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ENVIRONMENT GUARD MODEL AS DYADIC
THREE-PERSON GAME WITH THE GENERALIZED FINE
FOR THE RESERVOIR POLLUTION

V.V. Romanuke, cand. tech. sc.
(Khmelnytskyy National University)

There is investigated the noncooperative dyadic three-person game with
the parameter, defining the penalty for the reservoir pollution. Given NE-
solutions of this game as the environment guard model not only contain
simultaneously symmetrical and favorable NE-situations for the pollution
subjects, but also may be used to force these subjects to apply the cleaning
installations completely within the non-equilibrant situation, allowing to lose
minimally though.

LHocnidxyembcs 6e3koaniyiliHa OGiaduyHa epa mpbox 0cib 3 napamem-
pOM, WO eu3Ha4yae CMSsi2HEHHS1 3a 3abpyOHeHHs1 eodolmu. HaeedeHi NE-
p0o38’sI3Ku ujei epu sik MoOesii OXOPOHU QOEKINNs He MifbKu MiCmsimb OOHO-
yacHo cumempuyHi ma eueidHi NE-cumyauii dnsi cy6’ekmie 3abpyOHEHHS,
azne makox MoXymb 6ymu eukopucmadi 0ns1 mo2o, wob 3mycumu uji cyb6-
‘eKmu 3acmocogysamu O4YUCHI criopyOu y paMKax HepieHO8axkHOI cumyauil,
wo, emim, 0o3eosnsie docszamu MiHIManbHUX empam.

Uccnedyemcs beckoanuyuoHHasi duadudeckasi uepa mpéx nuy c napa-
mMempoM, 4mo ornpedesiiem 83biCKaHUe 3a 3agpsisHeHue eodoéma. [lpuse-
O0éHHble NE-peweHusi amol uzspbl Kak MOOesiu oxpaHbl OKpyxaroujeli cpedbl
He mosibko codepxam 0OHO8PeMeHHO 8bl200Hble NE-cumyauyuu 0nsi cybbek-
moe 3agpsi3HEHUs, HO makxe Moaym bbimb UCMOob308aHbl Ofisi Moo, 4mo-
661 8bIHyOUMb 3mu CcyObEeKmMbI MPUMEHSIMb OYUCMUMETIbHbIE COOPYXEHUS 8
pamkax HepasHOBEeCHOU cumyauyuu, 4Ymo, ernpo4YyemM, rnoseosnsem 00CMUYb
MUHUMaIbHbIX 1omepkb.

Problem statement

Mathematical modeling of eco-defense events and systems is an
actual problem of fundamental and natural sciences. The dyadic
noncooperative game is the most comfortable mathematical model of
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conflict events by the interaction amongst several subjects of the
environment pollution. In the game of this class a subject of pollution
has only two pure strategies, one of which is to apply the cleaning
installations, and another is to not apply the cleaning installations. A
classic dyadic game as the environment defense model is the three-
person dyadic game [1, p. 193 — 197], where the | -th subject of
pollution has a pure strategy X; D{O, ]} for j =1, 3 by the zero pure
strategy, meant applying the cleaning installations. There are three
industrial factories, using the water from some reservoir for their
technical needs, and the natural ecological balance is restored only if
not greater than the single factory pours out the wasted water into the
reservoir without cleaning. The violation of this condition drives to the
penalty for three units from each of factories, though the application
of cleaning installations costs only one unit. Meanwhile this game
doesn’t have the simultaneous profitable, symmetric and equilibrant
situation, its formulation is not general, as that fine in three units had
been only locally fixed. And it is unknown, what solutions will be
when that fine is generalized.

Last publications analysis

Besides [1, p. 193—197], there are the origins [2, 3], where the
dyadic three-person game [4, 5] as the model of the environment
defense has been investigated. The result of [1, p. 193—197] is that
this game has the nine NE-solutions (Nash equilibrium solutions [6,
7]), four of which are in the pure strategies. Being locally fixed for
the fine in the three units, there [1, p. 193—197] have been found
some non-equilibrant situations [1, 7, 8], that had been appeared to
be simultaneously symmetric and the most advantageous [9, 10].
However, there remains the localization in those three units, which
restricts as the NE-solution, as well as the symmetric advantageous
solution, needed to be generalized.

Paper aim formulation

Assign a pure strategy of the ] -th factory as X; by X D{O,]}
0 j =1, 3. Further, assign the probability of that the | -th factory
will not use the water cleaning technology for the wasted water before
pouring it out into the reservoir as O ;O J =1, 3. In other words,
A is the probability of using the pure strategy X; =1 0 j=13.
The now expanding paper aim is to find the NE-solution of the
described game, if the fine for pouring the wasted unclean water out
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by two or three factories is all (1; d], where d is the maximal fine,
that is possible, as d cannot be infinitely large because of the law.
On the other hand, the great fines may influence negatively upon the
factory functioning [11, 12], and it may want to be stopped in it, and
this yet is not profitable for the state (or its regional economics).

Main section of investigation

Assign the payoff of the | -th factory in the pure strategies situation
{)(1, X5, X3} as K, ()(1, X5, )(3) 0 j =1, 3. Then the payoff of the | -

th factory in the mixed strategies situation {0, 0,, O is

Vi (0, ap, 05) = (1-ay ) (1-a,)(1-0;)K; (0, 0, 9+
+(1-a,)(1~a,)a K, (0,0, I +(1-a,)a, (1-a,)K, (0,1, 9+
% a,)a0K; (0,1, 9 +a, (1-a,)(1-a;)K; (1,0, 9+

+o(1-0,)a K, (1,0, )+ aya, (1-ay)K, (1,1, 9+

+o,00,0 K (1,1, 9) (1
for j=1,3 by

K,(0,0,0=K,(0,0,9=K,( 0,0,p=- 1 )
K,(0,0,)=K,(0,0,)=-1 K,;(0,0,9)= 0, (3)
K.(0,1,0=K;(0,1,09=-1 K,(0,1,0=0, (4)
K. (0,1,)=-1a, K,(0,1,)=K,(0,1,)=-a, (5)
K, (10,0=0 K,(10,0=K,;(10,0=-1 (6)
K, (1 0,)=K,(1,0,)=-a, K,(1,0,)=-1a, (7)
K.(110=K,(1L19=-a, K;(1,1,0=~-1a, (8)
K. (119)=K,(11)=K,(L1)=-a. 9)

Putting (2)—(9) into (1) gives the following payoffs:
79



Exoaociuna 6esnexa ma npupodoxopucmyeanns

Vi(oy, 0, 0,)=-1-a0p,+2ap g ~a@ g &~ ag o, (10)
Vy (o, 0,0 )=-1-a0p,+ 200 g @ g - agQ Fo , (1)
Vi(a, 0, 0,)=-1-a0 g, +2a0p g ~a g 5~ A QG #0 5 (12)

It is interesting to underline, that the payoffs (10) — (12) differ
from each other only for the corresponding probability in the mixed
strategy. This means that the equal payoffs in the being investigated
game are only on the symmetric situations 10, O, O(} by a, =0, =0,.

For searching the set 9!{, of all the acceptable situations of the
j -th factory it is sufficient to find the solutions of the corresponding

nonstrict inequality [1, p. 192]. In this way, the set Q?f is found from
the inequality

(1-a,)(1~a;)K,(0,0, 0+ ( ta,)a K,( 0,0+
+ot, (10 ) K, (0, 1, 0)+ a,00.K, (0,1, 1) <
<(1-a,)(1-05) K (1, 0, 0)+(1—at, )oK, (1, 0, 1)+

+a,(1-0,)K,(1, 1, 0+a o K, (1,1, ). (13)

Then the situations {1, a 2,0(3} which satisfy the inequalitv (13)
with the strict inequality sign, being coalesced into the set =.%“, and
the situations {0}, O, O 5} which satisfy the inequality (13) with the
equality sign, being coalesced into the set %u , and the situations

0, a,, 05 which do not satisfy the inequality (13), being coalesced
into the set %, will compound the set

g =%, U7, UZ,. (14)

As the sets of the pure strategies of each of the three factories are identical,
then their sets of the mixed strategies are identical also, and the sets

“%3_ = %1 U %u U L%z_u (15)
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and
I, =97, U “%;u U.27;, (16)

are found analogously from the inequalities
(1-,)(1-0,)K,(0, 0, 0+ ( F o )a K, 0,0}

+o, (1— o) K, (L, 0, 0)+ a,0,K, (1, 0,1) <
<(1-a, ) (1= ) K, (0, 1, 0)+(1-at, ya, &, (0, 1, 1)+

+a, (1-0,)K,(1, 1, 0+a o K,(1, 1, ) (17)
and
(1_0‘1)(1_0‘2)K3(0' 0, Q+( 1_0(1)0‘ 2K3( 0,1, 9)"'
+o, (1-a, ) K5 (1, 0, 0)+ a,0,K (1,1, 0) <
<{1-o) ) (1-a,) K (0,0, 1)+ (1—a, )oK, (0,1, 1} +
+a, (1-0a,)K4(1, 0, )+oa K,(1, 1) (18)
respectively.

The set .27, may be depicted graphically, as it was in [1, p. 194],
within the cube of situations (figure 1).

Before making it, there must be considered the inequality (18),
which is

2a0.,00, —ao, —ack, + 1= a( 20,0, —o —o, )+120. (19)
The inequality (19), taken as the strict inequality, depicts the subset

Y, < 97, lying in the plane 0, =1. As from (19)
a|(1(2a2 -1}z ao, -1 (20)

then
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f—1, -1,
(I ! \ 1

r {—] —d, =, —r.'.f]r

k. = -~ ot

* -l —a —]—a'_}

Figure 1. The cube of situations in tfe dyadic game wzgh the three factories
and their payoffs Ki (xl' X, )(3)}]:l

o act, —1

"7 a(2a, -1) 2D
M. .0
for U3 DE, ]H and

“ ac., —1

" a(2a,-1) (22)

10
for A3 0 @1 EEI The character of the transformation of the subset

J}f_ﬂ C % is shown on the frames of the figures 2—8, plotted by
the conditions (21) and (22) in the strict form. It is certain that by
the fine aD(l; 2) this subset becomes the inseparable set, though by
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a> 2 the set %1 consists of the two separate parts, and by g =2
the set %1 consists of the two half-open squares, not having the
adjacent points within the unit square.

q gq ‘
| N |

Figure 2. The set % | of the two separated hyperbolic parts
on the cube of situations in the plane Qg4 =1 »y allib, 4,

g W 9
h B

Figure 3. The set 92; 1 of the two separated hyperbolic parts
on the cube of situations in the plane Oz =1 by all{2.5, 2.4, 2

Figure 4. The set Qf 51 of the two separated hyperbolic parts
(continued to be evolved) on the cube of situatigns

in the plane 0, =1 by all{2.2, 2.1, 2.07
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e e

Figure 5. The set 93;1 of the two half-open squares,
not having the adjacent points within the unit square
on the cube of situations
in the plane 0 =1 by g =2,
and the inseparable set H- 51 on the cube of situations

in the plane (13—1 by all{1.925,1.

i1
a 1 1z '

Figure 6. The inseparable set 93;1
on the cube of situations

(completion of its evo utlon)
in the plane (13—1 by all 18 1.7, 15

Figure 7. The inseparable set 9_{ op the cube of situations
in the plane O3 =1 by ao 15,1.4,1.
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Figure 8. The inseparable set % the cube of ituations
in the plane O3 =1 by a]EI{}i 2,111

By a>2 the set 93’;0 consists of the curvilinear hexagon, lying
in the plane O, = O (it is seen as the white-colored area on the figures
2— 4), where the continuous margin belongs to this set. And the set
93'3_@,_ consists of the two parts of the parabolic cylinders with
generatrices along the O, axis, where the projections of these parabolic
cylinders on the plane O =0 may be seen as the inner parabolic
borders on the figures 2—4.

After having depicted the set (16) within the cube of situations by
a> 2, there yet may be pictured the sets (14) and (15), which are
obtained by the corresponding right-angle rotation of the set (16). Thus
the set of all the equilibrium situations

R NEAEASTAVCRVE A

N{% U9, Udn,|N{9, U9, Usn) @3

for the case g > 2 turns out to be the same structure as it is in [1,
p. 193—197] with a=3. That is the set (23) for the case g>2
consists of the following pure strategies situations:

{003 {014, {L0.¢, {LL1}. (24)
The payoffs in the situations (24) are
{K,(0,0,7 K,(0,0,) Ks( 0,0k={- & 1}0 (25)

(010,019 K(0.L)={- L&} 9
85



Exoaociuna 6e3nexa ma npupoooxopucmyeanHs
{K(10.9K(109 K(L0P={ & £}1 @)
{K@L1D) Ky (1LY Ky(LLR={-a a4, (28)

Besides, there are the three mixed strategies situations, lying on the
situations cube faces:

110 M 1 g m . 10
——0 O0-.00 0,0,-0O (29)
0 a a a a [0 [a ad

>

The payoffs in the situations (29) due to (1)—(12) are

ﬁ)l 10,051 10,051 10 0 ¥a _,_ @

! "a’al 35 aap g a - o©”
oo S v Gl e i T
5t a aamao >~ ap®V

%/Dl 1D 0l o 10,01 (40 f . %a _f
0 "al] EF E EF ap o> a o@®

Those six situations in (24) and (29), where the situation {1, 1, f}
is excluded, are non-symmetrical and, as a corollary, they are not
favorable for the pair of factories, having greater losses in (25) — (27),
and not favorable for the single factory, having greater loss in (30) —
(32). But the symmetrical situation {1, 1,:} is not favorable for the
three factories simultaneously, as each of them would have been fined
for a units, where g> 2.

Nevertheless, there are two mixed strategies situations inside the
situations cube, which are constituted due tn the nonemnty intersection
(23) inside the cube, belonged to the set %, o, N.%, ﬂﬁff .. as the
intersection of the three couples of parabohc cyhnders generatrices.
Surely, they should be symmetrical, so then assign them as

{og, 0, 0 ={a, a, 0} :{a<1>,a<1> ,0(<]>}, (33)
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{o, a,, 0} ={a,a,a} :{a<2> a'? ,0(<2>}. (34)

Letting O; =0 [J | :]T3 into the inequality (18), will find the
situations (33) and (34), transforming (18) into (19) and stating it as
the equality:

a(2cx2—20()+1= Da(a-9+ 1= Q (35)
Further, from (35) have the quadratic equation
2a0°-2a0+1= 0 (36)

which roots are the probabilities g and @ for (33) and (34):

O(<1>:2a—4/4a(a— ?) _ a—, d a2 7
4a 2a ’
O(<2>:2a+4/4a(a— 2) _ at,/d a 2 | %)

4a 2a

It is easy to check, that at® D(O; 1) and a'? D(O; 1) by a>2,
so the symmetrical situations (33) and (34) are

%a—ﬂla(a—Z) a-Jd a2 aq &2)%
7 a '~ . ' 2z g &
%a+,/a(a—2) a+\/a( a2) a*‘\/f( a—Z)%

The situation (39) payoffs
{Vl(O(@, a® a<“>),v2(a<’> e ,0(<3>) ’Vs(au ,a“,a“)} -
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:Dﬁ/a(a—z)—l—a’,/a(a—z)—l—a’,/a(a—z) + & B
& 2 2 2 &

are obviously identical. They are less than the situation (40) payoffs

“,a%,a?), v, a?,a?) (a7 a7 al?)) =

{
:%_,/a(a—2)+l+a 1/a(a—2+1+a Jdad+r &
2

: U (42
§ 2 2 g
speaking that this situation is not favorable entirely.

Thus the being investigated game by a>2 has the nine NE-
situations (24), (29), (39), (40), where only three situations are symmetrical
(absolutely fair): situation {1, 1,:} and (39), (40). Meanwhile, the
situation (40) is such that the factories bear losses, which are apparently
greater than the losses in the situation (39). Will give evidence of that
the situation (39) payoffs are greater than the situation (24) payoffs:

Vv (0(<1>, a a<]>)— K (1L19= \/a(a—j) -1- a_(_a):

i

a(a-2)-1+a = __
; 0j=13

whence (a(a—2)-1+az0 by Ja(a—2)=1-a, that for a>2 is

true. So, the situation (39) payoffs (41) are the most favorable for the
three factories simultaneously.
Noticing that

lima® =lim L(a_z) -0

a— 0 a— o a

and (J j=1,3
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V;(0,0,0=K;(0,0,9=-1

due to (2), will conclude, that the huge fines force the factories,
wanting the symmetrical fairness, to convert totally into the water
cleaning technology for the wasted water before pouring it out into the
reservoir. The maximal fine d may be determined from the reason
of the supportable and negligible volume of the unclean wasted water
sink. For instance, if (X<l> = (.1 that means a factory will pour out
only one tenth of the unclean wasted water, then completely there will
be poured only 30 percent of the unclean wasted water in relation to
the bearable volume of the unclean wasted water sink (which is
equivalent to the case when only one factory pollutes the reservoir).
By that the rate of the loss for a factory should be closely approximated
to one unit, having been fixed as |d. That is the equation

o _a-ya(a-2) _
o =2 N2 T =g, (43)
2a
by the fixed Oy will give the value g=d of the maximal fine,
satisfying the condition

V, (ag, ag, 0y)=
_V'd—ﬁﬁd—m d—\fd{d-2) d-Jd(d-2))__
T f : 2l 2d -

g, (44)
Exemplifying the above further, take |; =1.05, and from (43) by
04 =0.1 obtain that d=5.5556 Then

2

V;(0.1,0.1,0.)=- 1.0556 -l =- 1.05

and the condition (44) is not true, so the 30 percent unclean wasted
water sink is not negligible here. But taking oy =0.09 will give

v, (0.09,0.09, 0.09) = —1.04945 > —[, =-1.05,

that satisfies (44) with the fine d = 6.105, what restricts the factories
at their 27 percent unclean wasted water sink.
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Now will look at the NE-solution of the being investigated game by
the fine g = 2. In this case, might have been called marginal, there are
still the four NE-situations (24) in the pure strategies, and there appear
the three continuous sets of the NE-situations in the mixed strategies

u 10 _

= I'E’EE DCXID[O,].], (45)
o1 _

5 2 5H Da,0[0;1], (46)
M 1 q [l

0 5 %f Oa,0[0;1]. (47)

The payoffs in the situations (45)—(47) are

[
, 10y, ‘1‘0(1%, (48)

i 1D 01 10,01

3B 2 2R VeHy 2 o e e 2%_

_0 1- 3 1o O
—Ei' a,, > 0(2%, (49)
Mm 1 amvmlgamvmgamz
Dl&) 2! SB ZBEJ 2) 35) 3 21 21 3%
O 30
=71l-0;,-1-0,,——
Ei' 3 3 2%‘ (50)
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Ell 1 1;
Here remains only one symmetrical situation [2 Ll in the
mixed strategies, consequential to the symmetrical situations (39) and

o3 3 3

. . o . D—i’ s
(40) junction, and giving the equal payoffs H 2 2 2

The NE-solution of the being investigated game by the fines
aD(l; 2) may be deduced right from the discourse on the NE-
situations (24), (29), (39), (40), using the case g = 2 border conception.
So, by aD(l; 2) there are still the four NE-situations (24) in the
pure strategies, and there the three mixed strategies situations, lying
on the situations cube faces:

Ha—l a-10 [a-1 a-1 .0 [a-1 ., a-10Q
d ' D, [ ' !]-D, Diiliilj. (51)
b a all Ua a [ Ua a
The payoffs in the situations (51) due to (1)—(12) are
EV alalD ﬁla—la—lm Da—la—
1 ]

ey, = -

[
-a? 0
=0 -a-al (52)
0 a O]

%/Da—l a-1 0., 0a-1 a-1 DVDa—l al %

FHa 2 B%a 2 B a

0 " a
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E/Da—l . a-10,, 0a-1 a—lDVDa—l a 1_
D_‘]_ a 1 == a E! 2 a 1 == a Ey 3 ) , %
:E}—a 1-a* —ag
e, T (54)

As for the NE-situations within the situations cube, then their set
is empty because of the quadratic equation (36) by all (1; 2) does not
have real roots.

Conclusions and perspective of further investigations of the
noncooperative models of the environment guard

The investigated dyadic game for g > 2 has the single simultaneously
symmetrical and favorable NE-situation (39). This situation must be favorable
also for the local government, wanting the factories to be in functioning state,
as well as the reservoir to be clean. It draws the fine g > 2 to be increased
up to the maximal fine d, being fixed with the conditions (43) and (44).
In the marginal case g =2 there is the single symmetrical NE-situation

Dl 1 1% . . %_ 3 _3 3%
[12 2 2Dwr[h the corresponding payoffs H 2" 20 Obviously,

this situation is pretty unfavorable for each factory [13—15], and the
reservoir would be polluted much irreversibly. Furthermore, the
investigated dyadic game does not have the simultaneously symmetrical
and favorable NE-situations by any all (1; 2) . But its NE-solution as
the aggregate of (24) and (51) may occur useful anyway. Hence for
both the environment guard and the factories the selection of some
fine g > 2 will be the most profitable, as then the factories most likely
will use the strategies from the symmetrical favorable NE-situation
(39), giving the losses, which are greater for the one unit loss:

a(u—Z) —-1-a
2
situation (39) equilibrium, all the stated conditions may influence on

< —1, what is checked elementarily. But for the
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the factories to claim the treaty about the joint application of the
cleaning installations, that is the non-equilibrant situation {0, O,
with the minimal payoffs {—1, -1,- f} (or losses just in the one unit).
And the greater fine a the more probable that the factories will make
their pact on the joint holding the reservoir clean.

Further investigations of the noncooperative models of the environment
guard should apparently be directed to increasing the number of the
factories (or, generally, potential subjects of the environment pollution),
taking there general fines and finding the most acceptable fine for both
the factories and the environment guard or local government.
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