 0.99 0 0 0 0 0
Cryomyces antarcticus [0;200] > [0-1013] < [0-50] < [0-100] < [16-21] < [0;100] > [0;1361] < [[0;100] < [0;100] >

250 6 -60 0.1 0.1 95,97 580 0,1 50

0 0.994 0 0.99 0 0 0 0 0.50
Methanosarcina barkeri [0;200] > [0-1013] < [0-50] < [0-100] < [0;21] < [0;100] > [0;1361] < [[0;100] < [0;100] >

250 6 -60 0.1 0.1 95,97 580 0,1 0

0 0.994 0 0.99 0.99 0.95 0 0.99 0
Xanthoria elegans [0;300] > [0-1013] < [-129; 50] <- [0-100] < [0;100] < [0;100] > [0;1361] < [[0;100] < [0;100] >

250 6 60 0.1 0.1 95,97 580 0,1 100

0.83 0.994 0.614 0.99 0,99 0.95 0,57 0.99 1
Pleurosticta Acetabulum [0;300] > [0-1013] < [-129; 50] <- [0-100] < [0;100] < [0;100] > [0;1361] < [[0;100] < [0;100] >

250 6 60 0.1 0.1 95,97 580 0,1 100

0.83 0.994 0.614 0.99 0,99 0.95 0,57 0.99 1
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3. Results
The ASTRobiotechnological Assessment for Life by Fuzzy Evaluation (ASTRALIFE)
methodology has been implemented for the comparative assessment of the
astrobiotechnological perspective of the studied organisms with respect to the Martian
conditions. In Table 8, the results of the analysis are presented including the ASTRALIFE

index, which can be used for the final evaluation.

Given the targets, natural limits, relevant principles and criteria of astrobiotechnological
capability and survivability as well as statistical observations, normalized values are derived

for each indicator (see Table 8).

An indicator may qualitatively utilize direct and precise information regarding defined
objectives of survivability, but it may also use indirect or imprecise information leading to
imprecise objectives of survivability. The choice of indicators is limited by the available data,
but their use demonstrates the procedure of the ASTRALIFE methodology. The selected

indicators possess the following attributes:

1. Spatial attributes. Data should be available for all organisms and different

measurement conventions should permit comparisons.

2. Time attributes. Time series of data for all organisms should be available.

3. Goal driven attributes. Indicators should be linked to specific survivability goals or

give a concrete indication of trends towards survivability goals.

Overall survivability measurements for five selected organisms show that lichens are more

resistant than the others.
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Table 8. ASTRALIFE Index for the selected organisms

LIFEFORMS | carnobacterium Cryomyces Methanosarcina Xanthoria Pleurosticta
VARIABLES spp. antarcticus barkeri elegans acetabulum
TEMP 0.78 0 0 0.614 0.78
RAD 0 0 0 0.83 0.83
PRE 0.99 0.99 0.99 0.99 0.99

ASTRO 0.18 0.14 0.14 0.58 0.58
HUM 0.99 0.99 0.99 0.99 0.99
0, 0 0 0.99 0.99 0.99
CO, 0 0 0.95 0.95 0.95

SURVI 0.14 0.14 0.82 0.75 0.75
H, 0 0 0 0.99 0.99
CHO 0 0 0 0.57 0.57
REG 0 0.5 0 1 1

BIOTEC 0.14 0.27 0.17 0.51 0.51
ASTRALIFE Index weak weak weak medium medium

(%) 29% 29% 28% 51% 51%
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Fuzzy computations are done with the aid of MATLAB’s fuzzy logic toolbox (The MathWorks
Inc., 1995-96) and the center-of-gravity method of defuzzification is chosen because of its
higher precision. Levels of astrobiotechnological perspective are given in percentages, which
can easily be understood. A completely viable and productive organism gives a value of

100% whereas a dead organism gives a value of 0%.

4. Discussions
The resulted higher advantages of fungi and lichens are in line with the finding of the recent
astrobiological research through the BIOMEX (Biology and Mars Experiment)
experimentation on space (Pacelli et al, 2017). BIOMEX is an experiment where microbes
were exposed to space and Mars-like conditions in the EXPOSE-R2 setup, a platform outside
the International Space Station (ISS). It is led by Jean-Pierre de Vera, from the German
Aerospace Center (DLR), together with a team from 27 institutes in 12 countries on three
continents (Rabbow et al, 2017). After leaving Earth in June 2014, samples were exposed
outside the ISS for 480 days and came back on June 18th 2016. The BIOMEX consortium
investigated how the journey affected them. They also assessed the habitability of Mars and
the so-called 'lithopanspermia" theory, according to which life could have travelled from one

planet to another (Pacelli et al, 2017).

As we enter the new era of climate change, one of the most challenging questions, if not the
most challenging one to be addressed, is how to assure the survivability of living organisms
on Earth or how to transfer life in other planet close to the Earth. It is fair to say that some
clear measures or, at least, indicators of survivability exist, but the effectiveness of scientific
proof towards a goal of survivability cannot be assessed. Attempts have been made to
measure survivability using temperature, pH, or salinity approaches, but the results still lack

universal acceptance.
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Not only are there no common units of measurement for the indicators of organisms’
survivability in extreme conditions, but quantitative criteria for certain values are still
lacking. A systemic method based on a reliable scientific methodology is needed to combine
multidimensional components and assess uncertainty. Such a method should be flexible in
the sense that one can add or remove indicators to achieve a better assessment of the
system according to the context. In reality the border between survivability and mortality is
not sharp but rather fuzzy. This means that it is not possible to determine exact reference
values for survivability and a scientific evaluation of uncertainty must always be considered
in the procedure of survivability assessment. For this reason, the use of natural language and
linguistic values based on the fuzzy logic methodology, which followed above, seems more

suitable to assess survivability.

Moreover, the new dimension, which has only recently been investigated, the
astrobiotechnological ability of organisms, strengthens the above followed methodology.
Recently, scientists have found that lichens can produce high amount of molecular hydrogen
(H2) when incubated in a closed system without oxygen (Papazi et al., 2015). The ability of
lichen to produce molecular hydrogen after dehydration and exposure to extremely low
temperature (-196 °C/ 77 K) was also studied and the conclusion is that the H, production
remains unchanged after environmental stresses. In all cases, O is completely consumed in
a closed system, and anoxic conditions are subsequently established, and high yield of H; is
then being achieved. Similar results were observed when the experiment was repeated
under dark conditions. These results indicate that intense dehydration and extremely low

temperature do not affect H, production by lichens.

Given that the Martian environment is deprived of oxygen and humidity, lichens can survive
and after hydration may achieve high yield of hydrogen production under dark and light

conditions. Hydrogen then can be used as renewable energy resource for human
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exploitation. This implies an important astrobiotechnological perspective for lichens giving to

this category of organisms a great advantage compared to others.

There are three different biochemical pathways which may explain the hydrogen production
by lichens under different environmental conditions (Papazi et al., 2015.): Under light
incubation if the lichens are placed in closed system, anoxic conditions are established,
because of the over activation of oxygen consumption through the respirational electron
transport chains (from mycobiont and photobiont). The oxygen depleted conditions induce
the activation of the hydrogenase and create the optimal conditions for hydrogen
generation. Specifically, Electrons from PSII transferred through PSI to ferredoxin and then
to hydrogenase (PSll-dependent pathway). Additionally, the hydrogen production was
further induced by the reduction of organic substrates through the PSll-independent
pathway. These electrons are led to the plastoquinone pool and through PSI and ferredoxin,
are transferred to hydrogenase for hydrogen production (PSll-independent pathway). In
parallel, electrons are alternatively allocated to pyruvate and through the PFOR protein
result in ferredoxin and hydrogenase in order to produce H; (dark fermentation pathway).
This light independent fermentative pathway is the dominant route for H, production by

lichens (Papazi et al. 2015).

Molecular hydrogen is considered to be the cleanest renewable energy of the future as it has
high efficiency and it gives only water after combustion without any risk of toxic byproducts
(Antal et al., 2011). The limiting factors for the production of hydrogen are the inhibition of
the enzyme hydrogenase by oxygen, the low level of hydrogenase activation and the
possible reversible function of hydrogenase to consume hydrogen (Ghirardi and Togasaki,

1997; Dubini, 2014).

The innovative technique for the production of hydrogen by lichens is based on the fact that,

in a closed system, mainly the mycobiont part of the lichen consumes immediately the
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remaining oxygen through respiration activities and, simultaneously, the photobiont part
produces hydrogen in a completely anaerobic environment that is favorable for the enzyme

hydrogenase

In general, the followed methodology seems to be a valuable tool for measuring survival
capacity and a tool for simulating survivability scenarios in a manner that could help scientist

to design a rational path to design policies.

Suggestions regarding the values of indicators are restricted to subjective and extrapolation
terms. Assigning quantitative values through laboratory experimentation is another bigger
issue, which is not dealt with in this work, but would require the formulation of a
constrained optimization problem. The use of fuzzy logic optimization and survival capacity
experiments is the basis of the best strategy for survivability optimization on extraterrestrial
environment. This could be the subject of possible future research resulting from ASTRALIFE

project.

5. Conclusions
Most existing methods for the study of organisms’ survivability perspective on extreme
conditions or on extraterrestrial environment use only pure laboratory experiment.
Moreover laboratory experimental data are sparse and do not cover the effect of combined
limiting factors that are rarely encountered in nature. Given that real spatial experiments are
still exceedingly expensive, we need an alternative tool to interpret experimental data for

the study of combined extreme environmental factors.

Because of its capacity to handle polymorphic dimensions and complex subjects, fuzzy logic

evaluation is used to combine astrobiological data and biotechnological findings results in
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order to validate methodological theories for organisms’ resistance and usability on space

missions.

Recent finding at the University of Crete on the extremophile behavior of lichens as well as
on their capacity to produce hydrogen under Mars anoxic conditions inspired this study
offering new parameters for the comparable assessment of the astrobiotechnological

perspective of organisms.

For the needs of the current study a new fuzzy model entitled ASTRALIFE
(Astrobiotechnological perspective Assessment for Life by Fuzzy Logic Evaluation) was
created and calibrated. It consists in the simulation of the effect of spatial environmental
factors and encompasses astrophysical, biochemical, and biotechnological parameters of

extraterrestrial environment.

Using commonly available parameters of space transferability, survivability and
biotechnological capacity of each organism, a crisp measure of overall astrobiotechnological
perspective, ASTRALIFE index, computed from nine basic indicators of astrobiotechnological
conditions and three primary linguistic variables. All the linguistic variables of the ASTRALIFE
model are considered to be indispensable in the computation of the astrobiotechnological

perspective of organism candidate for space mission on Mars.

The results of the ASTRALIFE assessments of studied organisms, three resistant
microorganism and two lichen species, demonstrated the higher capacity of lichen for
astrobiotechnological perspectives on Mars conditions, providing also new insights on the

capacity of organisms in panspermia scenarios.

Fuzzy modeling can simulate and support astrobiotechnological experimentations, theory

construction and decision-making. Future hypotheses and experimentations on organisms’
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resistance and usability on space missions can improve the calibration of ASTRALIFE for the

comparative assessment of organisms’ astrobiotechnological perspective.

Last but not the least, the fuzzy Logic model ASTRALIFE can support the emerging needs of
the two newly introduced concepts that are (1) the expansion of the panspermia theory
from species to micro-ecosystemic approach and (2) the shift from astrobiology to

astrobiotechnology.
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APPENDIX
lllustration of fuzzy computations

We present a numerical example illustrating how the ASTRALIFE model assesses

biotechnological perspective and performs sensitivity analysis.

For simplicity, we only consider the secondary variable ASTRO and its components PRESSURE
(PRE), UV RADIATION (RAD), and TEMPERATURE (TEMP). We use three fuzzy sets, weak (W),
medium (M), and strong (S) to represent the basic variables’ linguistic values (Fig. A1) and
five fuzzy linguistic values for ASTRO, very low (VL), low (L), intermediate (l), high (H), and
very high (VH). Table A.1 gives the corresponding rule base, which consists of 3% = 27 rules

(see also Table 3).

Grade of w M S
membership v(yTem)=1 us(yere)=1

1 .
0.8 1 1s(yran)=0.70 i
0.6 tm(yran)=0.60 i
04 - tw(yrem)=0.4 . i :
02 : i |
O : 1 : T i 1
0 0.3 ! 0.5 07 ! 1
Yem=0.41 Yrap=0.64 yrre=0.90

Tertiary variables (normalized)

Figure Al. Linguistic values and fuzzification of crisp inputs.
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Table Al. Third order rule base for the computation of ASTRO

Rule if and and then

r PRESSURE is UV RADIATION is TEMPERATURE is ASTROis

1 weak strong strong very high

2 weak medium strong very high

3 weak weak strong high

4 weak strong medium very high

5 weak medium medium high

6 weak weak medium intermediate
7 weak strong weak high

8 weak medium weak intermediate
9 weak weak weak very low

10 medium strong strong very high

11 medium medium strong high

12 medium weak strong intermediate
13 medium strong medium high

14 medium medium medium intermediate
15 medium weak medium low

16 medium strong weak intermediate
17 medium medium weak low

18 medium weak weak very low

19 strong strong strong high

20 strong medium strong intermediate
21 strong weak strong low

22 strong strong medium intermediate
23 strong medium medium low

24 strong weak medium very low

25 strong strong weak low

26 strong medium weak very low

27 strong weak weak very low

Suppose that information concerning the tertiary variables is expressed numerically as
follows: PRESSURE has the value ypgre = 0.90, UV RADIATION ygap = 0.64, and TEMPERATURE

yrem= 0.41. Fuzzification (see Fig. A1) yields the following inputs of the inference engine:

Input 1: PRESSURE is strong with membership grade ps(yere) = 1;

Input 2: UV RADIATION is medium with membership grade pwm(yrao) = 0.60

and strong with membership grade ps(yrao) = 0.70;

Input 3: TEMPERATURE is medium with membership grade pm(yrem) =1
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and weak with membership grade pw(yrem) = 0.45.

We now compute the degree to which each rule is applicable to the input. Using the min-

operator to represent the AND connectives of ruler,r=1, ..., 27,

L eremiser = Min{Li(yere), 1i(Yran), Lk(ytem)}

where Leremiser is the degree to which rule r is applicable and i, j, k € {W, M, S}. The only
consistent rules are those in which PRESSURE is strong, UV RADIATION is either strong or
medium, and TEMPERATURE is either weak or medium. These are rules 22, 23, 25, and 26 of

Table A.1. The conclusions of these rules are expressed as follows:

Rule 22: If PRESSURE is strong with membership grade 1 and UV RADIATION is strong with
membership grade 0.70 and TEMPERATURE is medium with membership grade 1, then

ASTRO is intermediate with membership grade peremise22 = 0.70 (= min {1, 0.70, 1}).

Rule 23: If PRESSURE is strong with membership grade 1 and UV RADIATION is medium with
membership grade 0.60 and TEMPERATURE is medium with membership grade 1, then

ASTRO is low with membership grade peremise2s = 0.60 (= min {1, 0.60, 1}).

Rule 25: If PRESSURE is strong with membership grade 1 and UV RADIATION is strong with
membership grade 0.70 and TEMPERATURE is weak with membership grade 0.45, then

ASTRO is low with membership grade peremise2s = 0.45 (= min {1, 0.70, 0.45}).

Rule 26: If PRESSURE is strong with membership grade 1 and UV RADIATION is medium with
membership grade 0.60 and TEMPERATURE is weak with membership grade 0.45, then

ASTRO is very low with membership grade pipremise2s = 0.45 (= min {1, 0.60, 0.45}).

For the remaining rules of the rule base, we have premiser = 0. We observe that rules 23 and
25 assign the same linguistic value low to ASTRO. Applying Eq. (1.1) we combine the

conclusions of these rules into a single conclusion whose truth-value is given by
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fastro,L = max {Upremise23, Weremisezs} = 0.60

where subscript L stands for Jow. From the other two rules we obtain

fastro, = Upremise22 = 0.70

fastrovtL = Ueremisezs = 0.45

where | and VL signify intermediate and very low, respectively. The above membership
grades constitute the output of the inference engine. The inference process for ASTRO is
illustrated in Fig. A2. This figure shows also the membership functions of the linguistic values
assigned to ASTRO. Since the membership functions of low and intermediate are symmetric
about the normalized indicator values 0.3 and 0.5, respectively, the peak values used in
height defuzzification are invariant and equal to these values. The peak value of the fuzzy
subset of very low corresponding to fastro, v =0.45 is obtained from Eq. (1.3):
Pastrovt = (0+0.21)/2 = 0.105. Applying Eq. (1.4) for defuzzification we obtain a crisp value for

ASTRO.

0.45x0.105+0.60x0.3+0.70x0.5  0.57725
0.45+0.60+0.70 = 175 -0329857

Yastro =
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Rule 22:if PRESSURE=1S8 and UV RADIATION=0.70S and TEMPERATURE=1M then ASTRO=0.701
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Rule 23:if PRESSURE=1S and UV RADIATION=0.60M and TEMPERATURE=1M

then

ASTRO =0.60 L
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Rule 25:if PRESSURE=1S and UV RADIATION=0.70S and TEMPERATURE =0.45W

then ASTRO=0.45L
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Rule 26: if PRESSURE=1S and UV RADIATION =0.60 M and TEMPERATURE =0.45W

then ASTRO =0.45VL

VH

VL L | H

0
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ASTRO

= 045VL or 0.60L or 0.701

Figure A2. Inference using rules 22, 23, 25, and 26.
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