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Abstract

This article is devoted to the problem of theoretical and information support for decision-making
in strategic management of raw material procurement processes. The study is timely, because there
is currently significant volatility in prices for raw materials. This poses very difficult challenges for
managers. Finding solutions is one of the most important areas of business informatics. This article
discusses a procurement strategy in two stages: at the beginning and middle of the month. The price
of raw materials is known only at the beginning of the month. Price is a continuous random variable.
You can predict only the interval of its change. Here the interval is directly used to determine the
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purchase volume at a known price. The authors derived a functional dependence of the maximum risk
according to Savage on the amount of purchased raw materials at the beginning of the month. As a
result, it was possible to establish the amount of raw materials to be purchased at the beginning of the
month to reduce maximum risk to a minimum. Using the example of corn purchases, we carried out a
comparative analysis of possible methods for determining these intervals based on an analysis of price
time series. The findings are useful for managers of processing enterprises. This work is the first to solve
the problem of minimizing the maximum risk when purchasing raw materials.
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Introduction

he cost of grain purchases is the main com-

ponent of the production costs of enterprises

producing products from grain. For exam-
ple, at one of the largest distilleries in Russia, more
than 60% of the final cost of alcohol is determined by
the purchase price of grain [1]. The volatility of prices
leads to uncertainty of future revenues [2].

Not only grain prices, but also production raw
material prices in general are more volatile than cur-
rency exchange rates and interest rates [3]. Since
2000, the volatility of these prices has increased rap-
idly. Although the problem of price volatility affects
many sectors of the economy, one of the most volatile
segments is that of grains. While the volatility of grain
prices has historically averaged 19.7 percent, between
2006 and 2011 this indicator reached extremely high
values of 30 to 50 percent [4]. This is mainly due to
the strong correlation of this risk with the global eco-
nomic situation. Extreme weather conditions, politi-
cal instability and currency fluctuations are some
of the factors that affect the price of primary com-
modities. Based on research conducted by the Brit-

ish international firm Aon since 2013 the risk associ-
ated with price volatility has returned to the top 10
most dangerous risks for a company [5]. For 2019, 45
percent of respondents said they had suffered a loss
related to this risk. The issue of developing new meth-
ods to manage this risk has become acute. This is a
current research topic in business informatics. The
theoretical results of such studies are the basis for the
development and implementation of recommenda-
tion information and analytical systems that take into
account price risks.

In conditions of uncertainty and an enormous
number of factors influencing price changes, the goal
of companies is to build a raw material procurement
model that minimizes the impact of exogenous fac-
tors of price volatility on total costs.

Before constructing and analyzing mathemati-
cal models for determining the optimal procurement
plan, it is necessary to accurately classify the risk
associated with price volatility and identify common
strategies to minimize it. This risk can be considered
as a financial risk, since it has a significant impact on
the economic performance of the company, as well



as on the cash flow [6]. There are three main strat-
egies to deal with this risk [7]: sourcing strategies,
contracting strategies and financial strategies. In the
first strategy, the company can influence the tim-
ing and quantity of raw materials to be purchased to
minimize the impact of price volatility. The second
approach involves a priori contracts with suppliers in
the event of sudden price changes. Financial strate-
gies use exchange-traded derivatives such as futures
and options.

Let us consider approaches to determining the tim-
ing and volume of raw material purchases for manu-
facturing companies. A significant number of works
are devoted to this issue. Their topics can be divided
into the following groups.

The first group includes works devoted to deter-
mining the frequency and volume of purchases, when
the requirements for production volume are met
and costs are minimal. These are works on inven-
tory management. The formulation of these prob-
lems gradually became more complex, from constant
demand to variable demand [8], from finite to infi-
nite planning period [9]. Accordingly, more and more
constraints were removed, and the model of inventory
management became closer to the real situation [10].
Not all constraints can be removed by analytical solu-
tion. Accordingly, simulation modeling has been used
to consider a large number of factors to solve inven-
tory management problems. The main paradigms of
simulation modeling in solving inventory manage-
ment problems are system dynamics and agent-based
model.

The second group includes works that propose to
make decisions about the time and volume of pur-
chases based on forecasts of prices of purchased
goods. Most of these works are related to exchange-
traded commodities and instruments. Here we can
distinguish two main directions: fundamental analy-
sis and technical analysis [11]. Fundamental analysis
involves the analysis of general macroeconomic fac-
tors and industry factors [12]. The conclusions drawn

from fundamental analysis are based on economic
theory. However, the manager in charge of purchas-
ing commodities usually has a very short time frame
in which to make a purchase. On the other hand,
fundamental analysis involves a complex analysis of
many factors and, most importantly, is not precise
enough to decide on the choice of the moment to buy
a commodity with a small acceptable time range of
change of this moment.

Technical analysisis an attempt to predict the future
based on the past, taking into account the behavior of
market participants [13]. The apparatus of technical
analysis is very diverse. It uses both a simple visual
method and the most complex numerical method of
successive approximations — neural networks [14].
First, technical analysis is used when working on the
stock and currency markets. Many researchers are
skeptical about technical analysis: they question the
possibility of predicting the future from the past with-
out a convincing explanation of the possibility of such
a prediction [15].

Let’s consider a situation typical of grain proces-
sors. You know how much grain you need to buy for
the month. The purchase can be made at the begin-
ning of the month and in the middle of the month.
The manager responsible for the purchase knows the
price at the beginning of the month. The price in the
middle of the month is unknown. There are three
options: the manager can buy all the grain he needs at
the beginning of the month, the manager can buy all
the grain he needs in the middle of the month, or he
can buy part of the needed amount at a known price
at the beginning of the month and the rest at a known
price in the middle of the month. The manager must
decide which option to choose. If the manager knew
that the price of grain would increase by the middle
of the month, he would choose the first option. If he
knew that the price would fall, he would choose the
second option. Since the price in the middle of the
month is unknown, the third option is also a com-
petitive method of minimizing unnecessary costs. To



make the choice, we need to estimate the possible
value of the price of grain in the middle of the month.

The question is how much grain to buy at the
beginning of the month. For grain, there are sev-
eral factors that make predicting its price based on
numerical price series for previous years quite rea-
sonable. These are well understood demand and sea-
sonality [16]. Seasonality makes it possible to forecast
the current value of the grain price for the middle of
the month as an average of the prices for that month
in previous years. The question of how many values
to use for a more accurate forecast is answered differ-
ently by different researchers [17]. A stable opinion
is that for forecasting grain prices one should focus
on a small number of years, approximately up to 10,
preceding the year in question. Sometimes a longer
period is used, but the values closest to the year in
question are given more weight. An alternative to the
average forecast is the approach of predicting the
mid-month price by extrapolation [18]. Different
extrapolation functions are used [19]. The most com-
mon are exponential extrapolation and the use of pol-
ynomials. Extrapolation is used when the researcher
assumes that a given year will be significantly differ-
ent from previous years. When it is necessary to take
into account political factors that have no direct ana-
logues in the past, the use of expert judgment is most
acceptable.

The authors of the above-mentioned works, suggest-
ing making decisions based on the forecast, propose to
forecast the future value of the price as a point. It is
noted that the forecast has an error, i.e., the expected
value of the real price belongs to a certain segment.
The value of this segment is defined in different ways.
For example, when using the mean-variance forecast,
it is assumed that the forecast deviations have a normal
distribution, which should be checked in each case.
Despite the remark about the value segment, it is the
single predicted value that is used for decision making.
If it is greater than the known value, we buy everything
at the known price. If it is less, we wait.

In paper [20] the problem of selling euro to obtain
a given amount in rubles, given that this operation can
be performed at two points in time was considered. In
the first one the exchange rate is known, in the second
one it is not. We find the value of the funds to be sold
at the known exchange rate to minimize the maximum
conversion risk. Risk is defined by Savage. It is the dif-
ference between the sum of what we will spend by sell-
ing a certain amount of money in euro at a known rate,
and the rest at the rate that will be, and the minimum
amount that we could spend if we knew what the rate
would be at the second moment. The formula for the
calculation directly involves the limits within which
we are to find the rate unknown to us at the second
moment of time. In [21] this approach is extended to
the case when we must perform a double conversion.
The approach proposed in [20] for currency conver-
sion is also applicable to other goods when solving the
problem of how much of a good to sell at a known price
to get a given amount of money, while minimizing the
maximum risk of unnecessary costs. The direct use of
price variation bounds in choosing a solution seems
more reasonable than focusing on a single value. The
future value of the price is a continuous random vari-
able. The probability that it will take a particular value
is zero. The probability that the value of that quantity
falls within bounds is no longer zero. Potentially, this
fact makes the approach based on direct use of the
bounds of possible price changes in solving the above
problem more reasonable than calculations based on a
single predicted value of price in the future.

1. Materials and methods

As the objective function for determining the
quantity of grain to be purchased at a known price,
we will consider the risk of excessive procurement
costs (REPC). This risk is the difference between the
amount of money we will spend by purchasing a cer-
tain amount of grain at the beginning of the month at
a known price and the remaining portion at the price
that will be in the middle of the month, and the mini-



mum amount we could spend if we knew the price
of grain in the middle of the month. Minimizing the
maximum of this risk is necessary. The criterion for
minimizing the maximum risk is the Savage criterion.
Accordingly, the results presented below are based on
methods of statistical decision theory. Existing data on
grain prices, grain price indices, and agricultural prod-
uct price indices [22] are used to assess the effective-
ness of the proposed approach.

2. Results

2.1. Statement
of the Mathematical Problem

The company needs to purchase grain in the amount
of V units per month. Purchases can be made at the
beginning and in the middle of the month. The price at
the beginning of the month, C, is known. The price in
the middle of the month, C, is unknown. It is assumed
that it will be within the range [C _; C ].

It is required to determine the quantity of grain,

denoted as x*, that should be purchased at the begin-
ning of the month to minimize the maximum risk.

2.2. Solution

Let x be the amount purchased at the beginning of
the month. Then the amount F(x, V) that needs to be
spent to buy ¥V units of grain is as follows:

F(x,Cz):x+(V—i]C2. (1)
Cl

To determine the function that describes the maxi-
mum risk, two possible cases of the price relationship
between C,and C,need to consider.

If it were known in advance that C, > C, then the
purchase should be made for the amount x, = C V at
the beginning of the month. The risk in this case is the
difference between the actual expenses F(x, V) and the
minimum possible ones:

Rl(x,C2):x+[V—%jCZ—C1V. )

1

In expression (2), the third term is constant. The
fraction subtracted from V'in the second term does not
exceed it. Therefore, the second term in (2) is non-
negative. Consequently, with a fixed value of x, the risk
R (x, C)) reaches its maximum value when C, = C_ .
Expression (2) can be written as

C2
Rl(x,Cz):x[l—F]JrV(Cz -C). 3)

1

Substituting C,= C, _into (3), we obtain the expres-
sion for the maximum risk when C,> C,:

C
R, (x)=x [1 —%j +V(C,..—C). 4

1

The fraction subtracted from 1 in the first term of
(3) is not less than 1. Therefore, in (4), the coefficient
for x is negative. The second term is a positive constant.
From expression (4), it follows that when C, > C|, the

maximumrisk R, (x, C,) decreases as x increases. The

1max

maximum value is reached at x = 0:

Rl”":;; :V(Cmux _Cl)' (5)
As x increases, the maximum risk decreases to 0
whenx=C V.

If C,< C,, it is advantageous to make all purchases in
the middle of the month for the amount x, = C,V. The
risk in this case is:

Rz(x,CQ):x+(V—%JC2—C2V=x(1—%) (6)

1 1

In (6), the fraction subtracted from 1 does not
exceed 1. This fraction is minimized when C, = C

Therefore, with a fixed value of x, the maximum risk
willbe at C, = C

min’®

and we have:

R, (x)= 1 Comn 7
2maxx =X C ° ()

1



At x = 0, this maximum risk is 0. As x increases, it
grows and reaches its maximum value at x = C V-

Ry =V (G -C,,). ®)

The maximum of the maximum risk for grain pro-

curement, given that C, € [C . C | is the greater of
the values determined by formulas (5) and (8).

In the case where the assumed range of possible val-
ues of C, is symmetrical with respect to the C, value,
the values determined by these formulas coincide. In
this case, by denoting d as half of the length of the
assumed possible price change range, we get the fol-
lowing expression for the maximum of the maximum
risk:

R =Vd. )

Based on the analysis of two possible relationships
between C and C,, the maximum risk in grain procure-
ment is as follows:

R = { Ripoe), if €, <€,
R, (x),if C >C,. (10)
We will increase x fromx =0tox, = C V. Atx =0,
according to formulas (4) and (7), is positive, while
R, (0) =0, which R (x)> R
the value of R, (x) decreases, and R, (x) increases.
Consequently, at the beginning, the maximum risk is
determined by the line R, (x) and decreases until the
corresponding lines intersect at the point x*, where:

=t +V(C,.—C)=x T (11)
C max 1 C :

1 1

(x). As x increases,

Imax 2max

This point is:

xl* =MV (12)

max min )

With further increases in x, when x becomes greater
thanx’, R (x)becomessmallerthan R, (x).Accord-

ingly, the maximum risk increases, but now its values
are determined by the R, (x). Therefore, point x; is
the desired value at which the maximum risk is mini-
mized.

The optimal strategy to minimize the maximum risk
is as follows:

¢ Formula (12) determines the quantity of grain pur-
chased at the beginning of the month, at the price C,
for an amount of .

¢ In the middle of the month, the remaining grain is
purchased at the current actual price, denoted as C/,
in the following quantity

*

V=V -2
C

13)

3. Discussion

The found value of guarantees the minimum maxi-
mum risk under the condition that C, is within the
range [C : C | However, the actual price in the
middle of the month may not necessarily fall within
these assumed boundaries. Therefore, it is necessary
to examine, using retrospective data, the actual effec-
tiveness of the proposed strategy — the interval strat-
egy (IS). To do this, we will compare it with a strat-
egy based on the forecasted price in the middle of the
month —Price Forecast Strategy (PFS). This strategy
is as follows:
¢ Ifthe forecasted price value is Cp > C,, then the nec-

essary quantity of grain is purchased at the begin-

ning of the month at the price C,.

¢ If the forecasted price value is Cp < C,, the neces-
sary quantity of grain is purchased in the middle
of the month at the actual price Cf at the time of
the purchase.

Note that to apply the IS (interval strategy), it is
necessary to determine the boundaries: C, . and C,

max®

If their forecasted values are such that C| is not within
[C,.; C..l then the actions recommended by the IS

coincide with the actions of the PFS (Price Forecast
Strategy).



The comparison will be conducted using retrospec-
tive data, specifically, for monthly corn purchases
throughout the year. We will compare these strategies
based on two criteria:

1. Minimum maximum risk.

2. Minimum annual total purchasing costs.

The manager prefers the second criterion if the
company conducts monthly grain purchases and has
enough funds to withstand large excess costs that may
arise from one or several purchases. The first criterion
is applicable when this is not the case, and additional
expenses, even with a single purchase, could be signifi-
cant. The purchasing manager wants his actions to be
optimal according to both criteria, but this is impossi-
ble, and a balance must be found. We will take this into
account when comparing the strategies.

To compare the strategies, we will apply them to
the purchase of corn in the years 2022 and 2021. These
years significantly differ in the number of months in
which the price relationship between the beginning
and middle of the month changed. This relationship is
crucial for the results when both strategies are applied.
In 2022, in 10 months, the price at the beginning of the
month was lower than in the middle, and in only two
months was it higher. In 2021, this ratio was 7 and 5.
Retrospective corn prices were obtained from [22]. To
align prices from past years with the years under inves-
tigation, price indices for grains from [22] and price
indices for agricultural products from [22] were used.

The price of grain in the middle of the month and
the boundaries of possible price changes can be fore-
casted using various methods. The authors proceeded
on the assumption that the practical implementation
of the forecasting method should be feasible with the
manager’s available software tools, such as Excel or
MathCad. As a result, forecasting based on the average
and exponential extrapolation was chosen. In the first
case, the forecasted price in the middle of each month
of the study year was calculated as the average of com-
parable prices in the same months of the six previous
years. For extrapolation, data from the 10—15 trading

days preceding the beginning of the month were used.
Indexing was used to obtain comparable prices. Since
[22] and price indices are referenced to the base year of
1982, a conversion was necessary.

The following comparison algorithm was adopted:

1. Determine the method of forecasting the mid-
month price for which the total annual costs are
minimized when using the PFS strategy.

2. Compare these best PFS results with the results
provided by the IS using various approaches to
determine the boundaries of possible price changes
in the middle of the month.

In the first stage, it was determined that the best
result is achieved when forecasting based on the aver-
age using prices indexed specifically to grain price
indices, rather than overall agricultural product price
indices. This is true for both considered years.

In the second stage, the following boundary deter-
mination methods were examined.

1. Ineach month, the boundaries are taken in the form
of a segment with a middle at the forecast point Cp,
the boundaries of which are spaced from Cp by the
confidence interval of the forecast at a given con-
fidence probability. Confidence values of 0.95 and
0.99 were considered.

2. In each month, the boundaries are taken as a seg-
ment with the middle at the forecast point based
on the average Cp for this month, the boundaries
of which are spaced from Cp by the maximum range
of price changes in this month over the previous 6
years, considering price indexation.

3. In each month, the boundaries are taken as a seg-
ment with the middle at the forecast point based
on the average Cp for this month, the boundaries
of which are spaced from Cp by the average range
of price changes in this month over the previous 6
years, considering price indexation.

4. In each month, the price boundaries in the middle of
the month are determined based on the data from
the previous year. The left boundary is less than C
by the maximum price decrease in the middle of the
month relative to the beginning, recorded on one of
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the days of the corresponding month in the previ-
ous year. The right boundary is greater than C, by the
maximum price increase in the middle of the month
relative to the beginning, recorded on one of the days
of the corresponding month in the previous year.

5. The boundaries are determined based on the maxi-
mum deviations over the previous six years, similar
to the method described in point 4.

In addition, symmetric boundaries relative to C,
were considered in variants like those mentioned in
points 2—3. It should be noted that with symmetric
boundaries relative to C, and C, € [C ; C ], the
value of suggests splitting the purchase into two equal
batches.

As a result, it was found that in all cases, the IS
compared to the PFS provides the minimum maxi-
mum risk for both the volatile year 2021 and the year
2022. It is worth noting that if the manager, assum-
ing a stable trend in 2022 and unconditionally adopt-
ing the PFS strategy, would have incurred signifi-
cant excess costs in one of the months. However, the
application of the IS would only slightly increase the
annual costs but significantly reduce the maximum
risk (7able I). Moreover, the IS strategy resulted in
lower annual costs than the PFS strategy only in the
case of boundary determination according to point 4,
and only for the year 2022.

Consistently over the years, the best results in
terms of a compromise between the two criteria are

achieved by applying the IS with the boundary deter-
mination method specified in point 1 at a confidence
level 0of 0.99.

Conclusion

As a result of the study, the following main scien-
tific results were obtained, which are presented in this
article.

¢ For the first time, the problem of minimizing the
maximum risk when purchasing raw materials for
a processing enterprise was solved.

¢ The authors derived a functional dependence of
the maximum risk on the amount of purchased
raw materials at the beginning of the month. As
a result, it was possible to establish the amount
of raw materials, the purchase of which at the
beginning of the month would result in a mini-
mum of maximum risk.

The results were used to develop a raw material
procurement strategy for one of the largest distiller-
ies in Russia. A further direction of research could
be to analyze how best to predict price bounda-
ries in the middle of the month — with the help of
experts or using prices time series [23, 24] or com-
bination of this methods [25]. Another important
area of research is considering many real factors
influencing the price. This could be done by simula-
tion [26, 27]. m

Table 1.
Total amount and maximum risk
Criterion ‘ Amount (RUB) Max risk (RUB)
year/strategy IS PFS IS PFS
2022 24633 961 24 624 450 56 286 93000
2021 20559 750 20 620 885 106 648 112 500
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