POLITECNICO
MILANO 1863

SCUOLA DI INGEGNERIA INDUSTRIALE
E DELLINFORMAZIONE

A new approach to cricket farming
through integer linear optimization

TESI DI LAUREA MAGISTRALE IN
COMPUTER SCIENCE AND ENGINEERING - INGEGNERIA INFOR-
MATICA

Author: Marco Dottor

Student ID: 995005

Advisor: Prof. Pietro Luigi Belotti
Co-advisors: Federico Malucelli
Academic Year: 2023-2024



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



Abstract

In recent years, the global landscape of food production has undergone a paradigm shift,
driven by the growing demand for sustainable and efficient protein sources. As traditional
livestock farming faces challenges such as environmental impact, resource depletion, and
ethical concerns, alternative protein sources have gained prominence. Among these alter-
natives, crickets have emerged as a promising candidate, offering a sustainable solution

to the ever-increasing demand for protein.

Managing a cricket farm involves maintaining specific environmental conditions, includ-
ing temperature, humidity, and lighting, to create an optimal habitat for the crickets.
Furthermore, careful attention must be paid to formulating a balanced and nutrition-
ally rich diet for these insects, ensuring their growth, development, and overall health.
Regular cleaning and maintenance of habitats are imperative to prevent the buildup of
waste, diseases, and potential disruptions to the cricket colonies. Finally, harvesting is a
critical phase that requires precise timing to ensure maximum yield, while maintaining
the welfare of the insects. This study addresses these management aspects, providing
insights and recommendations to streamline the cricket rearing process for sustainable

protein production.

In particular, this thesis proposes a new approach to house more crickets and maximize
yields: instead of using standardized condos (term used to indicate the habitats where
crickets live) of the same size for all crickets, a more efficient usage of space can be achieved
with the employment of a “two condo” strategy: using a smaller habitat in the first stage

of life of the insects, and moving them to a bigger one to finish development.

This thesis will present two different models: one aimed towards small /medium farms that
want to reach steady-state production in the shortest time possible, maximizing efficiency,
and another aimed at maximizing production cycles, synchronizing the stay in both big

and small condos in order to increase profits.

The data utilized in this study originates from extensive research conducted in the liter-
ature, where numerous colonies were tested under various conditions to investigate how

different environmental factors affect acheta domesticus’ growth. Leveraging this data,
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along with certain assumptions, multiple runs were performed with each model to cali-

brate the parameters, aiming to achieve maximum efficiency and ensure optimal results.

Keywords: MIP, integer linear optimization, crickets, crickets’ harvesting, acheta do-

mesticus
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Abstract in lingua italiana

Negli ultimi anni, la produzione di cibo a livello globale sta assistendo ad un cambiamento,
spinta dalla sempre crescente richiesta di proteine ecosostenibili. Mentre I'industria pro-
duttrice di carne tradizionale deve affrontare sfide legate all'impatto ambientale, risorse
sempre meno abbondanti, e problemi etici, il mercato di proteine alternative sta riscuo-
tendo sempre piu successo. Tra queste alternative, i grilli, in particolare gli acheta do-
mesticus, stanno emergendo come candidati promettenti, in grado di offrire una soluzione
sostenibile alla sempre pit grande domanda di proteine che ci troviamo ad affrontare: da

essi & possibile ricavare la famosa farina di grillo, che sta facendo molto parlare di se.

La gestione di un allevamento di grilli comporta il mantenimento di specifiche condizioni,
tra cui temperatura, umidita e ciclo giorno-notte, al fine di fornire agli insetti un habitat
ottimale. Particolare attenzione deve anche essere posta nella formulazione di una dieta
adatta, in modo da assicurare una buona crescita e la salute degli insetti. Infine, &
necessario anche garantire un ambiente di crescita salubre, con pulizie periodiche, in

modo da scongiurare I’accumulo di sporcizia ed il rischio di malattie.

L’abbattimento ¢ una fase di cruciale importanza in un allevamento di grilli, ed il suo
tempismo € fondamentale se si vogliono massimizzare le quantita di farina prodotta ed i

guadagni.

Questa tesi affronta il problema di organizzare ’allevamento in modo tale da massimizzare
la produzione, tenendo conto di tutte le necessita che un’azienda che opera in questo
campo puo avere. In particolare, viene proposto un nuovo approccio per quanto riguarda
gli habitat dei grilli: piuttosto che tenerli nello stesso ambiente per tutta la loro vita,
si puo utilizzare lo spazio in maniera molto pit efficiente usando una strategia a doppio
ambiente: in una prima fase i grilli vengono fatti crescere in un primo ambiente pit piccolo,
e raggiunta una certa eta vengono spostati in uno piu grande, in modo da assecondare la

loro crescente necessita di spazi, ed evitare competizione che aumenterebbe la mortalita.

Verranno presentati due diversi modelli: il primo rivolto a piccoli/medi allevamenti che
vogliono raggiungere ritmi di regime ideali in tempi minimi, anche partendo da un piccolo

numero di grilli, ed il secondo che ¢ invece in grado di soddisfare le richieste di allevamenti



di qualsiasi dimensione, e si concentra sul sincronizzare i ritmi di permanenza dei grilli

negli habitat piccoli e grossi, in modo da massimizzare i profitti.

Questo studio ¢ stato preceduto da un’approfondita ricerca nella letteratura, che presenta
numerosi studi condotti al fine di capire come il variare delle condizioni di vita possa im-
pattare la crescita dei grilli. Sfruttando i dati cosi reperiti, é stato poi possibile svolgere
multiple run con entrambi i modelli, cosi da calibrare i parametri e garantire i migliori

risultati possibili.

Parole chiave: MIP, ottimizzazione lineare intera, grilli, eta abbattimento grilli, acheta

domesticus
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]_ Introduction

In recent years, people have become increasingly aware of the reality of climate change.
Floods, droughts, and heatwaves have become regular features in the news, serving as
stark reminders of the urgent need for action. Climate change is no longer a distant
problem that can be ignored; it is affecting our daily lives and the world around us.
According to the Intergovernmental Panel on Climate Change (IPCC) Special Report
on Climate Change and Land, released in 2019, the agriculture, forestry, and other land
use sector accounted for about 23% of total anthropogenic global green-house gas (GHG)
emissions from 2007 to 2016. Within this sector, livestock-related activities contributed
approximately 14.5% [22] of GHG emissions: more than one seventh of all emissions come
from animals’ products, without even accounting for other enviromental damages this
sector creates, such as soil pollution, forests destruction, and huge water consumption.
Crickets’ flour is one alternative to traditional meat that has been recently legalized in
the EU: this product offers even better nutritional values than meat (more proteins) and
is much more eco-friendly [19]. Among its many advantages, crickets need less space
to grow, less water and food to survive, do not create as much environment-damaging
byproducts, and have no known transmissible disease to humans, so they do not need
antibiotics or similar products [3]. Furthermore, crickets can thrive on varied diets, and
there are many studies that focus on feeding them with diets composed to a large extent
with byproducts and food that would otherwise be thrown away [4]. Insects are still
stigmatized in Western cultures, but in other parts of the world they have historically
been a staple of traditional diets [16]. Their potential as food of the future has been
known for a while, much literature is present to study what diets crickets can be fed and
the optimal temperature to maximize growth and final size, and some studies even focus
on what density allows for reduced mortality [21]. Using data from all these studies, the
objective of this work is to identify the best strategy to raise crickets in a farming setting,
maximizing the quantity of flour produced while utilizing as few workers and space as

possible, introducing the “two condo” strategy.
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1.1. Farm management

Cricket rearing is a dynamic process shaped by a myriad of choices made by the farm
manager. Depending on the conditions imposed, these choices can significantly alter the
growth rates, survival rates, and final size of the insects [14].

Crickets are cold-blooded animals that regulate their metabolism in response to the am-
bient temperature of their environment. Their growth is enhanced in settings with tem-
peratures above 25°C [2] and tend to thrive in environments with temperatures around
30°C [3].

They prefer habitats that offer shelter, enabling them to emerge for mating or feeding.
The absence of adequate hiding places has a detrimental effect on the animals, leading to
an increase of stress, reduction in their growth rate and final size.

Patton [17], in particular, estimated that a minimum of 2.5 ¢m? of living space is nec-
essary for each cricket. Providing less space tends to lead to a notable rise in mortality
rates, often attributed to cannibalism.

To fulfill these requirements, it is common practice to utilize standard egg cartons, which
not only serve as shelter but also substantially augment the available surface area.
Maintaining the health of crickets and preventing the spread of viruses and diseases are
crucial activities, with habitat cleaning being a key component. This task should be per-
formed regularly, but caution is advised to avoid excessive interference with the insects,
as frequent interventions in their growth environment may induce stress.

Following the guidelines of the Food and Agriculture Organization (FAO) [5], it is recom-
mended to clean the habitats whenever the current population is removed, ensuring that
future crickets will inhabit a healthy environment.

Crickets should be fed ad libitum [14], with a daily provision of food and water to ensure
that their growth is not constrained by these factors.

Generational turnover is guaranteed by the crickets themselves, as mature individuals
initiate the reproduction process. Once mature, females release a considerable number
of eggs, ranging from 1100 to 2400 [5], not only ensuring a stable production but also
significantly multiplying the quantity of crickets bred within a single reproductive cycle.
it is important to note that females release eggs exclusively in the presence of suitable
soil, ideally moist soil [3].

Recognizing the distinct needs of eggs compared to live crickets, a separate room, com-
monly referred to as a nursery, is designated for their accommodation. The fundamental
goal of the nursery is to establish ideal conditions for both the eggs and the subsequent
hatching process.

Another parameter influencing insect growth is the day-night cycle, representing the du-
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ration crickets are exposed to artificial light daily. There is no consensus on the optimal
day-night cycle, and while some literature recommends cycles of 12h:12h or 14h:10h [3],
industrial settings lean towards extending the light duration, adopting a 24-0 cycle, where
lights are never turned off, as it is believed it maximizes production [15].

The process of slaughtering and the subsequent transformation into flour is carried out
according to the following process, which is currently the only permitted method for
producing cricket flour in EU [6]: initially, the crickets to be slaughtered are frozen at
temperatures below 0°C, and after a few hours of dormancy, they die, along with many
of the possible bacteria and viruses present. Subsequently, the crickets are cooked and
dehydrated through baking, which also has the benefit of sterilizing the product. Finally,
the grinding process is carried out, resulting in the final product, flour.

Typically, approximately one third of the live weight of the insect is converted into flour.
The remaining weight constitutes water, which is lost during the baking process [3].
Decisions in a cricket farm revolve around strategically timing the essential activities,
such as cleaning, feeding, population movement, slaughter, etc., to maximize profitability.
This encompasses distributing the workload in a manageable manner over time, prevent-
ing the accumulation of excessive tasks on a single day (e.g., simultaneous slaughter of a
large part of the population). Managing components related to maintaining a constant
population, orchestrating slaughters to establish initial steady rhythms, and ultimately
calibrating all these choices are vital considerations based on the availability and cost of

labor.

1.2. Problem description

Crickets have a minimum space requirement for their living environment, and failure
to meet this necessity results in significant mortality rates. This mortality is often at-
tributed to competition for space and resources among crickets, ultimately leading to
reduced yields.

This problem is either ignored, by creating habitats too densely populated, prone to can-
nibalism and diseases, leaning on the idea that increasing the number of initial individuals
will turn to more harvest [20], or is solved by allowing crickets to grow in an environment
big enough to have crickets live their whole life without fighting for space.

This study focuses on an attempt to rethink how crickets farm can be operated to make
the most of the space available, by employing two different kind of condos: in an initial
phase, crickets live more densely in a small condo, and after some time they are moved to

a bigger condo, where they finish development, reproduce and get harvested. Using this
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Figure 1.1: Survivability of crickets colonies reared at 3 different densities, see [21]

technique, it is be possible to house many more crickets, depending on the ratio between
small and big condos: if we have them with a 1:1 ratio, then the number of housed indi-
viduals would grow by 60%.

To better explain this concept, suppose we have a space of 100 units, and each big condo
takes 4 units of space, while smaller ones only take 1. If we were to only use big condos,
then we would have enough space for only 25 populations; instead, if we introduce also
small condos for the initial stages, there is enough space to house 40 different populations,
20 in small condos (they take 20 units of space) and 20 in bigger condos (they take the
remaining 80 units of space).

As small and big condos house both the same amount of crickets, we increased the housing

potential from 25 populations to 40, thus having a 60% increase.

The vital space needed for each cricket varies depending on the size of the individuals
and their developmental stage: as they grow, their space requirements also increase [21].
To address this issue and make the best use of available space, the proposed solution in-
volves moving crickets to a much larger habitat (4 times larger) when they reach a certain
age. This new approach trades a more efficient use of space with more complexity on the

management side of the farm, as now operations to move crickets to bigger condos need
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to be performed periodically.

This study presents two different models:

e The first model works on a finite timestamp, and manages the whole farm, synchro-

nizing all processes to maximize profits.

e The second model has a cyclic approach, and focuses on optimizing harvesting

frequency and the duration of stays of crickets in small and big condos.

These models have different tradeoffs: the first one provides more information and is more
precise, while the second one is much simpler and has greater scalability. Even if they
have different approaches and structures, these models share the goal of synchronizing

tasks in order to maximize profit.

1.3. Past optimization efforts in cricket rearing

A substantial amount of past research is centered around optimizing particular aspects
of a cricket farm. A big majority of the studies focus on the diets crickets are fed, with
goals of maximizing growth [11, 14, 17|, minimizing the environmental impact of the feed
[1, 23|, or both [4, 19].

Other fields of research comprehend the optimal density at which crickets should live
[12, 20, 21|, the ideal temperature to maximize growth [3, 13|, and even how light affects
the insects [18].

This study tries to introduce a new concept in the world of industrial crickets’ rearing, i.e.
the "two condo” approach, and focuses its attention on finding the best possible harvesting

age for crickets reared at 27°C and 29°C, in order to maximize profits.

1.4. Data collection

The data utilized in this study were gathered from various sources available on the Inter-
net. The primary sources include [21], which supplied information regarding the density-
survivability relationship, and [13], which provided weekly measurements on the weight
of crickets.

Furthermore, [13] presents different data for nymphs (crickets that still have to molt to
their adult phase) and adult insects, starting when the first adult appears. As the popu-
lation grows, the number of adults keeps increasing, while nymphs decrease, but data on

their respective quantity is still provided weekly.
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To have a better approximation of the evolution of the population, linear interpolation
was used. The same procedure was applied to the weight, of both nymphs and adults,
and daily weight measurements were thus obtained.

Finally, to get the mean weight of crickets for each day, the following formula was used:

weight, = weight Adults, - percAdult, + weight Nymphs, - percNymphs,

with percAdult,= % of crickets that reached adulthood at age a =
=numAdults,/(numAdults,+numNymphs,), and percNymphs,= 1-percAdult,.

The resulting growth profile for crickets reared at 27°C and 29°C can be seen respectively

in Figure 1.2 and Figure 1.3.

Growth profile of crickets reared at 27°C

350 A

300 A

250 A

200 A

Weight

0 10 20 30 40 50 60 70
Age

Figure 1.2: Evolution of weight of crickets reared at 27°C over time
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Growth profile of crickets reared at 29°C

0 10 20 30 40 50 60 70
Age

Figure 1.3: Evolution of weight of crickets reared at 29°C over time

Understanding the importance of this data on the model is crucial. Even a slight alteration
in the growth profile could lead to substantial changes in the feasible set, potentially
yielding suboptimal values such as the harvest day required to maximize yield shifts.

For both the models proposed, solutions will be computed with data about crickets reared
at 27°C and 29°C, and the differences in optimal solutions will be analyzed, trying to

understand the sources of these differences and their underlying reasons.
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2 Finite model

As previously mentioned, the model aims to provide a solution that maximizes the profits
of a cricket flour production company. The dimensions on which the problem is based are
primarily two: the condos, which are the habitats of the crickets (similar to those shown
in [3]), and the days on which the work takes place, in our case, 365 days. The condos
are further divided into two subsets to separate smaller-sized ones (where crickets initially
reside) from larger ones, where crickets spend the second part of their lives, completing

the growth phase, reproducing, and ultimately being harvested.

The model is divisible into various parts, each of which is tasked with ensuring the correct
execution of one of the indispensable duties mentioned earlier. To implement the model,

certain assumptions were followed:
e Estimations were made for the time required by workers to perform various tasks.

e Results regarding the relation between density and mortality shown in [21] aren’t

influenced by changes in temperature

e Survival percentage does note change depending on the age at which crickets are
moved from small to big condos, but that movement must happen before crickets
reach age of 35 days, as [21] suggests that it is the age at which a rapid decline in

survivability happens for higher densities.

e The age at which crickets are moved to bigger condos does not influence the growth

of the insect and its final size.

e In case of cold start, the initial crickets all have age 0 at day 0.

2.1. Notations

Here is the notation used to define the model:
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2.1.1. Parameters
e monthlyWage: monthly amount paid to each worker;
e workHours: daily hours worked by each employee;
e nCricketsCondo: number of crickets that get placed in each condo;
e agelM: age at which crickets become mature, and start laying eggs;
e dailyFggs: max num of eggs picked from a condo with mature population;
e daysToHatch: num of days needed for a newly laid egg to hatch;
e revenuePerKg: revenue per kg of flour produced;
e agel’: age at which populations get moved to bigger condos;
e freq: define the duration of each cycle, to impose circularity;
e surv: survivability, % of crickets that get harvest out of the initial ones;
e waterPerc: % of weight that is water, and is lost while cooking the crickets;

e perm: permancence, time needed for a population just arrived to become adult
(= ageM — ageT);

e timeCookGr: minutes needed to cook and then grind a unit of product;
e timeFreeze: minutes needed to freeze a unit of product;
e timeToHarvest: minutes needed to harvest a condo;

o timeT oM ove: minutes needed to move the population of a small condo into a bigger

one;
e factor: used to obtain gHarvested from any harvested condo, (= surv-nCricketsCondo/1000);
e periodLength: length of the period to repeat;

e nStartingFE ggs: how many eggs are bought to start the farm. Parameter used only

in case of cold start.

2.1.2. Sets
e D : days

e C : condos
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A: harvestable ages, i.e., the ages at which it makes sense to harvest a cricket

population
T: times in nursery, i.e., the possible timeframes it may take eggs to hatch

weight,: expected crickets weight for each age

2.1.3. Variables

Below is a list of all variables used in the model. They are re-introduced in groups while

describing constraint groups.

empty.q € {0,1}: 1 if condo ¢ is empty at start of day d, 0 otherwise;
full.q4 € {0,1}: 1if condo c is full at start of day d, 0 otherwise;
newPop. 4 € {0,1}: 1if condo ¢ receives new batch of crickets on day d, 0 otherwise;

moved,. 4 € {0,1}: 1 if population of condo ¢ is moved on day d from condo ¢ to

another condo, 0 otherwise;

harvest.q € {0,1}: 1 if population in condo ¢ is harvested on day d;

harvest.,q € {0,1}: 1 if population in condo ¢ of age a is harvested on day d;
adult.q € 0,1 : 1 if condo ¢ has adult population on day d;

refill.q € {0,1}: 1 if condo ¢ gets food and water on day d;

gHarvesty; > 0: total grams harvest on day d;

nFEggsTakeng > 0: total num of eggs taken from all boxes on day d;
nEggsTakenHatchg g0 total num of eggs taken on day d1 and hatched on day d2;

nFEggsHatchg > 0: num of crickets that hatched on day d and will be moved into a
condo that day;

cleaned. 4 € {0,1}: 1 if condo c¢ is cleaned on day d, 0 otherwise;
nWorkers > 0: number workers needed to take care of all tasks;
nCleaneds 4 > 0: number of condos of size s cleaned on day d;
nRefilleds ; > 0: number of condos of size s refilled on day d;

nEmptieds 4 > 0: num of condos of size s emptied on d;
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frozenStocky; > 0,< freezerCapacity: quantity of frozen crickets ready to be
cooked at the start of day d;

qtyFrozeng > 0: quantity of crickets that are put in the freezer on day d;
qtyCookedy > 0, < ovenClapacity: quantity of frozen crickets cooked on day d;

qtyGrindedy > 0 < grinderCapacity: quantity of cooked crickets pulverized on day
d;

timeC, > 0 : total minutes of work needed to clean condos on day d;
timeNy > 0: total time on day d to move newborn crickets to condos of min size;

timeMovePopg > 0: total minutes of work needed to transfer cricket populations

to bigger boxes on day d;
timeRy > 0: total minutes of work needed to refill water and feed on day d;

timeW,; > 0: total minutes of work on day d.

Formulation

2.2.1. Population constraints

These constraints force the correct management of condos and their populations, for what

concerns receiving or removing crickets.

Variables introduced:

empty.q € {0,1}: 1if condo ¢ is empty at start of day d, 0 otherwise;
full.q4 € {0,1}: 1if condo c is full at start of day d, 0 otherwise;
newPop.q € {0,1}: 1 if condo ¢ receives new batch of crickets on day d, 0 otherwise;

moved, 4 € {0,1}: 1 if population of condo ¢ is moved on day d to another condo,

0 otherwise;

harvest.q € {0,1}: 1 if population in condo ¢ is harvested on day d, 0 otherwise.
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Also these sets were used:
e smallCondos: set containing all condos of small size;

e bigCondos: set containing all condos of big size.

A condo is either full or empty:

fulleg =1 —empty,, Vee C VdeD. (2.1)

If the population in a condo gets moved or harvested, the condo starts the following day
empty:
empty, 4,1 > moved, g + harvest.y Vce C,Vd € D. (2.2)

The following constraint regulates how the state of a condo changes:

full 441 = full. 4 + newPop, ; — moved, 4 — harvest.q Ve € C,Vd € D. (2.3)

If condo ¢ gets new population, it gets removed after ageT days:

moved, 4 = newPop, j_,..r Ve € C,Vd € D. (2.4)

with ageT' (age transfer) = age at which populations get moved to bigger condos

Only full condos can get harvested:

harvest.q < full.y Vce C,Vd € D. (2.5)

Condos can not receive new population the same day the previous population gets re-

moved /harvested:

newPop, ; + moved, 4 + harvest.q <1 Vce€ C,Vd € D. (2.6)

We must always have the same number of small condos that get their crickets removed,
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and big condos that receive new population:

Z moved. g = Z movede g Vd € D. (2.7)

clesmallCondos c2ebigCondos

2.2.2. Nursery constraints

Correctly manage eggs (conception and hatching), and newborn crickets in the nursery,

to ensure generational change.
Variables introduced with these constraints are:
e adult.q € 0,1 : 1 if condo c has adult population on day d;
e nFggsTakenyg > 0: total num of eggs Taken from all boxes on day d;
o nlggsTakenHatchg 400 total num of eggs Taken on day d1 and hatch on day d2;

e nFEggsHatchy; > 0: num of crickets that hatch on day d and will be moved into a
condo that day.

A condo is either full or empty:

adultc,d < fullqd Ve e C, Vd € D. (28)

Condos can have adult population only if it is full:

adultc,d < fullqd Ve € O, Vd € D. (29)

The presence of an adult population can change by two actions:

e If the population a condo had the day before was adult and it got harvested, today

that condo does not have adult population anymore;

e If condo received population the correct amount of time ago, on day d those crickets

become adult.

adult. g1 < adult. g — harvest. 4 + newPop, 4 ., Ve € C,d € D. (2.10)

with perm=permancence, time needed for crickets that just arrived to become adult
(= ageM — ageT)
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Limit how many eggs can be collected each day, based on how many condos with adult

crickets there are:

nEggsTaken,; < Zadultc,d ~dailyFEggs Vd € D. (2.11)
ceC

with dailyEggs = max num of eggs picked from a condo with mature population
Eggs collected hatch within a certain timeframe:

Z nEggsTakenHatchy;,, 40, = nEggsTaken,,, VdIn € D. (2.12)
dOuted(dIn)

where 6(dIn) = {dOut € D : dOut = dIn+tf,Vtf € T},

with T set containing possible timeframes needed for eggs to hatch.

Newborn crickets get assigned to a condo with their peers:

Z newPop, ;- nCricketsCondo = nEggsHatch, Vd € D. (2.13)
ceC

Eggs that hatch today must have been collected at a given interval in the past:

nEggsHatch,,,,; = Z nEggsTakenHatch;, 40, VdOut € D. (2.14)
dInevy(dOut)

where v(dOut) = {dIn € D : dIn = dOut — tf,Vtf € T}.

2.2.3. Cleaning constraint

Forces a state in which condos are kept clean, avoiding the spread of diseases and viruses.
Introduction of new variable cleaned., € {0,1}: 1 if condo ¢ was cleaned on day d, 0

otherwise.

Whenever a condo gets emptied, it also gets cleaned:

cleaned. 4 > moved, 4 + harvestPop,., Vce C,Vd e D. (2.15)
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2.2.4. Circularity constraint
This constraint is used to create a period that could be repeated indefinitely.

Each day of the last period replicates the same day of the previous period. Forcing this
via newPop allows us to also ensure that eggs are collected in the same way during both

periods.

Z newPop, ; = ZneWPopC,dJrfreq Vd € finalPeriod. (2.16)
ceC ceC

where finalPeriod =d € D : d > size(D) — freq where freq is the timeframe needed to

complete each cycle, from eggs hatching to harvesting.

2.2.5. Feeding constraint

This constraints ensure that crickets are well fed, maximizing their growth. Introduce

variable refill.q € {0,1}: 1 if condo ¢ gets food and water on day d, 0 otherwise.

Replenish full condos daily:

refill. g = full.y, Ve e C,Vd € D. (2.17)

2.2.6. Harvest constraints

Below are the rules that ensure a correct management of the harvesting phase. Introduce

two new variables:

e harvest.,q € {0,1}: 1 if population in condo ¢ of age a gets harvested on day d, 0

otherwise.
e gHarvesty; > 0: total grams harvest on day d.

Consistency between harvest. 4 and harvest, , 4:

harvest. 4 = Zharvestcya,d Vee C,d e D. (2.18)

acA

We can harvest crickets of a certain age only if they arrived at the condo a correct amount

of days ago:

harvest. g < newPop. y oiaper—1 Ve € C,d € D,Va € A. (2.19)
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with ageT (age transfer)= age at which populations get moved to bigger condos.

When new populations arrive at big condos, they must get harvested within a certain

timeframe:
newPop, 4 < Zharvestcvdﬂ Ve € bigC,Vd € D. (2.20)

a€A

where big = {c € C : size(c) = mazxSize}.

The total dry matter harvested each day is the sum of the quantity harvested in each
condo, multiplied by a parameter that transforms the milligrams of live weight of each

cricket to the overall kilograms of dry matter gathered from the whole condo:

gHarvest, = Z harvest, q q - weight, - factor Vd € D. (2.21)

ceC,acA

with factor = surv - nCricketsCondo/1000, used to obtain gHarvested from any har-
vested condo, by multiplying the weight in mg of each crickets that survived by their
quantity in each condo, and turning the result from mg to g by dividing by 1000.

2.2.7. Cooking constraints

The following variables and constraints manage the process that turn live crickets to flour,

all the way from harvest to final grind. Introduce the following variables:

o frozenStocky > 0,< freezerCapacity: quantity of frozen crickets ready to be
cooked at the start of day d;

e qtyFrozeng > 0: quantity of crickets that get put in the freezer on day d;
o gtyCookedy; > 0, < ovenCapacity: quantity of frozen crickets cooked on day d;

e gtyGrindedy > 0 < grinderCapacity: quantity of cooked crickets grinded on day d.

All crickets that survived get frozen:
qtyFrozen,; = Z Z harvest, , 4 - wegiht, - surv - nCricketsCondo Vd € D (2.22)
ceC acA

where surv is expected survivability, nCricketsCondo is how many crickets are placed

inside a condo when a new population gets transferred from the nursery.
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Correctly manages the storage of frozen crickets, ready to be cooked:

frozenStock, = frozenStocky_; + qtyFrozen,; ; — qtyCooked,;_; Vd € D. (2.23)

We can cook only up to the stored quantity:

qtyCooked, < frozenStock, Vd € D. (2.24)

Cooked crickets get grinded on the same day, transform the live weight to dry matter,
removing the water that gets lost during the cooking phase. Finally, transform the value

from mg to kg:

qtyGrinded,; = qtyCooked, - (1 — water Perc)/1000000 Vd € D. (2.25)

where water Perc is how much of the live weight of the crickets get lost during the cooking
process, as it is composed by water that evaporates and will not be present in the final

product.

2.2.8. Work constraints

The constraints below manage the work needed each day, and the number of workers

necessary to operate the farm. The following variables are introduced in this section:
e nWorkers > 0, integer number workers needed to take care of all tasks;
e nCleanedsy > 0, integer number of condos of size s cleaned on day d;
e nRefilleds 4 > 0, integer number of condos of size s refilled on day d;
o nEmptieds; > 0, integer number of condos of size s emptied on d;
e timeCy; > 0 : total minutes of work needed to clean condos on day d;
e timeNy > 0: total time on day d to move newborn crickets to condos of min size;

o timeMovePop; > 0: total minutes of work needed to transfer cricket populations

to bigger boxes on day d;
o timeRy > 0: total minutes of work needed to refill water and feed on day d;

o timelWy > 0: total minutes of work on day d.
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Calculate the time needed each day to perform cleaning duties:

timeCy = Z cleaned, 4 - minutesToClean Vd € D. (2.26)
ceC

Calculate the time needed each day to move crickets to small condos, to add new popu-

lations to the farm:

timeN, = Z newPop, ; - minutesNewPop Vd € D. (2.27)
ceC

Calculate the time needed each day to move crickets from small condos to big ones:

timeT,; = Z moved, 4 - timeToMove Vd € D. (2.28)
ceC

Calculate the time needed each day to harvest crickets from big condos:

timeH,; = Z harvest. g4 - timeToHarvest Vd € D. (2.29)
ceC

Calculate the time needed each day to refill condos with water and food:

timeRy = Y _refill,q - minutesToRefill Vd € D. (2.30)
ceC

Calculate the time needed each day to perform duties in the kitchen, in order to turn

crickets to flour:

timeK,; = qtyFrozen, - timeF'reeze + qtyCooked,; - timeCookGr Vd € D. (2.31)

Calculate the total time needed each day in order to perform all duties:

timeW, = timeC, + timeNy + timeTy + timeH, + timeR, + timeK,; Vd € D.  (2.32)

Calculate how many workers are needed to fulfill the labor needs of the farm:

nWorkers - workHours - 60 > timeW, Vd € D. (2.33)
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The following are optional classes of constraints, whose purpose is to apply the conditions

of a farm that just started operating. Each constraint may be applied independently from

the others, as they force different sides of the cold start.

Condos start empty:
empty., =1 VeeC.

Have an initial set of eggs that hatch to start the farm:

nEggsHatch, =1 Ve e C.

Kitchen starts empty:
frozenStockdy = 0.

qtyFrozen, = 0.

qtyCooked,, = 0.

2.2.10. Objective function

(2.34)

(2.35)

(2.36)
(2.37)

(2.38)

Maximize the difference between profit (revenues from selling flour) and costs (wages for

labor):

max Z qtyGrindedy - revenuePer K g — nWorkers - monthlyW age - nDays/30.

deD

(2.39)
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2.3. Implementation

The model was implemented and solved in Python, using the Python-MIP package, which
provides tools to optimize various types of Mixed Integer Programming (MIP) problems
[10]. This library comes equipped with the free Cbc (Coin-or branch and cut) solver [§],
which was initially used. As the main problem with the model was performances (due to
millions of variables and constraints), the choice of solver quickly changed, and GUROBI
was instead used, with a great help in speeding up the process (by multiple orders of
magnitude).

GUROBI is a state of the art solver 9], regarded by many as the best option currently
available, and in combination with Python-MIP it is possible to use it with a pypy inter-

preter, which further boosts performances [7].

2.4. Start settings

It is possible to give the model a “warm start”, i.e. steady-state production from day 0,
or a cold start, with an initial amount of newborn crickets, and reach the steady-state in
a couple of generations.

The model proposed before had a cold start. To switch to a warm start, it is sufficient
to remove the constraints from (2.34) to (2.38) as they are the ones that regulate the
initial settings of the farm. By deleting them, the model is free to choose the best setting
possible, that we can safely assume is a condition that the farm would naturally reach if
given enough time.

When using hot start, the model slows down immensely, and this happens for two main

reasons:

e When applying cold start, the model has a very clear path to optimize harvests:
initially the crickets are kept alive as long as possible, to allow for the lay of as many
eggs as they can, and this happens for at least two-three generations, depending on
the parameter that regulates the quantity of eggs laid daily by adults. This process
takes up a significant portion of the time frame studied, up to half of it, leaving

only the remaining portion to be solved as a harder problem.

e When applying cold start, many variables are defined over a smaller interval, leaving
the model to be smaller and faster. E.g. harvest.q is defined only on d > min(A)
(with A set of all harvestable ages), and the same is done also on other variables,
such as newPop.q, adult., and other. Although it may appear to be a minor

alteration, this difference was one of the primary changes that significantly enhanced
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the efficiency of the model, leading to a noticeable increase in speed, and its loss

has a great negative impact on performances.

2.5. Performances problem

This model, although very precise, pays for its many layers of freedom with slow perfor-
mances. Initially this problem was tackled by changing the solver, and even though the
results were great, performances were still far from ideal.

Gurobi starts the optimization process with a presolve phase, in which the solver removes
redundant constraints, or even removes variables that can be represented as expression of
others (e.g. full.q = 1 — empty.q will surely get eliminated, and full.4 will appear in
all constraints as 1 — empty,q), in order to reduce size and complexity as much as pos-
sible, to save time and computational power. When running the model with 500 condos
over a time span of 500 days, the model, even after presolve, has the following measures:
3,011,264 rows, 2,042,504 columns, 12,615,058 nonzeros: what it means is that there are
over 3 million constraints, 2 million variables, and 12 million nonzeros (number of entries
in the constraint matrix that are not zero).

Despite its current size, it is worth noting that the model has undergone significant re-
duction compared to its initial version, which was considerably larger, and took hours to
find the optimal solution for even a tiny study scope: in one of the starting versions, just
10 condos studied over 180 days took a couple of hours to return the optimal scheduling
of operations.

The forthcoming explanation will delve into the strategies that facilitated this shrinkage,

as well as those attempted but failed to yield results.

2.5.1. Lazy constraints

Among various ideas, there was an attempt at using so-called lazy constraints, to avoid
generating as many constraints, but this solution was not suitable for this model, as the
problem structure is not what lazy constraints are good at solving.

Lazy constrains are constraints that get added to the model only when they are violated:
to do this, the solver finds a solution that satisfies all normal constraints, and then checks

it against the lazy ones:

e if any lazy constraint gets violated, it gets added to the pool of normal constraints,
making sure that future solutions will fulfill it. The solution found is no longer

feasible, so the search for a solution starts again.
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e if no lazy constraint get violated, then the solution found is feasible. If it is also
optimal, the search stops, and the optimal solution gets retrieved. Otherwise, the

search continues.

The utilization of lazy constraints offers the advantage of minimizing the number of added
constraints. It is commonly employed in complex problems such as the traveling sales-
man problem (TSP) with remarkable outcomes. By identifying a set of constraints that
are violated only a few times, the implementation of lazy constraints produces a limited

number of additional constraints during execution.

However, in the case of this problem, incorporating lazy constraints would not be beneficial
due to its unfavorable structure. Each execution is highly expensive and time-consuming,
making it unsuitable for the efficient use of lazy constraints. Moreover, there is no specific
set of constraints that are seldom violated, which would result in significant improvements

in execution time if converted into lazy constraints.

2.5.2. Populations movements

Among other costly operations that were included at the start, changed later, and finally
removed, there was the variable popMovement,; 41 € {0,1} : 1 if condo cl receives
population from condo c¢2 on day d, whose goal was to keep track of the movement of pop-
ulations, guaranteeing for each knowledge of departure and destination, and was defined
over all condos and days, as long as sizes of condos had sense (for example, variables that
accounted for movement from bigger to smaller condos were not even instantiated).

In a second moment, the definition was changed, to greatly reduce the number of vari-
ables generated: instead of linking each couple of condos of different size as a possible
“movement track”, each small condo was assigned a limited number of bigger condos where
it could send its crickets, and this decreased the number of these variables by orders of
magnitude: for example, if there are 100 small condos, 100 big ones, and 1000 days to be
considered, it would mean that initially there would be 1000 - 100 - 100 = 107 variables.
Instead, if we decide that each small condo can send its population to up to 5 designed
bigger condos, the number of variables becomes 100 - 5 - 1000 = 5 - 10°, so the number of
these variables is now 1/20 compared with the initial amount, and similar improvement
happened also for the number of constraints needed to check these variables.

Despite this great improvement, performances were still not quite fast enough, so in the
end it was decided to eliminate this family of variables, and their relative constraints,

altogether. If need be, it would still possible to generate these variables and their values
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a posteriori, so there is not any loss of knowledge by cutting them off the model: by
knowing what small condos lose population, and what big condos gain a new one, and
given the fact that it is forced by the model, via (2.7), that there is an equal amount of
both, it would actually be very easy to link each one of those small condos to a different

big condo.

2.5.3. Age of populations

To keep track of the age of each population, the first idea implemented was to create a set
of binary variables ageCondo, 4 € {0,1}:1 if condo ¢ contains population of age a on day
d. By forcing various rules, the implementation was successful, but the complexity of the
problem rose dramatically when implementing this approach: let us consider 100 small
condos, 100 big ones, and an interval of 1000 days. The possible ages to be considered
are 60, so there would be (100 + 100) - 1000 - 60 = 12 - 10° variables, and each of those
would have multiple constraints to secure the correct management of age.

The first attempt to reduce complexity was to cut variables definition, and to do so there
was a split in what ages can be held in condos of various sizes: small condos could contain
crickets up to 34 days of age, while bigger condos could hold crickets starting from 32
days of age. This change cut variables by about half, but it still was not enough.

A second attempt used a mix of the movement variables and a new set of variables,
ageStart.q, € 0,1 : 1 if condo ¢ received population of age a on day d, to keep track
of the age of a condo: knowing at what age crickets arrived, and how many days ago it
happened, it’s possible to derive the age they have on any given day.

This new approach significantly decreased the number of variables, as ageStart.q, was
defined on a very limited number of ages (i.e., from 32 days old to 34), and although it
made the problem more complex to understand from a human point of view (in particular
for the management of the constraints), computations benefited greatly from this new
approach.

To better explain how this worked, here are the constraints that were used to make this

approach work with the rest:

Population in condos of medium size must leave condo after a certain time:

ageStartcvdva S Z‘v’dOutEsubsetD(d,a) (movedC,dOUt) + Z‘v’ageHeA(ha'TUeSth-i‘ag@H—a)vc €
mediumCondos,Vd € D

where
subsetD(dIn,a) = {d € D : dIn + minAgeLeave — a < d < dIn + maxAgeLeave — a},
minAgeLeave = minAgeCondoSize(condoSize(c) + 1),



2| Finite model 25

maxAgeLeave = maxAgeCondoSize(condoSize(c)).

Condos of max size get emptied after optimal amount of days:

ageStart.,q < zageHeA(harvestedPopcvdﬂgeH_a) Ve € bigCondos,Vd € D,Va €
AgesCondoM ayReceive(maxSize).

Set correct starting ages in condos of medium size:

ageStart.qq > popMovement, 4. + newPope q—q — 1Vd € D,Vc €
CondosO f MediumSize,Vcl € smallCondos,Va €
AgesCondoM ayReceive(mediumSize).

Set correct starting ages in condos of max size:

ageStart.,q > popMovement, 4. + newPope q—q — 1Vd € D,Vc €
CondosO fMaxSize,Vcl € CondosO f MediumSize,Ya €
AgesCondoM ayReceive(maxSize).

Population in a condo can only start with one age:

ZaeAgesCondoMayReceive(condoSize(c)) CLgBStCI,’f’tQa,d = newpopcvdVd < D’ Ve e C.

When population is old enough, It is considered mature:

pOpAdUthd > ZaeAgesCondoMayReceive(maxSize) ageStartc,dfageStartOvipositionJra,a
Vd € D,Ve € condosO f MaxSize.

Can harvest population of age a from condo ¢ only if It is really there:

hCL’I“'UGSt@dPOpAgGC,md < ZalEAgesCondosMayReceive(c) ageStaT‘tC:d*aJﬂﬂ:al
Ve € C,c ¢ condosO f MinSize,Vd € D.

All these complex constraints were used to manage the age of crickets when there still were
3 size of condos, instead of just 2 (which is the number of sizes currently used in the model),
and each size could receive crickets with ages inside a small range. These constraints
greatly improved the situation, but complexity was still too much, especially from a
human standpoint: understanding how all these constraint force the correct management,

and how they all interact with each other, can prove to be challenging, especially if the
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scope of the problem is not fully clear.

The solution to the age problem was to fix the age at which crickets would be moved: this
allowed to eliminate the variable ageStart.q, and its constraints, and more in general
removed the age layer altogether. To have the optimal transfer age, multiple runs were
performed, changing that parameter each time, to identify what would be its optimal
value (more on this in the Section Parameter tuning).

Having a parametric transfer age allowed to skip the need of storing the age of populations

altogether:

e adult crickets can be identified simply by the fact that they got moved in a big

condo a fixed number of days before;

e harvest age can be deduced simply by counting how many days has it been that the

population got into the big condo, and summing to it the transfer age.

As these two are the only reasons why it would be useful to keep track of the age of the
insects, and they can be deduced even without explicitly keeping track of age, we can
safely affirm that we managed to remove a big portion of the complexity of the model,

without losing any information.

2.5.4. Sizes of condos

At the start, the sizes of condos were more than 2: the idea was to optimize as much as
possible the use of space, while ensuring great living conditions to crickets and avoiding
high mortality. To do so, there were 3 sizes of condos. This implied a much more complex
code, as constraints were different for each size (for example, condos of minimum size
could lose population only by movement, those of maximum size only by harvesting,
but middle-sized ones could do both). The complexity rose even more when variable
ageCondo, 4 ¢ was removed from the model, because now, to keep track of the correct age,
there needed to be two layers of ageStart. q,, and the complexity behind the constraints
was very impactful on performances.

After further inspection, by analyzing [21], it became apparent that two sizes would
be enough, and the possible loss of efficiency in the use of space would be more than
made up for with the diminished need of work (one less movement between condos for
each population) and the simplification for the management of the farm. Decreasing the
number of sizes from 3 to 2 also allowed other simplifications in the model (e.g., now
harvesting could only be performed in condos of maximum size, and movement only in

condos of minimum size), leading to important boosts in solving speed.
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2.5.5. Feeding and cleaning constraints

Initially, both refilling feed and water and cleaning were performed with a parametric
frequency. Both were set cover problems, and for each condo, for each day, constraints
were generated to compare multiple binary variables to ensure that at least one of them

had value of 1. In particular, the formulations were:

® > icsubsetn EMPLYca +refilled.g > 1 Ve € C,VsubsetD € D
where subsetD = {(d;, diy1, .., diyn) : 1 < i < sizeof(d)—n € D}, n = refill Frequency;

this was used to grant enough refills, giving ad libitum feed and water.

® > csubsetp EMPtYca + cleaned.q > 1 Ve € C,VsubsetD € D
where subsetD = {(d;, d;y1,..,diyn) : 1 <i < sizeof(D)—n},n = cleaning Frequency;

this was used to ensure enough hygiene.

As stated many times before, these constraints were problematic only because of the
context: solving was already extremely slow because of the size of the model, and these
were cover constraint built over hundreds of condos studied over hundreds of days, and
they added a further layer of complexity on an already big problem.

The approach to simplify the model was very simple in this case, and was driven by

further inspection on how cricket farms operate:

e As for refilling, it is a easy task that takes very little time, especially if the worker
follows the right procedures and the farm structure supports them. In fact, the time
needed to refill all condos would be extremely similar to time needed to check all
condos for their need of refill, and refilling only those in need. So, it was decided
to refill all full condos daily: with this new approach workers do not have to worry
every time they refill a condo, speeding the process and making up for the more

work.

e As for cleaning, FAO’s guidelines on sustainable crickets farming [5] suggest to clean
condos only after each harvest, as to limit contacts with the insects: if this operation
is performed too frequently, insects may get stressed, and yields get influenced
negatively. Considering the fact that the two condo approach of this study halves
the permanence time in each condo, cleaning a condo after the population gets

removed is more than enough to grant hygiene.

In conclusion, these constraints became as follow:
refilled.q = full,, Vce C,Vd € D,

cleaned.q = moved.q Vc € smallC,Vd € D,
cleaned. 4 = harvested., Ve € bigC,Vd € D.
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In conclusion, by strictly linking these variables to other ones (full.4 for refilling, and
moved, 4 and harvested.q for cleaning) it was possible to greatly simplify the model, as
all these variables will be removed during presolve and not affect performances, and final

profits for the farm remain the same.

2.5.6. Limiting harvesting ages

In the first version, the model was allowed to harvest crickets of any age > z, with x=20.
The first change was to increase x, and set it to 45, reducing the number of possible
harvesting ages by 40 to 15. Then z was increased again, to 50 days old, which is the
age at which crickets become adult in [13], which is the study that presented the growth
profiles used.

After analyzing the preference for harvesting ages, the scope was limited to {50,57,59}
for 27°C and {50,52,59} for 29°C. Having fewer choices allowed for faster solving time,
without losing profit.

2.5.7. Variables definition

Initially, variables were defined for all days and condos, and this created a huge number
of “useless” variables that would get manually set to 0 to ensure correct representation,
using many constraints that carried no real information.

For example, big condos can not get their population moved, but only harvested. Initially,
moved, 4 € 0,1 was defined Ve € C,Vd € D, then we’d create the constraint moved, 4 = 0
Ve € bigCondos,¥d € D. The final version of the model instead defines moved, 4 € 0,1
Ve € smallCondos,¥d € D; instead of creating extra variables and setting them to 0,
just creating proper intervals in which declaring variables proved to be extremely useful
in improving performances, reducing execution time of over a order of magnitude, and
the only downside is that the formulation gets a little more confusing as a consequence of

this approach.

2.5.8. Final formulation performance

Even after all the work done to improve performances, scalability remains a huge problem
for this approach to the problem.
Even a slight increase to the number of condos can cause a great increase to the optimiza-

tion time, which is not linear to the number of variables used.
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2D Plot of nCondos vs optTime
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Figure 2.1: How optimization times increases together with the number of condos

In graph 2.1 runs were performed for a study interval of nDays = 365, while nCondos
was changed for each run, with steps of 20, from 20 condos to 800.
The erratic behaviour of the model can be clearly seen from the big leaps in optimization

time for the last three runs:

e nCondos = 760 has the slowest run, that took almost 2 hours, and an increase of

time needed of almost 8X relative to the previous setting, with nC'ondos = 740;

e nCondos = 780 needs merely a fraction of the time needed by the previous run,
as it runs almost a order of magnitude faster. As seen by the two neighbours, it is

merely a lucky coincidence;

e nCondos = 800 again shows a very steep increase of time needed when compared
to its predecessor, but it still is not as slow as the run with nC'ondos = 760, even if

it has hundreds of thousands more variables.

All runs were conducted with the parameter max _mip gap = 0.01, enabling the run to
conclude whenever the objective function value of the incumbent (i.e., the best feasible
solution found so far) and the current best solution deviate by only 1%. This minor ad-
justment can significantly decrease the overall run time, contingent upon the specific run.
In certain instances, the search to improve current solution by 1% may take just a few
seconds away, while in less fortunate cases, the run time could potentially increase by an

order of magnitude, or sometimes even more.
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The graph unmistakably highlights the scalability challenge hindering this model from

addressing larger and more complex problems.

2.6. Timeframe influence

The accuracy of this model poses a challenge: when maximizing profits within a finite
interval, outcomes are significantly influenced by the duration of the analyzed timeframe.
Even a minor adjustment in the number of days can lead to a change in the optimal

solution.

To illustrate this concept further, consider a simplified example: suppose we analyze a
timeframe of 350 days, and the model suggests harvesting crickets aged 50 days during
the final cycle, as it is the only feasible option remaining. Now, if we extend the interval
by just 2 days, the model might now recommend harvesting crickets aged 52 days in
the last cycle, as it could potentially enhance the final yield, despite being less efficient
than harvesting at 50 days. In reality, the optimal harvesting age may be 56 days (for
instance), but due to the necessity to optimize the given timeframe, this ideal solution may
be disregarded in favor of others that yield better results within the specific timeframe
used.

This could be avoided with runs performed over big time frames (e.g. 5000 days), as
in that case the number of harvests performed is big enough to ensure that the ages
harvested will be the optimal ones, and not combinations that luckily fit perfectly the
time span used (think about this as if it was a knapsack problem, if capacity is small
the items chosen are often not the most efficient ones, but this changes if capacity is big

enough).

2.7. Parameter tuning

Proportion of small/big condos and transfer age are two parameters that needed tuning
to ensure optimality. To do so, multiple test runs were performed, to see how different
values would affect the objective function.

It is important to note that tuning two parameters at the same time can be extremely
complex, especially if they both influence each other, as it happens in this case. Practically
speaking, to be sure to find the optimal values for these two parameters, a huge number
of runs need to be performed, covering all possible permutations between ratio small and

big condos ratio and transfer age. This process is however very time consuming, as this
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2D Plot of transfer age vs profit at 27°C
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Figure 2.2: Results of runs with different transfer age for crickets reared at 27°C

model does not make of swiftness its strong suit, and would take weeks of non-stop run
time, so it was decided to proceed in another way.

In conclusion, it was decided to make multiple runs with a fixed ratio 1:1 between small
and big condos, and the results were to keep crickets in small condos for 26 days, in order
to optimize profits.

The runs were performed with a timeframe of a year, and 250 total condos instead of 500:
the reason behind this was to speed up the process, as the growth in time needed for each
run grows exponentially with the number of condos considered, as we can clearly see in

Figure 2.1.

Multiple runs were performed for both temperatures of 27°C and 29°C, and results are

shown respectively at Figure 2.2 and Figure 2.3

2D Plot of transfer age vs profit at 29°C
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Figure 2.3: Results of runs with different transfer age for crickets reared at 29°C
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Both temperatures lead to the same optimal transfer age, and both Figure 2.2 and Figure
2.3 have a very similar shape. This can be mainly attributed to the small timeframe
studied: if there were more days to let the farms develop, harvesting strategies (and
hence transferring ages) would become more and more different, to better fit with the

unique growth profile of each temperature.

2.8. Results

Cold start settings prove highly valuable in steering a new farm through its initial year
of operations. To gain a deeper insight into the model’s farm management capabilities,
graphs in the following pages will give a visual representation of how cricket populations
are handled.

To provide a comprehensive understanding of the scheduling, the following parameters
were utilized for the run: initially, the population is sufficient to fill 2% of condos, while
the remaining ones start empty. Each day of oviposition (i.e., laying eggs) by each mature

population yields enough eggs to fill 2 new condos.

To ensure an adequate timeframe for the model to achieve a state of quasi-steady-state
production, the time frame was extended to 500 days instead of just a year. However, this
extension led to slowdowns in solving, prompting a reduction in the number of condos
from 500 to 100. In practice, this adjustment should not pose any issues or change results,
as all parameters governing the farm’s evolution, such as the number of starting crickets,
are set relative to the total number of condos in the farm, instead of being just fixed

numbers.
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2.8.1. Results at 27°C

Number of small condos full over time at 27°C

50 ®

VAT

SRR

0 100 200 300 400 500
Days

N
o

w
o

Number small condos full
S
‘H
o=

-
o
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Figure 2.5: Number of big condos that are full with crickets over the time frame of 500
days
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Number of condos full at 27°C
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Figure 2.6: Number of condos that are full with crickets over the time frame of 500 days
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Figure 2.7: Number of eggs that get collected over the time frame of 500 days

The strategy adopted by the solution consists in reaching maximum capacity in a time as
short as possible, by harvesting crickets late, and giving them time to lay as many eggs
as needed. Initially, there are not enough small crickets to offset the loss in population in
bigger condos due to harvests, and there are not enough eggs in nursery to make up for
the transfers from small to big condos.

This trend continues for 3 generations in small condos, and 4 in big condos, although
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the lag between emptying and the arrival of new crickets gets quicker each cycle. In a
second phase, when the farm approaches quasi-steady-state productivity, loss of crickets
get replenished much quicker, and this allows for better usage of each condo, leaving less
and less idle time between each cycle.

As previously mentioned, a notable issue with this model is the occurrence of a significant
number of harvests in the final days. While this operations maximizes profits within the
analyzed timeframe, it is detrimental to achieving steady-state production. Consequently,

it is not a sustainable pattern to be followed indefinitely.

2.8.2. Results at 29°C
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Figure 2.8: Number of small condos that are full with crickets over the time frame of 500

days



36 2| Finite model

Number of big condos full at 29°C
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Figure 2.9: Number of big condos that are full with crickets over the time frame of 500
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Figure 2.10: Number of condos that are full with crickets over the time frame of 500 days
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le12 Quantity of newborn crickets moved to small condos over time at 29°C
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Figure 2.11: Number of eggs that get collected over the time frame of 500 days
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Figure 2.12: How much work is needed over the time frame of 500 days

Comparing the graphs reveals that the strategy adopted with the new growth profile
undergoes minimal changes compared to crickets grown at 27°C. This can primarily be
attributed to the relatively short timeframe studied, where the primary objective of the
farm in the initial half of the time is to approach steady-state production. The minor
changes occur mainly in the latter half, where the difference in yields begins to have an

impact.
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Additionally, due to the limited number of possible harvests within the timeframe, even
a single additional harvest can significantly alter the optimal solution. For instance,
harvesting 11 times at an unoptimal age may be preferable to harvesting the optimal age
only 10 times. This phenomenon is more pronounced in shorter runs, as seen in both
settings, where more frequent harvests at smaller ages are employed, even if they may be

suboptimal in longer runs, particularly for crickets reared at 27°C, where growth is slower.

2.9. Final consideration for the finite model

This model, while highly precise, faces significant challenges due to its complexity and
finite nature. Solutions are difficult to find and may be suboptimal when applied to a
larger scope. The upside is that this formulation covers all main areas of the farming
process, and its results may be used as the input for an automation system, enabling for

more efficiency and higher yields.

The optimal use case scenario for this model would be a small to medium-sized farm, with
a number of condos on the order of hundreds, interested in synchronizing all operations

to ensure that everything adheres perfectly to the optimal schedule.
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3 Cyclic model

This model takes a different approach than the first: instead of focusing on single condos,
and giving each of them many degrees of freedom, it is developed on the intuition that it
is possible to synchronize the movements of populations in order to create a strict circular
schedule, in which a group of condos is used to its maximum potential, without wasting
any time or resources.

This version provides a much easier model and faster execution time, and allows to perform
hundreds of runs in the time it would take the first model to just make one.

This feature comes from the almost total absence of freedom in the model, that has very
few choices that can impact the run; meanwhile, the first model gave as much freedom as
possible to improve the results.

Another difference is the way the cost of the workforce is applied: in the first model
it is all based on the needed number of workers, while in the second it is more heavily
influenced by the amount of the work itself (calculated as units of work), and the number
of workers is less impactful (but it still favours solutions that are able to distribute work
more equally throughout the period). As of the parameters of the farm, just the duration

of the stays for each size of condo is enough to extract all of them:
e gcd: greatest common denominator of staySmall and stayBig;
e nCondosPerGroup : (staySmall + stayBig)/gcd;
e period : staySmall - nCondosPerGroup;
e nSmallCondosPerGroup : smallStay/gcd,
e nBigCondosPerGroup : bigStay/gcd,
e nCondosPerGroup : nSmallCondosPerGroup + nBigCondos PerGroup;
e nGroups : |[nCondos/nCondosPerGroup] ;

e workFrequency : ged, frequency at which the studied operations are performed for

each group.

The following figure explains the intuition: each row contains a sequence of condos as their
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content is moved from one condo to the next or it is harvested; each column corresponds
to one time unit. Given the fixed stay of crickets in small and big condos, it is possible
to create a group of condos that can perfectly interact with each other, ensuring that as

soon as a population gets removed or harvested, one is ready to arrive.

- - SMALL CONDOS

Dark blue and light blue represent big condos, while yellow, orange, and red represent
small condos. Two colors never appear at the same time on two different columns, as
that would mean that a condo contains at the same time two different populations. This
representation is only used as a way to exemplify the timing regarding emptying/filling
condos, the fact that multiple lines are used is just a way to clearly schematize the sched-
ule. By organizing the condos this way, we can observe that in the figure each color is
part of diagonal series, upward for big condos, and downward for small condos, making
it extremely easy to recognize patterns and cycles. A cycle is finished when we reach a
stage where condos have the same state they had at the start of the cycle: in this case we
start when orange takes new population, yellow is one day away for emptying, red took
crickets one day ago, and big condo blue just received new crickets. This same setup is
repeated at the end of the figure, and this means that the cycle has ended.

In this example, we represent a situation where the stay in small condos is of 3 days,
and 2 days in bigger ones. To create a group that allows maximum usage, we need
5 condos (3 small and 2 big), the period of completion for each cycle is 3 - (3 4+ 2) =

staySmall - numCondos = 15 days, and operations are performed daily.
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As another example, we use a situation where the permanence in small condos is 9 days,

while in big condos it is 3 days.

.SMALL CONDO - BIG CONDOS

In this case, we need just 4 condos: 3 small (9/3) and one big (3/3). Small condos are
yellow, orange, and red, while the big condo is blue. Operations are performed every 3
days, and the cycle period is 9 - (3 + 1) = 36 days. In this schedule it is also very easy
to see why the time needed to complete a cycle is equal to the stay in small condos times
the number of condos: to complete the cycle a small condo appears in each line (there is
one line for each condo the group), and every time it appears it takes staySmall time to
finish. This scheduling is optimal because there is no dead time between the emptying

and refilling of any condo, using any of them to its fullest potential.

3.1. Notation

3.1.1. Parameters

e nBigCondos = nBigCondosPerGroup - nGroups: total number of big condos used

in the farm;
e nSmallPerGroup: number of small condos in each group;
e bigT'tme: number of days crickets remain in big condos;
e smallTime: number of days crickets remain in small condos;

e workNewPop: amount of work needed to bring newborn crickets from nursery to

an empty small condo;

e workTransf: amount of work needed to move crickets from a small condo to a big

one;
e workHarvests: amount of work needed to harvest crickets from a big condo;

e mult: converts each condo harvested to the quantity of flour that will be produced
later, using those same crickets, expressed in kilograms.
(= survival Percentage-nCrickets PerCondo-dryM atter Percentage-1kg/1000000mg);

e w(Cost: cost for a unit of work;



42

3| Cyclic model

weekendBonus: how much extra work is paid if it is performed in the weekend;
pay: fixed pay for workers;

maxDailyW ork: maximum amount of work each worker can perform.

3.1.2. Variables

nHarvesty € N: number of condos harvested on day d;

nNewPop; € N: number of empty small condos that received population from

nursery on day d;

nTransfy € N: number of small condos that got their population removed to move

it to bigger condos in their same group;

workNewPops; € ): units of work needed for moving newborn populations to

small condos;

workTransfy; € (): units of work needed for transferring populations from small

condos to bigger ones;

wok Harvesty € QQ: units of work needed for harvesting crickets;

worky € (Q: total units of work necessary on day d;

harvestQty, € Q: kg of flour that will be produced with the harvests of day d;
nWorkers € N: number of workers necessary to perform all tasks;

workCosty € QQ: cost to perform all operations and pay workers on day d;

profit € (Q: how much profit the farm makes over D;
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3.2. Formulation

max Z harvestedQtyy - price — Z workCosty (3.1)
deD deD
s.t.
Z nNewPop,; < nSmallCondos (3.2)
desubD
nNewPop, = nHarvests, Vd € D (3.3)
HNGWPOpd = nTranSfd+smallTime Vd e D (3 4)
nTransf; = nHarvests i pigrime Vd € D (3.5)
nNewPop, = nNewPopg smanTime Vd e D (3.6)
workHarvestsy = Z nHarvestsy - workHarvest Vde D (3.7)
deD
workNewPops,; = Z nNewPop, - workNewPop Vd € D (3.8)
deD
workTransf; = Z nTransfy - workTransf Vd € D (3.9)
deD
worky = workNewPops + workTrans f + workHarvests Vd € D (3.10)
harvestQty, = nHarvests, - weight[totTime] - mult Vd e D (3.11)
nWorkers - maxDailyW ork > worky Vd e D (3.12)
workCosty = work, - a(d) - wCost +nWorkers - pay Vd e D. (3.13)

with a(d)= weekendBonus if d%6=0 or d%7=0 (i.e., if the day is in weekend), 1 otherwise.
with subD = {d € D : d < smallTime}: set of first x days (with = smallDays) .

3.2.1. Model explaination

Constraint (3.2) is necessary to create the upper bound of the model, and it is used to
correctly start the cycle.

Constraint (3.3) to (3.6) enforce the correct management of the farm, with fixed pace.
Constraint (3.7) to (3.10) keep track of the necessary units of work.

Constraint (3.11) computes how much flour can be made with the harvests of the day.
To do so, it multiplies the number of harvests (all happen for crickets of the same age)
with the weight crickets have, and with a multiplier that turns that quantity to kg of

flour: it takes into account how many crickets are in each condo, how many will survive
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till harvesting day, how much of their weight is dry matter, and then converts the result
from mg to kg. Constraint (3.12) finds the number of workers necessary.

Constraint (3.13) computes the total costs of the current solution.

3.3. Results

Using the data available on [13], the model was run with the weights of both conditions
proposed, 27°C and 29°C.

To obtain the results, multiple runs were performed, one for each combination of stay
in small and big condos: this allowed to keep the model simple, and use the duration of
permanence in the condos as a parameter, instead of a variable.

As for the age of harvest, it was decided to keep it between 50 days old (when crickets
start to reproduce) and 65 days old (where growth almost stops and crickets begin to die
of old age). Furthermore, age of transfer was decided to be < 34 days old, as mortality
becomes too big around that time, as Tennis et al. [21] suggest.

Given these limits, and a minimum of 10 days of stay in small condos, there were 350
runs performed for each setting. The results were then schematized using heatmaps, to

display the results in an organized manner.

3.3.1. 27°C results

As for the farm kept at 27°C, results are shown in Figure 3.1.
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Heatmap of Profit with num condos as limiting factor 16

15

14

-13

-12

11

HUM DAYS IM BIG CONDOS
17 1819 20 2122 2324 2526 27 2820 3031 3253 34 35 3637 38 3940 41 42 4344 454547 43 49 5051 5253 54

10

o 11 12 13 14 15 18 17 18 19 20 2 2 23 M B X T B DN M
MUM DAYS IMN SMALL CONDOS

Figure 3.1: Results when the limiting factor is the number of condos and temperature is
kept at 27°C

The best 5 profits are earned with the 5 combinations shown in Table 3.1.

3.3.2. 29°C results

Results for crickets reared at 29°C are shown at Figure 3.2.
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Profit Permanence (small) | Permanence (big) | Harvest Age
1.548e-+06 32 days 32 days 64 days
1.548e+06 16 days 48 days 64 days
1.548e+06 24 days 40 days 64 days
1.542e-+06 18 days 45 days 63 days
1.542e-+06 27 days 36 days 63 days

Table 3.1: Best 5 settings for maximizing profit when using the number of condos as the

limiting factor, at 29°C
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Figure 3.2: Results when the limiting factor is the number of condos and temperature is
kept at 29°C
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The best 5 profits are earned with the 5 combinations shown in Table 3.2.

Profit Permanence (small) | Permanence (big) | Harvest Age
1.288e+06 17 days 34 days 51 days
1.288e+06 34 days 17 days 51 days
1.287e+-06 24 days 32 days 56 days
1.287e-+06 16 days 40 days 56 days
1.287e-+06 28 days 28 days 56 days

Table 3.2: Best 5 settings for maximizing profit when using the number of condos as the

limiting factor, at 29°C

3.4. Results discussion

The heatmaps clearly show how the differences in growth impact yields for crickets reared
at different temperatures: while insects kept at 27°C should be harvested at 63-64 days of
age, those reared at 29°C have much faster growths, and should be harvested at 51 days

of age.

Notably, the results achieved by maintaining the farm at 27°C surpass the alternative,
leading to a profit more than 20% greater than what is achievable at 29°C. This phe-
nomenon can be elucidated by the observation that, despite the slower initial growth,
crickets reared at 27°C ultimately attain significantly larger sizes compared to those raised
at higher temperatures. Given sufficient time, they outperform their counterparts reared

at elevated temperatures, as illustrated Figure (3.3).
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Figure 3.3: Comparison between weight gained by crickets reared at 27°C and 29°C, from
[13]

Upon analyzing the heatmaps, it is evident that the variance in results appears somewhat
insufficient, particularly in the study conducted at 29°C: in this study, the difference
from the best to worst solution is less than 8%, which intuitively seems too limited when
contrasting the worst and best outcomes, and using a wide range of options.

The primary contributor to this low variance is the fact that this version of the model
does not do a good job of correctly representing how different solutions would need to
be implemented in a real farm: even when maintaining the same number of condos,

the spatial requirements for various solutions can vary significantly. Some solutions may
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occupy up to five times more space than others, and this implementation of the model
ignores this problem.

Unfortunately, this formulation does not address this spatial aspect, potentially providing
a misleading representation of the potential earnings associated with specific parameters.
Secondly, crickets reared at 29°C have more or less maximized their size by the 7th week,
so their growth over the following days in minimal. This is not the case for insect reared
at 27°C, as we can see by the heat map: there is almost a stratification that separates
solution that harvest crickets of different ages, and it is simply explainable by the fact
that they are still in the middle of their growth spurt between the 7th and 9th week.
Solutions obtained by rearing crickets at 27°C are more diverse, and form worst to best
solution there is a difference in profit of about 56%, and this is a direct consequence of
the difference in size crickets reared at this temperature have between their size at the
7th week and at the 9th week.

3.5. New approach: space as the limiting factor

Usually, cricket farms do not have much space to use, and space actually ends up being
the limiting factor when raising crickets. To properly optimize resources, we must also

account for space, and to do so must add some new parameters:
e totSpace: how much space is available for the rearing area;
e smallSize: how much space is needed for a small condo;
e bigSize: how much space is needed for a big condo.

Given these 3 new attributes, and using those computed previously, it is possible to calcu-
late groupSize = nSmallCondosPerGroup-smallSize+nBigCondosPerGroup-bigSize,
and use it to retrieve nGroups = [totSpace/groupSize].

In practice we used ratio bigSize/smallSize = 4, as in [21] it is explained that increasing
the initial density of crickets more than that would be counterproductive: for example,
if the initial density were to be 8 times as high as the final one, instead of being only 4
times as much, the initial burst of mortality would kill enough crickets reach a situation
similar to the alternative, so the final number of survivors would more or less be the same,
but these crickets would end up reaching a smaller final size compared to those that were
reared directly at a density of 4 [12].

Using this new approach to calculate the number of groups changes the results signifi-
cantly: now solutions that have a short stay in small condos get heavily penalized, as that

means having a large amount of big condos for each group, making the group size very
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big, and diminishing the maximum possible number of groups, and thus the profits.

3.5.1. Results

As was the case before, depending on the weight data chosen, the optimal solutions differ

quite a bit. Results for crickets reared at 27°C are organized in an heatmap at Figure 3.4.
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Figure 3.4: Profits for crickets reared at 27°C with space as limiting factor

The 5 best solutions for temperature of 27°C are listed in Table 3.3.

Profit Permanence (small) | Permanence (big) | Harvest Age
2.147e+06 34 days 28 days 62 days
2.145e+06 34 days 26 days 60 days
2.137e+06 34 days 29 days 63 days
2.130e+06 34 days 30 days 64 days
2.123e+06 34 days 27 days 61 days

Table 3.3: Best 5 settings for maximizing profit when using space as a limiting factor, at
27°C

Figure 3.5 contains results for crickets reared at 29°C.
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Figure 3.5: Profits for crickets reared at 29°C with space as limiting factor

The 5 best solutions for temperature of 29°C are listed in Table 3.4.

Profit Permanence (small) | Permanence (big) | Harvest Age
2.124e+06 34 days 17 days 51 days
2.064e+06 34 days 18 days 52 days
2.052e+06 33 days 18 days 51 days
2.033e+06 34 days 19 days 53 days
2.015e+06 34 days 20 days 54 days

Table 3.4: Best 5 settings for maximizing profit when using space as a limiting factor, at
29°C

As mentioned earlier, the substantial impact of altering the limiting factor is readily
apparent. Currently, the best profit exceeds the worst by approximately 2 times, a stark
contrast to the previous scenario where they were separated by just 10%. Moreover, the
influence of the duration spent in small condos is evident: to optimize space, it becomes
evident that the longer the duration of stay in smaller condos, the more favorable the

outcome.
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3.5.2. Result discussion

This new approach yields much different results than before, when the number of condos
was used as the limiting factor.

When accounting for space footprint, solutions that involve keeping crickets in small con-
dos for a short period incur substantial penalties. This is due to the necessity for a much
larger number of big condos in each group. Consequently, the number of groups dimin-
ishes significantly since each requires more space.

As a result, the total number of crickets in the farm decreases, as big and small condos
contain the same number of crickets. When employing more big condos than small ones,
the total number of condos that can be accommodated in the farm decreases, given that
the average space required for each condo increases. This reduction in available space
results in fewer condos being placed, subsequently limiting the number of crickets that
can be reared.

Looking at the results, both temperatures prefer a long stay in small condos, for the rea-
son explained earlier, but there is a difference in the preferred age of harvest.

At 27°C, the 5 best solutions all harvest crickets that are at least 60 days old.

On the other hand, at 29°C, the 5 best solutions harvest crickets that are at most 54 days
old. This difference can be explained, once again, by the difference in the growth profile
of insects kept at different temperatures, as can be seen in (3.3): while crickets at 29°C
have more or less completed their growth by the 7th-8th week, those reared at 27°C still
have to finish their growth spurt.

This new approach has also a big impact on the difference between the profit of the best

and worst solution:
e At 27°C, the difference goes up from 56% to 116%
e At 29°C, the difference increases from only 8% to around 88%

In conclusion, using space as the limiting factor gives us results that are more in line with
what could be expected out of a real farm, and creates thus a better model to study what

the best configurations may be.
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4: ‘ Models comparison

The use cases between the two model are different:

e The first model is more suitable for a small/medium farm, that has interest in
scheduling all operations to ensure perfect synchronization between each task over

a timeframe that is not too long (about one year/two years max).

e The second model is more adapt to a big farm, that has a lot of condos to manage,

and is interested in optimizing the management over an indefinite period.

Having a lot more variables to work with, the first model also offers various opportunities
when deciding the setting of the farm. For example, it would be possible to limit the
maximum number of workers, to reflect the current workforce situation, or we could set
thresholds of production for various periods, to mimic the expectations of the market’s
demand and avoid waste, or we could set a maximum amount of feed available, etc...

The second model offers much less customizability, and works only with the farm being at
steady state production, but its enhanced simplicity also reflects that of a farm that would
follow its solutions, as the work would be very schematized and follow a strict pattern,
and that would be ideal for a big farm, where organizing the work force without a fixed

schedule may become a very tedious task.
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2D Plot of nCondos vs optTime (log scale)
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Figure 4.1: Time needed to find optimal solution when increasing the number of condos
studied

4.1. Performance comparison

As previously mentioned, the first model is very accurate, while the second is much simpler
and faster.

Scalability is no longer a problem with the second formulation, and performances do not
get affected even with huge number of condos, as shown in Figure 4.1, where the CPU

time for solving the model is plotted against the number of condos.

It is important to notice that the z-axis is logarithmic, and even when the number of
condos increases by 6 orders of magnitude, performances remain the same. Differences in
computing time are minimal, and can be attributed to randomness.

There is a stark contrast when confronting these performances to Figure 2.1, whose com-

pletion time increases exponentially.

The price to pay for this incredible boost in performances is precision, as the first model

has much more information on various aspect. In particular, in the first model:

e The nursery is overseen by a dedicated set of constraints, ensuring generational
change. On the other hand, in the second formulation, this aspect is largely over-
looked. To ensure the production of eggs necessary for generational change, it is
mandated that harvests can only be carried out with populations that are at least
51 days old, signifying that they have reached a stage of adulthood conducive to

egg creation.



4| Models comparison 55

e Harvesting can be conducted on crickets of various ages, creating solutions where
harvests occur at different ages. This approach offers several advantages, including
the distribution of workload and the ability to concentrate reproduction in only a
few condos while others are harvested earlier. In summary, this option introduces
numerous optimization possibilities, although it is likely one of the primary contrib-

utors to the complexity of the model.

e All tasks are represented, such as turning live crickets into flour, feeding them and

cleaning the habitats, while they are ignored in the second model.

e There’s a precise representation of the work needed, linked to each of the tasks
performed in the farm. In the second model, the only tasks present are related to

moving and harvesting crickets.

e There’s the possibility to choose between a cold start or a steady state start. This
gives the possibility to manage the first stage of the farm, when the goal is to reach
maximum productivity in a time as short as possible. The second model can only

represent a farm that is already operating at full capacity.

A direct consequence of how slow the process of optimization is in the first model is
that some approaches to optimizing parameters become unusable: making multiple runs
exploring all permutations of values, such as what was done for the second model to find
the best stay in small and big condos, is unfeasible: if the second model was as slow as
the first, performing more than 300 runs to find out how to maximize profit would take
weeks of non stop computation.

On the other hand, changing the model to be non-linear would slow it down immensely
too, making the process too complex to solve without immense computational power.
One solution for the parameter tuning problem would be to make the first model simpler,
removing some of the constraints. At this point, however, the first model would lose its
strong point. The alternative would be to perform these runs on more suited hardware,
which would speed up the process, allowing for more “brute force” approaches, such as

the multiple runs performed for the second model, bypassing the complexity problem.

4.2. Linking the two models together

As said before, first model has the ability to jump start a new farm to steady-state pro-
duction in as short a time as possible, and this ability can be used to reach the setup

suggested by the second model, in order to boost the yields of the farm indefinitely.
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To achieve these results, we set the variables newPop. 4 in the same setup required by
the second model. By constructing two arrays containing the quantity of small and big
condos that receive population each day of the first cycle of the optimal schedules, we can
ensure the correct start of the first cycle. Subsequently, we can proceed with the optimal
cyclic schedule.

The constraints needed would be like this:

Y e smallCondos MEWP0pc g - mult = newSmallNeeded; Vd € «
ZcebigCondos newPop, 4 - mult = newBigNeededg Vd € o

with newSmallNeeded, newBigNeeded that are the two arrays that contain information
on the scheduling of the optimal cycle.

Here, « is the set of the final days in which we will need the first model. To achieve
the results as fast as possible, it would be sufficient to slide a over D: once the model
becomes feasible, it means that we are able to respect the two new constraints, and reach
our goal of steady-state production. The earlier « starts, the faster we reached our goal.
Also, mult is a multiplier, needed to overcome the difference in scalability between the
two models: while the first can handle hundreds of condos, the second could theoretically
handle billions of condos without any problems. The multiplier is needed to make up for
that difference.

Suppose we want to use 5000 condos in our farm, and we start by having 10 full condos.
The procedure would be to run the first model as if we just used 500 condos and started
with one full condo, and setting mult = 10. Then we need to apply operations suggested
by the first model to 10 times more condos than It is computed, as that would still be
the optimal way:.

A simple way to achieve this would be, once the result have been computed, to run a
script to increase the index of all condos by 10 times. Condo 1 would become condo
10, condo 2 would become 20, ..., condo 500 would become 5000. Now we need to clone
operations performed in condo 10 to all condos between 10 and 20, and do the same for
others.

By doing this, knowing that we respect the two new constraints added in this section, we
know that we’ll be able to perform the first cycle of the second model correctly, and once
we do so, we can start using the second model.

It is important to remember that we need to correctly set smallCondos and bigCondos
(sets containing condos of both sizes), in order to match the ratio we need in the second
model. If we do not do so, linking both model will not be possible, and all runs will return

“infeasible” as a result.
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5 ‘ Conclusions and future
developments

The results show that crickets grown at 27°C should be harvested at about 2 months of
age, while those reared at 29°C have shorter cycles, and achieve maximum productivity
if reared at 51 days of age.

It is important to know that these are not absolute results, and are very much affected
by many factors, such as the genetic of crickets, the humidity, the light-night cycle, and
most importantly, by diet. Two different farms, with different conditions and crickets,
may have very different results, even when using the same temperature, so it is important
to collect data on one’s farm and retrieve the best solution to apply to that particular
farm.

In the following years, many more studies will be performed in this field, as changing our
nutrition is one of the main goals humanity will have to reach to try and stop climate
change. Crickets, and novel food in general, are a hot topic nowadays, as they have
enough qualities to become substitutes of traditional meat, and help us change our diet to
a cleaner one. Many studies have been published recently, at a rate higher than ever, and
this trend is destined to continue. This paper could be a base for further investigations in
how to optimize the settings of a farm, and useful studies may be conducted with different
conditions, such as temperature, density, and crickets’ genetic strain.

Indeed, this approach to increasing yield is currently only theoretical, as there are no
real-life examples of farms employing this “two condos” setup. Consequently, there is
no clear indicator of the feasibility of such practices on a practical level. The potential
challenges include uncertainty about how the insects may react to changing their habitats
midway through their life and the difficulty of performing such operations. Nevertheless,
the results found in this paper appear promising and warrant further investigation and
experimentation. In particular, further implementation should consider a more thorough
approach to the relation density-age-mortality, and to how moving crickets from one
habitat to another can affect their growth rate, mortality, and final size.

On a final note, one of the strengths of these models lies in their potential utility as a
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foundation for automating a farm. Understanding which condos require feeding, have
eggs ready for collection, or contain adult crickets ready for harvest is crucial for any
technology aimed at assisting humans in rearing crickets. Moreover, when using results
from these models as inputs for an automation system, we can be confident that the

operations performed will be optimal, leading to maximum yields.

Achieving this outcome would require the development of a middleware capable of in-
terpreting the results and converting them into serialized input for various machines.
This advancement could provide a significant boost in making cricket flour commercially

competitive against traditional meat and facilitate the transition towards cleaner diets.
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