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Abstract

The effective automatic control of Advanced Life Support Systems (ALSS) is
a crucial component in space exploration. An ALSS is typically a coupled
dynamical system: deterministic components that when coupled cause the
overall behavior of the system very difficult to predict. We have implemented an
ALSS simulator that models the basic processes occurring in the Bioregenerative
Planetary Life Support System Test Complex (BIO-Plex) developed by NASA
Johnson Space Center (Barta, Castillo & Fortson 1999, Kortenkamp, Bonasso &
Subramanian 2001, Tri 1999). In this technical report, we present a mathematical
description of our simulator and mathematical definitions of the optimization
goals, the control strategies, and fitness functions used in (Wu & Garibay 2003).

Keywords: Genetic algorithm, optimization, life support system control, resource
allocation, proportional representation, evolutionary computation.

1 ALSS Mathematical Description

Informally, an ALSS simulation (Definition 1) is a coupled dynamical system with a set
of internal simulation states (Definition 3), a control strategy (Definition 5) and a
transition function (Definitions 6 to 10). The next step of a simulation (Definition 11)
is calculated deterministically using the transition equations that compute the next
simulation state from a current state and the current control variables provided by the
control strategy. The learning problem is to find a controller or, equivalently, to find a



set of control variables for each simulation step that maximizes the final value of a
single simulation state or a function of these states. A simulation ends when the
environment is not longer able to support human life (Definition 13). In this report, we
describe three different optimization problems of interest: finding a control strategy
that maximizes mission productivity (Definition 15), a control strategy that optimizes
mission duration (Definition 16), and a control strategy that optimize both mission
productivity and duration (Definition 17).

In (Wu & Garibay 2003) we define the ALSS mathematically without considering
the storage system (Description 21) and the biomass equations (Description 22). In
this report, we provide a full description of the ALSS simulator.

Definition 1 (ALSS) Formally an ALSS simulation A is denoted by a 4-tuple:

A = <Q7 q_67 Ca 5C>
where:

Q s the set of simulation states,
go in Q s the initial state of the simulation,

C 1is the control strategy that defines a vector of control parameters for each
sitmulation time step,

Oc finite set of transition equations

Definition 2 (Simulation Variables) Let V denote the set of all the variables

associated with the simulation A, then:

def - = = = =
Y ={§&,r,0,a,w}

where:

5 def

€ = <eenergya €air.02, €air.co2; Cwater.clean, Cwater.dirtys €foods Cscience; Cstore.water,
estore.fooda €store.air.o2» estore.air.002> ’ vector Of environmental varmbles,

o def

r = <rstatusa T'food Twater ) Lair.02) Ystarvation s Ldehydration rasphy:riation>7 vector Of
crew variables,

= def

0 = <Ostatus; Oenergys Owaters Olow.energys Olow.waters Oages Obiomass

002.releasedaOco2.absorved>; vector Of Crop Uarzables,



— def . .
d = (Aenergy> dlow.energy> drecovery.time) s Vector of air recovery wvariables,

—  def

W = <Wz'na Wiow.energys Wuptimes Wpotable Wene?"gy>7 vector Of water recovery
variables,

Definition 3 (Simulation State) A simulation state, ¢ in Q, is a particular
assignment of values for all the simulation the variables in V. The simulation state at
time t 1s:

- = =

— def — —
qy = <et7 Iy, Og, Ay, Wt>

Definition 4 (Initial State) The initial simulation state denoted by ¢y in Q, is a
defined as follows:

2
<

e

q_E) <607F07607§07W’0>

where:

—  def

ey = (eenergy = 10000, Cair.o2 = 3000 x 02095, Cair.co2 =
3000 x 000037 Cwater.clean = 10; Cwater.dirty = 07 €food = 4; €science =
07 €store.water = 5007 €store.food = 5007 €store.air.02 = 500007 €store.air.co2 =

50000, ),

— def
rp = <rstatus - 17 T'food = 0, Twater = 0; Tair.o2 = 0; Tstarvation = 0; Ydehydration =

07 Tasphyziation — 0>;

o def
0y = <Ostatus = 17 Ocnergy = 07 Owater = 07 Olow.energy = 07 Olow.water = 07 Oage =

07 Obiomass = 0; O02.released = 0; 0002.absorved:0>7

— def
Qq = <aenergy = 07 Adow.energy — 07 Arecovery.time — 0>7

o def
Wo = <Wzn = 07 Wiow.energy =— 07 Wuptime = 107 Wpotable = 07 Wenergy = 0>;

Definition 5 (Control Strategy) Let C denote a control strategy and be defined as
follows:

cEZ{e" |[(0<t < Thaa) Nt €N}
where:

t
water.to.crops?

is the vector of

t
energy.to.water>

Ct
use.store.water’

¢t d_ef< t ct ct
- energy.to.air’ energy.to.foods “water.to.crew>

t
Cuse.store.food? >

C C

t t
Cactivity.level » Cuse.store.air

control values for time t,



C € C , C s the set of all posible control strategies.

Definition 6 (Transition Equations) The set of transition equations denoted by dc,
defines how to obtain the next simulation state (t + 1) from the current state (t) for a
given control strategy C. The simulation, A, is a coupled dynamical system with four
components: crew, crops, air revitalization, water revitalization, and storage system.
Therefore we have five sets of equations:

50 def <

6Ccrew Y 5Ccrops Y 5CairRemtalization ) 6cwaterRevitalization ? 5CSt07‘ag€>

wh’ere deﬁnltlons for 6Ccrew7 6Ccrops7 5CairRevitalization7 CwaterRevitalization7 5Cstorage are glven below'
Definition 7 (Crew Equations) dc, -
(
0 Zf [(rstatus)t — 0]

V [(rstarvation)t > RF.Del]
V [(rdehydration)t > RW,Del]
V]

( _ (rasphyxiation)t] > RA.DE!])
rstatus)t+1 - (rstatus)t+

_001 X (rstatus)t X H(rfood)t < 025 X RF.Req ]
_002 X (rstatus)t X H(rwater)t < 025 X RW.Req
\ —0.1 x (rstatus)t X [|(rair.o2)t < 0.25 x RA,Req

]

] otherwise.

(r . ) = (rStarvation)t + ]- Zf [(rfood)t < 025 X R,F_Req]7
starvation )41 0 otherwise.

(rd hudrati ) — (rdehydratzon) +1 Zf [(rwater)t < 0.25 x R‘W.Req])
chydration]i+1 0 otherwise.
(1“ o ) (rasphy:viation)t +1 if [(eair.o2)t < 0.25 x RA.Req]7
asphyziation)p41 = () otherwise.
( (ea“" 02)t 5376/24 [wativity.level = SLEEP])
(ea“" 02)t 8328/24 Zf [wativity.level = LOW],
(eair-02)t+1 N (ea“" 02)t - 1200/24 Zf [wativity.level = MED]7
N (ea“" 02)t - 16008/24 Zf [wativity.level = HIGH]'
( (e‘“r 002) + 6432/24 Zf [wativity.level = SLEEP]7
(e ) — (ea“" 002) + 9960/24 Zf [wativity.level = LOVV])
air.co2 — .
i (ea““ 002) + 14337/24 lf [Cthivity.level = MED]7
\ (ea“" 002) + 19104/24 lf [Cthivity.level = HIGH]'



™,

f [Céctivity.level = LOW]’
f [Cgctivity.level = MED]?
f [Cactivity.level = HIGH]?
otherwise.

Cwater.clean t 0.75 x (rwater)t
Cwater.clean t 0.85 x (rwater)t
Cwater.clean t 0.95 x (rwater)t

)
)
)
ewater.clean)t
)
)
)

™,

(ewater.clean ) +1 —

o~

+0.75 X (rwater)t Zf [C cthty level — LOVV]
Cwater.dirty t +0.85 X (rwater)t Zf[ acthty level — MED]
t +0.95 (rwater)t lf[ acthty level — HIGH]

Cwater.dirty )y

(ewater.dirty)t+1 = Cavater.dirty

(
(
(
(
[ (
(
(
(

\ ewater.dirty)t otherwise.
efOOd)t —0.75 x (rfOOd)t Zf [wathty level — LOVV]
(ef d) efOOd)t 0.85 x (rfOOd)t Zf [wathty level — MED]
00
b1 efOOd)t —0.95 x (rfOOd)t lf[ Cactivity.level = HIGH]

(e food otherwise.

escience)t + 075 X R’Number X RScz‘Fact X (rstatus)t Zf [watwity level — LOW]
escience)t + 0.85 X Ryumper X Risiipaer X (rstatus)t Zf[ acthty level — MED]
)
)

¢ + 0.95 x RNumbeT X RSciFact X (rstatus)t Zf[ acthty level — HIGH]
otherwise.

€science

E
(escience)t_H — (
(

€science t

Where:

(rwater)t — mln[cwater to.crew? (ewater.clean)t]
(rfood)t - min[R’F.Reqa (efood)t]
(rair.OQ)t - min[RA.Reqa (eair.OQ)t]a

the following are constants: Ry p.(crew food delay) = 120, Ry p.(crew water delay)
=72, R, pu(crew air delay) = 3, Rp ., (crew food requirement) = 1/6, Ry z.,(crew
water requirement) = 1/6, R p.,(crew air requirement) = 40000, Ry, ... (crew number)
=4, and R,p.. (crew science factor) = 1. We used the notation: [|p|]] =1 iff p is True,
[Ip|]] = 0 otherwise.; min[A, Bl = A iff (A < B), min[A, B] = B otherwise.

Definition 8 (Crop Equations) dc,,,,.-

(0 if [(Ostatus)t - O]
\% [(Olow.energy)t > OL.noE]
(0 tat ) — Vv [(Olow.water)t > OL.noW])
status )41 (Ostatus)t+
—0.03 X (Ostatus), X [|(Oenergy)t < 0.25]]
[ —0.01 X (0status); X [|(Owater): < 0.25|]]  otherwise.

(O ) _ (Olow.energy)t +1 if [(Oenergy)t < 025]7
low-energy)i+1 =) () otherwise.



(Olow water)t +1 if [(Owater)t < 025],
(Olow water)t_H

——

0 otherwise.
o 0 i [ > 8],
age) 1 (0age), +1  otherwise.

(eenergy)t+1 = {(eenergy)t - (Oenergy)t}

(ewater.clean)H_l - {(ewater clean) (Owater)t}
(

(ewater.dirty)t+1 — { Cwater. dzrty) + (Owater)t}

(€fo0d), | = (€food); + (Obiomass)t X 0.05 X (0status)t i [(Obiomass)e = 0],
food)ty1 (€f00d), otherwise.

(eair.o2)t+1 - {(eair.OZ)t + (002.released)t X (Ostatus)t}

(eair.co2)t+1 - {(eair.COQ)t + (0002.absorved)t X (Ostatus)t}

Where:

(Ocnergy)t = min[cinergy.to.foow (Cenergy)tl;

(Owater)t = min[cfuater_to_cmpsa (ewater.clean)t]a

and the following are constants: Oy ,.w(crops life with no water) = 120, and
Or..nor(crops life with no energy) = 168.

Definition 9 (Air Revitalization System Equations) dc¢

airRevitalization *

(a ) _ (alow.energy)t +1 if [(aenm«gy)t < 025],
o eneray 1 0 otherwise.

—

arecovery.time)t - 1 lf [(aenergy)t Z 025] VAN [(arecovery.time)t > 0],
T.rec if [(alow.energy)t Z AA.del])
arecovery.time)t otherwise.

=

(arecovery.time)t+1 -

~—~

(e ; 2) — (eair.OZ)t + 50 x (aenergy)t if [(aT‘CCO’UCTy.time)t — 0],
air.02 )41 (eair.OZ)t otherwise.

(e ) ) _ (eair.COQ)t - 50 X (aenergy)t lf [(arecovery.time)t = 0]7
air.co2 )41 (qir.co2); otherwise.
(eenergy)tﬂ = {(eenergy)t - (aenergy)t}
Where:
(aenergy)t = min[ctenergy.to.air? (eenergy)t],

and the following are constants: Ay .. (air revitalization system startup time) = 3, and
A, qa(air revitalization systems maximum energy delay time) = 1.
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Definition 10 (Water Revitalization System Equations) d

waterRevitalization *

(W ; ) = 0 Zf [(Wlow.energy)t > WT,st],
uptime/ 41 (Wuptime); + 1 otherwise.
(Win)t+1 = {(Wzn)t + (ewater.dirty)t - (Wpotable) }

0 Zf [(Wenergy), < 0.25],
(Wpotable)t+1 — WW.rm X (Wzn)t [((Wuptzme) /WT.wup) 2 1]7
(Wuptime)t/W tp) X W w X (Win), otherwzse

( ) _ (Wlow.energy)t +1 Zf [(Wenergy)t < 05],
Wiow.energy)i+1 = 0 otherwise.

(ewater.dirty)t+1 =0
(ewater.clean)t+1 — {(ewater.clean)t + (Wpotable)t}

(eenergy)t+1 = {(eenergy)t - (Wenergy)t}
Where:
(Wenergy)t = min[cinergy.to.water? (€energy)t),

and the following constants: W ..., (water revitalization system warmup time) = 10,
W .. (water revitalization system shutdown time) =5, and W, ., (water recovery rate)
= 0.97.

Definition 11 (Simulation Step) Applying the transition equations dc to the state
q; we obtain the next state Gy1 of the simulation A

G Z6c(q,)

where:

— ) def —
60 (qt) :e 6CwaterRevitalization (5Cai'r‘Revitalization (5Ccr‘ops (5Cstomge (6Ccrew (qt)))))

Definition 12 (Simulation ¢ Steps) The reflexive and transitive closure of dc is
denoted by 0¢ ;:
G = bet (d)

Definition 13 (Simulation End time) Simulation A ends when the environment
variable crew status, Tsiaps, 1S equal to zero (the environment is not longer able to
support human life) or when the limit time for the simulation Ty is reached. We
denote this ending time as tping™,

tFinalA = . e [Cﬁ = 5£,t(q_6)A(rstatus)t = 0]

where:



(rstatus)t S (j;t; Jt S Q ’ G/I’Ld A = <Q7 q_aaca 5C>

Definition 14 (Final State) The final state of simulation A is denoted by g7
and defined as follows:

@?ma, “ {Cﬁ ‘ G = 5£,t(Q?))/\t = tFinalA}

where:

gl g€ Q, and A=(Q,,C,0).

1.1 Optimization

Definition 15 (Optimization 1: maximize mission productivity) Let Cop;
denote the optimal control strateqy for maximizing mission productivity, and be defined

\ A, .
( ) [(escience)t;mal > (escience)éjmal]}

C; eC

as follows:

COptI dZEf {C]

where

COptl ) Ci; and C] € C;' AZ = <Q; q_éa Ci; 5Ci>; Aj = <Q; q_éa Cja 5Cj>7'
(escience)f;iml € q}ﬁiml ; (escience)éjm, € @ﬁfnal ;and C is the set of all posible
control strategies;

Definition 16 (Optimization 2: maximize mission duration) Let Co,e denote
the optimal control strateqy for maximizing mission duration, and be defined as follows:

v [tFinalAj > tFinalAi]
cec

COpt.?aCi7 and C] S C; AZ = <Q7 q_éacia 6Ci>; Aj = <Q7 q_aacja 6Cj>; and C 1s
the set of all posible control strategies;

COpt2 dZEf {C]

where

Definition 17 (Optimization 3: maximize mission productivity and duration)
Let Copis denote the optimal control strategy for mazimizing mission productivity and
mission duration, and be defined as follows:

COptS’ g’ {C]

v "
A, A; Ai
<C cc I:(escience)t;mal + 3 X tFinal ! Z (escience)tFinal + 3 X tFinal ]

where



COptf)’a Ci7 and C] € C; AZ = <Q7 q_67 Cia 6C1j>; Aj = <Q7 q_67 C]a 5Cj>;
(escience)fﬁmal € q}ﬁiml ; (escience)ﬁjma, € cﬁﬁfnal ; and C is the set of all posible

control strategies;

1.2 Fitness

The fitness value of an individual—n vectors of control variables—is determined by
running the ALSS simulation with the individual’s n vectors and control strategy [',,.
We use the following fitness measures for all experiments:

1. The total amount of “science” produced by the crew when the simulation ends,
when optimizing mission productivity (Definition 18).

2. The number of simulation time steps at which the simulation ends, when
optimizing mission duration (Definition 19).

3. A weighted addition of the previous two measures, when optimizing both
(Definition 20).

Definition 18 (Fitness 1: mission productivity) Let fi(Cy) denote the fitness of
the control strategqy Cj, while optimizing mission productivity in simulation Ay, be
defined as follows:

fl (Ck:) = {(escience)épﬁnal (escience)éiml € it??ml /\ Ak = <Q7 q?), Ck:a 5Ck> }

Definition 19 (Fitness 2: mission duration) Let f>(Cx) denote the fitness of the
control strategy Ci, while optimizing mission duration in simulation Ay, be defined as
follows:

fo(Cr) = {tFinalAk ‘ A =(2Q, @, Cr, 50k>}

Definition 20 (Fitness 3: mission productivity and duration) Let f3(Cy)
denote the fitness of the control strategy Cr while optimizing mission productivity and
mission duration in simulation Ay, be defined as follows:

f3(ck) = {(escience)éiml +3 X tFinalAk ‘ (escience)éﬁnal € it??ml /\ Ak = <Q7 q_67 Cka 5Ck:>}



1.3 Storage System and Biomass

Definition 21 (Storage System Equations)

0 Zf [ij.se.store.air = 1] A [0 < (eStOT‘C-aiT‘ﬂZ)t < 50]
(estore.air.o2)t+1 - (estore.air.o2)t - 50 Zf [CZse.store.air = 1] A [(estore.air.OQ)t Z 50]
(estore.air.o2)t OtheTWise-
(eair.OQ)t + (estore.air.o2)t Zf [CZse.store.air - 1] A [0 S (estore.air.OQ)t < 50]
(eair.OZ)t+1 - (eair.OQ)t +50 Zf [CZse.store.air = 1] A [(estore.air.OQ)t Z 50]
(€air.02); otherwise.
( 0 Zf[‘ [CZse(.store.water T 1] ( )]
A0 S €store.water t < (4 % SF.water
(estore.water)t+1 = (estore.water)t - (4 X SF.water) /l'f [CZse_store_water - 1]
A [(estore.water)t Z (4 X SF,water)]

L (estore.water)t otherwise.

se.store.water — 1]

(ewater.clean)t + (estore.water)t Zf CZ
S (estore.water)t < (4 X SF.water)]
)

[
A [0
i [

(ewater.clean)t+1 = (ewater.clean)t + (4 X SF.water) f CZse.store.water = 1]
A [(estore.water)t Z (4 X SF,water)]
\ (ewater.clean)t otherwise.
( 0 Zf [CZse.store.food = 1]
A [0 S (estore.food)t < (4 X SF.food)]
(estore.food)H_l = (estore.food)t - (4 X SF.food) if [CZse.store.food = 1]
A [(estore.food)t Z (4 X SF.food)]
L (estore.fo()d)t otherwise.

( (efood)t + (eStOTB-fOOd)t Zf [CZse.store.food = 1]
A [0 S (estore.food)t < (4 X SF.food)]

(efOOd)t+1 = (efOOd)t + (4 X SF-food) lf [CZse.store.food = 1]
A [(estore.food)t Z (4 X SF.food)]
[ (€food), otherwise.

Where the following are constants: Sp ,ue=1/24, and Sy .= 1/24.

Definition 22 (Biomass Equations)

Obiomass = 07 Oo2.released = 07 Oco2.absorved=00status = 17 Ocnergy = 07 Owater = 07 Olow.energy = 07 Olow.water = 07
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Obiomass - (a’l + (a’2 X Bfrac.light X Bplant.age) + (a’3 X (Bfrac.light X Bplant,age)Z))

B B B ;
grow.rate co2 crop.density
X B X B X B X Btray.m‘ea
grow.rate.coef co2.coef crop.nom.density
__ Objomass
Oco2.absorved = 0.723
Oo2.released = Oco2.absorved X 0.727

Where:
2
Bgrow.rate = 50 + ﬁl X (240 X Oenergy) + 52 X (240 X Oenergy)
_ (BQQQ.QQnggntratiQn )
Bco2 - 72 - (7889 X e 400
B _ Blight.per
frac.light — B
nominal.light.per
Oqage
Bplant.age — X 063529
24
2
Bgrow.rate.coef = /60 + /Bl X (Bnominal.light.intensity) + /62 X (Bnominal.light.intensity)
— (Bnominal.COQ.concent )
BCOQ.coef - 72 - (7889 X e 00
€air.co2
_ CO2W
BC°2'C°ncentmti°n ~ Cair.co2 €air.02 €air.N2 €Cair.H20
- - +
CO2wW 0o2wW N2W H20W
and, Blight.per — 207 Bnominal.light.per - 207 /60 — _76146; /81 == 01114, /82 — _000002149,

Brominatiightmensits = 1204, Buominatcos.concens = 2000, CO2W = 44, O2W = 32, N2W = 28,
H20W = 18, Buroymomaensity = 2000, B = 2000, B =4
ay = ((0.3056 x T) — 3.782), ay = ((0.2515 x T') — 0.24696),

as = (0.06175 — (0.006866 x T')), and T = 22.

crop.density tray.area )
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