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AHHOTALUA

B craTtee paccMaTpuBaCcTCA 3aJiada COCTaBJICHUA rpaq)m(a nepepa60TKH CbIpbd C HEPABHOMCEPHBIMH
MoTepsAMU HpOI/ISBOZ[CTBeHHOﬁ HCHHOCTU B pa3HbIX MNAapTHUAX. HGJ'ILIO JAaHHOI'O UCCICA0BaHUA ABJIACTCA OLCHKA
3¢ GEKTUBHOCTH PA3IMUHBIX KBA3HONTHMAIBHBIX CTPaTerui epepaboTKU caxapHOW CBEKIJIBI HA OCHOBE TEKYyIeH
MHGOPMALIUHU O IPOU3BOACTBEHHOI IEHHOCTH CHIPhs. KOMIIBIOTEPHBIN pacdeT IPOU3BOJAUTCS C HCTIOIb30BaHUEM
PpCaJIbHBIX MTaHHBIX. BBIXO}I caxapa, paCCHHTaHHLIﬁ Ha OCHOBC H3YYCHHBIX CTpaTeFHﬁ, CpaBHUBACTCA C
a6COJ'IIOTHI:IM OINNTUMYMOM. Ha ocnoBanun IMPOBEACHHBIX I/ICCJ'Ie[[OBaHI/Iﬁ JlaHbl pEKOMCHJAIINU T10 ONTUMHU3AIUN

rpaduka nepepaboTKK caxapHOM CBEKIIBI.

ABSTRACT

The paper considers the task of drawing up a schedule for processing raw materials with non-uniform losses
of production value in different batches. The purpose of this study is to evaluate the effectiveness of various quasi-
optimal sugar beet processing strategies based on current information on the production value of raw materials. A
computer calculation is made using real data. The yield of sugar, calculated on the basis of the studied strategies,
is compared with the absolute optimum. Based on the studies carried out, recommendations are given for
optimizing the sugar beet processing schedule.

KiroueBble cioBa: MaremMaThdeckas MOJENb, IepepaboTka CXapHOW CBEKIIBI, BEHT'€PCKHUH alTOpUTM,
KBa3suoNTUMAJIbHAA CTPATCTUA

Key words: mathematical model, sugar beet processing, Hungarian algorithm, quasi-optimal strategy

1. Introduction

The task of optimizing production processes is
currently of a great importance. In particular, the task
of constructing an optimal schedule for processing
products is relevant. Changing the processing schedule
for different batches of raw materials usually does not
require large expenditures, and the gain from schedule
optimization is often comparable to the effect of
equipment upgrades. This task is often encountered in
the processing of agricultural products, for example, it
takes place in the sugar industry [1-5]. Here, different
batches of raw materials harvested during maturation

have different production values and lose it at different
rates during storage. It is required to find the best order
of their processing in order to achieve the maximum
yield [6-10].

The problem of constructing an optimal sequence
for the processing of different batches of raw materials
was considered by a number of authors. In the case of
complete information about their degradation, this
problem is reduced to the well-known “assignment
problem” [11], which still plays a significant role in
practical optimization problems [12-14]. The
assignment problem is a special case of the transport
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problem, which is a special case of the linear
programming problem. Any such problem can be
solved by the simplex method, but there is a more
efficient algorithm. To solve it, in 1955, Harold Kuhn
developed an algorithm called the “Hungarian
algorithm™ [15, 16], after 2 years it was proved that it

has polynomial complexity O(n*) [17]. Later [18], the
Hungarian algorithm was modified to polynomial

complexity O(n®). Despite the fact that it is

practically impossible to form a processing strategy
according to an optimal plan, it can be used to obtain an
upper estimate of the objective function. In addition,
other algorithms for solving this problem have been
created, in particular, its important particular cases
have been considered [19, 22].

In real production conditions, it is very difficult to
use an abstract optimal solution, since it requires a
priori knowledge of all rates of production value loss
for all batches. But these rates depend on the storage
conditions, in particular, on the weather conditions
under which the raw material is stored. Therefore, it is
impossible to know them in advance. In this case, the
quasi-optimal solution becomes of a great importance.
This solution only uses the current production values of
the raw materials and does not guarantee the
achievement of the absolute maximum output.
However, it differs slightly from the optimal one in
terms of production losses. Such a solution can be
implemented in practice.

The purpose of this study is to evaluate the
effectiveness of various quasi-optimal sugar beet
processing strategies based on current information on
the production value of raw materials. These strategies
are simple enough to be implemented in practice. A
computer calculation is made using real data (known
from the experience of the Sergach sugar plant in the
Nizhny Novgorod region). The vyield of sugar,
calculated on the basis of the studied strategies, is
compared with the absolute optimum, which could be
obtained by implementing the exact optimal strategy.
Based on the studies carried out, recommendations are
given for optimizing the sugar beet processing
schedule.

The paper is organized as follows. In Section 2,
the mathematical model of processing batches of raw
materials is formed is given. Evaluation of some
strategies compared with optimal plan and discussion
of their advantages and disadvantages are presented in
Section 3.

2. Statement of the problem

We suppose that there are N equal weight batches
of sugar beets, numbered from 1 to N . The mass of one
batch of beets is the mass that the production capacity
of the enterprise can process in a certain period of time
(for example, in one day). Different batches differ in a
production value, i.e., the percentage of the finished
product per unit of mass which corresponds to the sugar
content, more exactly the percentage of sugar in beets.
Let the proportion of sugar content in one kilogram of
beets (sugar content) of the I th batch of beets be equal

to &, . For processing N batches of raw materials, N

stages (days) are required. Each stage is indexed by
means of subscript i running from 1 to N. Suppose
that during storage at the j th stage of processing, the

I th batch of beets loses a certain share of their
production value, that is, the beets reduce their sugar

content or remain unchanged, at best. Let us denote bij

the coefficient of degradation which determines
wilting, loss of moisture, decrease in sugar content of

the | th batch of beets at the J th stage of processing.
Then the production value of the ith batch of beets will
change by the following way Zilibil is after the first
q bilbi2 is
aibilbi2 ...bi n_1is to the last stage of processing

stage, after  the  second,

(unless, of course, this batch of beets is processed
before this moment). It is clear that these coefficients

satisfy the inequalityO < bij <1.1t is assumed that

during one stage of processing a given batch of beets its
production value does not change. Let us number the
lots of beets in descending order of their sugar content
as follows

a2a,2...28,

If beets are processed in this order, then the yield
of the finished product largely depends on the value

S=a,+a,b, +a,b,b,, +...+a,b,...b

nn-1

The yield of the finished product (sugar) depends
on many values, on the percentage of dirt on the beets,
the content of nitrates, damage during transportation for
processing, processing temperature, and so on, but,
nevertheless, the main effect on the yield of the final
product has sugar content. The greater the sugar
content, that is, the greater the sugar yield, all other
things being equal (see, for example, the formula for
the dependence of the sugar yield on the sugar content
of beets in [23]). If we change the order of processing,
for  example, {3,2,1,4,...,n}instead  of

{1,2,3,4,...,n}, then the yield of the finished
product will take the value

S=a +ab, +ab,b, +...4+ab,...b,, ;

Thus, the yield of the finished product depends on
a given order of processing. We introduce the objective
function

S[I(D] = g +i)Pien +8iPiPiez +-+ i bigy b,

Mi(n)n-1
’

@
where I(j) denotes a  permutation
{i(0),1(2),1(3),...,n} of natural numbers
{1, 23,...,n}.
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Ifall @, coefficients bij of degradation are known

at the beginning of beet processing we can formulate
the following mathematical problem: among all
possible  permutations  of  natural  numbers

{1,2,3,...,n} find the permutation 1,(]) at

which the maximum of the function S[I(j)] is

achieved. It is evident that, in practice, these
coefficients are unknown in advance. Therefore, it is
interesting to study another orders of beets processing
and to compare them with the order corresponding to

the permutation 1. ( j) :

In this paper, we will consider four various orders

of beet processing which we will call the strategies.
Optimal plan. This plan corresponds to
optimal order of beet processing defined by the

permutation I*(j) It is important to note for any
strategies, to get the yield of the finished product more
then S[i*(j)] is impossible.

Greedy algorithm strategy (for more details, see
[24, 25]). The processing strategy in this case is as
follows. Before the start of the next stage of processing,
the beet variety is determined, which by this stage has
the highest sugar content. It is this variety with the
highest sugar content that is sent for processing at this

stage.
Strategy A. The strategy is to arrange the batches

of raw materials in descending order @; according to
(1). At the beginning, the batch with the highest initial
percentage of sugar content @, is processed, then the

batches are processed in turn in descending order of
initial sugar content.

Strategy B. This is absolutely arbitrary order of
beet processing. At each stage a batch is taken without
taking into account its sugar content. To evaluate these
strategies we introduce the values for the final product
yields provided by “Optimal plan”, “Greedy algorithm

strategy”, “Strategy A” and “Strategy B” for some set

of coefficients bij and denoted by So , Sg , SA, and

SB, respectively. The relative losses generated by

these strategies compared with “Optimal plan” can be
expressed as

3. Results and discussion

3.1. Numerical results

In practice, when processing sugar beets not all the
numerical parameters of the problem described in the
previous section are known and have exact numerical
values. So, if the parameters corresponding to the

values of sugar content for different varieties of beets
can be measured relatively accurately, then the
parameters characterizing the degree of beet wilting
and loss of sugar content and depending on poorly
predicted weather conditions cannot be specified in
advance before processing the entire harvested beet
crop. In addition, in order to apply the Hungarian
algorithm, it is necessary to know what the degradation
factors of the batches would be before they have been
processed. This can only be predicted by some
empirical means, therefore, the optimal plan, in
practice, generally speaking, is not achievable. The
question arises, how, in this case, to correctly organize
the process of beet processing. Further, it is proposed
to discuss and evaluate some processing strategies.

For the numerical solution of this problem and
computational experiments associated with evaluating
various processing strategies, a program was written in
the Python language [26]. In the computational
experiments below, it is assumed that there are a total
of 100 batches and sugar beet processing takes place at

a hundred stages (I’l =100). The sugar content
parameters are set randomly on the interval [0.15, 0.25]
(empirical observations). The coefficients bij are setas

random variables, from a segment [,B, 1], in other

words, the distribution of parameters &; and by; are

obtained in accordance with the law on the uniform
distribution of a random variable on the corresponding
segments. Computational experiments are carried out
for three different values 0.85, 0.90, and 0.95 of the

parameter ,6’ . The most realistic in a practical sense,

the authors consider the case of ﬂ =0.95, the rest are

present for a more detailed examination of the model.
In each of figures 1 to 3, four curves are shown that
represent the stepwise yield for different processing
strategies. Let us describe in more detail the curves
shown in figure 1, corresponding to the value of 0.85.

Figures 2 and 3 show similar curves for values
equal to 0.9 and 0.95, respectively. The best optimal
beet processing plan is found by the Hungarian
algorithm.

The easiest way to implement in an
enterprise and, as will be shown later, a quite
suitable way of setting the required coefficients
is to calculate their averaged values over the past
few years [19-22]. Next, we will compare the
effectiveness (in terms of the final result at the
end of the processing process) of these strategies,
as well as compare them with “Optimal plan”
built using the Hungarian algorithm, and “Strategy
B”, when at each stage a batch is taken without
taking into account its sugar content. Naturally, the
comparison will be carried out for the values of the
objective function, which are obtained with
different investigated processing strategies. The
value of the objective function obtained during the
implementation of processing strategies will be
called the output.
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Figurel. Product yields for various processing strategies at 0.85.

In practice, this “Optimal plan” cannot be
realized, however, it can serve as a kind of benchmark
for evaluating other processing strategies. The
“Greedy algorithm strategy” is somewhat inferior to
“Optimal plan”, the next in terms of efficiency in
terms of the output of the finished product is “Strategy
A”, i.e. processing of beets in the order of successive
decrease in their sugar content, and finally, the most
ineffective schedule is “Strategy B”, i.e. processing
beet varieties in a randomly selected order.

Despite the fact that the difference between the
plans may seem frivolous, it should be noted that
the sugar factory processes from 3 to 6 thousand
tons of raw materials per day. In fact, this is the
number and you need to multiply the output shown
in the figures. This descending effectiveness order
of the proposed plans is intuitive, because with the
optimal schedule, all available information on the
degradation coefficients is used. In the greedy
algorithm, information about the degradation rates
at each stage is affected, but only for unprocessed
batches. To implement “Strategy A”, one only need
to know the initial sugar content, and, finally, to
carry out “Strategy B”, no knowledge of
degradation is needed.

Then the following computational experiment
was carried out: the virtual processing of raw
materials was carried out 200 times. Sets of random,

uniformly distributed values of the coefficients
a,,1=1n and uniformly distributed on the interval

[3, 170f coefficientsbij, I=1Ln,j=1n-1, N=

100, were generated. For the four different strategies
presented above, the final product ratio was
calculated, which was finally averaged for each
processing strategy. The finished product yields are
tabulated, which shows, expressed as a percentage,
the relative mean “losses” obtained after applying
different processing strategies compared with
“Optimal plan”.

To evaluate the strategies we will use the
characteristics introduced in Section 2 and their

average values denoted by <SO>, <Sg> , <SA> and

<Sb > . The relative average losses can be presented in
the form



Eepasutickuti Coto3 YdeHbix. Cepusi: mexHu4yeckue u chusuko-mamemamudeckue Hayku. # 9(102), 2022 37
g=09
g )= optimal plan
=== greedy algorithm mmm—m=mssTmEEEEmEmmm
—.= strategy A S
.+ strategy B e
44 -
S
= 31
o
=]
B
B
Ry
14
01 T T T T T
0 p. 1 a0 &0 HO) 100
Sages
Figure 2. Product yields for various processing strategies at 0.9.
B= 0895
- pptimal plan
g 1 === greedy algorithm
== strategy A
+ strategyB @ 020000 e
6 4
=
g
£ 41
2 4
01
T

T T
] 20 40

. ; -
&0 BO 100

Sages

Figure 3. Product yields for various recycling strategies at 0.95.

3.2. Discussion

Let us now discuss the advantages and possible
disadvantages of the above processing strategies,
which can be implemented in practice. First of all, we

are talking about the “Greedy algorithm strategy” and
“Strategy A”. From table 1 it follows that the “Greedy
algorithm strategy” provides a greater output of the
finished product than “Strategy A”.

Relative average losses for three strategies compared with the optimal plan. Tevlet
B Hq (%) £, (%) 15 (%)
0.85 4.66 140 279
0.90 447 9.56 218
0.95 351 4.76 132
On the other hand, the application of the “Greedy algorithm strategy” in practice implies daily
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measurements of the sugar content of each of the beet
varieties remaining to this moment, which can cause
additional difficulties for the manufacturing plant, for
example, additional costs for payment of work on
carrying out measurements, or additional costs,
associated with the installation of appropriate devices
capable of measuring and transmitting data in
automatic mode, and finally, additional costs
associated with the delivery of beets with the highest
sugar content from remote storage. The “Strategy A”
is inferior to the “Greedy algorithm strategy”
(sometimes significantly), at the same time, this
strategy initially determines the order of beet
processing and does not imply daily measurement of
sugar content, which does not require additional costs
for sugar production. Finally, the “Strategy B” based
on a random choice of the beet processing order and
corresponding in practice to the situation when the
processing procedure is carried out according to the
principle “what I want, I process this” or the batch of
beets that is geographically closest to production is
processed. As one can see from the figures and the
table, the loss at the output of the finished product
after the application of “Strategy B” in comparison
with “Optimal plan”, and with the other two proposed
strategies can be very significant.

4. Conclusion

This article posed the problem of the optimal
processing schedule for sugar beet. An upper bound
for the objective function is given. In the case when
all the coefficients of the stage-by-stage degradation
of beets are known, the problem is reduced to the
known problem of assignments, therefore, the exact
solution of the problem posed can theoretically be
obtained by using the Hungarian algorithm or its
varieties, but is practically not feasible in real life. In
practice, all the exact coefficients of the stage-by-
stage degradation of beets during the season are not
known in advance. Two ways of solving the problem
in conditions of uncertainty are proposed. The first,
based on the use of a greedy algorithm, relies on
measurements of the sugar content of each variety at
the beginning of each stage. The strategy of the
second (“Strategy A”) relies on a single measurement
of sugar content, which is carried out before the first
processing stage. As shown by a computational
experiment, for large volumes of raw material
batches, the losses of the greedy algorithm do not
exceed 5% in comparison with the optimal one.

With an increase in the lower limit of the beet
degradation coefficient to 0.95, the losses of “Strategy
A” are less than 5 percent compared to the optimal
processing schedule, not much worse than the losses
of the ”Greedy algorithm strategy” in practice. Taking
into account the resources required for measuring
sugar content, “Strategy A” seems to be a more
preferable strategy for processing raw materials. In
addition, as shown above, “Strategy A” is optimal if
the cultivation and processing of one (best) variety is
carried out and the storage conditions of the batches
of beets are practically identical.
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