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Abstract. The article proposes a stochastic mathematical model of the diffusion of consumer
innovations, which takes into account changes over time in the total number of potential buyers
of an innovative product. A stochastic differential equation is constructed for a random value of
the number of consumers of an innovative product. The interaction of random changes in the
number of consumers with changes in the total market volume of the product under consideration
is investigated. Following the Euler - Maruyama method, an algorithm for the numerical solution
of the stochastic differential equation for the diffusion of innovations is constructed. For each
implementation of this algorithm, the corresponding stochastic trajectories are constructed for a
random function of the number of consumers of an innovative product. A variant of the method
for calculating the mathematical expectation of a random function of the number of consumers of
an innovative product is developed and the corresponding differential equation is obtained. It is
shown that the numerical solution of this equation and the average value of the function of the
number of consumers calculated for all the implemented implementations of stochastic trajectories
give practically the same results. Numerical analysis of the developed model showed that taking
into account an external random disturbing factor in the stochastic model leads to significant
deviations from the classical deterministic model of smooth market development with innovative
goods.
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AHHoTanusa. B cratbe npensiokeHa croxacThyeckasi MaTeMaTudeckasi Mofiesib qUMO(y3UH moTpe-
OUTeNbCKUX WHHOBALMH, YUYUTHIBAIOAsi U3MEHEHHUS] BO BPeMeHH OO0Iero YucJsa MoTeHIHaMbHbIX
MoKymnaTesell HHHOBAllMOHHOTO ToBapa. [locTpoeHo cToxacTuyeckoe nudQepeHLHalbHOE YpaBHEHHE
IJIs1 Cy4alHOH BeJIMYMHBI YKCJa MoTpebuTe el HHHOBALIMOHHOTO ToBapa. MccienoBaHo BausiHUE
CJAy4YalHBIX MU3MeHeHUH yucya notpebuTesell Ha U3MeHeHHe 00lero o6beMa pbIHKA paccMaTprBa-
eMoro ToBapa. B cooTBeTcTBHHU ¢ MeTonoM Diinepa — MapysiMbl IOCTPOEH aJrOPUTM YHCJIEHHOTO
pellleHHsl CTOXaCcTUYeCKoro Nud@epeHLnaNbHOT0 ypaBHeHUsT AU(Pdy3nn UHHOBaUMWH. Jlid Kax-
JIOH peasiu3allid 3TOTO aJTOPUTMAa CTPOSTCS COOTBETCTBYIOLIHE CTOXaCTUYECKHE TPAEKTOPUH AJiS
cay4alHo# (pyHKUHH unc/aa noTpebuTesiel HHHOBALIMOHHOTO ToBapa. Pa3paboTaH BapHaHT MeToza
pacyeTa MaTeMaTHUECKOrO OXKHAAHHUS CAy4alHOH (PYHKUHH ducsaa noTpebuTesell HHHOBALHOHHOTO
TOBapa M MOJIy4eHO COOTBETCTBYMOIlee 1Js Hero auddepeHuranbHoe ypaBHeHHe. [TokazaHo, 4yTo
YUCJIEHHOE pellleHHe 3TOTO YpaBHEeHHs U cpelHee 3HaUeHHe (PYHKIUM 4Yhcja MoTpebuTesed, Bb-
YUCJEHHOE M0 BCeM peasiu3allisiM CTOXaCTHYECKHUX TPAeKTOPHH, NAIOT MPAaKTHYECKH ONHHAKOBbIE
pe3yabTaThl. UHCIeHHBIH aHAIM3 pa3paboTaHHOM MOIeNH MOKasaJs, uUTo y4eT B CTOXaCTHUECKOH
MOJIe/IU BHEILHEro CJAy4aiHOro BO3MYIIAloIIero (hakTopa MPUBOAUT K CYLIECTBEHHBIM OTKJOHEHHUSM
OT KJIaCCHYECKOH NeTepMUHHUPOBAHHOH MOJEJH IJaBHOTO HANOJHEHUs] PbIHKAa WHHOBAlLlMOHHBIMH
TOBapaMmH.

KuroueBbie cioBa: nud¢ysns HHHOBALMH, CTOXaCTUUECKUe YpaBHEHHs, BHHEPOBCKHH IpOLECC,
KO3(p(hULUEHT UHHOBALHUHU, KOIPPULUHUEHT UMUTALUU
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Introduction

One of the important and relevant areas of modern economic theory is the development
of economic and mathematical methods for predicting the features and patterns of
stochastic processes of distribution in the markets of goods with new properties.

Maremartnka 153


https://orcid.org/0000-0001-7374-3663
https://elibrary.ru/author_profile.asp?id=783145
https://orcid.org/0000-0003-3625-5921
https://elibrary.ru/author_profile.asp?id=2919

@Ms& Capar. yH-1a. Hos. cep. Cep.: Maremarvka. Mexanuka. iHgpopmarnka. 2022. T. 22, Bbin. 2

New stochastic models developed using these methods to assess the parameters of the
diffusion of consumer innovations help to assess the growth rate of sales of goods with
new properties, adequately predict the indicators of market capture by them, calculate
the time intervals of stagnation or decline in their sales, etc.

A significant contribution to the development of theoretical principles of the diffusion
of consumer innovations is presented in the works [1-4].

On the basis of these provisions, researchers have developed a number of models for
assessing the parameters of the diffusion of innovations, in which the total market size
of the considered innovative product was considered constant [5-8].

The nature of the dynamic development of the process of diffusion of consumer
innovations is determined by the ratio of consumers-innovators and consumers-imitators,
the volatility of the volume of sales and changes in the total volume of the market,
consisting of the total number of potential buyers of the innovative product.

Many well-known statistics on sales of various innovative products show the stochastic
nature of their distribution among consumers. Therefore, while constructing mathematical
models of the dynamics of diffusion of innovations we should rely on the theory of random
functions. Stochastic modeling makes it possible to fully take into account the unstable
nature of the market and make significant additions to the existing similar deterministic
models.

An effective tool for constructing non-deterministic models of diffusion of innovations
is the theory of stochastic differential equations, which takes into account the influence
of random external influences. The construction of the defining equations for the diffusion
of innovations based on this theory significantly enriches the corresponding well-known
deterministic models, in which external random disturbing factors cannot be taken into
account. Methods of studying applications of the stochastic differential equations theory
for modeling random processes are described in detail in [9-13].

This work aims to develop a new economic and mathematical model of innovation
diffusion, taking into account the random nature of consumer behavior and possible
variations in the total market volume.

The peculiarity of the proposed model and its scientific novelty lies in the fact that, in
contrast to the classical models of innovation diffusion, it takes into account the change
in the total volume of the market of potential buyers over time.

1. Stochastic differential equation of innovation diffusion in an
unstable market

Let some fundamentally new innovative product appear and spread on the market.
Let us denote U(t) as the volume of that part of the market, which is formed by all
purchasers of this product at the moment of time ¢, V'(¢) as the maximum volume of
that part of the market, which is formed by all potential purchasers of this product at
the moment time ¢. The units of measurement for the values of U(t) and V() can be
percent — the number of buyers of the product and the relative number of buyers of the
product. In the latter case, the maximum market volume for the entire period under
consideration is taken as a unit. The function U(¢) is assumed to be continuous and
continuously differentiable on the interval (0 <t < o0).

The increment in the number of buyers of the innovative product AU over a certain
period of time At can be represented in the form of three terms

AU = AUYN + AU + AUY, (1)
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where AUY is a partial increment over the time interval At of the number of innovative
buyers oriented towards advertising and the media, AU is a partial increment over the
interval time At of the number of imitator buyers relying on reviews of people who have
already made a purchase, AU" stands for random fluctuations in the number of imitator
buyers due to market volatility.

The quantities AUY, AU!, AU can be represented as [14]

(AUN(t):a-V(t)-< —%)-At,
AUI(z):b.U(t).( —%> At )
Wi — U(t)

where a is the coefficient of innovation, which determines the share of buyers-innovators
from the total number of potential buyers V(¢), b is the coefficient of imitation, which
determines the share of buyers-imitators from the number of buyers who have already
made a purchase U(t), w is standard Wiener process, Aw = e-v/At, p is market volatility,
¢ is a random variable with normal distribution, zero mean (¢) = 0, and unit variance
(e?) = 1.

Ut
The multiplier (1 — ﬁ) describes the process of market saturation up to a certain

V(t)
limit value V (¢).
[t should be noted that in the considered model, in contrast to the classical model by
F. Bass, the total number of potential buyers V'(¢) is not a constant but is assumed to be
a variable [14].
Substitution of the quantities (2) into the equation (1) leads to the relation

AU(t) = (1_%) : ((a~V(t)+b~U(t)> -At+p~b-U(t)-Aw). (3)

Passing to the limit in the formula (3) for At — 0, Aw — 0 allows one to obtain the
nonlinear stochastic Ito differential equation [12]

dU(t) = S(U(t),t) - At + Z(U(t),t) - Aw, (4)

e S0 = (a-vie .00 (1- L0 5

is a drift coefficient,

2@Wit.0) =p-0-00)- (1- 1) ©)

is a volatility coefficient.
The initial condition for the equation (4) has the form

U(0) = Up. (7)

[t is obvious that if the process of diffusion of innovations is observed from the very
beginning, then U, = 0. Otherwise, the value of U, may differ from zero.
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2. Diftusion model of innovation for a market with the variable
total volume

Let us consider a variant of the development of promoting an innovative product
to the market, in which at the initial moment of time ¢ the maximum number of its
potential buyers is Vj, and then this number gradually decreases to its limiting value V.
In this case, the function of the total market volume V() can be represented as [14]

V(t) =V + (Vo — Va) - exp(—=A - t), (8)

where A is a parameter characterizing the rate of change in the total number of potential
buyers of an innovative product.

The numerical solution of the equation (4) with the coefficients (5), (6) and the
initial condition (7) is performed on the divided system of points ¢ty < t; <ts < ... <1,
time interval [ty,¢,] by the method of successive approximations of Euler - Maruyama in
accordance with the algorithm [3]

Usi1=Us + S(Us, tg) - Atg + 5 - Z(Us, ts) -/ Alg, (s=0,1,2,....n— 1), (9)

where n is the number of time partitions.

At each small time step Aty = t,1 — t,, starting from the initial value Uy, a random
number &, is generated and the following is calculated the value of U,;.

Thus, random sequences {t¢;} and {Us} are formed. On the coordinate plane, these
sequences form a system of points {¢,, Us} and the corresponding stochastic trajectory.

When repeating the implementation of the algorithm (9) m times, each time a new
stochastic trajectory is formed, since each time the random variable £ generates new
random values.

To find the mathematical expectation of the function (U(¢)), it is necessary to
statistically average the equation (4) with the coefficients (5) and (6)

(o) =((avioro-ve) - (1-73)) o (10)

The result is a differential equation containing the statistical moment of the required
second-order function (U(t)?)

A _ vy (a L (b—a)-

V(1) V()2

2

wey ., W >). i

Sequential calculation of the moment (U(t)?) leads to the appearance of moments of
the third, fourth and higher orders. An endless chain of statistical equations is formed,
which must be cut off by making certain assumptions.

In the case under consideration, it is natural to assume that fluctuations in the value
of U(t) are determined by random fluctuations in the number of buyers-imitators, and it
can be represented as [15]

Ut) = (UW) + p- U() - (1 - %?) (12)
Then
o =iy (1420 (1= 80 o (1LY g
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Averaging the equality (13) gives

(U?) = (U)*- (1 + p* - (1 — <—g>)2> (14)

Substituting the formula (14) into the ratio (11), we find the differential equation for
the mathematical expectation of the value U(t)

%:v- <a+(b_a). <g> . <522,<1+p2. (1_@)2)). (15)

The initial condition for equation (15) has the form

(U(0)) = Ub. (16)

The Figure shows five from a hundred stochastic trajectories obtained as a result
of numerical implementations of the Euler - Maruyama algorithm (9), (7), numerical
solution of the Cauchy problem (15), (16), as well as graphs of the function of the total
market volume V (¢) and its limit value V.

When comparing the numerical solution of the Cauchy problem (15), (16) for the
mathematical expectation of the function U(t) and the mean value of this function
calculated for all m = 100 implementations of the algorithm (9) it turned out that they
practically coincide.

For a deterministic process of diffusion of innovations at p = 0, the results obtained
coincide with those of [14].

Figure. Stochastic trajectories constructed from 1
the results of numerical implementations of N )
the Euler — Maruyama algorithm (9), (7) and
the expectation curve for the function U(t),
constructed in accordance with the numerical — — —— =
solution of the Cauchy problem (15), (16) (solid 0.5
lines). Graph of the total market volume function
V(t) and its asymptote V = V, (dashed lines).
Calculated values: tg = 0; ¢, = 30; n = 100;
m=100; Vo =1, Vo =0,6; a =0,01;, b =10,5;
p=0,35. 0 t

50

3. Conclusion

A new model of innovation diffusion has been developed in the form of a stochastic
differential equation that takes into account the change in the total number of potential
buyers over time.

An algorithm for the numerical solution of the obtained stochastic differential equation
for constructing stochastic trajectories of a random function of the number of consumers
of an innovative product is presented.

A variant of the method of statistical averaging of the stochastic differential equation
for the diffusion of innovations has been developed and a differential equation has been
obtained to determine the mathematical expectation of a random function of the number
of consumers of an innovative product.
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[t was found that the numerical solution of this equation and the statistical average
value of the function of the number of consumers of an innovative product, calculated for
all realizations of stochastic trajectories, give almost the same results.

References

1. Bass F. M. A new product growth model for consumer durables. Management Science,
1969, vol. 15, no. 5, pp. 215-227. https://doi.org/10.1287/mnsc.1040.0264

2. Bass F. M. The future of research in marketing: Marketing science. Journal of Marketing
Research, 1993, vol. 30, pp. 1-6. https://doi.org/10.1177/002224379303000101

3. Bass F. M. Empirical generalizations and marketing science: A personal view. Marketing
Science, 1995, vol. 14, pp. 6-19. https://doi.org/10.1287/mksc.14.3.G6

4. Rogers E. M. Diffusion of Innovations. 5th ed. New York, Free Press, 2003. 576 p.

5. Srinivasan V., Mason C. H. Nonlinear least squares estimation of new product diffusion
model. Marketing Science, 1986, vol. 5, iss. 2, pp. 169-178.

6. Schmittlein D. C., Mahajan V. Maximum likelihood estimation for an innovational diffusion
model of new-product acceptance. Management Science, 1982, vol. 1, no. 1, pp. 57-78.
https://doi.org/10.1287/MKSC.1.1.57

7. Mahajan V., Sharma S. A simple algebraic estimation procedure for innovation diffusion
models of new product acceptance. Technological Forecasting and Social Change, 1986,
vol. 30, iss. 4, pp. 331-345. https://doi.org/10.1016/0040-1625(86)90031-4

8. Mahajan V., Mason C. H., Srinivasan V. An evaluation of estimation procedures for new
product diffusion models. In: V. Mahajan, Y. Wind, eds. Innovation Diffusion Models of
New Product Acceptance. Cambridge, Ballinger Publishing Company, 1986, pp. 203-232.

9. It6 K., McKean H. P. Diffusion Processes and their Sample Paths. Berlin, Heidelberg,
Springer, 1996. 323 p. https://doi.org/10.1007/978-3-642-62025-6 (Russ. ed.: Moscow,
Mir, 1986. 329 p.).

10. Allen E. Modeling with It6 Stochastic Differential Equations. Mathematical Modelling:
Theory and Applications, vol. 22. Springer, 2007. 230 p. https://doi.org/10.1007/978-1-
4020-5953-7

11. Kanellos N., Katsianis D., Varoutas D. On the Introduction of Diffusion Uncertainty in
Telecommunications’ Market Forecasting. Engineering Proceedings, 2021, vol. 5, no. 1,
Art. 13. https://doi.org/10.3390/engproc2021005013

12. Wang H., Sun B. Diffusion Mechanism of Leading Technology in the New Energy
Industry Based on the Bass Model. Frontiers in Energy Research, 2021, vol. 9. https:
//doi.org/10.3389/fenrg.2021.586787

13. Grasman J., Kornelis M. Forecasting product sales with a stochastic Bass model. Journal of
Mathematics in Industry, 2019, vol. 9, Art. 2. https://doi.org/10.1186/s13362-019-0059-6

14. Ilyina E. A., Parphenova A. Yu., Saraev L. A. Influence of changes to the total volume
of the market on the kinetics of the process of diffusion of innovations. Vestnik Altaiskoi
akademii ekonomiki i prava [Bulletin of the Altai Academy of Economics and Law], 2019,
no. 12, pp. 61-67 (in Russian). https://doi.org/10.17513/vaael.848

15. Saraev A. L., Saraev L. A. Stochastic calculation of curves dynamics of enterprise. Journal
of Samara State Technical University, Ser. Physical and Mathematical Sciences, 2020,
vol. 24, no. 2, pp. 343-364 (in Russian). https://doi.org/10.14498/vsgtul700

[Toctynuna B pemakuuio / Received 21.12.2021
[punsra kK ny6ankauun / Accepted 18.01.2022
Ony6aukosana / Published 31.05.2022

158 Hay4Hbivi otgen


https://doi.org/10.1287/mnsc.1040.0264
https://doi.org/10.1177/002224379303000101
https://doi.org/10.1287/mksc.14.3.G6
https://doi.org/10.1287/MKSC.1.1.57
https://doi.org/10.1016/0040-1625(86)90031-4
https://doi.org/10.1007/978-3-642-62025-6
https://doi.org/10.1007/978-1-4020-5953-7
https://doi.org/10.1007/978-1-4020-5953-7
https://doi.org/10.3390/engproc2021005013
https://doi.org/10.3389/fenrg.2021.586787
https://doi.org/10.3389/fenrg.2021.586787
https://doi.org/10.1186/s13362-019-0059-6
https://doi.org/10.17513/vaael.848
https://doi.org/10.14498/vsgtu1700

