Tecnical Report CS-TR-03-05
Advanced Life Support System Simulation

Ivan I. Garibay and Annie S. Wu
University of Central Florida, Orlando, FL 32816-2362
{igaribay,aswu }@cs.ucf.edu

November 3, 2003

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 previous
work (Wu & Garibay 2003). We report findings on using a Genetic Algorithm
(GA) and a Stochastic Hill-climber to learn control parameters for an ALSS
simulation. We examine the behavior of these algorithms using different control
strategies, fitness functions, population sizes, mutation rates, and most
importantly, different representations: binary representation and three variants
of the proportional representation (Wu & Garibay 2002) The GA using a
proportional representation yields the best results throughout a wide range of
settings for optimizing ALSS.

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 = <Q: q_éa Cv 6C>
where:

Q is the set of simulation states,
¢ n Q is the initial state of the simulation,

C s the control strategy that defines a vector of control parameters for each
stmulation time step,

0c 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 = {é,r,0,a,w}

where:



def

[T}

<eenergya €air.025 Cair.co2; Cwater.cleans Cwater.dirty s € foods €sciences Cstore.waters

estore.food7estore.ai'r.027estore.air.002> ’ vector Of environmental Ua'm'a’bles;

=y

def
= <rstatu3a I'food> Ywaters Lair.02, Ustarvation s Tdehydration s rasphywiation>7 vector Of
crew variables,

def

(=]}

<Ostatu5a Ocenergys Owater s Olow.energys Olow.waters Oager Obiomass,

O02.releaseds Oco2.absorved>; vector Of Crop variables,

def . .
= <aenergy,alow.ene’rgy,arecovery.time); vector Of alr recovery ’UG,T’LG,bZGS,

—  def

W = <Win7 Wiow.energys Wuptimer Wpotables Wenergy>7 vector Of water recovery
variables,

oy

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:

a
<&

e

(j;ﬁ <éta Ft: 6t: é'ta W’t)
Definition 4 (Initial State) The initial simulation state denoted by ¢y in Q, is a
defined as follows:

@ =

€0, I'o, Op, Ao, WO)
where:

o def

€ = <eenergy = 10000, e4ir.02 = 3000 x 0.2095, €4ir.co2 =
3000 x 0.0003, ewater.ciean = 10, Cwater.dirty = 0, €food = 4: €science =
0, €store.water = 500, €store.food = 500, €store.air.02 = 500007 €store.air.co2 =

50000, ),
— def —
g = <rstatus = 1a T'food = 07 TYwater = 0: Toir.o2 = 0: Ystarvation = Oa Ydehydration =
0, Tasphywiation = 0>;
— def —
Oy = <Ostatus = 1, Ocenergy = 0, Owater = 0, Otow.energy = 0, Olow.water = 0, Oage =

Oa Obiomass = 07 Oo2.released = 07 OcoZ.absorved:O);
def

Qy = <aenergy = 0, Adow.energy — 0, Arecovery.time — 0);

— def

Wy = <Wm = 07 Wiow.energy = 07 Wuptime = ]-07 Wpotable = O: Wenergy = O);

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

CE{e [(0<t < Tha) At €N}

where:



=t def < t
¢ = energy.to.air’ Cenergy to.water?
C

Ct
water.to.crops’

t t

use.store.water? Cuse.store.foodﬂ) is th@ vector Of

control values for time t,

Ct t
energy.to.food’ water to.crew?

t
cactzmty.le'uel’ use.store.air?

C € C , C is 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:

6e = (b¢..... 0c

5C (5csto'rage >

dc

cmps ’ (5c

dc

c'rew I

de

airRevitalization ? waterRevitalization ’

where definitions for oc

crew 7

are given below.

cr‘ops J airRevitalization ? CwaterRevitalization J storage

Definition 7 (Crew Equations) dc,, -

(0 Zf [(rstatus)t = O]
V [(rstarvation)t > RF.Del]
V [(rdehydration)t > RW.Del]
V [(rasphyziation)t] > RA.Del]a

(rstatus)t—l—l =9 (rstatUS) +

—0.01 X (rstatus)t [|(rfood)t < 0.25 x RF.Req]
—0.02 x (rstatus) [|(rwater)t < 0.25 x RW.Req

]

[ —0.1 X (Tstatus); X [|(Tairo2)t < 0.25 X R, 5] otherwise.
(I‘ ) (rstarvatzon) + 1 Zf [(rfood)t < 0.25 x RF.Req]:
starvation Jy+1 = otherwise.
] (rdehydratwn + 1 Zf [(rwater)t < 0.25 x R‘W.Req]’
(r )
dehydration)i+1 =\ () otherwise.
( o ) (rasphymatzon t + 1 Zf [(eaiT.OZ)t < 025 X RA.Req]J
Tasphywiation)t41 = 1 otherwise.
( eai?-02)t o 5376/24 Zf [Cflctwity.level = SLEEP]’
(e ) ) — eaiT-OQ)t o 8328/24 Zf [szctwity.level = LOW]’
wr02/t+1 eai"‘-lﬂ)t - 1200/24 Zf [Cflctwity.leuel = MED]’
\ eGiT-OQ)t - 16008/24 Zf [szctwity.level = HIGH]'

eaiT-C‘ﬂ)t + 6432/24 Zf [Cactivity.level = SLEEP]7
(eaim,ﬂ)tﬂ = < eair.coQ)t + 9960/24 Zf [Czlcti'uity.level = LOVV]a
;t + 14337/24 Zf [Cactivity.level = MED]7

t + 19104/24 Zf [szctivity.level = HIGH]'

€air.co2

€air.co2

(
(
(
(
[ (
(
(
(

\

4



(ewater.clean)t+1

(ewater.dirty ) t+1

— 075 X (rwate,.)t
— 085 X (rwate'r)t
— 095 X (rwate,,-)t

Cwater.clean )t
= Cwater.clean )y

Cwater.clean )t

t + 075 X (rwate,,.)t
t + 085 X (rwate'r)t
+ 095 X (rwate,,.)t

Cwater.dirty
= ¢ Cwater.dirty
Cwater.dirty )y

( )
( )
( )

\ (ewater.clean)t

[ ( )
( )
( )
(

\

ewate’r.di’rty)t

lf [Cacthty level —
Zf [Cactzmty.le'uel

N t
Zf [Cactz’m’ty.level
otherwise.

; 1

Zf [Cactivity.level
; t

Zf [Cactivity.level
; i

Zf [Cactivity.level
otherwise.

= Lowl,
MED],

= HIGH],

= Low],
= MED],
= HIGH],

(efood)t —0.75 % (I'food) Zf [CZCtivity.le'uel — LOVV],
efood t—|—1 (efood)t —0.85 x (rfood) Zf [ngtivity.le'uel = MED]’
(efood)t - 095 X (rfood)t Zf [CaCti’Uity.le'uel = HIGH]’
(€00d), otherwise.
escience)t +0.75 x RNumber X R,S'ciFact X (rstatus)t Zf [Cz ctivity.level = LOW]
escience)t + 0.85 x RNumber X RSciFaCt X (rstatus)t Zf[ acthty level — MED]
escience)t + 0.95 x RNumbe'r X RSCiFact X (rstatus)t Zf[ acthty level = HIGH]
escience)t otherwise.

E
(escience)H_l = (
(

Where:

(rwater)t - mzn[cwater to.crew? (ewater.clean)t]
(rfood)t = min[RF.Reqa (efood)t]

(rair.OQ)t = min[R‘A.Req’ (eaiT.OQ)t]’

the following are constants: Ry p.(crew food delay) = 120, Ry p.(crew water delay)
=72, R, pu(crew air delay) = 3, Ry g (crew food requirement) = 1/6, Ry ., (crew
water requirement) = 1/6, R p.,(crew air requirement) = 40000, Ry, ... (crew number)
=4, and Ry,ip... (crew science factor) = 1. We used the notation: [|p|] =1 iff p is True,

[|[p|]] = 0 otherwise.; min[A, B] =

Definition 8 (Crop Equations) dc,,,,,:

(0

= <
(Ostatus)t+1 (Ostatub’) +

—0.03 x (Ostatus)
[ —0.01 x (

Ostatus)

Olow. +1
(Olow.energy).H_l — { é low ener_qy)t

A iff (A < B), min|[A, B|

lf [(Ostatus ) t

= B otherwise.

= (]

\ [(Olow.energy)t > OL.noE]
\ [(Olow.water)t > OL.noW]7

[|(Ocnergy): < 0.25]]
[|(owater): < 0.25]]

otherwise.

if [(Oenergy); < 0.25],
otherwise.



(0 ) _ (Olow.water)t +1 if [(Owater)t < 025]7
low.water ) 41 0 otherwise.

if [©Cocke > gg],

(Oage)t+1 = { (Oage)t +1 otherwise.

(eenergy)tﬂ = {(eenergy)t - (Oenergy)t}

o

(ewater.clean)t+1 - {(ewater.clean)t - (Owater)t}
(ewater.dirty)t+1 = {(ewater.dirty)t + (Owater)t}

(e ) _ (efood)t + (Obiomass)t x 0.05 x (Ostatus)t if [(Obiomass)t > 0];
food)t 41 (€f00d), otherwise.

(eair.OZ)H_l = {(euiT‘.02)t + (002.released)t X (Ostatus)t}

(eair.co2)t+1 = {(eaiT.CO2)t + (0002.absorved)t X (Ostatus)t}

Where:

(Oenergy)t = min[cfznergy.to.foow (eenergy)t],

(Owater)t = min[cz;ater.to.crops’ (ewater.clean)t]a

and the following are constants: O, ,.w(crops life with no water) = 120, and
Op .o (crops life with no energy) = 168.

Definition 9 (Air Revitalization System Equations) d.

airRevitalization *

_ (alow.energy)t +1 if [(aenergy)t < 025],
(8tow energu)e1 = 0 otherwise.

~—

arecove'ry.time)t - 1 1f [(aenergy)t Z 025] A [(a'recovery.time)t > 0]7
T.rec if [(alow.energy)t Z AA.del]a

>

(arecovery.time)t-}—l =

(arecove'ry.time)t otherwise.
(€qir02), 01 = (€airo2); + 50 X (energy),  if [(arecovery.time); = 0],
air02/t+1 (€qir.02); otherwise.

(e ; ) = (eair'c‘ﬂ)t — 930 X (aenergy)t if [(a‘Tecovery.time)t = O],
air.co2 ) ¢+41 (eair.c02)t othersze.

(eenergy)tH = {(eenergy)t - (aenergy)t}
Where:
(aenergy)t = min[cinergy.to.aira (eenergy)t]a

and the following are constants: A, (air revitalization system startup time) = 3, and
A, 4a(air revitalization systems maximum energy delay time) = 1.
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Definition 10 (Water Revitalization System Equations)

waterRevitalization *

(W . ) — 0 Zf [(Wlow.energy)t > WT.sdo]’
uptime i+ (Wuptime), + 1 otherwise.

(Win)t_|_1 = {(Wzn)t + (ewater.dirty)t - (Wpotable)t}

0 if [(Wenergy), < 0.25],
(Wpotable)t+1 - WW.rm X (Wm)t Zf [((Wuptime)t/WT.wup) 2 1],
((Wuptime)t/WT.wup) X WW.r'ra X (Wm)t otherwise.

_ (Wlow.energy)t + 1 ,Lf [(Wenergy)t < 05]’
(Wlowenergy)t+1 —1o0 otherwise.

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

(eenergy)tﬂ = {(eenergy)t - (Wenergy)t}

Where:

(Wenergy)t = min[cinergy.to.water’ (eenergy)t];

and the following constants: W p.,,., (water revitalization system warmup time) = 10,

W 1.0 (water revitalization system shutdown time) =5, and W, .. (water recovery rate)
= 0.97.

Definition 11 (Simulation Step) Applying the transition equations éc to the state
G; we obtain the next state ¢y,1 of the simulation A

@1 = 6c(q:)

where:
— ) def —
66 (qt) :e 5cwaterReuitalization (6Cai'r‘Revitalizatian (5Cc'rops (5Cstorage (6Ccrew (qt)))))

Definition 12 (Simulation ¢ Steps) The reflexive and transitive closure of dc is
denoted by ¢ -
i < dc.t(d0)

Definition 13 (Simulation End time) Simulation A ends when the environment
variable crew status, Tsiatus, 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 tpia™,

o min N
trina™ < e (@ = 0c,u(60) \(Xstatus) = 0]

S Imaz

where:



(rstatus)t € q;t; (j‘t € Q s and A= <Q, QT)aCa5c>-

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

me, “ {Cﬁ ‘ g = 5$,t(QB)At = tFinalA}

where:

gl €@, and A= (Q,@,C,d).

1.1 Optimization

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

v A '
(Ci c C) [(escience)tpjmal > (escie”ce)éfmal]}

as follows:

COth d:ef {C]

where

COptI 3 Ci; and C] € C;‘ AZ = <Qa q—(‘); Cia 5Ci>;‘ Aj = <Qa q—(‘)a Cja 5Cj);

; —A; Aj A . .
(escieme)fﬁml € qt“;l;ml 7 (€science)tpsny € Tipr.ps and C is the set of all posible
control strategies;

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

<ciZC> [tFi”“’Aj =z tFi”“lAi]}

COpt2 d:¢5f { C]

where

COpt2a C’i; and Cj € C; AZ = <Q, CI_(;, C'ia 6Ci>; Aj = <Qa q_(31 Cja 6Cj); and C is
the set of all posible control strategies;

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:

def
Copts = {Cj ¢ o
§

i A; . . .
( ) [(escience)t;inal + 3 X tFinalAJ Z (escience)ﬁmal + 3 X tFinalAl]}

where



COptf?a Ci; and C] € C;' A’[, = <Qa q_(aa Cia 5Ci>; Aj = <Qa q_éacja 5Cj>7'
(escieme)fﬁml € (j;“;‘”;ﬁml ; (escieme)ﬁfml € cjﬁml ; 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 fi1(Cy) denote the fitness of
the control strategqy C while optimizing mission productivity in simulation Ay, be
defined as follows:

fl (Ck) = {(escience)éﬂ’;nal (escience)gkmal € (j’t.;}fnal /\ Ak = <Qa q_67 Ck: 6Ck> }

Definition 19 (Fitness 2: mission duration) Let fo(Cy) denote the fitness of the
control strategqy Ci, while optimizing mission duration in simulation Ay, be defined as
follows:

J2(Cr) = {tFmalA’“

Ak = <Qv q—éacka 5Ck> }

Definition 20 (Fitness 3: mission productivity and duration) Let f5(Cy)
denote the fitness of the control strateqy Cy while optimizing mission productivity and
mission duration in simulation Ay, be defined as follows:

f3(ck) = {(escience)éﬁml +3x ZL'Final'Ak ‘ (escience)éinal € (Ttﬁ?ml /\Ak = <Q; q_éacka 5Ck>}



1.3 Storage System and Biomass

Definition 21 (Storage System Equations)

0
(eStOT€.aiT.02)t — 50

estore.air.o?)t

(estore.air.OZ)t—f—l =

(eair.OZ)t + (estore.air.o2)t
(eair.OQ)t + 50

(eair.OQ)t

(eai’l".OQ)t+1 =

(0
(estore.water)t+1 = 9

. (estore.water)t

(ewater.clean)t+1 =9

\ (ewater.clean)t
(0
(estore.food)t+1 =9

\ (estore.food)
t

(efOOd)t_H = 3

L (efood)t

(estore.water)t - (4 X SF.water)

( (ewater.clean)t + (estore.water)t

(ewater.clean)t + (4 X SF.water)

(estore.food)t - (4 X SF.food)

( (efood)t + (estore.food)t

(efood)t + (4 X SF.foad)

Zf [CZSe.store.air = 1] A [0 < (estore.air.OQ)t < 50]

Zf [CZSe.store.air = 1] A [(estore.air.o2)t 2 50]
otherwise.

]

=1 [0 S (estore.air.o2)t < 50]
=1]

[(estore.air.OZ)t 2 50]

; t

Zf [C?se.store.air A
Zf [Cuse.store.air A
otherwise.

Zf [CZse.store.water = 1]
A [O S (estore.water)t < (4 X SF.water)]
Zf [CZSe.store.water = 1]

A [(estore.water)t Z (4 X SF.water)]
otherwise.

Zf [CZSe.store.water = 1]
A [0 S (estore.water)t < (4 X SF.water)]
Zf [CZSe.store.water = 1]

A [(estore.water)t 2 (4 X SF.water)]
otherwise.

Zf [CZSe.store.food - 1]
A [0 S (estore.food)t < (4 X SF.foad)]

Zf [CZSe.store.food - 1]
A [(estore.food)t 2 (4 X SF.foad)]
otherwise.

Zf [CZse.store.food = 1]
A [0 S (estore.food)t < (4 X SF.faad)]

Zf [CZse.store.food = 1]
A [(estore.food)t Z (4 X SF.foad)]
otherwise.

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

Definition 22 (Biomass Equations)

Obiomass = Oa O02.released = 07 Oco02.absorved=00status = ]-a Ocnergy = 0: Owater = 0, Otow.energy = 0, Olow.water = 0, Oqyg
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Obiomass = (a’l + (a/2 X Bfrac.light X Bplant.age) + (a/3 X (Bfrac.light X Bplant.age)Q))

Bgrow.rate Bc02 Bcrcp.density B
X B X B X B X tray.area
grow.rate.coef co2.coef crop.nom.density
_ Obiomass
Oco2.absorved = 0.723

= Oco2.absorved X 0.727

Oo2.released

Where:
Bgrow.rate - ﬂO + ﬂl X (240 X Oenergy) + ﬂQ X (240 X Oenergy)2

BgQQ.QQnggntraﬁQn
400

B, = 72 — (78.89 x e_<
B

light.per

B

frac.light =
Bnominal.light.per

Boiontage = (02—2) % 0.63529

2
Bgrow.rate.coef = ﬂo + /61 X (Bnominal.light.intensity) + ﬂ? X (Bnominal.light.intensity)

nominal.co2.concent
4

Beozcoer = 72 — (7889 X 6_(B 0 ))

€air.co2
B — CO2W
co2.concentration ™ @gp 042 €air.o2 €air.N2 €air.H20
+ + +
CO2wW O2wW N2W H20W

and, Bignper = 20, Bominaviighipes = 20, fo = —7.6146, 5, = 0.1114, B, = —0.00002149,
B, ominaltight.intensity = 1204, Biominat coz.concens = 2000, CO2W = 44, O2W = 32, N2W = 28,
H20W = 18; Bcrop.nom.density = 2000, Bcrop.density = 2000, Btray.area = 4;

ay = ((0.3056 x T') — 3.782), as = ((0.2515 x T) — 0.24696),

az = (0.06175 — (0.006866 x T)), and T = 22.
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