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Abstrat The inome tax system is the main instrument of �sal poliy

that aims to improve inome distribution and eonomi growth, but the

problem arises when there is orrupt behavior in that system. While the tax

audit is a tax ontrol tool that is ostly, the tax system should guarantee,

however, the instruments for tax olletion. In this researh work, we formu-

late a model in whih all taxpayers deide to pay taxes or not aording to

their personal inome, individual preferenes with respet to the audit and

tax ontrol information pereived in their soial environment. We develop a

theoretial model to study the struture of itizen networks that must pay

taxes. First, we assume that itizens are lassi�ed by two soial groups, the

rih and the poor. When all itizens are taxpayers, but publi authorities

are orrupt, we show that the poor group is the most a�eted by orruption.

However, when taxpayers are orrupt or tax evaders, we implement meh-

anisms to audit and ontrol this orrupt behavior. Hene, we show that

this situation of orruption and ontrol of tax payments an be represented

by several well-known theoretial games. Then, we apply the evolutionary

theory of the game in the network onsidering that eah taxpayer reeives

information from his\her neighbors about the probability of audit and that

he\she ould reat aording to his\her risk status and real inome. Suh

behavior forms a group of informed agents that propagate the information

beyond the proportions of the informed and uninformed ontributors that

are modi�ed. Our evolutionary model in the struture of the network de-

sribes the hanges in the population of taxpayers driven by the impat of

information on the future �sal audit. Our simulation analysis shows that the

initial and �nal preferenes of taxpayers depend on important parameters,

that is, taxes and �nes, audit information and osts.

Keywords: behavioral eonomis; orrupt behavior; inome distribution;

inome taxation system; network Games; population games.
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1. Introdution

The misuse of publi o�e for private gain in a manner that ontravenes the

rules of the game (so it is de�ned orruption) has been found responsible for losses

in GDP growth (Abed and Davoodi, 2000; Leite and Weideman, 1999; Mauro,1996;

Tanzi and Davoodi, 2000), in the ratio of investments to GDP (Ades and Di Tella,

1997; Mauro,1996; Tanzi and Davoodi,1998), in the ratio of publi eduation and

publi health spending to GDP (Mauro, 1998), in the ratio of tax revenues to GDP

(Ghura, 1998), in some measures of government revenues to GDP ratio (Tanzi and

Davoodi, 2000), and �nally in the amount of foreign diret investment (Habib and

Zurawiki, 2001).

Corruption may also a�et inome inequality by means of other variables like

quality and quantity of publi servies (espeially in the eduation and health se-

tors), by reduing the e�etiveness of publi spending. Inequality of opportunities

like having a healthy body and equal aess to a deent eduation may have re�e-

tions on future inome perspetives, and therefore on inome inequality. Hene, or-

ruption is likely to a�et the investment in and formation of human apital through

its impat on the e�etiveness, outomes, and omposition of publi spending, whih

in turn may undermine long term sustainable development, eonomi growth and

equality.

Both theoretially and empirially, it has been shown how orrupt praties

on the part of publi o�ials an ompromise growth and exaerbate inequalities

by distorting inentives, destroying opportunities, squandering resoures, and per-

verting publi poliy. For example, some researh papers studying the relationship

between orruption and inome inequality are, among others, the following:

1. (Andres and Ramlogan-Dobson, 2011) shows that lower orruption is assoiated

with higher inequality in Latin Amerian ountries. This result is in ontrast

with previous studies but the panel of LA ountries makes suh results robust

for several reasons, institutional and ultural aspets.

2. (Apergis at al., 2010) investigate the ausality between orruption and inome

inequality within a multivariate framework for the U.S. over the period 1980

to 2004. Using ointegration tehniques, they detet a long-run relationship

between orruption and inome inequality and a bidiretional Granger-ausality

between these two variables.

3. (Chong and Gradstein, 2007) investigates theoretially and empirially the re-

lationship between inequality and institutional quality, plaing its �ndings (of

a double ausality between these two variables) in the ontext of the on�iting

evidene as to how orruption a�ets inequality.

4. (Diner and Gunalp, 2005) use a panel dataset for the US states and �nd robust

evidene that an inrease in orruption (measured by the number of onvitions

for rimes related to orruption) inreases the Gini oe�ient of inome in-

equality and dereases inome growth. They justify this fat by saying that

the bene�ts of orruption are likely to �ow to better-onneted individuals and

groups who typially belong to higher inome groups. Better onneted individ-

uals are more likely to get the most pro�table government projets, undermining

the government's ability to ensure equitable distribution of resoures.

5. In Indonesia, (Olken, 2005) studies the extent of orruption in a large transfer

program distributing subsidized rie to poor households. Using survey data, he

�nds that losses due to orruption may be large enough to outweigh the redis-
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tributive potential of this soial welfare program beause about 18% of the rie

disappeared between the time it left government warehouses and the time it

reahed poor households, and omparing the osts of this orruption with the

potential redistributive bene�ts from the program, orruption was su�iently

large to outweigh the intended bene�ts of the program. This suggests that or-

ruption an seriously hamper the redistributive e�orts of soial programs, so

inome inequality.

6. (De Gregorio and Lee, 2002) and (Li et al., 1998) �nd that average years of

shooling, and other eduational fators, ontribute positively to a more equal

distribution of inome. (Li et al., 1998) and (Barro, 2000) are examples of oth-

ers who also �nd that more shooling appears to have an inome equalizing

e�et.

7. (Gupta et al., 2002) shows that high and rising orruption inreases inome

inequality and poverty. They onlude that poliies that redue orruption will

most likely redue inome inequality and poverty as well.

8. (Gupta et al., 2000), based on a ross-ountry analysis, �nd that orruption

inreases inome inequality through lower eonomi growth, biased tax systems

favoring the wealthy and well onneted, lower levels, and e�etiveness of soial

spending, and unequal aess to eduation and publi servies.

9. Using panel data from Afrian ountries, (Gymah-Brempong, 2001) laims that

a one-point inrease in the orruption index is assoiated with a seven-point

inrease in the Gini oe�ient of inome inequality. Despite the availability of

a panel dataset, however, this author does not address the issue of ausality.

This paper seeks to make a further ontribution to the researh analysis of or-

ruption, inome distribution, and tax ontrol, by applying game theory, and network

analysis as a powerful tool to study the behavioral dynamis of orruption in a tax

system. The tax system is one of the most important mehanisms of state regulation.

A signi�ant part of this system is tax ontrol, whih provides reeiving taxes and

fees in the state budget. A wide lass of models, suh as (Chander and Wilde, 1998;

Vasin and Morozov, 2005; and Boure and Kumaheva, 2010), have used a game-

theoretial approah, where �the threshold rule� was formulated. This rule de�nes

the value of auditing probability whih is ritial for the deision of taxpayers to

evade taxation or not. However, in real life, it is di�ult to implement tax inspe-

tions with the threshold probability beause this proess requires large investments

from the tax authority, while it has a substantially limited budget. Hene, the tax

authority needs to �nd a way to stimulate the population to pay taxes in aor-

dane with their true level of inome. Previous studies (see Nekovee et al., 2007,

Tembine et al., 2010) have shown that information dissemination has a signi�ant

impat on the behavior of agents in various environments, suh as the urban pop-

ulation, the soial network, labor teams, et.

Taking into aount previous researh (Ainelli and Sanhez Carrera, 2012; An-

toi et al., 2014; Antunes et al., 2006; Apergis at al., 2010; Bardhan, 1997; Barro,

2000; Bloomquist, 2006; Kumaheva et al., 2018), this researh paper studies the

propagation of information about upoming tax inspetions as a tool to stimulate

the population to pay taxes honestly. This approah allows the tax authority to op-

timize the olletion of taxes within the strong limitation of the budget. In this re-

searh paper, we assume that the population of taxpayers is heterogeneous in its per-

eption of suh information. Additionally, to previous researh (Gubar et al., 2015;
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Gubar et al., 2017a) suseptibility of eah agent depends on its risk-status, due to

his\her natural propensity to risk. As in previous studies we take into aount three

possible risk-statuses: risk-loving, risk-averse and risk-neutral. These three statuses

de�ne the behavior of taxpayers, aording to their intentions to evade the tax pay-

ment. For example, risk-averse taxpayers prefer to avoid the punishment from the

tax authority, therefore, they pay taxes. Risk-loving taxpayers hoose risky behavior

and try to evade the tax payment. Risk-neutral taxpayers follow to �exible and adap-

tive behavior, they an behave as a risk-loving or risk-averse taxpayers in di�erent

onditions. The eonomi environment of eah individual also impats the pereiv-

ing of inoming information. However, in this researh study, we onsider taxpayers

that have risk-neutral status omposing a population of taxpayers. The risk-neutral

behavior model investigated in this paper is taken as the basis for studies of pop-

ulations with di�erent risk statuses (Gubar et al., 2019; Kumaheva et al., 2019).

In ontrast to many di�erent works, where information transmits during random

mathes of agents, we onsider only a strutured population and hene information

an be transferred only between onneted agents.

Soial onnetions of eah taxpayer mathematially an be desribed by using

network strutures and their modi�ations. Here we assume that tax authority in-

jets information about future audits to the population and thereby the initial share

of Informed agents is formed. Informed agents an spread information over their on-

tat network and thereby the ratio between informed and uninformed agents in a

strutured population is hanged. Propagation of information also initiates the mi-

gration of eonomi agents between two subgroups: those who pay taxes honestly

and those who evade payments. However in real-life situations, many agents ommu-

niate mostly with their family and friends, suh sorts of interations an be de�ned

by the network of ontats (see Tembine et al., 2010; Gubar et al., 2015). Aord-

ing to all these reasons we formulate an evolutionary model on the network on the

network whih desribes the variation of taxpayers' behavior. If a taxpayer swithes

on another status, then she transfers to the new subgroup, and thus the qualita-

tive struture of the population is hanged. This population proess resembles an

evolutionary game. Therefore, we an use the tools of evolutionary game theory,

suh as stohasti evolutionary dynamis, to desribe the hanges in the taxpayers'

behavior. A taxpayer, who reeives the opportunity to hange her status following

a revision protool, hooses an opponent at random and swithes from status i to
status j aording to the onditional rate (Sandholm, 2010; Gubar et al., 2017a;

Sanhez Carrera et al., 2018). In other words, the taxpayer an ompare his\her
behavior with the behavior of the random agent. If the exampled strategy gives

better payo�, then she hanges her status (strategy). We estimate the initial and

�nal distribution of taxpayers whih prefer to evade taxation in a series of numerial

simulations.

This paper is strutured as follows. Setion 2 develops a simple model showing

that if all itizens are taxpayers aording to inome distribution, but there is or-

rupt behavior from publi o�ials, then a group of poor itizens is the most a�eted.

Setion 3 onsiders that itizens an evade paying taxes, and so being orrupt iti-

zens, then tax authority may onsider an auditing mehanism or tax ontrol whih

depends on both the tax rate and the penalty rate. Setion 4 develops the network

struture model for tax olletion, while setion 5 presents the numerial simulation

on suh networks strutures and its modi�ations. Setion 6 onludes the paper.
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2. Corrupt O�ials and Taxpayers

There is a homogeneous population of n taxpayers, eah of them has an inome

yi, i = 1, n. Without lost of generality, onsider the two extreme inome groups, i.e.

the rih R and the poor P . The publi o�ials always perform ats of orruption

on these two populations, as they want a bribe or part of the inome of these

itizens. Assume that publi o�ials may overvaluate, ȳ > y or undervaluate y < y,
the inome of the itizens, where y > 0 denotes the true valuation. However, this

overvaluation or undervaluation depends on the true valuation. Let ȳ and y be given
by:

ȳ(y) = λy, ∀ λ > 1. (1)

y(y) = βy, ∀ 0 < β < 1. (2)

We assume that higher values of y re�et more taxation on itizens. In ase the

publi o�ial, as an assessor, reports ȳ, the taxpayer has the right to approah a

ourt of law and appeal against the assessment. But there is a ost of doing so. The

osts of proving that the right valuation is y instead of ȳ is given by:

C(y) = α0 + α1y. (3)

C(y) ontains a �xed part α0 whih suggests that no matter what the value of y
is, for example, one has to run-around and make a ertain number of trips to the

appellate authorities. Instead α1y says that depending on y, ertain fees need to be

paid to the legal expert �ghting for the plainti�. Even if some osts are reimbursed,

there is always a net ost.

De�nition 1. Consider a proportional tax rate, τ > 0, on the true individual

inome, y, whih annot be misreported to the authorities (for instane formal

wages, publi and private salaries, shareholders, bank aounts, et.). An `honest'

system is when y(1− τ) is the individual net pay-o�.

Note that in ase ȳ is reported, a itizen would go to the ourt i� the following

holds,

y − τy − α0 − α1y > y − τλy

or,

y >
α0

τ(λ− 1)− α1
.

Whih says that the bene�t of getting a ourt-verdit must outweigh the ost of

doing so. Let

ỹ =
α0

τ(λ − 1)− α1
> 0. (4)

So, ∀ y > ȳ, the taxpayer will go to the ourt and its reservation pay-o� would be

[y(1−τ)−(α0+α1y)]. Similarly ∀y ≤ ȳ, the taxpayer itizen will not go to the ourt
and its reservation pay-o� would be (y− τλy). Notie that if someone is indi�erent

between the two, he hooses not to go to the ourt. As we mentioned there is perfet

information about individual inome by part of o�ial agents. Hene publi o�ials

know these reservation pay-o�s for these two groups of taxpayers, the rihest one,

R, and the poorest one, P . Let us de�ne these pay-o�s as

R ≡ [y(1− τ)− (α0 + α1y)], ∀y > ȳ
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and

P ≡ (y − τλy), ∀y ≤ ȳ.

The publi o�ial is orrupt and behaves in the following way. He/She would like

a bribe for announing y. But if the taxpayer insists on y instead, then the orrupt

o�ial intimidate him, and so ȳ will be assessed. Basially, the publi o�ial wants

a share of SR > 0 from itizen R and of SP > 0 from P as a bribe, where SR and

SP are de�ned by:

SR = y − τβy −R (5)

and,

SP = y − τβy − P. (6)

Let us assume that some bargaining power yields σSR and σSP to the publi o�ial,

0 < σ < 1, i.e. it is the bargaining power or how muh power orrupt o�ials have

to take over for appropriating some part of the wealth of the people.

Therefore, the net pay-o� to R and P itizens are,

ΠR = y − τβy − σSR (7)

and,

ΠP = y − τβy − σSP . (8)

We are now in a position to ompare ΠR and ΠP with y(1− τ), the net pay-o� in

a honest system (De�nition 1). That is,

ΠR − y(1− τ) = τy(1− β)− σ[τy(1 − β) + (α0 + α1y)],

hene:

ΠR > y(1− τ) ⇐⇒ σ <
τy(1− β)

τy(1− β) + (α0 + α1y)
, (9)

and:

ΠP − y(1− τ) = τy(1 − β)− στy(λ − β)

hene:

ΠP > y(1− τ) ⇐⇒ σ <
1− β

λ− β
. (10)

What (9) and (10) show, is to indiate how people with varying levels of inome (or

imputed inome), threatened by the orruption of o�ials under a bribery behavior,

ompare their position vis-a-vis the honest system versus the �orrupt-system�. Let

us state the following proposition.

Proposition 1. Rih and poor itizens prefer an honest system or a orrupt system

based on:

� For σ ≤
(

1−β
λ−β

)
, everyone prefers the orrupt system to the honest system.

� For σ ∈
(

(1−β)
(λ−β) ,

τ(1−β)
τ(1−β)+α1

)
∃ y∗ > ỹ suh that people with y < y∗ prefer the

honest system to the orrupt state and people with y > y∗, prefer the orrupt

system to the honest system.

� For σ ∈
[

τ(1−β)
τ(1−β)+α1

, 1
]
, everyone prefers the honest system.

Proof. Let us prove the above statement for eah item.
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� If σ ≤
(

1−β
λ−β

)
, from ondition (10) it is obvious that ∀ y ≤ ỹ, orrupt system

will be preferred, sine ∀ y > ỹ, we get that:

τ(1 − β)

τ(1 − β) + α0/y + α1
>

(1− β)

(λ− β)
,

and then everyone will prefer the orrupt system.

� Note that as y → ∞, the RHS of (9), i.e.

τ(1−β)
τ(1−β)+α0/y+α1

tends to

τ(1−β)
τ(1−β)+α1

. If

(1−β)
(λ−β) < σ < τ(1−β)

τ(1−β)+α1
exists y∗ suh that

τ(1−β)
τ(1−β)+α0/y+α1

= σ, where y∗ > ỹ.

Hene for all y ≤ y∗ people will prefer the honest system, whereas for y > y∗,
people will prefer the orrupt system.

� Here, along with (9), (10) is reversed for all possible y. Therefore, everyone
prefers the honest system.

Thus it has been demonstrated.

Corollary 1. Thus the riher setion may prefer a orrupt system ompared to the

one where the publi o�ial behaves honestly.

Notie that, in the general ase with given α0 > 0, α1 > 0, people with very high

y, if orrupted by publi o�ials, will go to the ourt and gets y(1−τ)− (α0+α1y).
But he\she an share a surplus τy(1 − β) + (α0 + α1y) with orrupt o�ials. So,

unless σ is high enough, his\her net pay-o� is greater than y(1 − τ) whih he\she
gets in the `honest' system. So he\she prefers the orrupt system. However, this

depends on the magnitude of α1 and σ. If α1 = 0, there is no σ < 1 for whih

everyone prefers the honest system. Moreover, for the same σ > (1−β)
(λ−β) , ritial y

∗

will go down.

For riher people, the osts for orrupt behavior are relatively low and the aver-

age ost for faing orruption goes down with the level of inome as there is a �xed

ost. Hene, the riher setion has a stronger bargaining power while sharing the

bene�t of underreported inome relative to those who are poor and fae relatively

high osts for faing orruption.

3. Corrupt Behavior of Taxpayers

Let us analyze the other side of the oin, that is when taxpayers heat in terms

of their true inome and thus try to evade taxes. As before, every itizen has a true

inome yi, but now he\she heats and delares an inome y∗i ≤ yi after eah tax

period. One again, the total set of taxpayers is divided into the groups of low-

level inome agents, the poor, and high-level inome agents, the rih. Note that the

number of partitions an be inreased, but it does not a�et the following arguments

and onlusions.

For every taxpayer i, their inomes an take only two values: yi ∈ {P, R}, where
P is the poor itizen or low-level inome agent and R is the rih itizen or high-level

inome agent (0 ≤ P < R). Delared (false, heated) inome y∗i also an take values

from the mentioned binary set y∗i ∈ {P, R}. Thus, in this model there are three

di�erent strategies y∗i (yi), whih depend on the relation between true and delared

inomes:

1. y∗i (yi) = P (P );
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2. y∗i (yi) = R(R);
3. y∗i (yi) = P (R).

Obviously that the taxpayers from the �rst and the seond groups delare their

inome orrespondingly to its true level and they do not intend to evade. The third

group is the group of tax evaders.

Those rih itizens who delare themselves as poor, hene this group is of in-

terest to the tax authority. The tax authority audits those taxpayers, who delared

y∗i (yi) = P , with the probability TP ∈ [0, 1] in every tax period.

Let's suppose that tax audit is absolutely e�etive, i. e. it reveals the existing

evasion. One the tax evasion is revealed, the evader must pay (τ +µ)(yi− y∗i ) > 0,
where positive onstants τ and µ are the tax and the penalty rates orrespondingly,

and (yi − y∗i ) is the hidden inome. For the agents from the studied groups the

payo�s are given by:

π (P (P )) = (1− τ)P ; (11)

π (R(R)) = (1− τ)R; (12)

π (P (R)) = R− τP − TP (τ + µ)(R− P ). (13)

The tax authority gets information about taxpayers' inomes from their tax de-

larations and audits those, who delared y∗i = P . The fration of audited taxpayers

is TP . It's obvious that either the agents from the �rst group (who have true inome

yi = P ) or the evaders from the third group are both in this fration of audited

taxpayers.

The total set of the taxpayers is divided into the following groups: wealthy

taxpayers, who pay taxes honestly (y∗i (yi) = R(R)), insolvent taxpayers (y∗i (yi) =
P (P )) and wealthy evaders (y∗i (yi)) = P (R)).

Hene, the following arguments, related to the searhing of possible tax evasions,

apply to the third group of the agents, delared y∗i (yi) = P (R). The following

proposition is straightforward.

Proposition 2. If taxpayers are risk-neutral, then the optimal value of audit prob-

ability depends on taxes, τ , and inversely on the penalty rate, µ.

Proof. Risk-neutral taxpayers' behavior supposed to be rational, i.e. their tax

evasion is impossible only if the risk of punishment is so high that the tax evader's

pro�t is less or equal to his\her expeted post-audit payments (in the ase when his

evasion is revealed), then:

TP (τ + µ)(R − P ) ≥ τ(R − P ).

Therefore, the ritial value of audit probability TP (due to the taxpayer's deision

to evade or not) is

T ∗
P =

τ

τ + µ
. (14)

For this type of models the optimal solution is usually presented in the form of

the �threshold rule� in various modi�ations (see, for example, (Chander and Wilde,

1998) or (Vasin and Morozov, 2005)). In (Boure and Kumaheva, 2010) this rule is

formulated so that the optimal value T ∗
P of the auditing probability is de�ned from

(14), and for the risk neutral taxpayer the optimal strategy is

y∗i (yi) =

{
R, TP ≥ T ∗

P ;

P, TP < T ∗
P .

(15)
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In our study we assume that people from risk-loving and risk-averse subgroups keep

their behavior despite of reeived information. It means that the value of olleted

taxes does not depend on these groups, whereas risk-neutral agents reat on the

reeived information and an hange their behavior. For example if a risk-neutral

agent reeives information that probability of tax audit is high then he\she pays

taxes honestly, else he\she evades.
We assume that information an be disseminated through soial networks. We

may onsider it as a �stohasti alarm� (see Sandholm, 2010), whih means the signal

to agent that he\she has an opportunity to reat to the hanges in the environment.

Nevertheless, some problems should be �xed to make the stati model desribed

above lose to the real-life proess. The �rst problem is that the players are supposed

to be risk-neutral. However, in real life, there are also risk-averse and risk-loving

eonomi agents. Another problem is that we onsider the game with omplete

information. It is assumed that the taxpayers know (or an estimate) the value of

the auditing probability, but in the urrent study, we do not take into aount the

method of reeiving information. Another problem is that the auditing with optimal

probability (11) is exessively expensive and the tax authority usually has a strongly

limited budget, thus the atual value of TP should be substantially less than T ∗
P

in real life. By taking into onsideration all mentioned reasons, in what follows,

we formulate an extended model of tax auditing whih inludes an information

omponent and an evolutionary proess of adaptation of the population of taxpayers

to hanges in the eonomi environment.

4. Evolutionary Games, Networks and Tax Colletion

In this setion, we introdue the formulation of an evolutionary model of infor-

mation spreading over the population of taxpayers. In a real-life situation, agents

who reeived information will share it with their losest neighbors, suh as family,

friends, and olleagues. Hene it is more natural to onsider a population with a net-

work struture in formalization of evolutionary game. The main di�erene from the

lassial evolutionary game is that here agents transfer information, not to a random

opponent but they ommuniate only with onneted neighbors and friends. The

paper disusses three methods of seleting neighbors in the terms network topology.

The �rst method a grid is used to de�ne the links between taxpayers. The seond

network struture is a strongly onneted network, and the third network struture

a weakly onneted network.

Let G = (N,L) denote an indiret network, where N = {1, . . . , n} is a set of

eonomi agent and L ⊂ N×N is an edge set. Eah edge in L represents two-player

symmetri game between onneted taxpayers. The taxpayers hoose strategies from

a binary set X = {to pay taxes, to evade taxes} and reeive payo�s aording to

a matrix of payo�. Eah instant time moment agents use a single strategy against

all opponents and thus the games ours simultaneously. We denote the strategy

state by the vetor x(t) = (x1(t), . . . , xn(t))
T , xi(t) ∈ X (T is a transpose sign).

Here xi(t) ∈ X is a strategy of taxpayer i, i = 1, n, at time moment t. The detailed
de�nition of the games will be presented in subsetion 4.1. Aggregated payo� of

agent i an be de�ned as in Riehl and Cao (2015), i.e.

πi = ωi

∑

j∈Mi

axi(t),xj(t), (16)
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where axi(t),xj(t) is a omponent of payo� matrix, Mi := {j ∈ L : {i, j} ∈ L} is a

set of neighbors for taxpayer i, weighted oe�ient ωi = 1 for umulative payo�s

and ωi = 1
|Mi|

for averaged payo�s. Vetor of payo�s of the total population is

π(t) = (π1(t), . . . , πn(t))
T .

The state of population will be hanged aording to the rule, whih is a funtion

of the strategies and payo�s of neighboring agents:

xi(t+ 1) = f({xj(t), πj(t) : j ∈Mi ∪ {i}}). (17)

Here we suppose that taxpayer hanges his\her behavior if at least one neighbor
has better payo�. As the example of suh dynamis we an use the proportional

imitation rule (Sandholm, 2010), in whih eah agent hooses a neighbor randomly

and if this neighbor reeived a higher payo� by using a di�erent strategy, then

the agent will swith with a probability proportional to the payo� di�erene. The

proportional imitation rule an be presented as:

p (xi(t+ 1) = xj(t)) :=

[
λ

|Mi|
(πj(t)− πi(t))

]1

0

(18)

for eah agent i ∈ L where j ∈Mi is a uniformly randomly hosen neighbor, λ > 0
is an arbitrary rate onstant, and the notation [z]10 indiates max(0,min(1, z)).

4.1. An Instant Game

As in lassial evolutionary game theory, the instant ommuniations between

taxpayers is desribed by two players bimatrix game. We denote by A a matrix

for the �rst player and the payo� matrix for her opponent by B = AT
. The next

modi�ed payo� matrix is adapted to the model of tax ontrol.

Remark 1. Corruption and evasion of taxation an be analyzed as baseline games,

i.e. i) prisoner's dilemma game, ii) stag hunt game, and iii) hawk-dove game.

Whereas total tax revenue depends on information regarding the tax ontrol system.

The urrent subsetion examines an instant game between a ouple of taxpayers

in a strutured population. As it was shown in (Sandholm, 2010; Weibull, 1995)

the instant interations between taxpayers an be de�ned by two-players symmet-

ri bimatrix game Γ (A,B). There are exist four lasses of two-players symmetri

bimatrix games, where eah lass is haraterized by the struture of the game, gen-

eral properties of strategies, and equilibrium pro�les. Below we present the three

types of suh bimatrix games in terms of tax-ontrol system and use their strutures

as a possible senario of the interation between two agents in the proess of the

dissemination of information.

Sine the struture of the strategies sets and payo� funtions are the same

in this lass of games then the payo� matrix for the �rst player is denoted asA
and for the seond player, payo� matrix is de�ned as B = AT

. Aording to this

notation, in tables below strategies and payo�s of the �rst player are represented to

simplify the visual presentation. In our study, we suppose that the payo� matrix of

the instant game between onneted agents has the struture of one of the following

lassial games: the Prisoner's Dilemma, the Stag Hunt game, the Hawk-Dove game.

Sine the struture of these bimatrix games is well-known, they are appropriated to

evaluate the impat of network struture and imitation rules. Further, an instant

interation an be modeled by using the speial struture of the game.
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The Prisoner's Dilemma Firstly, we modify the Prisoner's Dilemma in terms

of tax-ontrol:

C D
C π + SW π − SW
D π(L(H)) π

where strategy C is �to ooperate� and an be interpreted as behavior �to pay taxes�.

Strategy D orresponds to behavior �to defet� in the lassial formulation, but in

our interpretation, it desribes behavior to evade. The seond player uses the same

strategy set {C,D}. Payo�

π = 1/2π(P (P )) + 1/2π(R(R))

is an average pro�t of the �mean� agent, parameter SW > 0 de�nes soial welfare,

obtained for the partiipation in soial onsolidation, whih means that if taxpayers

pay taxes then he\she reeives some soial goods provided by the olleted taxes.

The Stag Hunt game. Sine this bimatrix game desribes a soial hoie

between personal and publi goods then we hoose it as an alternative instant game

between onneted taxpayers. Here payo� matrix for the �rst player is

S H
S π + SW 0
H π − SW π − SW

where we an interpret player's strategies in the following way: strategy S and H
orrespond to hunt and a hare in the lassial ase. The seond player uses the

same strategy set {S,H}. In our framework strategy, S de�nes honest behavior and

ditates taxpayers to pay taxes and strategy H �ts to evasion respetively.

The Hawk-Dove game. As the third alternative of the instant game we

use the Hawk-Dove game, whih also desribes a on�it between more and less

aggressive players. As in previous ases, we de�ne a payo� matrix for the �rst

player as:

H D

H
π(P (R)) − (τ + µ)(R − P )

2
π + SW

D 0 π+SW
2

where strategy H orresponds to Hawk, behaves aggressively, in our framework it

de�nes the behavior to evade taxation. Strategy D orresponds to be a Dove, who

behaves passive, and in our formulation, this strategy de�ned the honest behavior

and player pays taxes. The seond player uses the same strategy set {H,D}. Here we
suppose that individual payo�s satisfy the inequality π(P (R)) << (τ + µ)(R− P ),
whih means that it is appropriate for the large values of parameters τ and µ, when
there is a big di�erene (R − P ).

4.2. Total Tax Revenue

We use the next assumptions to desribe the aggregated system osts whih

our during the proess of information spreading over the population of taxpayers:
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� The onsidered population is restrited by the subpopulation of rih taxpayers

R with high level of inome, where nR is a number of agents in population;

� If there is no information irulates in the populations then the total population

evades hene nR = nev, where nev is the number of evaders);

� If information is injeted in the initial time moment by the tax authority then

we denote by n0
inf = n0

nev the number of informed taxpayers about inreased

probability of tax auditing and then they deided not to evade;

� In eah time moment we have nR = nev(t) + nnev(t) (or νnev(t) + νev(t) = 1),
t ∈ [0, T ], where T is the time of information injetion.

Based on these assumptions we an state the following orollary.

Corollary 2. There are two di�erent types of models for tax ontrol. The �rst

model does not inlude the proess of information dissemination. If the information

does not irulate in the population then risk-neutral taxpayers do not pay taxes.

Also if taxpayers suppose that the probability of auditing is rather small (Tp < T ∗
p ),

then they also evade and the only honest taxpayers are risk-averse agents.

Hene, we an ompute the total tax revenue in ase of the absene of informa-

tion, i.e.

TTR0 = nP τP + nR (τ P + TP (τ + µ)(R − P ))− nTP c. (19)

If we take into aount the dissemination of information in the population of tax-

payers then at the initial moment tax ontrol system injets information into the

population. Sine information starts to irulate in population then we have a

share of informed taxpayers ν0inf = νinf (t0). The ost of unit of information is

cinf (cinf << c). At the moment when the system reahed its steady state νinf
is the share of those who pereived information and paid taxes, νev is the share of

those who still evades. In this ase the total tax revenue is

TTRT = nP τP + nR

(
νTnevτR + νTev (τP + TP (τ + µ)(R − P ))

)
−

−n(TP c+ ν0infcinf ),
(20)

where νTnev is the share of taxpayers who don't evade at the moment t = T , νTev
is the share of taxpayers who ontinue to evade taxation at the moment t = T ,
ν0inf is the value (fration) of the informational injetion at the initial time moment

(ν0inf = νinf (t0)).
In the following setion, we present a simulation analysis on dynami networks

to verify the aforementioned about the ontrol of tax olletion, onsidering: i) tax

and penalty rates, ii) probabilities and osts of auditing, iii) the information levels,

and so iv) looking at the network's dynamis of the share of tax evaders itizens.

5. Numerial Simulations

In this setion we represent the series of numerial experiments to illustrate

evolution of the behaviors in the population of taxpayers in the long-run period and

estimate the impat of information propagation on the desire of evasion. By using

the model of information spreading, we run experiments for di�erent ases of the

network topology and instant games. All experiments inlude a grid, strongly and

weakly onneted random graphs.
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The evolutionary proess of spreading information in the population of taxpay-

ers is based on the instant bimatrix games suh as the Prisoner's Dilemma, Stag

Hunt, Hawk, and Dove games to de�ne the interonnetions between taxpayers.

The empirial data used in all experiments are based on the following values for

tax and penalty rates (see. tabl. 1) and the distribution of inomes over the total

population. The distribution of inomes has been taken from (The web-site of the

Russian Federation State Statistis Servie, 2018).

Table 1 ontains values of general parameters of the model. Subsetion 5.1. shows

the seleted experiments, whih re�et the most interesting ases of the system evo-

lution, whih demonstrate the failities of the speially designed software. Multiple

running of the sript enables to assess the trends in the behavior of taxpayers and

an serve as a basis for further development of the deision-making system.

The results of the iterative proess of spreading information over the population

of taxpayers were visualized on a small network of 25 nodes (nR = 25), however, all
these results an be extended for a large number of nodes. Aording to the formula

of total tax revenue (19) we alulate total tax revenue, whih is TTR0 = 56855.81
rub in eah experiment. In all �gures the idential notation is used to de�ne the

nodes in the networks: we mark the agents who use strategy �to pay taxes� as

yellow dots and the agents who use strategy �to evade� as the blue dots. Series

of numerial simulations have been split into several series of experiments subjet

to the network on�guration. The results of di�erent runs of speially developed

software are summarized in tables 3-6. In all tables the next notations are used:

PD orresponds to the Prisoners Dilemma game, HD orresponds to the Hawk-

Dove game, SH orresponds to the Stag Hunt game.

Table 1. General parameters for numerial simulations.

Parameter Value

tax rate τ = 13%

penalty rate µ = 13%

optimal value of the probability of audit T ∗

P = 0.5

atual value of the probabilities of audit TP = 0.1

unit ost of auditing c = 7455 (rub.)

unit ost of information injetion cinf = 10%c = 745.5 (rub.)

stopping point of the iteration proess

√√√√
n∑

i=1

(xi(t)− xi(t+ 1)) ≤ 10−3

The distribution of the inome among the population of the Russian Federation

in 2018 (see Tab. 2).

5.1. Experiments

Series 1: Grid. This paragraph represents the results of numerial experiments

on the network of the grid and di�erent strutures of bimatrix games. Table 3 ollets

some auxiliary information of the experiments: type of the instant game, initial and

�nal states, et.
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Table 2. Two modeled groups and average inome

group inome interval

(rub./month)

average inome

(rub.)

share of population

(%)

P less 25000 P = 12500 43

R more 25000 R = 50000 57

Table 3. Results of Simulation for Grid

Num- Initial injetion Initial Payo� Number of Final The value

ber of information state matrix iterations state of TTRT

ν0

inf (n0

nev , n
0

ev) (nT
nev , n

T
ev) (rub)

1 15 (15, 10) PD 6 (0, 25) 24 071.12

2 11 (11, 14) SH 2 (11, 14) 49 306.94

3 4 (4, 21) HD 25 (25, 0) 87 592.56

In the urrent experiment, we an notie that if the interation between tax-

payers is de�ned by the Stag Hunt game, then the number of non-evaders and,

therefore, the total tax revenue is inreasing.

Figures 1 � 3 illustrate the evolution of the taxpayers preferenes during the

long-time period. In all experiments pairs of �gures demonstrate the proportions of

evaders nev and non-evaders nnev taxpayers in population in the initial and �nal

time moments.

Fig. 1. Initial state: (nnev , nev) = (15, 10); �nal state: (nnev , nev) = (0, 25).

Series 2: Random Graph. The urrent series of numerial experiments rep-

resent results for the ase of the random graph. Table 4 ollets some auxiliary

information of the experiment.

This series of experiments demonstrates the e�etiveness of the Hawk-Dove game

struture amongst the others. In this sheme, the number of non-evaders is inreas-

ing, and therefore we have TTRT > TTR0.

Fig. 4 illustrates the hanges in taxpayers' behavior in the initial and �nal time

moments.
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Fig. 2. Initial state: (nnev, nev) = (11, 14); �nal state: (nnev , nev) = (11, 14).

Fig. 3. Initial state: (nnev , nev) = (4, 21); �nal state: (nnev , nev) = (25, 0).

Table 4. Results of Simulation for Random Graph

Num- Initial injetion Initial Payo� Number of Final The value

ber of information state matrix iterations state of TTRT

ν0

inf (n0

nev , n
0

ev) (nT
nev , n

T
ev) (rub)

1 4 (4, 21) HD 18 (25, 0) 87 592.56

Fig. 4. Initial state: (nnev , nev) = (4, 21); �nal state: (nnev , nev) = (25, 0).

Series 3: Strongly Conneted Network. This paragraph represents the re-

sults of experiments obtained for the strongly onneted network. Tab. 5 ollets

additional information about numerial simulations.

In this ase, the Prisoner's Dilemma seems to be the most e�etive in eonomi

meaning.

Figs. 5 � 7 illustrate the evolution of the taxpayers' behavior.
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Table 5. Results of Simulation for Strongly Conneted Network

Num- Initial injetion Initial Payo� Number of Final The value

ber of information state matrix iterations state of TTRT

ν0

inf (n0

nev , n
0

ev) (nT
nev , n

T
ev) (rub)

1 16 (16, 9) PD 8 (0, 25) 19 598.12

2 13 (13, 12) SH 7 (25, 0) 80 883.06

3 7 (7, 18) HD 11 (22, 3) 78 270.25

Fig. 5. Initial state: (nnev, nev) = (16, 9); �nal state: (nnev , nev) = (0, 25).

Fig. 6. Initial state: (nnev , nev) = (13, 12); �nal state: (nnev , nev) = (25, 0).

Fig. 7. Initial state: (nnev, nev) = (7, 18); �nal state: (nnev , nev) = (22, 3).

Series 4: Weakly Conneted Network. The results of experiments for the

weakly onneted network are summarized and presented in the Tab. 6.
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Table 6. Results of Simulation for Weakly Conneted Network

Num- Initial injetion Initial Payo� Number of Final The value

ber of information state matrix iterations state of TTRT

ν0

inf (n0

nev , n
0

ev) (nT
nev , n

T
ev) (rub)

1 14 (14, 11) SH 4 (20, 5) 68 327.87

2 4 (4, 21) HD 6 (16, 9) 66 335.12

Fig. 8. Initial state: (nnev , nev) = (14, 11); �nal state: (nnev , nev) = (20, 5).

Fig. 9. Initial state: (nnev , nev) = (4, 21); �nal state: (nnev , nev) = (16, 9).

The main result of the experiments is that the information spreading is non-

e�etive for the weakly onneted network in both game strutures: the Stag Hunt

and the Hawk-Dove games.

Figs. 8 � 9 illustrate evolution of the system under information spreading.

5.2. Numerial Simulations: the Main Trends and Disussion

The series of numerial experiments show that the �nal distribution of taxpayers

between honest and evaders depends on some reasons. We reeive that network

struture and an instant game between onneted taxpayers strongly in�uene the

�nal state. In our simulation, we have that if we hoose the Prisoner's Dilemma as

an instant game then due to the properties of this game, evaders, whih strategy

orresponds to strategy D prevail. That means that the equilibrium is ahieved in

the ase when both interating agents hoose a strategy of tax evasion. If we use

the Stag Hunt game as a game between onneted taxpayers then we have several

subases:
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� If we alulate umulative and average payo�s with a uniform initial distribution

of strategies then in the steady-state the honest taxpayers prevail.

� However we reeive that both mixed equilibria are possible, as well as situations

where all taxpayers at the �nal moment shy away or not evade taxes.

For the Hawk-Dove game as an instant game, we have that mixed equilibrium or

equilibrium of non-evaders prevail. There is a positive trend from the �sal author-

ities' point of view: the inrease in the number of non-evading agents.

Additionally, it an be notied that the �nal distribution of taxpayers in an

iterative proess of information spreading depends on the number of iterations,

the existene of isolated groups of taxpayers who are not involved in propagation

proess; the initial injetion of the information (the share of those who reeived

the information); lass of payo� matrix whih in�uene on the struture of Nash

equilibria.

As the main results of the series of numerial simulations we an see that the

propagation information about possible tax audits over the papulation of taxpayers

brings a positive e�et for the total revenue of the �sal system and inreases the

total amount of honest taxpayers. Knowledge of the struture of the payo� matrix

simpli�es the behavioral analysis of the impat of information on the e�etiveness

of tax ontrol.

6. Conluding Remarks

Corruption on the part of the bureauray appears or operates in several ways,

but above all in two diretions: diversion of resoures in non-existent �rms; or in

work ontrats drafted and designed with the skill to eonomially favor one or

both parties, i.e. the agreement between the government and private initiative at

all levels. From this perspetive, publi expenditure, as an integral part of national

inome, is diverted and therefore only a small part of the population, in general, the

rihest is bene�ted, but above all, beause as a positive multiplier e�et of the eon-

omy, its appliation distorted that impat, reduing aggregate inome and therefore

aggregate demand, the domesti market. In the absene of e�ieny in publi ad-

ministration, plus impunity between the parties involved in orruption, for the rih,

it is easier to resort to bribery or ollusion, both to redue proessing times and to

ondut business with guaranteed pro�t. Although orruption is an important fator

in the inequitable distribution of inome, as the model demonstrates, and therefore

a fator that an in�uene the redued eonomi growth, although the streamlining

of proedures through bribery ould eventually boost business. However, inequality

is one of the most visible e�ets of orruption.

In this researh paper, we study the network's dynamis of agents with High

and Low levels of inome (Poor and Rih agents), where these two groups of agents

di�er by their relation to orruption on a tax payment system. It is known that

audit of the whole population of taxpayers needs a large budget to ath taxpayers

who prefer to evade taxes and reah an optimal value of audited subpopulation.

However, usually, the tax authority has a limited budget and it is neessary to �nd

additional methods to reah an optimal share of audited taxpayers.

Therefore, we have inluded the proess of information spreading into an evo-

lutionary model of tax ontrol on the network. The evolutionary model helps to

estimate the impat of information about a future tax audit, reeived from the

tax authority on the deisions of taxpayers. We also reformulate lassial bimatrix
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games in terms of the tax authority system to use them as instant games into the

evolutionary proess. Series of numerial simulations have shown that the �nal dis-

tribution of taxpayers who pay taxes depends on the network struture and reeived

information. Hene propagation information about possible tax audits gives a pos-

itive e�et on the total revenue of the �sal system and inreases the total amount

of taxpayers who prefer to pay taxes honestly. The proess of hanges in taxpayers'

behavior over time is presented by the ompliated model we illustrate in numerial

experiments.

Tax authorities disseminate information that they intend to verify no less than

this proportion of the population. However, sine the budget is not always suh

as to provide suh an audit plan, this information, in partiular, may turn out to

be misinformation. But even in this ase, it is eonomially e�ient (inreases tax

olletion), whih we showed using our simulation modeling. All experiments were

made under the assumption of full rationality of agents, whih means that we take

into aount only risk-neutral agents, but in the future, it is possible to extend the

model with risk-loving and risk-averse agents.

The urrent researh shows that one of the most important aspets for restarting

the momentum of eonomi growth and the distribution of wealth for development,

among other strategies of e�etive eonomi poliy, is to redue orruption and,

above all, to have e�etive ontrol of the ability to ollet taxes to apply a poliy

for the redistribution of inome.
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