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STOCHASTIC MODELING OF TECHNOLOGICAL
LABOR MARKET DYNAMICS WITH FAST MARKOV
SWITCHING VIA THE AVERAGING PRINCIPLE

This study considers a stochastic evolutionary representation of the
technological labor market, focusing on the interaction between em-
ployment and automation in the IT sector. The dynamics are described
by a nonlinear competition system of Lotka-Volterra type, extended by
a rapidly switching random environment modeled through a Markov
process. Such a formulation makes it possible to reflect changes in
technological regimes and their influence on the structure of the labor
market beyond the limitations of deterministic models.

The presence of fast stochastic switching leads to analytical diffi-
culties, which are addressed by employing an averaging approach. As-
suming ergodicity of the underlying Markov process, the original sto-
chastic system can be replaced, in the limit, by a deterministic model
whose coefficients are obtained from the stationary distribution of the
environment. This reduction preserves the qualitative features of the
system while making its analysis more tractable.

The behavior of the model is illustrated through several scenar-
ios reflecting different technological environments, including inno-
vative adaptation, technological polarization, and unstable regime
switching. The simulation results show that, in most cases, stochas-
tic trajectories remain concentrated near the corresponding aver-
aged dynamics, confirming the applicability of the averaging ap-
proach. At the same time, noticeable deviations may arise in
asymmetric environments with strong nonlinear effects. The devel-
oped framework can be used to investigate long-term interactions
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between automation and employment and to assess structural
changes in the technological labor market under uncertainty.

Key words: stochastic systems, averaging method, Markov
switching, technology labor market.

Introduction. The expansion of artificial intelligence technologies is re-
shaping the structure of contemporary labor markets, particularly within high-
technology sectors. In the IT domain, automated systems increasingly perform
tasks that were previously associated with human expertise, including com-
plex cognitive operations. As a result, both the composition of employment
and the set of required professional skills undergo significant transfor-
mation [1, 3, 5]. In contrast to earlier stages of automation, current technolo-
gies extend their influence beyond routine activities, affecting a broad spec-
trum of intellectual work [4, 7]. This evolution raises a number of economic
and societal challenges related to workforce adaptation, technological com-
petitiveness, and the long-term sustainability of labor market development.

The relationship between technological advancement and employ-
ment is frequently interpreted as an interaction between human labor and
automated systems. Such interaction can be represented within the frame-
work of competitive dynamics, where both components influence each
other over time [2, 9]. Mathematical descriptions of this type are often
based on classical competition models originating from the works of
Volterra [10]. However, contemporary empirical evidence and theoretical
studies indicate that this interaction has become considerably more com-
plex, requiring the use of extended modeling approaches [6, 8]. In particu-
lar, deterministic formulations are unable to capture random fluctuations
of the environment and abrupt technological shifts, which are essential
features of real-world labor market dynamics.

To overcome these limitations, recent studies rely on stochastic modeling
frameworks that incorporate random perturbations and regime-switching
mechanisms [11-18, 20-26]. When the underlying environment evolves on a
fast time scale, the analysis can be facilitated by applying averaging-based
techniques [13, 19]. In this setting, as the parameter ¢ — 0, the stochastic
trajectories approach those of a deterministic system with coefficients deter-
mined by the stationary distribution of the switching process. Although these
methods are well established in the theory of stochastic systems, their applica-
tion to technological labor market modeling, especially in the context of Al-
driven transformations, remains relatively limited.

The present study aims to develop a mathematical model describing
the interaction between employment and automation in the technological
labor market. The proposed framework combines a competition-based
structure of the Volterra type with a stochastic representation of the tech-
nological environment in the form of a Markov process. The use of aver-
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aging techniques allows one to derive an effective deterministic system
that captures the long-term behavior of the original stochastic model.

Baseline Model of the Labor Market. To model the interplay be-
tween human labor and automation, we use a reduced predator-prey type
representation [10]:
dN (t
%zaN (t)=bN (t) A(t)—cN?(t),
dA(t)

arra —dA(t)+eN(t)A(t), t>0,

where N (t) — the workforce size in the IT sector at time t; A(t) —the level
of automation at time t , quantified through the intensity of Al-based technol-
ogies in the IT sector; a — the rate of workforce expansion in the IT sector due
to growing demand for skilled labor; b — the substitution effect of automation,
reflecting a reduction in demand for IT specialists; cN? — he intensification of
job competition driven by the growth of the IT workforce; dA — the natural
decay of automation due to technological obsolescence and ongoing mainte-
nance requirements; eN — reflects automation growth enabled by the integra-
tion of human expertise and Al technologies.

Averaging Method. An evolutionary system with random perturbations
in the small-parameter &£ — O(& > 0 ) series scheme is defined by [20]:

%t(t):c(uf(t),xgn,tzo, (2

where the intensity function C(u;X)ueRd,XeE, is a vector-valued

)

function of two arguments: the argument of the evolutionary system u,
which takes values in the space RY,d >1, and the random perturbation
argument x, which takes values in the phase space (X,]-"), which is a

complete metric space X with a measurable sets of F . We assume that
individual points x of the space X belongto F .

t) . .. .
Here x(—j indicates that the random perturbation x evolves on a
&

much faster time scale than the underlying system x. This leads to a high-

frequency noise effect, which, in the limit, is replaced by its averaged impact.
It is assumed that a solution to the family of equations exists:

dug—t(t):C(ux(t),X),XEX. 3)
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A key property of equations (2) is the semigroup property of the so-
lutions:

Uy (t +to5u) = Uy (t Uy (t5u)). (4)
Here u, (t;u) is the solution to equation (3) with the initial condition
u, (Ou)=u.
The semigroup property (4) induces a semigroup of operators in a
Banach space of test functions B(Rd ) :

Ct(X)go(u)zgo(uX(t;u)),tZO,go(u)eB(Rd). (5)
The semigroup of operators (5) is determined by its generator:

C(x)o(u):= i, (x)o(u)-p(u)]
which is given by the formula
C(x)p(u)=C(u:X)¢(u)
By definition, we obtain
C(u;x)e'(u)= Z{Ck (u;x) aZLEkU)

We now turn to the characterization of random perturbations. In what
follows, we mainly consider random perturbations governed by a Markov

jump process x(t),t>0, in the standard phase space (X,F), which is

specified by the infinitesimal generator in a Banach space ]B(E) test func-
tions ¢(x) e B(E), which are real-valued:

Qp(x)=a(x) [P(x.dy)[2(y)-0(x)].

Here function q(x),x € E, defines the jump intensity of the process
x(t),tzo, which follow an exponential distribution; stochastic kernel
P(x,dy),),xeE,dy e F, specifies the transition probability distribution
of the process x(t) from state x to a subset of states dy .

Stochastic kernel P(x, B),x e E,B e F determines a uniformly er-
godic embedded Markov chain x, = x(z,),n>0, with a stationary distri-
bution p(B),Be F. Stationary distribution 7z(B),B e F, Markov pro-
cess x(t),t>0, is defined by the relation:
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z(dx)aq(x)=gp(dx),q= I;z(dx)q(x) .

Averaging Principle. Suppose that the Markov perturbation process
x(t),t >0, is uniformly ergodic and possesses a stationary distribution
7z(B), B e F, then, under the conditions formulated above, weak conver-
gence takes place:

u® (t) > u’(t),e 0.

Limit evolution uo(t),t >0, is determined by the solution of a de-

terministic evolutionary equation

du®(t) a0

T:C(u (t)),t ZO,
where the averaged rate function is given by the relation

C(u)= [z (d)C(u;x).
E
In our study, the state vector takes the form u(t)=(N(t), A(t)),

where N (t) — the number of employees in the IT sector; A(t) —and the

level of automation. Then, the rate function C(u;x) is given by a Lotka-
Volterra system [10]:

C(u;x)=[a_(;NA __b:jx[w

here, the parameters a,b,c,e,d are depend on the state of the fast Markov
environment, which describes changes in technological regimes. Accord-
ing to the averaging principle, as ¢ — 0 the stochastic system (2) is as-
ymptotically replaced by a deterministic system (1), where the averaged
coefficients are defined with respect to the stationary distribution 7 :

a= lﬁ(dx)a(x),ﬁ = .lzr(dx)b(x),c‘ = lzr(dx)c(x),
d= Iﬁ(dx)d (x),6= J.zz(dx)e(x).

As a result, the impact of rapid random switching is effectively re-
placed by its mean effect, yielding a deterministic system that governs the
long-term dynamics of the labor market.

Analysis of Numerical Simulation Results. The numerical experi-
ment is based on Monte Carlo simulation, where multiple realizations of
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the stochastic system are generated and then averaged. This allows us to
compare three different descriptions of the system: the deterministic tra-
jectory, the stochastic trajectory, and the solution of the averaged model.

In the innovative adaptation scenario, the system is analyzed under
conditions where technological progress is accompanied by gradual labor
market adjustment. The deterministic model is defined by the parameters
a=0.56,c=10"*c=10-4,d = 0.49,e = 0.019, reflecting moderate work-
force growth, relatively weak substitution effects, and a balanced interac-
tion between labor and automation. The stochastic version of the model
assumes that these parameters vary depending on the state of a fast Mar-
kov  environment. The corresponding  stationary  distribution
7r=(0.O3L 0.095,0.238,0.635) indicates that the system spends most of

the time in the regime associated with more advanced automation. Averag-
ing with respect to this distribution yields effective parameters & = 0.550,

b =0.0230,6 =1.07-10*,d =0.470,6 = 0.0210, which are close to the
deterministic ones but slightly shifted toward stronger automation effects.

The time dynamics shown in Fig. 1 demonstrate a strong agreement be-
tween the averaged model and the mean stochastic trajectory. Despite the
presence of random switching, the individual stochastic paths form a relatively
tight bundle around the averaged curve. This indicates that the effect of fast
switching is effectively «smoothed out» over time. The deterministic trajecto-
ry, however, exhibits a noticeable phase shift and slightly different amplitude.
This discrepancy arises because the deterministic model does not account for
the redistribution of time across different regimes encoded in 7z, whereas the
averaged model does. In other words, even though the parameters of the de-
terministic system are close to the averaged ones, the nonlinear structure of the
model amplifies small differences, leading to visible deviations.

++++ Trajectories of the stochastic model

++++ Trajectories of the stochastic model

Fig. 1. Innovative Adaptation: system dynamics of N(t) and A(t)

The distribution of final values presented in Fig. 2 further supports
this observation. The Monte Carlo histogram for N (T) is centered around
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52, while for A(T) it is concentrated near 12. The averaged model pro-

duces values N(T)=53.68 and A(T)=11.30, which lie well within the

core of the stochastic distributions. The spread of the histograms remains
moderate, indicating that the system is relatively stable under random per-
turbations. At the same time, a slight asymmetry of the distributions can be

observed, especially for A(T), suggesting that occasional visits to high-
automation states have a cumulative effect on the system.

~ = Trajectories of the stochastic model
—— Averaged model

T
| == Trajectories of the stochastic model
]
|

T
1
i —— Averaged model
1
1
|

50 55 60 65
N(T)

Fig. 2. Innovative Adaptation: Distribution
of terminal values of the stochastic model
Overall, this scenario illustrates a regime in which the averaging
principle works particularly well: the stochastic system behaves in a
way that is close to its averaged counterpart, and the uncertainty intro-
duced by random switching does not significantly distort the long-term
dynamics.
As the next scenario we consider the technological polarization, here
the system evolves under conditions where automation intensifies uneven-
ly across regimes. The deterministic parameters:

a=052,b=0.024,c=1.1-10",d =0.47,e = 0.0185..
Averaged parameters a4=0.4587, b=00323, ¢=1.35-10"%,
d =0.4286, 6=0.0244 are transformed with respect to the stationary
distribution 7 =(0.006,0.049,0.270,0.676), which is strongly concentrat-

ed in high-automation states. As a result, the effective parameters shift
significantly toward stronger automation effects, in particular through
higher values b and é. Monte Carlo simulations reveal a noticeable dis-
crepancy between the averaged and stochastic dynamics. As shown in
Fig. 3, the averaged trajectory underestimates the workforce level and
overestimates automation compared to the mean stochastic path.
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Fig. 3. Technological polarization: system dynamics of N(t) and A(t)

The distributions in Fig. 4 confirm this behavior. The stochastic out-
comes are widely spread, with N (t) often remaining higher than predict-

ed by the averaged model, while A(t) exhibits a strong rightward shift.

The averaged solution lies within the distribution but closer to its bounda-
ry, indicating a systematic bias. This scenario highlights that when the
Markov environment is highly asymmetric, averaging may no longer fully
capture the actual system dynamics.

— =~ Trajectories of the stachastic model —— Trajectories of the stochastic model
~—— Averaged model —— Averaged model

N(T)

Fig. 4. Technological polarization: Distribution
of terminal values of the stochastic model

The unstable technological environment scenario considers a setting
with frequent switching between technological regimes. The deterministic

parameters a=0.55, b=0.0225, c= 1.05-10*, d=0.485 e=0.0182.
Averaged parameters 4 =0.5307, b = 0.02403, ¢=1.11-10",
d =0.4716, 6=0.0191 are transformed using a relatively balanced sta-
tionary distribution 7 =(0.087, 0.232, 0.331, 0.351) which leads to mod-

erate adjustments of the coefficients without strong bias toward any single
regime. Monte Carlo simulations show that, despite visible variability in
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individual trajectories, the stochastic dynamics closely follow the averaged
model (Fig. 5). This indicates that rapid switching effectively smooths out
the influence of individual regimes, making the averaging approximation
reliable in this case. The deterministic trajectory, as before, deviates slight-
ly due to the absence of regime mixing.

L] ++2+ Trajectories of the stochastic model
Deterministic mode!

° s 0 15 20 25 2 3 4 o H 10 15 20 25 20 ) “©

Fig. 5. Unstable technological environment: system dynamics of N (t) and A(t)

The distributions in Fig. 6 are wider than in the first scenario, reflect-
ing increased variability, but remain centered near the averaged solution.
Both N(t) and A(t) show no strong skewness, suggesting that no single
regime dominates the long-term outcome. Overall, this scenario confirms

that when switching is sufficiently fast and balanced, the averaged model
provides an accurate description of the system’s behavior.

~~ Trajectories of the stochastic model
—— Averaged model

T T
~~ Trajectories of the stochastic model | 1
—— Averaged model i !
| |
1 |
[ ]
| I
|

a0 as 50 55
NT)

Fig. 6. Unstable technological environment: Distribution
of terminal values of the stochastic model
Conclusions. The study introduces a mathematical framework for
describing the interaction between employment and automation within the
technological labor market. The model is constructed using a competition-
based structure of the Volterra type and is extended by incorporating sto-
chastic variations of the technological environment represented by a Mar-
kov process. By employing an averaging-based transformation, the origi-
nal stochastic formulation is reduced to an effective deterministic system
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with parameters defined through the stationary distribution of the switch-
ing process. This representation retains the main qualitative properties of
the system while making its analysis more accessible.

The simulation results reveal that the trajectories of the stochastic system
remain closely aligned with the corresponding averaged dynamics, which pro-
vides numerical evidence supporting the theoretical assumptions associated
with fast-switching environments. This behavior confirms that the applied
approach adequately captures the long-term tendencies of the system.

The analysis of different scenarios demonstrates distinct patterns of
system evolution. A regime of innovative adaptation leads to a balanced
interaction between labor and automation, where the system remains rela-
tively stable and fluctuations are limited. In contrast, technological polariza-
tion results in a pronounced shift toward automation-dominated states, ac-
companied by a reduction in workforce levels and increased variability of
outcomes. Finally, in an unstable technological environment with frequent
regime switching, the system exhibits higher variability, while its average
behavior remains close to the dynamics predicted by the averaged model.
These results highlight that the long-term evolution of the labor market is
strongly influenced not only by the level of automation itself but also by the
structure and stability of the underlying technological environment.

In general, the proposed modeling framework can be considered as a
useful tool for investigating structural changes in the labor market under ongo-
ing technological transformation. The model may be further developed by
incorporating additional stochastic factors, heterogeneous agent structures, or
alternative forms of interaction between labor and technology.
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CTOXACTUYHE MOOENIOBAHHA AUHAMIKU
TEXHONOIN4YHOIro PUHKY NPALI 31 LUBUOKUMU
MAPKOBCbKMMW NEPEMUKAHHAMU HA OCHOBI

nPMHUUNY YCEPEAHEHHA

Y po6oTi pO3rIsSHYTO CTOXaCTUYHY EBOIIOIIHHY MOJENTh TEXHOJOTId-
HOTO PHHKY IIpalli, 30cepe/KeHy Ha B3a€MOJIl MiXk 3aiHATICTIO Ta aBTOMa-
tu3arniero B [T-cexTopi. JJuHamika cHCTEMH ONMHCYETHCS HETIHIHHOK KOH-
KyPEHLIHOI0 Moaeitio Tuly JIoTKUu-BonbTeppy, po3MnpeHoro MBHIKO3-
MIHHUM BHIIQJKOBUM CEPEIOBHILEM, MPEACTABICHUM MapKOBCHKUM HPO-
necoM. Taka mocTaHOBKa J03BOJISIE BpaxyBaTH 3MiHY TEXHOJIOTIYHUX pe-
JKUMIB Ta IX BIUIUB Ha CTPYKTYPY PHHKY Ipalli, BUXOSIYH 38 MEX1 MOKIIU-
BOCTEH JeTepMiHOBAaHHX MOJEIEH.

HasBHICTh MIBHIKHX CTOXaCTUYHUX MEPEMUKaHb YCKIIAIHIOE aHANITH-
YHE JOCIIIKEHHS CHCTEMH, IO J0JTAEThCS LIIIXOM 3aCTOCYBAHHS MiAXOLY
ycepemHeHHs. 32 YMOBH €proAMYHOCTI BIAMOBIZHOTO MapKOBCHKOTO MpO-
Iiecy MOYaTKOBa CTOXaCTHYHA CUCTEMa B TPAHNYHOMY BUITaZIKy MOXe OyTH
3aMiHEHa JIEeTepPMiHOBAHOIO MOJEIUIIO, TAPAMETPH SIKOT BU3HAYAIOTHCS CTa-
I[IOHapHUM PO3MOAITIOM cepefoBHIna. Taka penykiis 30epirae OCHOBHI
SIKICHI BIIACTHBOCTI CHCTEMH Ta BOAHOYAC CIPOLIYE ii aHami3.

[NoBeninKy Mozemi MpOLTIOCTPOBAHO Ha OCHOBI KUIBKOX CLICHApIiB, IO Bi-
JOOpaKaroTh Pi3HI TEXHOJIOTIYHI CepeIOBHINA, 30KpeMa iHHOBAIliHy ajarTa-
Iif0, TEXHOJIOTIYHY TOJISIPH3AII0 Ta HeCTaOUThHI PeKUMH MepeMHUKaHHs. Pe-
3yJIbTaTH MOJIETIOBAHHS MOKa3yloTh, 10 B OLIBIIOCTI BHIAJKIB TPAEKTOPIl
CTOXaCTUYHOI CHCTEMH 3aJTUIIAIOTECS CKOHIICHTPOBAHUMH TOOJH3Y BiJIOBI-
HOI yCepeHeHOT IMHaMIKH, 10 MiATBEPPKY€E 3aCTOCOBHICTh MiIXOMy yCepea-
HeHHs. BoHOUAC y acMMETpHUYHUX CepeIOBHILAX i3 BUPKSHUMH HeJiHiHHH-
MH e(eKTaMHd MOXKYTh BHHHMKAaTH IIOMITHI BiIXMJIEHHS. 3arpoNOHOBaHA MO-
JieTb MOKe OyTH BUKOpPHCTaHa IS JOCHTIIKEHHS JTOBIOCTPOKOBOI B3aeMOil
MDK aBTOMATH3AII€I0 Ta 3aHHATICTIO, 8 TAKOXK TS OLIHIOBAHHS CTPYKTYPHHX
3MiH TEXHOJIOTIYHOTO PHHKY IIpalli B yMOBaX HEBU3HAYECHOCTI.

KiouoBi ciioBa: cmoxacmuuni cucmemu, memoo ycepeoHeHHs, Map-
KOBCbKI NEPeMUKANHSA, MEXHOI02TUHUL PUHOK NPAYi.
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