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The system of equations as given in (3) then has nullclines in the form ogistic Equation Derivatives L . . .. : .
Abstract - > ored > a5 BIVER 3) o P oo raenRene Considering the nullclines of different combinations of consumption profiles,
of intersecting planes, identified in the three equations in (4). . L . . :
As NASA. Elon Musk. and other space exoloration erouns set their sichts we find that it is possible to create whole lines of solutions. If we allow for
> T ’ | p P & . P & three species where one produces something that other two need (their
on a manned. m|55|ori to Marsf the ability to feed ainFl su.s’Fam hiJmans for B, =P, (1 Pa _ Pp {—Pa Pp consumptions profiles thus looking like C4 = [1,1,-1], C5 =[1,1,-1], and
extended periods of time outs.|de of Iow-Ez.alrth orbit is critical. Life support 2 B < b (1 l;/; ’;BC . If»‘; . I;’i C. = [-1,-1,1]), we find that any combination of P, , and Py summing to .5 is
systems need to be strong, reliable, and will need to be able to effectively B = Ip kn  Ke 4 L= T permissible, but P will be fixed at .5 in order to support the other two
recycle nutrients, water, and gases.! Current systems, such as the Environmental P. =P, (1- i_A _ % 1 = iA ZC oopulations
. . A C A C )
Control aimd.Llfe Support (EC!_S), are r'10t fully closed and need t? Ic.)e ha.bltuzilly We can also find solutions in which the populations of two of the
re—suppllgd in o.rde_r to fu_ncl'lon_conl'mually.2 As-such, self-sustaining biological | | o | | | Fig. 2: Nullcline and Streamplot at P,=.5. species depend on the population of one of them, as in the profile
systems, |ncl.ud|ng intensive agrlcultu.re, E;are active areas of research for This sysiem.has !ootentlail equmbria where those nullclines intersect, which WI||. be at p0|nt§ where.one | combination C, = [1,1,1], Cg = [1,1,-1], and C, = [-1,-1,1]. The line of solutions
NASA and prlv.ate aerospace companies. o | | populatl.on .|s at.lts ca.rryl.ng capaicrc.y k and the other 2 are zero,. or where each is at hal.f of |.ts c.arrymg capacity runs in this case from P, = .5 and P, = 0 to P, = 0 and P, = .667. This is
Our project atFempts to model and optimize the b|omass producho.n. (This point is evident in fig. 2). S|mllar p|OtS.f0r other pairs of.dlmen5|ons -ShOW that this point is stable. We intriguing for the purpose of space travel in that it may allow for the control of
systems of a closed Ilfe.su.ppc.)rt system jchat could be used in space. By pairing. cain compare our results from this model WI:Eh those of a rer.)llcator equation model. the system of three species via the manipulation of one. There are potentially
different plant types within first a |(.)gISl'IC growth .model and a repllcator equation Fitness Model and Standard Replicator Equation energetically advantageous ways of doing this, for instance by varying heat or
model, we show that food production can be easily controlled in order to We can use the replicator equation from evolutionary game theory to understand the dynamics of light access to a population of bacteria or plants.
consistently support humans aboard the spacecraft, and that the use of interacting populations all competing for a common resource.® We create a “consumption profile” for each
ases and nutrients can be balanced to maintain natural equilibria. : ot : : . . .
8 g species consisting of a vector. of Iength m,. where there are m re59urces of interest in the sysjcem. Each Discussion and Conclusion
Methods elgmenii.of thz vlector for a glvnzn spsues mldlcat;ces the rathe at which they con]sciljme ’]Ehat partlc.ular rebsource. While in space, any life support system must perform predictably and
While current models such as the ECLS require frequent resource Uhsmjt 15 ”;IO N ’]:Ni can con5|f ert ehover alp .etw_?s.n J:j c con;umptlon promies o t_W? spiaes to be  of reliably. Both of the models considered demonstrate the viability of a system
ile cu u ui u u . . . .
Ut ¢ . p funct tl? | ? Josi the ot Pro l;CthO _t © vectors. ci)]r iac i:opu Ehon' ' 's dot pro .UCt sherves a; d .met.rli .OrF c C.OSti:O €acth O of three interdependent species and provide methods for the prediction of
inputs to maintain con nuo.u?s un4c on, the goal of our design was | | the spgues of sharing s_pacg with the other. The rep icator equahonjc ajc we begin with is given in the stable equilibria in that system as a function of the overlap in resource profiles
to make our model self-sufficient.* In such a model, once a balance is attained, following form, where f indicates the the average fitness of the species involved °: for each species. With respect to a functioning life-support
there is no need for either import or export of additional resources. Of course _ 3 F__ it tf ' S : L. :
, .p _ P , , ’ (5) P, = P;(f; — f), where f == - =, system, each stable equilibrium represents a different combination of biomass
the system must also maintain biomass production above a certain level necessary . . L . . .
o . . . . : If we consider as an example a system of three populations, Py types that could be maintained with minimal additional energy on the part of
to maintain human life.> Bacteria subsist alongside the plants, and provide the gases L . . I . :
: . . , a, b, and ¢, with given consumption vectors C4 = [1,.9,.8], the crew. Of particular note are the equilibria points that may be influenced
necessary for their survival, while the plants compete for available resources. Cs =1[.8,1,.9], and C- =[-1,-1,-1], we can establish the null-clines easily to arrive at a desired point along a curve. We showed that in the case of
B — L-9,4,./],) cC ~ L+, 4,741, - .

Logistic G h Model of the system and then take their intersection to find potential lines of admissible solutions, a user of the system may easily and predictably
ogistic Growth Viode | o equilibria. For internal points we can attempt to find the eigenvalues change the production of two plants A and B by increasing or decreasing the
As., a ﬁrs.t approximatlon of the behavior of pIant.speues ind .dOSEd system of the Jacobian at any potential equilibria to understand their amount of population C, which might for instance be a population of bacteria

W|th.a-ﬁxed r.na.X|mum carrying capacity for multiple popunla.hons, we.con5|der d . stability. In this particular case, we find a potential equilibrium forms producing carbon dioxide and other nutrients. In this manner, the mission’s
modified Iog|s.t|c fgr"}"’th moglel, where the carrying c:ap?cmes for6?1g|ven populatlon at very low Pz and nearly equal P,and P.. The Jacobian has two negative food production may be both planned ahead of time and controlled in transit,
depend on pairW|se mteractloiws with the. other speues. involved.>* We consider eigenvalues and one zero eigenvalue, suggesting that the point may be all without concern for hauling large amounts of food into orbit, which has
the c.onsumptlor.m of.each species to :)e.dlrectly proportional to.the mas.s of the stable but we cannot be sure. Plotting the behavior in a simplex plot,® = — = historically represented a large portion of non-propulsion mass.'® This analysis
SPECIES. The derivatives of the population values for each species are given to be we can see that it is indeed stable. Fig. 3:: C,=[1,.9,.8], C, = [.8,1,.9], C; = [-1,-1,-1] can be further expanded to more plants and more bacteria for larger variety,
the fO“OW'”g. Logistic Model of Paired Population Growth W|th d”:ferent eqUI|IbI‘Ia COI‘respOndlng tO eaCh COmbInat'IOn A|th0ugh our
b o p As a proxy for internal behavior we can consider the pairwise interactions along the “edges” of our solution analysis is limited to the biomass production system, further research may
) A B C 0.45 1 . . . . . . ey .
(1) Py=P,(1— %A kg K_c) oo domain, where one of the populations is zero. Let population B be equal to zero. Then we consider the expand upon and introduce additional sub-systems from waste disposal to gas
p. — P (1- Py Pp Pc) : 035/ pairwise interaction of populations A and C. Along the edge we have the derivative values described by (6): recycling and water processing. We have found that the logistic model in this
.B B Ile ll;B gc g 0] case does provide an intuitive model for the end state of the system but does
P- =P, (1-— é — ki — Kz) ‘-’ (6) Py = P?A(pA(kl — ky) + (ky)) , where A not capture as completely the idea of competition for a common resource
based on overlapping biological niches. The comparatively more complicated
Intuitively, the populations will change 010 / | | | | | ky = 2M,, — Mg, replicator dynamics model provides a more natural implementation of this
until they achieve a sum equal to the - Interaction.
total ca rrying ca pacity of the system, Fig. 1: Growth of populations under a paired logistic model. kz — MAB — MBB: \
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maximum capacity. We find that the Jacobian has one negative eigenvalue and one (ky-ky) is negative and k; is positive, which can be established via LT Accessed May 27, 201 hitps://ntrs.nasa.gov/archive/nasa/casLnirs.nasa.£00/20090033097 pdf
zero eigenvalue, making our analysis inconclusive. However, considering a an analysis of the second derivative at the point in question. The - - - tpesience nasa goulscence news/sconce st masa 2001 as0ompr 1
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