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Abstract: Previous quantitative studies which form the basis of the COSPAR stan-
dard of planetary quarantine were based on two predicates. First, that the
scientific issue of detection and characterization of life was the overriding
value to be considered, and, secondly, that as many as 60 missions might be
ultimately needed to settle this issue. The Mariner IV encounter and other re-
cent observations have narrowed the range of uncertainty of a number of param-
eters. These findings have led to debate on the standards of planetary quaran-
tine for subsequent missions. The relationship between planetary strategy and
quarantine standards is a dynamic one. Both are affected by completed explora-
tions, future technology, and changes in the goals of the exploration.

The future utility of the planet Mars, other than for scientific investigation,
has not been carefully analyzed but it has an important bearing on both these
issues. We might, at some time in the future, want to attempt to revise the
atmosphere of Mars to make it more habitable. A likely component of such an
engineering scheme would be specially contrived plant forms which might be at
a great disadvantage in competition with accidental terrestrial contaminants.
For such a scheme, contaminants could be a hazard even if they merely per-
sisted on Mars without extensive proliferation prior to attempts to reengineer
the planet. However, we would not wish o incur the great increases in costs
that might be involved in protecting this potential value without a better esti-
mate of the possible gains. This suggests a mission strategy which initially
emphasizes remote reconnaissance. Mariner IV demonstrates that such mis-
sions can be undertaken with understood and controllable levels of risk of con-
tamination.

Remote reconnaissance in the visible and infrared would also serve to engage
the attention of a much broader community than now finds the present sparse
information about Mars to be of great interest, and which is necessary to
properly evaluate its future utility. Our policy of preserving a planetary re-
source should not be based merely on a test of our ingenuity at blind prediction
when more information can be easily acquired.

Search strategies which include return samples raise new questions about
back-contamination of the Earth. The answers to these questions depend
crucially on the extent of the biological exploration that has been carried out
prior to the return of samples. Regardless of the formal protocol invoked, how
will one really behave in the event of certain failure modes which might involve
certain and serious risk to a small group, i.e., astronauts or sample-handlers,
if the risks to the whole species are possibly grave but known only with great
uncertainty ? Whose gains and whose risks can be used in making decisions ? Do
manned return sample missions become fail-safe with regard to back-contami-
nation ? ‘

Errors in judgment about the appropriate standards of planetary quarantine
and the risks associated with techniques of sterilization can lead to irremedi-
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able losses. Thus, even though a return sample might give more information
than a sophisticated mobile laboratory and such a laboratory will have a higher
information yield than an orbiter, a search strategy which progresses from
orbiter to lander to return sample allows a better evaluation of the risks being
undertaken at each step. Such a progression should also reduce costs by avert-
ing needless concerns.

Fezypue: [pesiecTByoLne KOIUYECT BEHHHE MCCJIeZOBANNA, ABHBUMECH OCHOBOK cranaapra <£OCIAP mno
HMJIaHETAPHOMY KApaNTHUHY, OCHOBHBANTICH HA LBYX NpPEANOCHIKAX. llepBoe, 4TO HayuHasg OpocieMa
OCHAPYXEHNA M ONPBIE]SHIA KM3HM B HACTOAWLEE BPEMA CJMUKOM CHOXHA ¥ M&NO M3Yy4YeHa, W BTO—
pO€, UYTO MOTPECYETCs OHOMO 60 MOJNETO3, YTOUH OKONYATENBHO PEWNTh BTy NposneMy. "Mapu-
uep—4" ¥ Apyrre HaCABDLCHWUA NOCIEAHEI'D BDEMEHM NO3BONMAM HOJYUYNTH HEKOTODYK NOJNE3HYHD WH=
{opMalnp, -TY AAHHEHE BH3HMBANT LUCKYCCU® O TOM, MOXHO M OCLACUTE CTAHAAPTH NJAHETApHOTO
KADAHTHHE AN TOCTEe;yollnX [MOJeToB, COOTHOWEHME MEXJAY NJIAKETapHOfl cTpaTeruneil (NOMCKOB
HMBHK) ¥ CTadZapToMy KavanTuHa - JuHamnuno. 00a Q3KTOpa 34BMCAT OT MMENUMXCA DE3YJABTATOB
ucelreLoBaHni, OT OyAyleidl TEXHUKM W OT U3MEHeHU} B Tex 33j4auax, KOTOpHE CT&G3ATCA B XOXAe
NCCrEeZOBaHNN o

JlanpHelinee Maydyende MEPCNEKTUBH MCIONb30BAHUA Mapca NO3BOAMT BHSCTU XOPPEKTHBH B
MJi@HH KaK OCBOCHWA 3TO{ NAAHETH, TaK ¥ B IJaHH &€ Hay4HOTC ACCISLOBAHUA.

Wn MOTaM O, HANPUMED, [OCHLTATECH M3MEHWTDH armMocgepy Mapca u cpenars e Gonee npu-—
TOZHOR Ans oUuTauusi, LDYToil npooJeMoil sABisieTcd ONAcCHOCTH TOIO, YTO 3EMHHE QODPMH ODraHu3=-
MOB MOTYT DE3KO OTDULATENBHO BHMETD HA TNPEANONATLAEMHE MAapCHaHCKME QOpMb ¥A3HM. [lpu 2TOM
CHACHOCTE MOXET MNpeiCT8BAATH JaKe NPOCTOE BHHMBAHWE 3E6MHHX MAKDOODTaHU3MOB (Zaxke 0e3 ux
DACIPOCTPSHEHUT Y PABMHOKEHNHT ), TAK KaK 3TO MOXET CIHYTATh KAPTH MDU [OCAEAYRILEM K3YUEHWUU
4 OCBOELUN MigHeTH. OAHAKO MH He XOTend Oi NPEANUCHBATH KAK OUA34TEJIBHHE OYSHB BHCOKNE
TDPECOBAHMH 10 NIAHETADHOMY KADEHTHHY (UTC MOBEAET K OTDOMHOMY YBENMUEHAD pacxojoB) AC TO-
0, IOKa@ lI€ NPOBEIeHH La/bHedmue UCCHEAOBAHUA, ONPEZENANNME BCE BO3MOKHHE HOJOMUTEABHBE
1 OTpULATENBHHE NOCNEAiCTEMA, STO NO3BOMUT ONPEFEJUATH CTDATEIMI MCCHeioBaHuA, IIpn 3TOM
0C060€ 3HAUEHWE NPUOCDETANT LACTAHUMOHHBE WNCCIELOBAHUA, DABBELKA, "MapuHep-4" NOKA3HBAET,
YTO TAKNE [OJETH MOTYT NPEANPUHUMSTBECA C CNDABASHHHM Ji KOHTDOJLDYEMEM DUCHKOM 3ETPDA3HEHUR.
LMCT3HLMORHAA $OTODA3BEZKA (B BUZMMOM CBETE M MHYPAKDACHMX NyyaX ) MpKBIeYeT BHUMAHAE
sonee WADOKO OOWeCTBEHHOCTY, YEM Teneps, HOTZAA ¥ Hac O Mapce UMENTCH OUEHH OT PHBOUHHE
CBeAeHUA. Bojee MOADOCHHE CREACHMA HEOUXOLUME, YTOGH OLEHUTH NEDPCNEKTUBH O0CBOEHWA Mapca.
Hawa TaKT¥Ka COXPAHErMA MJIBHETHBX PECYPCOB HE MOKET OCHOBHBATBCA TONBHO HA MHTYWLMM, KOI-
@ Mb KMEEM BO3MOXHOCTH IOJYYMTE HEOOXOLWMMYyW MH(GOpMaLUD.

CTparerus NOMCHOB BKNOUAET B CECH NpOOIEMY MOJYYEHHH 00pa3LOB W NpelylpexAeHus Oec—
KOHTDOLBHOTO 3arpi3HeHui 36MAM 3TUMM (OpMaMi, Pemapiee 3Hayedue LJifl pPEUEHWA 3ITOH npoodne—
ME UMENT OUQIOTUUECKUE UCCIELOBaHWUA, KOTODHE OYLYT BUMOJHEHH X0 MOMEHTa IOJiydeHMs 0Cpas—
qos ¢ Mapca. He oOyzeu xacaTncs ceiluac (OPMANBHONM CTOPOHH OfUUMAaNbHHX cOrnaweHnit, Heolxo-
LUMO ONpEieNNThs Hally TAKTMKY MOBELEHUA B CIyuae KaKuX-JIuCo HeyzAad, KOTOPHE MOTyT Npei-
CTABJATE ONACHOCTDh Al HEeGOILWOA TPYMMH JuoAed (acTpOHABTOB VU 3A0O0PUMKE 1DPOG). TeM 00—
nee, uTo (PAKTOPH, NPEACTEBAANUNE DUCK, EIE OUEHB MAJO WU3yu€Hbl. HaKUMi1 COOCDEKECHMAMM HYM—
HO DYKOBOACTBOBATHCA B JTOM CNyuae NpH MpPUHATHM peuwenya? [OIHOCTBNO M O0€30Nachb 00MTaE—
WHe KOpasNd, BO3BDALAKMKECH HA 3€MN C [pOUaMM, BIATHMYU C APYTUX Nuarer?

QuyuoXKM B ONpPELeNleHMN CTAHZAPTOB IJAHETAPHOTO KADAHTMHA ¥ METOAUKA CTEDANUI3ELMK MOTYT
MOBECTY H HENONpasBMMHM NOTepsim. TaKuM OODA30M BO3BpaLElde 00DA3LO0B MOKET A4aTh COJbue
RHPODMALUN, UYBM NPEANOJArseMan MOUWJIBHAA JACODATODIA, & JACOpaTOpiH — COIBLE, YEM CIYTHUK,
AETERLMM N0 0pONTE BOKDYT NuaHeTu. OFHAKO ovnan CTUATEIWHA ACAXHA NPEZyCMATPUBATH NOCTE—
NSHHEU W NMOCTYNEeHNHE MepexX0k OT CHyTHMKA ILJAHETH K CHYCHGEMOMY aIMmapaTy, OT CIyCKAeMOro
annapaTa K AOCTABKE Np0U KA 3eMiln. 270 NO3BONUT Jydlle OLEHMBATE DUCK HA KAXZOH CTYIEeHM
ACCNEZOBEHAA 11 YMEHBUUTH BEPOATHOCTL OwWMGOK. Takasd NOCNeL034TEIBHOCTH, BO3MOXHO, 7aXe
NIO3BOJIAT CHW3UTDH DACKOIM, TAK HEK MOXHO Oy4€T M3CEXAThH HEHYRHHX IIEPECT PAXOBOK.
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1. INTRODUCTION

"When we wish to decide whether to adopt a particular course of action,
our decision clearly depends on the values to us of the possible alterna-
tive consequences. A rational decision depends also on our degree of
belief that each of the alternatives will occur. Probability. ..is the logic
(rather than the psychology) of degrees of belief and their possible modifi-
cation in the light of experience". This quotation [1] is a general statement
of our concerns in this paper. Previous efforts have been chiefly con-
cerned with statistical calculations [2,3] of required standards to accom-
plish certain mission goals and the methods for achieving these standards.
Little has been explicitly stated about the values necessary to make judg-
ments about strategy, the beliefs that determine the initial probabilities of
the relevant hypothesis and the costs associated with different policies.

Our present decision is a choice among possible configurations of mis-
sions to Mars that will take place over a period that takes into account the
lead time for implementation and acquisition of new data. Planetary
quarantine procedures are an important element in mission configurations.
What we seek is the application of decision theory to arrive at a rational
choice. The initial decisions we are seeking include the cost that will be
allocated to sterilization. Unless the relationship of level of sterilization
to be achieved to these costs is known, this represents a second decision.
Finally the configurations for missions through 1975 must be decided.
Nineteen seventy-five is chosen to allow lead times necessary for commit-
ment of resources and delays in acquisition of new data. Comparisons are
required between flyby, orbiter, lander missions of various kinds, re-
turned samples both manned and unmanned, etc. The results to be sought
from these missions involve tradeoffs between science and engineering,
between present and future benefits. Future benefits include the use of the
results to further optimize policy decisions with respect to succeeding
missions. A decision is essentially a wager. Since in the ventures we are
talking about the stakes are indeed very high, we are very much concerned
about calculating the odds associated with different policies. This is done
by enlarging our body of beliefs by drawing deductions from a set of com-
parisons between beliefs. A belief depends very roughly on three variables:
The proposition believed, the proposition assumed, and the general state
of mind of the person who is doing the believing. A probability or decision
theory, being a fixed procedure, lends a certain amount of objectivity to
subjective beliefs. It requires an explicit quantification of the compari-
sons involved. It provides greatly improved communication with new indi-
viduals or groups who must continually enter the decision-making proces-
ses during their development. It is also likely to be of value in focusing on
specific areas of disagreement between decision makers.

Initial efforts to use these methods have already been made by Matheson
and Roths [4]. After using material from these studies to explain the
general methods we wish to discuss some important elements that still
have to be introduced into the calculations to take quarantine into account.
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2. METHOD OF ANALYSIS

Matheson and Roths start by considering as a pilot problem a simplified
version of the decision required for the selection of the Voyager-Mars
mission configuration of the 1970's. Figs. 1-4* illustrate the application
of the method to the pilot problem although no attempt is made here to ex-
plain it in detail.

Four possible lander configurations have been postulated that represent
steps in sophistication from the simplest useful capsule to the most com-
plex one which is capable of obtaining all the data ultimately desired.
These four configurations are illustrated in fig. 1 along with the level of
achievement they can produce if they are successful.

The question is, what configuration should be selected for the first op-
portunity, and what sequence of configurations should be planned to follow
the first choice ? The heart of the decision model is a decision tree that
represents the structure of all possible sequences of decisions and out-
comes, and contains slots into which costs, value, and probability inputs
must be fed. The tree contains two types of nodes (decision nodes and
chance nodes) and two types of branches (alternative branches and outcome
branches). Emanating from each decision node is a set of alternative
branches, each branch representing one of the configurations available for
selection at that point of decision in the project. Each chance node is fol-
lowed by a set of outcome branches, one branch for each outcome that may

* Figs. 1-4 and tables 1 and 2 have been kindly provided by James E. Matheson.

PILOT CONFIGURATIONS PILOT OUTCOME LEVELS

LO CURRENT
ACHIEVEMENT

LI PERFORM ATMOSPHERIC

C! DIRECT ENTRY EXPERIMENTS

ATMOSPHERIC PROBE

L2 RETURN RANGER TYPE
TV PICTURES

C2 ORBITAL ENTRY
RANGER TV

L3 RETURN SURVEYOR TYPE TV
PICTURES AND PERFORM SURFACE

C3 ORBITAL ENTRY PROPERTY EXPERIMENTS

SURVEYOR TV

L4 PERFORM LIFE

C4 ORBITAL ENTRY-LIFE DETECTION EXPERIMENTS

DETECTION EXPERIMENT

Fig.1l. Configurations and outcomes distinguished in pilot analysis.



140 E.C. LEVINTHAL and J. LEDERBERG

Fig. 2. Example decision tree.

be achieved from the point in the project represented by that chance node.
Probabilities of occurrence and values are assigned to each of these out-
comes. Costs are assigned to each decision alternative. Fig. 2 is an
example of such a decision tree using only two configurations and outcome
levels from fig. 1. The full pilot decision tree is shown in fig. 3.

To derive a value function we construct a value tree by considering
first the major components of value, both direct and indirect, and then the
subcategories of each type identified in more and more detail until no fur-
ther distinction is necessary. Then each tip of the tree constructed as
above is subdivided into four categories, each corresponding to the contri-
bution of one of the four levels of achievement to the value subcategory
represented by that tip. To compare these values to costs a subjective
judgment must be made of the total worth of the program if it reaches the
highest level of outcome possible. Specifically, the value tree which ser-
ves as the value function in the pilot analysis is pictured in fig. 4. A more
complete model has been developed using the configurations shown in
table 1. This increase in number of configurations leads to an increase in
the number of possible outcomes and hence the number of decision tree
nodes and policies. Table 2 is a summary comparing the complexity of the
pilot model with the more complete model.
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0.62 porocicaL 0.37 0,02

Lz - 0.0074
L3 - 0.0A66
L4 - 0, 2886
L1 - 0.0750
1.2 - 0.0500
L3 - 0,1125
L4 - 0.0125
L1 - 0.0060
L2 - 0,0300
L3 - 0,0780
L4 - 0. 0060

L1 -0.0120
-oL2 - 0,0420

BENEFIT TO
OTHER SPACE
PROGRANS 0. 24 MANNED

1.3 - 0.0540
1.4 -0,0120
L1 -0.018
L2 - 0.036
L3 - 0.036
L4 - 0,030
L1 - 0.004
L2 - 0.006

L3 - 0,004
L4 - 0,006

RESULTS

L1 L1224
L2 1714
1.3 L3511
L4 .3551

Fig.4. The value tree.

3. ADDITIONAL CONSIDERATIONS

What are the beliefs bearing on the relationship of planetary quarantine
to biological search strategy that must be introduced into the decision ana-
lysis ? The most crucial belief that needs to be evaluated is the total utility
of the planet Mars. Scientific investigation is merely one of these uses,
the most visible at the present time. A high value for this utility implies
the most stringent sterilization policy; for example, we might wish to re-
vise the atmosphere at Mars to make it more habitable. Such an engineer-
ing scheme would probably include specifically contrived plant forms that
might be at a great disadvantage in competition with accidental terrestrial
contaminants. Thus spores could be a hazard by persisting on Mars until
reengineering the planet is attempted. To evaluate this utility a complex
probability analysis is needed. We would not wish to incur the great in-
creases in cost that might be involved in protecting this potential value
without a better estimate of the possible gains.

Many observational facts bear on the measurement of two other impor-
tant beliefs, namely, the probability of survival and propagation of terres-
trial organisms in a Martian environment. Recent findings have led to con-
troversy [5,6,7,8] concerning the relaxation of standards of planetary
guarantine for subsequent missions.

Voyager missions can launch landers from orbit. The size of the possi-
ble landed payloads allows consideration of mobility for the landed labora-
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Table 1
Full scale model potential mission configurations.

Year of Launch

Configuration 1971 1973 1975 1977 1979 1981

CANCEL PROJECT X X X X X X
SKIP OPPORTUNITY X X X X X X
MARINER '71 X
VOYAGER JR.

TWO VOYAGER JR.'s

ORBITER ONLY

ORBITER WITH ATMOSPHERIC PROBE

ORBITER WITH DESCENT TV PROBE

ORBITER WITH MEDIUM SOFT LANDER

ORBITER WITH SURFACE LABORATORY
ORBITER WITH BIOLOGICAL LABORATORY

12 ORBITER WITH TWO ATMOSPHERIC PROBES

13 ORBITER WITH ATMOSPHERIC PROBE AND
DESCENT TV PROBE X X

14 ORBITER WITH ATMOSPHERIC PROBE AND
MEDIUM SOFT LANDER X X
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tory. It is in the unusual, not the average environment of Mars that we will
want to search for life. Our sterilization standards must take account of
the fact that the successful mission will seek out the most desirable habitat.
On the other hand, for the consequences of an unsuccessful mission with
accidental landing, the relevant environment is the average one.

A decision on quarantine procedures requires an explicit statement
concerning our belief on the probability of life on the target planet. This
needs to be further subdivided into the question of whether or not the life
resembles Earth biota. This distinction is important because it relates to
contamination as a source of confusion. Does it frustrate or permit some
scientific objectives to be achieved? It has been stated that "the identifica-
tion of an extensible exobiont as a member of an earth taxon would prove
not only that it was adventitious, but that the introduction was relatively
recent in the time scale of planetary evolution” [9] However, this re-
quires an estimate of the expected state of biological knowledge at the time
of the mission.

That level of knowledge is especially important for the problems of
back-contamination which are raised by return sample missions whether
manned or not. It has been asserted that if an astronaut survives the long
return flight, the potential damage of back-contamination would be amen-
able to repair. The survival of the returning astronaut proves that at least
some humans will not be immediately and rapidly obliterated by the extra-
terrestrial infection. On the other hand, many viruses need living vectors!
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Table 2
Decision tree comparison.
Pilot Parameter Full scale
4 Mission conrfigurations 14
13 Mission outcomes a6
5 Project outcomes 56
5 Capsule outcomes 14
None Orbiter outcomes 4
Open Last possible flight 1981
60 Decision tree nodes &~ 3000
1000 Decision policies Se o

Evaluations of return sample missions will be very sensitive to the
state of mind of those making the judgments. Whose gains and whose risks
will be assessed ? The appropriate constituencies need to be informed and
engaged so as to influence the assessment of gains and risks. Possible
failure modes for return sample missions, either manned or unmanned,
create very difficult problems for rational decision. How does one choose
between certain mortal risk to some few individuals and uncertain risk,
possibly also mortal, to the rest of the world? It may be impossible to
rationalize a decision that compares alternatives differing widely in the
precision with which their initial probabilities can be estimated. This diffi-
culty can only be removed by experiments which reduce the discrepancy.
For example, the President's Science Advisory Committee, in considering
post-Apollo programs, contemplated a decision to proceed towards even-
tual manned planetary exploration [10]. This plan did not envisage the need
for more advanced and sophisticated unmanned spacecraft for planetary
exploration. But precisely such sophistication may be required to rational-
ize policy for manned or unmanned return sample missions.

Falsely positive results of any experiments designed to reveal life on
the planet would have an important effect on future decisions, in spite of
low initial probabilities for life on the planet and for the survival or propa-
gation of terrestrial organisms. The probability of such false positive
results is obviously determined by the level of sterilization achieved.

4. CONCLUSION

The introduction of these concepts into the analysis is a formidable task.
Could such an analysis be completed in time to generate a rational decision
for a 1973 mission ? What alternatives are then possible ? Should missions
be postponed until the analysis is complete ? This would imply an interna-
tional agreement among space-faring nations and that the analysis will be
successful without requiring additional empirical data from space missions.
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This latter difficulty can be stated generally as follows: "In order to build
up your beliefs it is theoretically sufficient to use reasoning only without
collecting empirical information. But in practice this would take too much
time" [11].

We conclude that mission policy should be conservative, involving only
initial probabilities with narrow intervals. The Mariner IV mission showed
that a probability limit for accidental planetary impact by an unsterilized
flyby of 3 X 10-5 or less does not preclude carrying out useful missions.
The initial probability that orbiter missions with the same constraint can
be carried out and gather new information is likely to be of narrow inter-
val and calculable. The hypothesis that terminal dry heat sterilization
achieves a probability of a single valuable organism aboard a spacecraft
intended for a Martian landing of less than 1 X 10-4 has a calculable initial
probability of small interval. This method of sterilization, being terminal,
minimizes the effect of errors of procedure or execution prior to launch.
It involves a decision tree with relatively few nodes. Policy based on this
hypothesis would lead to possible and useful missions. Initial policy should
then be limited to configurations involving flybys, orbiters and terminally-
heat sterilized landers and combinations of these which meet at least as
stringent sterilization standards as presently recommended by COSPAR.
In addition, a structure for rational decisions in the future in light of ex-
pected data needs to be formulated. The problems of contamination are in-
sensitive to the national origin of the inoculum. Hence, such a formulation
needs international methodologies for evaluation and decision independent
of the parochial interests of the space-faring nations. Furthermore, this
planetary exploration strategy requires an international agreement that
there will be no manned landings and no return samples from the planets
until enough new information can be obtained to permit explicit decision
analysis and a rational consideration of such missions with a level of uncer-
tainty many orders of magnitude less than now obtains.
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