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APPLICATION OFNUMBER THEORY METHODS FOR TASK SOLUTION
OF INTERTEMPORALBALANCE IN ECONOMY

In this article an intertemporal balance is being
researched in one-commodity model of economy, which
consists of two aggregated agents: consumer-owner and
manufacturer. The peculiarity of this model is that the
balance is researched not only at goods market, but also
at stock market. To research the model till the very end
we don’t consider market resources, other words we
ignore the necessity to use labour and natural resources
in manufacturing.

Also, building models, which allow to reveal causal
relations between variables, is a very important problem
of economics modeling. Such models are assigned for
definition of quantitative effect of independent variables
on dependent one [1]. The solution of this task is rather
difficult. Discrepancy between the results of modeling
to correlations, which are taking place in reality, appears
due to the number of reasons, as a matter of fact
because of breaking the main prerequisites of regression
analysis. Most often they are broken because of
multicollinearity [2]. This phenomenon brings to
estimation of parameters with great dispersion, which,
in most of cases, doesn’t allow to interpret them
intensionally because of wrong signs, for instance. The
usage of prior information is a powerful means of
building regression models mentioned above. As a matter
of fact it decreases the influence of multicollinearity on
the estimation of parameters. But formalization of the
prior information is not very easy because of its
ambiguity. One of the possible approaches to the solution
of this task is being researched in this article.

1. Necessary and sufficient conditions of regular
optimality.

In conditions of regular balance, in Lagrange
functional it is possible to make the integration by parts,
as a result, the functional will take the form:
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It is clear that this expression reaches the
maximum in accord with piecewise differentiable
functions X(¢), O(t) with specified initial conditions and
in accord with piecewise continuous functions P(?) >0,
Y(t) only that time when almost everywhere at [0,7]
derivatives turn to zero by Q(t),X(t),P(t),Y(t) of
integrand in (2.1), and also derivatives (2.1) by

o(1).X(T)

fI(P(t)e™ = E(t)p(2), )
0 -

550) +p()=0, (3)
00 %17@ L5 =0, @
w(t)=E(t)s(D). (5)
D = &(T) (6)
®a =y(T) (7)

[3] contains the rigorous proof of this fact.
Thereby, to make the regular solution of agent’s
[4] by the collection of straight lines

[0(1), X (1), P(t), Y(1)] dual

[w(0),5(t),E(@), p(t), D], it is necessary that at [0,T]
equalities (2) — (7) and slackness conditions must be
accomplished [4].
Derived conditions can be considerably simplified.
Notice, firstly, because of the non-negativeness of
dual variables p(?), @ from (3), (6) appears from the above

task

and ones

that the continuous function £(¢)is non-negative when

all t €[0,T7].

Let us consider condition (2). As far as function
P(t) — is a piecewise continuous one, then it is limited
per [0,T], and then, under the function’s properties of
usefulness f'(.), inequality is accomplished P{#)>0, and
the left part of the equation (2) is positive and is separated
from 0 per /0,7]. It means, that £(¢)is also separated
from 0, and, under (6),

D>0. (8)

From (8), because of the last condition in [4], it
follows that terminal condition in regular balance is being
done like equation:
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O(T)+aX(T)=0. 9)

As far as functions &(¢) >0and y(¢) — are
absolutely continuous, from (5) it follows that
informational variables s(z) at regular balance must
be almost everywhere equal to absolutely continuous
functions. It is obvious, that overdetermination s(#)
at the set of measure 0 doesn’t break the conditions
of balance, it can be considered that the functions
s(t) at regular balance are absolutely continuous. It
means that the path of stock price s(z) and price p(?),
which compose vector-functions s(¢), must be also
absolutely continuous. But then from (2) it follows
that the price p(?) is positive and is separated from 0
per [0,T].

When s(#) are absolutely continuous the equation
(5) is done for all ¢ €[0,T]. When ¢ = T it gives the
relation (7)) = &(T)s(T), from which because of (6),
(7), (8) it follows that the agent’s task has a regular
solution, if only the coefficients of the terminal condition
are coordinated with the prices:

a=s(T).

This result saves us from the necessity to discuss
the question about the way agents evaluate their funds at
the end of the process. In the bounds of the researched
model they must evaluate them just in accord with existing
in the final courses.

Notice, if we didn’t set the terminal limit, then we

would have conditions of optimality &£(7T)=0and

w(T)=0, to provide which, it is easy to check, we
would have to allow unlimited threads into the momentt
T: either real P(?), or nominal p(?)P(2).

After we have received these conclusions, it is
possible to exclude the dual variable w(7T), and also
the auxiliary straight variable Y(t) from the system of
conditions of optimality. It is also possible to exclude
the dual variables £(¢) and @. In order to do this instead

of @(t), p(¢t) we will introduce normalized quantity
(em. (3)):

(1) @:_Lﬁg([)'

0 s S o

The equation (4) in these variables after exclusion

, p(t) =

p(t) =

of w(T) will look like () — p(¢)s() + %s(t) +o(t)=0,

and as long as &(¢) >0, in inequations in a set of
conditions of complementary slackness [4] one can
substitute ¢(¢), p(t) for @(¢), p(¢). Finally, due to the

fact that the first part (2) is absolutely continuous, the
function P(t) can also be considered absolutely

continuous. Taking logarithmic derivative from both parts
of the equation (2), we will have:

v 0
————P(t)- gy =—p(t)+12),
P o1 (O)—x =—p@)+1(2) (10)
Where v = MP(O =const >0— 1is the
J'(P()
agent’s odium on risk (v =B for an enterprise and
v = fffor an owner), and «(t) = LQP(Z)— the rate
p(t) ot

of inflation. Constant of integration in equation (10)
ultimately will be defined from the terminal condition (9),
so there is no need to identify &(¢) and @ for the agent’s
task solution.

Thus, we arrive at the following statement.

Statement 2.

1) If a regular balance exists, the path of price p(?)
and the stock price s(?) are absolutely continuous,

and p(t) > 0 where ¢ €[0,T].
2) The agents’ conduct in a regular balance is
described with the following conditions:

0 _ N _ )
5Q(t)—r(t)X(t) s(t) atX(t) p@OP(t); (11)

9O iy PO =7) 1

L P()= ; P(r) | (12)
PO = PO5(O) -1 ()= 5(0) - (13)
() X()=0, ()20, X()=0; (14)
PO =0, p(t)>0, O(t) > 0; (15)
o) +s(T)X(T)=0 ; (16)

where the initial values X (0) >0, Q(0) = 0 are given.

2. The integral of the owned capital.

The equation of financial balance (11) can be
rewritten the following way:

2 (0t+ 50X ()= (r(r) + ;s(t)]X(r) ~ pPW) (17)
On the agent’s optimal path, due to (13), (14), (15):

[V(t) + % S(t)jX(t) = pO)sOX () + )X (1) =
= p(OsX () + p(OYW) + ()X (1) = pO)OO) +5(1) X (1)),

Thus, for the value
Q) = 0(2) + s() X (1)
From (17), (16) we have

(18)

gﬂ(r) = (D + pOPW), ATY=0  (19)

In terms of the theory of optimal management,
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the value Q(T)1is a counterpart of the integral of motion
of Hamiltonian system of optimum condition.
According to Nether theory, the most interesting
integrals of motion are connected with the task’s
symmetry. As it is shown in [3], integral Q(7) has the
same origin — it emerges as a result of the fact the
agent’s task is homogeneous in relation to the funds
0(1), X (1)

From the economic point of view, as we will see
below, and as in a more common case it is shown in [3],
the valuey Q(T) can be interpreted as the agent’s owned
capital. The correlation (18) is in fact a report balance in
remains — it presents the owned capital through
pecuniary valuation of funds (assets and liabilities).

The correlations (19) show that on the optimum
path the owned capital must coincide with the given
sum of the planned “useful expenses” p(?)P{t) (dividends
for the enterprise and consumer expenses for the
owner):

—]p(v)dv

Q) = Ip(u)P(u)e ' du. (20)

Other words, as it will be shown below, the term

p(1)Q(¢) corresponds to the agent’s balance profit — the
difference of the income and expenses taking into account
the profit on reevaluation of the funds. Then the dual variable

p(t) expresses the agent’s capital profitability, and the
right part of the equation in (19) shows that the capital is
derived from the undistributed profit.

Finally, notice, that the formula (20) is positive

when t#7 . It is known, that the negativity of the
owned capital is a characteristic feature of the “financial
pyramid”. Thus, the terminal limits applied above, which
result in the formula (20), in fact, play the role of
condition of pyramid’s absence (no ponzi game
condition), which is usually applied in tasks of financial
planning. Besides, the next statement emerges from
(20), (18).

Statement 3.

Regular balance exists only if the initial conditions
for both agents meet the inequations:

Q(0) = 0(0) + s(0) X (0).

However, one must bear in mind that in these
inequations X (0) > 0O are given, and S(0) are defined
from the conditions of balance, where some
components of these vectors are knowingly negative
(which follows from the definition of the agent’s task
regular solution).

3. Regimes realized in a regular balance.

Hereon we conclude the general overview and move
on to the construction of a regular balance [4]. Conditions
of complementary slackness (14), (15) describe
alternative regimes of optimum agents’ functioning.
Provided to be in a regular balance at all moments of
time a definite set of regimes can be realized.

First of all, it is worth mentioning that if the money
funds of agents are zero in the beginning, they will
remain the same in a balance [4]. That is why, in a
regular balance the condition (15) comes to the
condition:

p()20, () =0 21

As itwas shown above, in a balancep(?) > O, C(1)>0O
TakK, 4YTO MOTPEOUTEIbCKHE PACXO/IbI COOCTBEHHUKA I10-
TOXUTENBHBL. such a way, that the consumer expenses
of the owner are positive. When the fund of money
is absent, [4], the positive expenses require positive
share stock (see [4]), and the positive consumption
requires the positive issue stock in such a way, that
in a balance

S(t) = A(t) >0, Y() >0 where t €[0,7).

Due to [4] these inequations mean that in the balance
conditions of complementary slackness (14) for both
agents are realized a

p)=0, X(t)>0.

4. Solution of the enterprise task.

According to statement 2, the solution of enterprise
task is described with system (11) — (16), for sets:

(22)

0 = W (0. X () = (A0 Y1), Y(0) = <§ 0.2 Y(r)> :

o(t) =(0, (1,0, (1), p(1) = py, (1) Where r(1) =(0, p(1)),

s(1) = (= s(0),bp(1)).
Taking into account (21), (22), this system
transforms into:

PIOY(O)+ 502 AW) - bp(0) =V (0) - Z(0)= 05 (23)

Fl (zmj _(py (t)—l(t)—A)(Z(t)J .

o p(r) B p(0)) @9
0

- Py O30+ 5(0) =0; (25)

Py O~ p() =52 pl1)=0: (26)

— S(TYA(T) +bp(T)Y(T) = 0. 27)

Excluding (25), (26) p,, (t), we get the connection
between informational variables: stock rate s(z) and the
price p():
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t

r { t(u)du]

s(t) = s(0)e’ e’ (1) = 7*19( ). (28)

p(t) ot

Thus, the system (24) — (26) is degenerated: when
the correlation (28) is done, it has multiple solutions, and
when it is broken, it has none. The ambiguity of optimum
enterprise conduct can be interpreted as continuous
flexibility of stock offer function 4(?). When the
connection (28) is broken between s(¢) and p(?) the
enterprise either doesn’t issue safety stock or tries to
place them as much as it is possible. When the connection
(28) is stable the volume of issue is indifferent for the
enterprise.

Due to the dependence of (24) — (26) system,
the equation (23) is better to change with the following
from (24) — (26) equation (19) for the enterprise’s
capital:

Q1) = p(bY (1) — s(1) A(1), (29)
and the terminal condition (27) — with condition
Q(T) = 0. Differential equations (19), (24) can be solved

easily and with (26), give the terms for Z(#) and Q(¢):

Q0)(1-B- Ab)e((lﬁf)’] [f«um}

Z(T) = T ;o (30)
B(e Bb lJb
. ((1-B-Ab)
I [Il(u)du] e B _1
Q(t)=Q(0)ebe 0 I—W 5 (31)

From the terms for the capital (31), (29), with (28),
we have the connection between the stock offer A4(?)
and the product offer Y{):

((1-B-Ab)t
z e B -1 i
Q0)e?| 1- =y —s(0)e” A(t) + bp(0)Y (1)-(32)
e B -1

Individually values A(t) and Y(¢#) cannot be

defined from the task solution, but the requirement of
the task solution of the enterprise fixes the connection
(28) between the price of the product and the stock
price.

From the conditions of optimal behavior of the
enterprise one more condition for the price condition

appears. As faras p,, (¢) > 0, from (26) it is an inequation:

(t)=———p(t)>

(z) 6t (33)

which means that there can’t be a very strong
deflation on the equilibrium path.

5. The owner’s task solution.

According to the statement 2, the owner’s task
solution is described by the system (11) — (16):

Ot) = M (1), X (1) =(S(1)), P(t) = C(1), Y (1) = <;S(t)>;

P(1)=(@5(0)), p(1) = py, (1)

where (1) =(r(t)), s(t)=(s(t)).
With (21), (22), this system starts to look like:

HOS(0) - s(t)%S(z) CpC)=0; (34
0 . (pu—)-4) . ..

5 C@) = 7 C); (35)
PuOSO) =)= 5(1)=0 (36)
s(T)S(T) = 0. 37)

This system solution asks the question on the
consumer market C(?) and on the equity market S(?). Let
us remind that due to (21) the return on capital of the

owner p,,(¢) is nonnegative in the balance. From (36) it

follows that even in case when the entitlement payment
is zero r(¢) = 0 the capital grows due to the growth of the
stock course price s{?).

6. The description of the balance.

The price path p(?), the stock course s(¢) and
the dividend rate r(z) must be formally defined from
the balances [4]. Substituting the owner’s demand
into the stock S(z), with (28), and the stream of
dividends Z(#) (30) in the partition condition and
supposing

r@) .
G(t)ze{ w90 pObY(O)
5(0)4(0)  5(0)4(0)

we will get for G(#) a nonlinear integral differential
equation:

1>0, (38)

1-B-Ab
1p-3,

OG(Z‘)[IG 7 (e P du]

-4 13-

o(l-B-Abje * I?E:A[b)e ” ['T[G?(u)eT“du] (39)
B(e —l]b 0

Bb

and the original condition G(0)=1. (40)

Statement 4. On the initial conditions that

A(0)=S(0)>0,Y(0)>0,M(0)=W(0),

the regular balance could exist, it is necessary and
enough, that at some @ >0 the equation (39) had a

positive and absolutely continuous solution G?), which
satisfies (40) conditions.
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The proof. The necessity has been already proved.
Let’s try to prove the sufficiency, other words let’s build
the regular balance, starting from the positive and
absolutely continuous function G(?), which satisfies (39),
(40) when some @ > 0. First of all, when G(?) > 0 from
(39), (40) it is the positivity of the second factor in the

left part of (39), and from @ >0 the positivity of the

, . , 0
right part of (39) is obvious. Such way, EG(Q >0,

and from the definition G{#) (38) we can find the real
rate of paying dividends:

@ - Lg G()>0

s(t)y G(t) ot

Let’s initialize now the absolutely continuous price
path randomly p(?) > 0 in such a way to satisfy the
condition (33). Then, from (28) it is possible to identify
the nominal stock rate s(z) accurate within the initial value.
The value s(0) can be defined due to and the initial
conditions from (38). Meanwhile the nominal value of
the capital of the enterprise will be positive.

(41)

fy= POBYO)

s(
(@ +1)A4(0)

B

(42)
Q(0) = p(0)bY (0) - 5(0)A(0) = ﬁ P(0)bY(0) > 0.

Thus, the informational variables are identified in
the balance. They define the positive profitability (see

(25), (36)):

0
EG(I)

G(t)

Submitting the term for p (?) in (35), we will have
the term for consumption accurate within the factor:

pM(t)zz(t)+%>0,pW(t)= l(l‘)+%>0.

1ors,
C(H)=CONG@) e ", 43)
and from (34), (37) with (41), (43), (42) — the
term for the volume of outstanding stock:

T -5
A =S@)= C(O)p(((())))G(t)I (G(u)) 7 e™du>0. (44)
S t

The initial value p(0) we have assigned above, and
s(0) we have found in a such way that the initial
consumption 4(0) > 0 is being defined categorically from
(44) in accord with assigned C(0)> 0.

Now, from (32) the issue Y{?), will be defined, which
will be positive due to the positivity of the capital of the
enterprise along all the path.

7. The existence and the uniqueness of the balance:
logarithmic utility.

The question about the solvalibility of system (39),
(40) and also about the existence of the system is still
open. The equation (39) is reduced to a differential
equation of the form with standard methods:

(ai y(X)jy(X) = ay’ () +2by(x) +ex” + fy(x) + g(x),

which, as far as we know, cannot be solved in
quadratures. To achieve function y(x) from function G(?),
we have to execute two quadratures and to solve two
final transcendental equations.

However, it is possible to pay attention to the
case when the system (39), (40) is solved easily —
this is the case of the logarithmic utility function of

the consumer =1 (see (1.13)). When g =1 the

solution of the equation (39) reduces to quadratures,
and for the real rate of dividend payment (41) we

have the term:
l*B*AbT
Bb(e Bb —IJ

T oll-B-Mb)e ™ —1)

. l—B—Abu
s)_let—e e ® 7

1-B-Ab

074 :

—oT
—_e )e Bb

which in fact shows that if § =1, then the balance

(45)

exists with all positive B,A,T,b,0 for any w > 0.
Statement 4 shows, that regular balances in the
model are not singular, it being known that this non-
uniqueness has the dual character. For one thing, if the
equation exists under some path of price change p(?), so
it will exist and under another function p(?), which
satisfies (33). It is not surprising. As far as agents don’t
keep money, inflation in the model is almost equivalent to
the denomination, which should not change the
substantive behavior of economic agents. When we
change p(?) the equilibrium paths of real variables Y(z)
and C(?), it is easy to check, do not change. Restriction
(33) on deflation appears because in the model agents
can want to stash money and it brings a profit, when the
rate of price declination becomes higher than the
profitability of the enterprise, which in our model is value

b'. The non-uniqueness of the balance, connected with

the possibility to size the prices, con be considered as
immaterial.

More important ambiguity @ > 0 B (39). As follows
from general considerations, and as it is evident from the
logarithmic utility (45), system (39), (40), if it has any
solution, then a whole range of values .

At the same time, the trajectory of real values for
different @ are different.

From the statement 4 it can be seen that the choice
of the value @ actually equal to the choice of the initial
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5(0)
p(0)

If we assume that this value is inherited from the
history of the economic system, then the resulting
equilibrium trajectory can be regarded as an idealized
description of the transition process.

value of the real stock price
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Zhykhareva Y. 1. Application of number theory
methods for task solution of intertemporal balance
in economy

Economic model is presented in which two agents

are taking place, which are producer-company and
owner-user. They are aggregated presenting productive
and non-productive economic fields. Mission is to learn
a principal of exploitations availability of intertemporal
balance for explanations of change processes in
economics. The problem was fully solved at any initial
conditions.

Key words: agent, property asset, intertemporal
balance, balance income, profitableness.

Kuxapena IO. 1. 3acrocyBannsi MeToAiB Teopii
yuces AJsi BUPIIeHHs 3aBAaHHS MiXKTMMYacoBoOi
piBHOBaru B eKOHOMimi

VY cTatTi po3mIsSAaETHCS MOJICITh €KOHOMIKH, B SIKIH
JiIOTH J1Ba areHTH: (hipMa-BUTOTOBHHUK Ta BIACHUK-CIIO-
KHUBaY, SIKi arperiioBaHO MPEICTABIAIOTH BUPOOHUIY Ta
HEBUPOOHUYY c(hepH CKOHOMIKU. MeTa — BUBYCHHS ITH-
TaHHS PO MPHUHIUIIOBY MOXKJIMBICTh BUKOPUCTAHHS MO-
JIeITi MDKYacOBOT piBHOBATrH JJIsSl OMIMCYBaHHS TIEPEXiAHUX
MPOIECiB B eKOHOMIII. OTPUMAaHO TMOBHE PO3B’sI3aHHS
3aj1a4i pH Oyb-IKHUX TOYaTKOBUX YMOBAX.

Kniouosi cnosa: arent, BIacHUi KariTall, MiXK4aco-
Ba piBHOBara, 0aJaHCOBHI MPUOYTOK, TOXOIHICTb.

Kuxapesa 10. H. [IpumeHenne MeTo10B Teo-
pUM YHCceJ JUIsl pellleHHs 3aJa4l MeKBPEMEHHOIo
paBHOBecHsI B JKOHOMHKeE

PaccmarpuBaercst MoJiellb SKOHOMUKH, B KOTOPOI
JCUCTBYIOT J[Ba areHTa: (PUpMa-MPOU3BOAUTEND U COO-
CTBEHHUK-NIOTPEOUTEND, KOTOPbIE arPerMpoBaHoO MPeICTaB-
JISIFOT IPOM3BOACTBEHHYIO M HEMIPOU3BOACTBEHHYIO ce-
psl d5xoHOMUKU. Ilens — u3yueHue Bompoca O MpUHIU-
MHATbHONH BO3MOKHOCTH HMCIIOJIb30BaHUS MOJCIN MCK-
BPEMEHHOTO PaBHOBECHSI ISl OMCAHMUS IEPEXOAHBIX IPO-
LeccoB B AKOHOMUKe. [ToirydeHo nonHoe pelenue 3a1a-
4u 1Ipu JIFOOBIX HAYaIbHBIX YCIIOBUAX.

Kniouesvie cnoea: areHt, COOCTBEHHBIH KamuTal,
MEKXBPEMEHHOE PABHOBECHE, OalaHCcOBasi NPHOBLIb, J0-
XOIHOCTb.
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