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We have developed a linear model for compiling and optimizing food components in a bioregenerative life-support
system (BLSS) intended for space purposes in the Excel environment using OpenSolver public add-in with COIN-OR-
CBC solver.

The independent variables in the model are the masses of ingredients used in dishes. The objective functions
of modeling are to minimize the total mass of the daily diet and maximize its antioxidant potential. The daily intakes
of nutrients in the menu are limited to NASA standards. The upper and lower limits are also imposed on independent
variables and the masses of dishes. We have found the content of nutrients in ingredients in open databases. The menu
includes the first course, the second course, snacks, desserts, drinks, bread and water. We have presented an example
of a concrete calculation of the daily menu consisting of 12 dishes: fresh-soup, chicken with rice, the roast, sausages,
tofu, chickpeas, candied nuts, bread, goat milk, soy milk, cocktail and water. These dishes are prepared using 24 ingre-
dients: table salt, water, wheat grains, rice, quinoa, millet, sweet potato, white potato, carrots, safflower oil, soybeans,
chickpeas, lentils, cowpeas, strawberries, tomatoes, onions, garlic, chili pepper, quail, pork, tilapia, goat’s milk and
sugar. The ingredients being used represent edible biomass of plants and animals that are candidates for inclusion in
BLSS. Caloric content of a daily diet is assumed to be equal to 2800 kcal. It is shown that food imbalances in the esti-
mated daily menu are caused by a shortage of estimated daily intake of pantothenic acid, and also by an excess of iron,
phosphorus and saturated fats. Excess intake of iron and phosphorus may not be critical for the health of the users
of BLSS. The minimum weight of the daily menu is 2641 g, and its antioxidant potential can reach 14 mmol Ttrolox-
equivalent.

Keywords: variables, objective function, ingredient, dish, nutrient.
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B cpeoe Excel ¢ ucnonvzosanuem pewamens COIN-OR-CBC & cocmage obwedocmynnot Haocmpotiku OpenSolver
paspabomana AuHeuHas mMooenb 01 COCMAGIeHUA U ONMUMUBAYUL NUEB020 36eHA OUOPEe2eHepamuHOLl CUCHeMbL
arcusneodecneuenus (BCIKO), npednasnauennotl 018 UCNOIb308aHUSL 8 KOCMOCe.

Hesasucumvimu nepemeHHbiMU 6 MOOENU ABNAIOMCA MACCHI UCTNIOYHUKO8 NULYU, UCTIONb3YeMble 6 Onodax. Lleresvimu
DYHKYUAMU MOOTUPOBAHUA ABTATUCH MUHUMUIAYUSA 00Well MACCHL CYMOYHO20 PAYUOHA U MAKCUMUIAYUS €20 AHMUOK-
cuoanmnozo nomenyuana. Cymounoe nompeodaenue HympueHmos 8 cocmase MeHio Obllo 02PAHUYeHo CIaHOapmamu
HACA. Bepxuue u nudichue oepanuyenus Haka1aowvlean makce Ha He3asucumbvle nepemennvie u maccy 6a100. Cooep-
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JIcanue HympueHmos 68 UCHOYHUKAX NUWU HAXOOUTU 8 OMKPbIMbIX 0a3aX OaHHbIX. B cxemy menio 6Kn0YeHbl nepeoe
011000, 8mopoe 611000, 3aKycKu, Oecepmol, HaAnumxu, xued u 6oda. IIpedcmaesnen npumep KOHKpEmHO2O pacuéma
CYmMouH020 MeHI0, cocmosiue2o uz 12 61100: yxa u3 muianuu, YbiniéHoK ¢ PUCOM, JcapKoe, KOIbacku, mogy, Hym,
KO3UHAK, X1eD, MOJIOKO KO3be, MOJIOKO coesoe, KOKMellb U 800d. dmu 0100a 0blIU CKOMINOHOBAHVL U3 24 uHepeoueH-
MOo8: NOBAPEHHO CONU, 800bl, 36peH NuleHUYbl, puca, 1ebedvl, npoca, bamama, Kapmodgeis, MOPKO8U, MAcla capaopo-
6020, 60608 COeBbIX, HYMA, YeUeBUYbL, GUSHBI, 3EMISHUKU, MOMAMOS, VKA, YeCHOKA, Nepyd Yuiu, Nepeneisimunbl, Ceu-
HUHbL, MUIANUL, MOJIOKA KO3be U caxapd. B kavecmee unepeouenmos ucnonb3o8aiu cbe0oOnyo buomaccy pacmenui
U JHCUBOMHBIX, AGIANOWUXCA KaHOudamamu 0nsa exnovenus ¢ BCI)KO. Kanopuiinocms cymounoeo payuoua npuHama
pasnou 2800 xkxan. Ilokazano, umo nuuesvie OUCOANAHCHL 8 PACUEMHOM CYMOUYHOM MeHIO 00)CN08IeHbl HeOOCHAMKOM
Pacuémnozo cymouHozo nompeobneHuss NaHMomeHOB0U KUCIOMbL, d MAKice U30bIMKOM Jicenesa, gocghopa u Hacvluyen-
HbIX Jcupos. H36eimounoe nompedienue dicenesa u Gocghopa, 603MONCHO, He SGNAEMC KPUMUYECKUM 071 300P06bs
oboumameneti FCJKO. Munumanvhas macca cymounozo menio cocmasuia 2641 2, a e20 aHmuoKcuOaHmmbll NOMeHYua

Mmooicem oocmueams 14 Mmoinw mMpOJIOKC-2KeUsdaleHmad.

Kniouegvie cnosa: nepemennvie, yenesas Qynkyus, uHepeouenmol, 011000, HympueHm.

Introduction. It is known that a space diet was calcu-
lated by the method of one-criterion optimization using
AMPL environment [1]. In that study we assigned the
masses of dishes as independent variables. The balance of
ingredient masses in the dishes remained constant,
whereas the use of ingredient masses as independent vari-
ables may enhance the efficiency of diet optimization.
Minimizing equivalent system mass (ESM) of foods was
the objective function of optimization

z=min ) ¢;md,, (1)
jeF

where ¢; is the “cost” of 1 gram of the j-th dish in terms
of ESM units; md; is the mass of the j-th dish; /' — a set of
dishes. Nowadays, ESM calculation can be carried out on
the basis of terrestrial test-beds [2]. In space conditions,
the results of the calculation may not be relevant. There-
fore, as an objective function, it is advisable to use the
minimization of the daily food mass. This objective func-
tion is a variant of ESM minimizing, if in the equation (1)
the coefficients ¢; = 1.

Space radiation induces oxidative stress in cosmo-
nauts' bodies after a long space flight on the International
Space Station [3; 4]. Partial solution to the problem of
oxidative stress is in the selection of ingredients that have
antioxidant properties. Dietary countermeasures are food
products and preparations that, when ingested into a cos-
monaut’s body, may have the potential to reduce the ef-
fects of ionizing radiation [5]. It is of interest to calculate
the antioxidant potential of a diet.

The purpose of this work was to develop a computer
model using masses of dish ingredients as independent
variables for minimizing the daily food mass consumed in
BLSS and maximizing food’s antioxidant potential.

Selecting dish ingredients. When compiling the list
of ingredients for diet modeling, the following conditions
were met: a) data on the biochemical composition of the
ingredients should be publicly available; b) the ingredi-
ents were used previously in experimental or theoretical
studies of BLSS. Ingredients obtained from plants [6]
partially meet these conditions; these ingredients are:
wheat, rice, oats, quinoa, millet, sweet potato, potatoes,
beets, lettuce, carrots, oyster mushrooms, Pinto beans,
soybeans, chickpeas, lentils, cow peas, strawberries, to-
matoes, cantaloupe, onions, garlic and chili.
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To fulfill the norm of the content of animal protein in
the diet for cosmonauts [7], we also added to our list the
ingredients of animal origin that were considered as can-
didates for cultivation in BLSS: quail meat [8], quail eggs
and pork [9], tilapia [10], milk [11], as well as table salt,
water, sugar and safflower oil. Thus, the list of ingredients
included 31 names.

Model Description. We conducted simulations in the
Excel environment using the COIN-OR-CBC solver in
the OpenSolver add-in [12]. We used the following objec-
tive functions: minimizing the daily food mass and
maximizing its antioxidant activity. We assigned the
masses of dish ingredients as independent variables. We
considered the daily food mass as sum of dish masses.
Our linear model was based on the matrix 4:

X X X1 Xy
X1 Xy Xy Xov
A= ; (2)
X X o Xy Xy,
xul xu2 o xuj .” xuv

where u is the number of dish ingredients in the dishes;
v — number of dishes in the daily diet; x; — mass of i-th
ingredient in the j-th dish.

The rows in the matrix 4 represented the distribution
of dish ingredients along the dishes and the columns rep-
resented the masses of dish ingredients in the dishes.

The total masses of ingredients in the daily menu were
represented by a column vector:

VIM =[X, X, X, - X,], 3)

where X, = le./. — mass of i-th ingredient in the daily
Jj=1
diet.
We calculated the mass of the j-th dish using the fol-
lowing formula:

md; = Z Xij- 4
P

We represented the content of nutrients per 100 g of
ingredients as a matrix B:
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nyoony, n; n,
Ny Ny n,; n,,
B — ) (5)
n, n, n, n,
n, n n n

ul u2 uj up
where p is the number of monitored nutrients; u is the
number of ingredients in the dishes.

The rows in matrix B represented the nutrient content
of the ingredients, and the columns showed the nutrient
distribution along ingredients. Data on the content of nu-
trients in 100 g of ingredients was taken from open data-
bases [13—15].

We recorded the distribution of the j-th nutrient along

ingredients as a column vector:
’
I:njl nj2 njuj| . (6)

We calculated the mass of the j-th nutrient in the daily
menu as the scalar product of the vectors:

mn, =N, xVTM /100.

N.=

J n

Ji

()

We carried out the minimization of the daily food
mass using the formula:

TM:minimdj .

J=1

®)

To maximize the antioxidant potential of the daily
food mass, the following formula was used:

AP=max ¥ 4,X, /(100x1000),

i=1

)

where AP — antioxidant potential of the daily food mass,
expressed in mmol Trolox-equivalent; a; — antioxidant
efficacy, expressed in umol Trolox-equivalent [16] per
100 g of i-th ingredient [17].

Planning the daily menu: an example. We planned
four meals that included soup, main courses, snacks, des-
sert, bread and drinks. We arranged the dishes according
to the plan (tab. 1).

We chose a list of dishes and the composition of the
ingredients in the dishes, taking into account the fact that
the ingredients were included in the list given in the sec-
tion “Selecting dish ingredients”. The specificity of the
menu plan (tab. 1) is shown in tab. 2.

Table 1
Menu plan
Meals
1 2 3 4

Main course Snack First course Snack
Bread Drink Main course Drink
Drink Snack

Dessert

Bread

Drink
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Table 2
Specific menu plan
Eating
1 2 3 4
Chicken Morning Fresh-soup Nut
with rice sausages
Bread Soy milk Roast Goat milk
Water Tofu
Candied nuts
Bread
Cocktail

Some constraints were imposed on the masses of vari-
ables and dishes. The daily intakes of nutrients were re-
stricted by NASA standards [7]. The calorie value of the
daily menu was accepted to be 2800 kcal in accordance
with the daily energy consumption of the explorer in the
BIOS 3 complex [18] and the estimated energy consump-
tion of the lunar base inhabitant [19]. We carried out the
calculation of caloric content of the daily menu according
to the Atwater formula:

E=4 [protein] +9 [fat] +4 [carbohydmte] R (10)

where [protein], [fat], [carbohydrate] — masses of pro-
teins, fats and carbohydrates in the daily menu.

These 12 dishes (tab. 2, 3) include 24 ingredients
(tab. 3). The data in tab. 3 were obtained as a result of
optimization of the daily menu with the use of minimizing
the total mass of the daily diet as an objective function.

The minimum weight of the daily diet was 2641 g,
and its maximum antioxidant activity was 14 mmol
Trolox equivalent. Currently, the norm on the antioxidant
activity of the daily diet is not established [7]. It should be
noted that the antioxidant activity of the products is de-
termined in vitro [16], whereas in vivo the properties of
the products are likely to vary.

The calculated diet was not balanced for four nutri-
ents: iron, phosphorus, pantothenic acid and saturated fat.
The values of daily intake of iron, phosphorus and satu-
rated fats exceeded NASA standards, while the diet was
deficient in pantothenic acid.

It is known that excessive intake of iron and its accu-
mulation in the body can provoke cancer and heart dis-
ease [20-22]. In this regard, the installation of low iron
consumption seems justified. Nevertheless, the range of
both Russian and American products used on board the
ISS to complete joint diets did not allow to maintain a low
daily iron intake rate (8—10 mg) in accordance with the
desire of the American side. In Russian-American joint
diets actually used in the 1st-7th expeditions, iron intake
was 21 mg/day. Metabolic parameters did not exceed the
limits of permissible physiological fluctuations and did
not indicate violations of the nutritional status of crew
members. The data obtained show that the joint Russian-
American diets adequately ensured the energy and con-
structive metabolism of the crew members during the
seven long-term expeditions to the ISS and contributed to
the maintenance of the operability sufficient to carry out
the flight programs [23].
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Table 3
Calculated masses of ingredients in dishes and masses of dishes
Ingredients Dishes

S| s | .| 8 E 20 =2 | = | .

= © ©n &) 5 G & O
Table salt 2 0,1 0,1 0,1 0,1 0,1 0 0,1 0 0 0 0
Water 238 20 40 30 200 30 0 0 0 241 100 100
Wheat grains 0 0 0 0 0 0 0 218 0 0 0 0
Rice 0 40 0 0 0 0 100 0 0 0 0 0
Quinoa 0 5 5 5 0 0 0 0 0 0 0 0
Millet 5 0 0 0 0 0 0 0 0 0 0 0
Sweet potato 0 50 60 0 0 0 0 0 0 0 0 0
White potato 70 0 0 0 0 0 0 0 0 0 0 0
Carrot 0 5 0 0 0 0 0 0 0 0 0 0
Safflower oil 3 4 10 18 0 0 0 0 0 0 0 0
Soybeans 0 5 0 2 17 0 0 0 0 80 0 0
Chickpeas 0 0 0 0 0 10 0 0 0 0 0 0
Lentils 5 0 0 0 0 0 0 0 0 0 0 0
Vigna 0 0 5 0 0 0 0 0 0 0 0 0
Strawberries 0 0 0 0 0 0 0 0 0 0 30 0
Tomatoes 0 5 5 0 0 5 0 0 0 0 0 0
Onion 10 0 10 0 0 0 0 0 0 0 0 0
Garlic 0 5 0 0 0 0 0 0 0 0 0 0
Chili pepper 2 2 2 0 0 0 0 0 0 0 0 0
Quail 0 60 0 0 0 0 0 0 0 0 0 0
Pork 0 0 5 85 0 0 0 0 0 0 0 0
Tilapia 65 0 0 0 0 0 0 0 0 0 0 0
Goat’s milk 0 0 0 0 0 0 0 0 600 0 0 0
Sugar 0 0 0 2 5 7 0 0 7 7 0
Masses of dishes, g 400 201 142 139 219 50 107 218 600 328 137 100

Thus, the daily iron intake (23 mg) calculated in this
model is probably not critical. If we consider the con-
sumption of iron in relation to its available form, the
NASA requirement looks more realistic.

The upper permissible level of daily intake of phos-
phorus is not established. Therefore, it is likely that the
daily consumption of phosphorus calculated in this work
(2685 mg against the normative 1800 mg) can be consid-
ered unacceptable after setting an upper limit on the daily
intake of phosphorus.

To prevent the excess of phosphorus and saturated fat
in the diets, we can recommend the selection of ingredi-
ents with the reduced content of these nutrients. Defi-
ciency of pantothenic acid can be overcome through the
use of vitamin products and / or vitamin preparations.

Conclusion. We described the algorithm for calculat-
ing the daily diet in BLSS intended for space purposes
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using the masses of ingredients in dishes as independent
variables. We simulated the menu in the Excel environ-
ment using the public OpenSolver add-in.

The distinctive features of the model are:

— the use of the free-for-all add-in of OpenSolver;

— the ability to vary the masses of components in
dishes.

The calculation of the daily diet presented in this
study is demonstrative in nature, since it does not take
into account the compatibility of ingredients and the taste
of the dishes. The prognosis of the antioxidant activity of
the daily menu will be of practical significance when the
corresponding dietary standard for cosmonauts is deter-
mined.

We see the prospects for further investigation of the
problem in the development of recipes and the expansion
of the variety of dishes intended for the use by cosmo-
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nauts in BLSS, taking into account individual preferences.
In addition, the results of the work provide a basis for
expanding the diversity of plants species included in the
phototrophic link of closed ecosystems and planning stud-
ies to assess the tolerance of the cenosis of these plants to
environmental factors in such ecosystems.
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