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PATH DEPENDENCE IN SOVEREIGN DEBT MODELLING:
SYSTEM DYNAMICS APPROACH

The article offers a system dynamic modelling of sovereign debt using the path dependence concept.
Using simulation modelling we are trying to find a fixed point in a motion of national sovereign debt towards
its equilibrium and to change the existing mental model perception towards sovereign debt by changing the
structure of the system.

The research reveals the idea of the “debt snowball concept” using recursive dynamic approach. The
dynamic linear and nonlinear recursive models of Ukrainian sovereign debt with the appropriate multi —
order recursive equations are constructed. The fixed point as an equilibrium value for a country s sovereign
debt stock to GDP ratio with a linear dependence has been built. Finding the initial point for resolving
sovereign debt issue is especially actual for national economy under strong fiscal pressure caused by
COVID-19 and wartime on the East of the country. For this purpose, the sovereign debt cyclical behaviour

was also reproduced using phase plot graphic.

The fixed point as an equilibrium value for a country s sovereign debt stock to GDP ratio with a nonlinear
dependence was determined. The main purpose of this part of the analysis was to show the more complicated
oscillated behaviour of the system and the multiplicity of possible equilibrium points.

The stock and flows SD modelling and simulation analysis of sovereign debt in Ukrainian economy
allows to make the conclusion of the inevitability of the sovereign debt existence even on the stable level and

with the balanced national budget.

Keywords: system dynamics, path dependence, debt “snowball” concept, linear and non — linear sovereign

debt model, oscillation, lock in.

JEL classification: E60, H63, H68

Introduction and research problem. Ukrainian
economy is on the path to overcome economic
downturn and to reduce substantially the sovereign
debt level. Nevertheless, it is still under considerable
pressure of sovereign debt fluctuations nowadays.
There are a lot of overseas scientific sources,
which explain the role of budget deficit in debt
overhang and economic growth slowdown, but
not so many in Ukraine (Picarelli, Vanlaer &
Marneffe, 2019).

In our paper we describe the vulnerability of
national economy under circumstances of debt
overhang, budget deficit and investment crowding
out. “The debt overhang arises in a situation in
which the debtor country benefits very little from
the return to any additional investment because of
debt service obligations” (Borensztein, 1990). The
article is devoted to the problem of sovereign debt
as a continual of logical interconnected steps (path
dependence).

In our research we define the outcome probability
of the sovereign debt critical increasing which may
lead to sovereign default and depends (or has an
impact) on the series of previous events (especially
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sovereign defaults and debt restructuring). In turn
the historical events have the critical importance in
a path dependence event. The sovereign debt
precedence in a past creates the chain of events
(including sovereign debt noose) which influence
on a nowadays policy decisions. One of the core
tasks of the research is to define the critical policy
decisions which have led to a serious debt problem
as a current economic outcome. It means, that
choice in the past formats the modern mental
structure.

Recent publications analysis. The issue of
modelling and research of the path dependence as a
pattern of behaviour of random events predetermines
the solution of dynamic equilibrium and has been
preoccupied in a lot of research. The methodological
roots of path dependence theory are in the life cycle
paradigm of T. Kuhn (Kuhn, 1970; Sterman &
Wittenberg, 1990), where he proposes the pattern of
punctuated equilibrium, which is retransformed
later into path dependence theory and “model of
paradigm emergence and competition” by a group
of scientists (Sterman & Wittenberg, 1990), where
the destiny of the specific new research is
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predetermined by incidents encircling its modelling
and insubstantially by formalization process.

The applied ideas of path dependence started in
works of (David, 1985), where the continuity of
interdependence between cause and effects variables
on a remote basis has been described. The
methodology of path dependence was developed
later in works of (Vergne & Durand, 1990), where
the issue of path dependence random event as a
cause with unexpected effects and scientific
empirical estimation of the problem was addressed.
The dissertation of (Cha, 2019) describes the theory
of path dependence as a social game theory between
agents as the self — organizing dynamics process,
contrary to the random one.

Unsolved parts of the problem. Despite the
huge amount of works, dedicated to methodological
problems of path — dependence in system dynamics
and sovereign debt issues, there is a lack of
publications which join those still separated parts of
the research. The peculiar attention to the problem of
sovereign debt issues in Ukraine, which are related
to the possible negative outcomes of external debt
resolution, even in the form of sovereign default,
requires the appropriate scientific rationale. Time
path dependence, as a trajectory of sovereign debt
development provides the tools to reveal the hidden
mechanism of the general theoretical and specifically
national root cause of the excessive indebtedness
existence and the possible way out of the situation.
There is a lack of scientific ideas, which can clearly
identify the trigger point for disequilibrium process
in macroeconomics, especially in the field of non —
linear dynamics of external debt with appropriate
simulation model for further scenario development.
The tactical and strategical policy analysis is
impossible without existence of appropriate
dynamic model in the time of semi — chaotic
beginning of the new global economic and financial
development, which causes the rebuilding of the
national economic systems. The main unresearched
scientific question, which still exists: “Does history
really matter in the emergence of sovereign debt and
how to create the positive feedback mechanism to
avoid the “debt trap”?”

Research goal and questions. The main goal of
this research, based on the principles of system
dynamics is to form the dynamic equilibrium
simulation model of the Ukrainian sovereign debt
market using the path dependence structure of
growth creation with further development and
implementation of plausible dynamical scenarios
which allows to overcome the internal policy
resistance and to create the matrix of possible
negative and positive sovereign debt outcomes for

Ukrainian economy. The subtasks to achieve during
the research are: to form the very basic sovereign
debt path dependent linear and linear model using a
continuous function of time and introducing the
“debt snowball concept” with the appropriate
recursive dynamic approach; to create the linear
model with the starting value of the sovereign debt
time path; to present the phase plot graphical
solution for sovereign debt behaviour; to present the
fixed point with appropriate equilibrium value for a
country’s sovereign debt stock to GDP ratio with a
nonlinear dependence; to provide simulation
analysis of sovereign debt in Ukrainian economy
with possible national sovereign debt market
scenario analysis. The results of modelling will help
to redesign the existing national mental model and
appropriate barriers to learning as the specific
dynamic instrument.

Main findings. The record sum of the global
debt, which approaches the USD 277 trln. by different
evaluations in 2021, causes the negative shocks on
developing economies investment sector and
macroeconomic stability in general. It is especially
actual for Ukraine, where the wartime and COVID-19
caused government expenditures to soar. On the
other hand, the effective use of external debt leads to
the accumulation of capital stock and long — run
economic growth. Here we observe the main
theoretical and empirical issue of the sovereign debt
negative experience trajectory and the problem of
this path — dependence overcoming. The modern
sovereign debt challenges for developing and
developed countries are different: for the latter one
the main issue is crowding —out of private investment;
the former are suffering from critical extra spending
on COVID-19 fighting and inability to improve the
sovereign risk indicators with appropriate effects.
Therefore, the risk of sovereign default and sliding to
the category of “phantom debtor” in Ukraine is
increasing, which threatens the existence of the
independent state. To evaluate properly the dynamics
of sovereign debt we need to use the well — known
indicator of sovereign debt/GDP, which reflects the
annual dynamics. The general comparative dynamics
is presented on Figure 1.

Main purpose of research is to implement one of
the basic dynamic concepts — time path dependence,
into sovereign debt sphere of analysis with the
elaborating the appropriate model using the
continuous dynamic model. One of the main
questions, we are trying to answer is: “Is sovereign
debt dynamic equilibrium (in Ukraine) stable,
unstable or moving around?” To formalize the
problem and to find out the dynamic change of the
variable (contrary to static change), we apply the
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External debt ratio of Ukraine in comparison with other countries
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Fig. 1. The dynamics of external debt /GNP ratio of Ukraine in 20002018 in comparison with other countries
Source: State Statistics Service of Ukraine

“debt snowball concept” (Hugh, 2010) using
recursive dynamic approach (with an interpretation
of (Escolano, 2010):
&_ Dy_y _ %-F (Dt—l . I — }’t)
Yoo Y Y Yiog 1+w

SF,
Yt )

where D is the sovereign debt level, ¥ is nominal
GDP, PD is the primary deficit, i is the average
(nominal) interest paid on government debt, y is the
nominal GDP growth rate and SF is the stock-flow
adjustment. The balance of forces in the above —
mentioned model is a complex number of the
interrelation between the group of indicators. The
dimensionless number (x*) establishes this balance

a= -1.89 ¥star=
b= -0.27
Years x(t)
1991 0
1992 0
1993 0 0s
1994 -1.89
1995 -1.89 o
1985 1990
1996 -1.3797 e
1997 -1.3797
1998 -1.51748 £ 2
1999 -1.51748
2000 -1.48028 15
2001 -1.48028 5
2002 -1.49032
2003 -1.49032 a5
2004 -1.48761
2005 -1.48761

of forces between the parameters and named
equilibrium constant. This research is very basic
one but may be extended to Poisson distribution for
finding the probability of equilibrium existence in a
future. The dynamic recursive models are presented
in the research in linear and nonlinear form with the
period of 19912018 for Ukrainian economy, which
gives us the multi — order recursive equation.

Linear model. The starting value of the sovereign
debt time path is proceeded from the zero level of
sovereign debt in 1991 (X (0) = 0). The calculation
within the above presented formula (1) has created
the linear formula with the appropriate graph of the
following type:

1.488189

x(t+1) =-0.0629x+524

1585

2000 2005 2010 2015 2020

--------
--------
......

Years

Fig. 2. Finding the fixed point as an equilibrium value for a country’s sovereign debt stock to GDP ratio with
a linear dependence (fragment of the calculation)
Source: own calculations, based on (Shone, 2003)
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The deterministic dynamical model in a

difference form looks like:

x(t+1) = —0.0629x + 524  X(0) = X,

The fixed point (equilibrium) of the system
(the resulting time path of x(t)) is on the level of
-1.488. Any change to the parameter value is
immediately reflected in a change to the
equilibrium value (Shone, 2003, p. 8). The stability
of equilibrium is starting with the value 0 and
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the fact that the current equilibrium point has taken
the form of an attractor fixed point.

Phase plot graphical solution. On the Fig. 2,
presented below, “the fixed point is attracting the
system from any position on either side” (Shone,
2003, p. 13). Session is presented by years of
analysis. The sovereign debt behaviour is reflected
by the frequency of the problem. The figure shows
us the possible parts of the sovereign debt cycle
with an increasing movement to a straight line.

30 35

Sessions (years)

Fig. 3. Phase plot graphical solution for sovereign debt dynamics
Source: own calculations, based on (Shone, 2003)

tending to the equilibrium of -1.488 (pointed
“x star” on the spreadsheet). The system will
always converge itself (in other words, oscillating
between the repelling and attracting) to the
equilibrium, whatever basic level is being chosen.
Identically to (Shone, 2003) changing the
parameter a of the linear model, or 524 in our
example will change the equilibrium value and
changing the parameter b or -0.0629 (“system is
oscillating, but converging on the equilibrium
value” (Shone, 2003, p. 10) of the model will
substantially change the initial fixed point, not
depending on the sign (positive or negative).
Under the parameter value b of 1 the model attains
practically the negative form with the slight
oscillations between periods of time and no fixed
point. The economic sense of changing the
parameter b is in making the economic decisions
of transition from converging on equilibrium
value without oscillation. Under current economic
conditions the external financial position is under
substantial risk of moving in the direction from
stable equilibrium to “further and further from the
equilibrium value” (Shone, 2003, p. 10).

The current economic situation in the national
economy reflects the pessimistic scenario of moving
away from the stable equilibrium value (in the
direction of unique and global instability), despite

Nonlinear dynamics:

The basic value of the sovereign debt time path, as
in the linear case, proceeds from the zero level of
sovereign debt in 1991 (X (0) = 0) but with two fixed
points in the system and local instability. The recursive
nonlinear system is presented in the form:

x(t+1) = —0.007x? + 0.0161x — 0.1132 x(0) =0

The calculation within the above presented
formula (1) has created the nonlinear formula with
the appropriate graph of the following type:

Contrary to the case with the linear dependency,
the system is starting to oscillate between the values
of 0 and 11.

The general model of sovereign debt on Figure 5
is presented using 3 interrelated stocks. The primary
deficit reflects the initial point for sovereign debt
emergence with further influence on national wealth.
The stock-flow adjustment reflects the gap between
the deficit flow and the stock of the government debt
with appropriate influence on national wealth.

The stock and flows diagram has one balancing
and one reinforcing loop, which determines some
restrictions on “snowball sovereign debt effect” in
the national economy.

Simulation modelling. The simulation modelling
determines the current state of sovereign debt
dynamics under condition of short — term (4 years)
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c= 11.32
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2005 3.86411
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Fig. 4. The fixed point as an equilibrium value for a country’s sovereign debt stock to GDP ratio with a nonlinear
dependence (fragment of the calculation)
Source: own calculations, based on (Shone, 2003)
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Fig. 5. SD modelling and simulation analysis of sovereign debt in Ukrainian economy
Source: own calculations

development. The economy is not under condition
of'equilibrium until the end 0f2021. The 3 simulative
runs of sovereign debt are compared with the similar
simulation for primary deficit level. The analysis
indicates that under zero primary deficit the
sovereign debt stipulates the government to borrow
more. The results of simulation may be reflected in
3 possible scenarios: sharp decreasing of primary

deficit with appropriate sovereign debt radical
increasing; moderate decreasing of primary deficit
with appropriate sovereign debt moderate
increasing; the lowest level of primary deficit
dynamics reflects the lowest level of sovereign debt.

Conclusions and further research proposals.
The optimal level of sovereign debt reflects not just
derivative from the government deficit level but by
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itself reflects the emergence of internal imbalances
in the national economy. The principal issue is not
in complete elimination of sovereign debt, but in
finding the optimal balancing level both for it and
national budget deficit with the purpose of possible
oscillation process elimination. The optimal
sovereign debt level mirrors the future scenarios for
national wealth increasing and connected with
optimal taxation level, inflation rate and especially
stock-flow adjustment which may reduce the
possible crowding out of private investment. The
precarious economic and geopolitical situation in
Ukraine requires to take appropriate steps to avoid
the new debt restructuring or even default scenario.

One of the main ideas of our research was to
show thatthe sovereign debt can reduce substantially
national wealth with or without existence of budget
deficit. The sovereign debt can decrease national
saving and create the reinforcing loop with a higher
sovereign debt interest rate. Those negative
consequences may be substantially reduced by

sovereign debt repayment and economic growth,
which are not overlapped by the depreciation
process.

The dynamic recursive models were also
presented in the study to show the non — linear
interdependence of the indicators, which are the
basis for the “snowball sovereign debt effect”.

The scenario analysis was introduced in the very
basic form to present the interrelation between
primary deficit development and sovereign debt
dynamics with the sharp, moderate, and the lowest
level of change. It will allow to generate the
quantified model with appropriate indicators in
further research.

Future studies will be oriented onto managing
and elaborating the stocks (primary deficit,
sovereign debt, and national wealth) from external
debt management point of view, finding and
scientific explanation of the oscillations in the
existing system with the rationale of their possible
minimization or even elimination.
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TPAEKTOPISI 3AJIEXKHOCTI B MOJAEJTIOBAHHI CYBEPEHHOI'O BOPT'Y:
CHCTEMHO-INHAMIYHWI OIIXIT

Meta pocJtizkeHHs. Y CTaTTi 3aPONOHOBAHO CHCTEMHO-AMHAMIYHE MOJICTIOBAaHHS CYBEPEHHOTO OOpry
3 BUKOPHCTaHHIM KOHIIEIIIT TpaekTopii 3aexHocTi. MeToau K0C/i/IzkeHHs: 32 TONIOMOTOI0 BUKOPHUCTAHHS
CHCTEMHO-JHHAMIYHOTO IMITAI[IfHOTO MOJICITIOBAHHS aBTOP HAMAraeThCs 3HANTH HEpYXOMy TOYKY B pycCi Ha-
[IOHAIEHOTO CYBEPEHHOTO OOPTY B HAIPSAMKY HOTO piBHOBAry 3 BiJINOBIIHOIO 3MIHOO CIIPHHHSATTS ICHYFOYO1
MEHTAJIBHOT MOJIENi III0JI0 CYBEPEHHOTO OOPTy 3a JOIOMOTOIO 3MiHH CTPYKTYPH CHCTEMH.

PesyabraTu pocaizxenHs. JlocmipkeHHS PO3KPUBAE 1/ICH0 KOHIIEMINT OOPrOBUX «CHITOBHUX KYJb)» 3a
JIOIIOMOTOI0 PEKYPCHBHOTO AMHAMIYHOTO miaxoxy. IloOymoBano quHaMidHi JiHIHHI Ta HETiHIHHI peKypCHBHI
Moze Jep>KaBHOTO Oopry YKpaiHM 3 BiINOBIAHUMHK 0araToOpsAHUMH PEKypCHBHHUMH PiBHSAHHAMH. Bu3Ha-
YEeHO HEPYXOMY TOUKY SIK 3HAUCHHS PiBHOBATH JJIS CHIBBITHOIICHHS CyBepeHHOro Oopry kpainu mo BBII
3 JIIHIHHOIO 3aJIeKHICTIO. Bu3HaueHo ¢ikcoBaHy TOUKY SIK 3HAYCHHS PiBHOBArd ISl BiTHOIIEHHS CyBEpPEHHO-
ro 6opry kpainu no BBII 3 HemniniltHOIO 3anexHicTI0. OCHOBHOIO METOIO i€l YaCTHHU aHaJIi3y OyJ0 Mmokasa-
TH OUTBII CKJIAHY OCIIMIATOPHY HOBEIIHKY CHCTEMH Ta KPATHICTh MOXKIMBUX TOYOK PIBHOBATH.
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Mo:xauBe 3aCTOCYBAHHS Pe3y/IbTaTiB JocaifkeHHs. [Tomyk mo4aTkoBO1 TOUKH AJIsl BUPILLIEHHS ITH-
TaHHS JepKaBHOTO OOpry 0COOMUBO aKTyaJbHHIA I HalllOHAJIbHOI €KOHOMIKH IMiJI CHIIBHUM (DiCKaTbHUM
tuckoM, cipuunHeHuM COVID-19 Ta BoeHHuME moxisMu Ha Cxofi KpaiHu. 3 Li€0 METOK Takox Oyio
BIJITBOPEHO LIUKIIIYHY MOBEIIHKY CYBEPEHHOTO OOpry 3a gonomororo rpadika ¢asooi giarpamu. Mogento-
BaHHS Ta IMITAl[iiHUIA aHAaJIi3 3aMaciB 1 IOTOKIB JEPXKaBHOTO OOPry B YKpaiHChKill €eKOHOMIL Jal0Th 3MOTY
3poOUTH BUCHOBOK PO HEMUHYYICTh iICHYBaHHS A€P>KaBHOTO OOpPry HaBiTh HA CTAOUTFHOMY PiBHI Ta 31 30a-
JIAHCOBAaHUM HAI[iOHAJIbHUM OFOIKETOM.

BucHoBku. OnTuManbHUM piBeHb AEp>KaBHOTO OOPry BitoOpaXxkae He MPOCTO MOXIHY BiJ] PiBHA JepKaB-
HOTO Je(PIIMTY, a 0SBy BHYTPINIHIX TUCOAJIAHCIB Y HAIlIOHANIbHIN eKOHOMII. OCHOBHE MMUTAHHS MMOJIATAE HE
B MOBHIH JIIKB1JIAIIi1 JepKaBHOTO OOPry, a B MOLIYKY ONTUMAIILHOTO PiBHS OanaHCyBaHHA 5K IJIs HbOTO, TaK
1 17151 1epiuTy HaliOHATBHOTO OIOHKETY 3 METOI0 YCYHEHHS MOMJIMBOTO KOJIMBAJIBHOTO MPOLECY.

OnTuManbHUN piBEHb AEPKaBHOTO OOPTY BigoOpaxkae MailOyTHI creHapii 301IblIeHHS HalllOHAJTLHOTO
OararcTBa, IOB’53aHi 3 ONTUMAJIBLHUM PiBHEM OIONATKyBaHH:, piBHEM iHGUIALIT Ta 0COOIMBO peryatoBaH-
HSM TOTOKY 3allaciB, M0 MOXKe 3MEHIIUTH MOXJIMBE BUTICHEHHS MpHUBAaTHUX iHBecTHulild. HecrabinbHa
€KOHOMIYHA Ta TeOIMOJIiITUYHA CUTYyalisd B YKpaiHi BUMarae BKHUTH BiIOBITHUX 3aXO[iB, 1100 YHUKHYTH
HOBOI pecTpyKTypH3allii 0opry abo HaBiTh ClIeHapiro 1edonTy.

OpHi€ro 3 TOJIOBHUX iIe# AOCTiIKeHHs Oyi0 MMoKa3aTH, 110 CyBepEHHUI OOPT MOXKE CYTTEBO 3MEHIIUTH
HaIllioHaJbHE OararcTBoO 3 HasBHICTIO a0 Oe3 nediuuty Oromkery. CyBepeHHHU# 60pr MOXKe 3MEHIIUTH Ha-
LIOHATBHI 32011aPKEHHSI Ta CTBOPUTHU IMOCHITIOBAIIBHY METIIIO 3 BUILOIO MPOLIEHTHOIO CTABKOIO JEPHKABHOTO
6opry. Lli HeraTuBHI HAC/IIKH MOXYTh iCTOTHO 3MEHIINTH MOTAIlIEHHS JEP>KaBHOTO OOPry Ta €KOHOMIYHE
3pOCTaHH, SIKi He MEPEKPUBAIOTHCS MTPOLIECOM aMOPTH3allii OCHOBHOTO KariTamy.

Kuro4uoBi cjioBa: cucreMHa JUHaMiKa, TPAEKTOPIisA 3aJIeKHOCTI, KOHIIEMLis OOProBoi «CHIrOBOI Kyii»,
NiHIHA Ta HeNliHIiTHA MOJIeNTb CYBEPEHHOTO 0OpTY, KOJIMBaHHS, (ikcarlis.
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