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Our aim in this paper is to present an application of the exact model matching approach to
a linear, discrete macroeconomic model with delays. The solution is based on algebraic methods
and the development, in computer algebra software, of appropriate symbolic algorithms that
produce a class of feedback laws as a solution. These feedback laws constitute a class of potential
policies that the policymaker can implement on the system and modify its dynamics so that
predetermined, desired targets are met. In order to see the effects of different policies, we
implement two feedback laws on the system at hand. Refs 9. Table 1.

Keywords: algebraic methods, linear discrete systems, model matching, symbolic algorithms.

C. Komcuoc, H. Kocmapaxoc

VYIIPABJIEHVNE HAIIMOHAJIBHBIM JO0XOJ0M
N TOCYIZAPCTBEHHBIM J0OJITOM

IIOCPEJACTBOM ®UCKAJILHOW IIOJINTUKIA.
MOJAEJIBb, IIOACTPAVBAIOIIIAA AJITOPUTM

AduHCKNl HAIMOHAJIBHBIN yHUBEpCUTET nMeHn Kamomucrpun,
I'perusa, 10559, Adwunsl, yia. [Tlanenucrumuy, 30

Ilesbio B JaHHO# paboTe siBJIsieTCS IPUMEHEHUE MOJIEJIH, IO/ICTPAUBAIONIEHCA K JIUHEHHOM’, Juc-
KPETHON MaKpOSKOHOMMUYECKON MOJIENH C 3aJepKKaMu. PellleHre 0CHOBAHO Ha ajrebpandecKux
MeTOo/IaX U Ha PAa3BUTHUM aJIrebpandecKkoro mporpaMMHOrO 0OeCliedeHusl COOTBETCTBYIOIUX CHM-
BOJIBHBIX QJICOPUTMOB, KOTOPBIE CO3/IAI0T KJIACC 3AKOHOB OOPATHON CBA3U. DTU 3aKOHBI 00paT-
HOM CBSI3U TIPEICTABJISIOT CODOM KJIACC MMOTEHIMAJIBHBIX CTPATEruii, KOTOPBIE MOJUTUK MOXKET
peanu30BaTh, yIpPaBJsAsd CUCTEMON U M3MEHEHHEM €€ JUHAMUKH TaK, 4TOObI JIOCTUIaJIUCh 3a-
paHee 3ajaHHbIe 1eH. Jljsi TOro 4robbl MPOAEMOHCTPUPOBATh 3(PMEKT UCIOJIB30BAHUS pa3-
JIMYHBIX CTPATEruii, Mbl peajin3yeM JiBa 3aKOHa OOpATHON CBS3M B pAaCCMaTpPHUBAEMOIl CHUCTEME.
Bubauorp. 9 nazs. Tabu. 1.

Karuesvie ca06a: anrebpandeckny MeTObI, INHEHHbIE JUCKPETHBIE CUCTEMBI, MOEb, IO/~
CTpauBaloONasl aJrOPUTM.

The scope of this paper is to examine the problem of shaping the time path of a linear,
discrete macroeconomic model with delays, using appropriate feedback controllers so that
its outputs exactly follow a predetermined trajectory of desired values. This is, essentially, a
tracking problem that can be tackled utilizing the (exact) model matching approach under
which we want to modify the nominal plant in such a way that it matches a desired system.
In particular, it amounts to calculating appropriate linear, causal feedback laws such that
the resulting closed-loop system is identical to a desired one that produces the requested
output values. Although the linear model matching approach has been extensively studied
and is well documented in the control literature (see, among others [1-4]), it has not, to the
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extent of our knowledge, been used in the economic policy literature (for some exceptions,
see [5, 6]) and for a nonlinear application, (see [7, 8]) in spite of its advantages. The main
advantage of this approach is that it relies only on the use of algebraic tools. Moreover,
the algorithmic nature of the solution allows for the calculation of a class of feedback laws
appropriate for solving the model matching problem. From an economic policy point of
view, this implies that the policymaker has at his disposal a set of policy rules available
that can be used, depending on the particular problem at hand.

The macroeconomic model. We consider a linear deterministic macroeconomical
model, described by the following difference equations:

Y(t)=C@)+ I(t) + MG(t) + MGt — 1) + A2G(t — 2), (

Ct)=(1—s)YUt —1) + sVt —2), (
Yi(t) = Y () - T(t), 3

Tt)=71Y(t—1)+ E(t), (

I(t) =v(Y(t—1) = Y(t - 2), (
Bt)=(1+r)B({t—-1)+G(t) —T(¢), (6

where Y (¢) denotes the national income (GDP); C(t) is consumption; I(¢) is investment;
B(t) is the stock of public debt; G(¢) stands for government expenditures; Y'¢(t) is the
disposal income; T'(t) the tax receipts and E(t) is a distinct form of taxation, assumed
to represent extra tax on wealth. The )\; parameters indicate that the decision regarding
government expenditures in period t affects the level of GDP in period ¢ + 4; that is, there
is a delay in the realization of the effects of changes in government expenditures on GDP
levels. Equations (1)—(5) constitute a variant of the standard multiplier-accelerator model
introduced in [9] whereas equation (6) is the government budget constraint. Regarding
the parameters of the system, s € (0,1) is the marginal propensity to save, 7 € (0,1) is
the (constant) tax rate, v > 0 is the accelerator and r € (0,1) is the constant interest on
previously issued public debt. Apart from the \; parameters, delays are also introduced
into the model through equations (2) and (5), since it is assumed that the current levels

of C(t),I(t), depend upon changes in lagged values of Y (¢).

After all the necessary substitutions and some algebra we end up with the discrete
system

Y(ﬁ) — a1Y(t — 1) — GQY(t — 2) + a;:-,Y(t — 3) = )\OG(t) + )\1G(t — 1) +
NG —2) — auB(t — 1) — asE(t — 2),
B(t) = (14+ 1Bt — 1) — 7Y (t— 1) = G(t) — E(t),

here a1 = 1+v—s,a0 =s—v—7(1—3),a3 = s7,a4 = 1—35,a; = s. Thisis a
discrete input—output control system, with G(¢) and E(t) being the inputs, and Y (¢) and
B(t) the outputs. Certain initial conditions are assigned to the system, thus permitting
the calculation of all future values of the outputs for any given input sequences.

Using the notion of the g-operator, that is, a lag operator defined as: ¢™f(t) =
f(t—m), for any sequence f(t), t =0,1,2,..., the system can be expressed in the following
so-called algebraic form:

1—aiq—azq” — azq’ 1 (1O+ | } [ Egg } _ { Ao + )\1(1]+ X2q®  aaq +1a5q2 } [ ggg }
—rq —(1+47)q -
= Dla)z(t) = K(q)u(t), (7)
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where z(t) = (Y (t), B(t))T, u(t) = (G(t), E(t))T (T denotes transpose ) and D, K are the
corresponding g-polynomial matrices.

The model matching problem for the macroeconomic model. The economic
policy problem that we aim to solve is that of designing appropriate linear, causal feedback
laws such that the resulting closed-loop system exactly tracks the desired sequence of
outputs. In order to solve the problem at hand we follow the exact model matching
approach, which describe in brief. First, the desired values of the outputs, the so-called
reference sequences (say, Y*(t) and B*(t) respectively) are determined by the policymaker.
Then, a linear system is constructed, that produces as outputs these reference sequences.
Such a linear system can be represented as

D(q)z" () = K (q)uc(?), (®)

here z*(t) = (Y (t)*, B(t)*)T and D%(q), K%(q), are appropriate ¢g-polynomial matrices and
u.(t) is the command input. System (8) is known as the desired system. Now, the problem
upon discussion is that of finding linear, causal feedback laws of the form

Riq)u(t) = T(q)uc(t) — S(q)=(t), 9)

where R(q), 7 (q), S(q), are g-polynomial matrices to be determined, such that the resulting
closed-loop system will be identical (i. e. matched) to the desired system (8). The following
theorems describe the solution method and characterize the solution set.

Theorem 1. Let us suppose that a feedback law of the form (9) is connected to the
nominal plant (7). The obtained closed-loop system will give the same output with that of
the desired system (8) under the same initial conditions and the same input, if and only
if the next relations hold:

(I is the identity matrix).

P r o o f. For the sake of presentation we drop the ¢ symbol. Let us suppose now, that
z(t) = z*(t), t = 0,1,...,m — 1, where m is the largest delay, appeared in the equations
of the system. In other words, we have identical initial conditions. We shall prove that
z(m) = z*(m).

For t = m we have: Dz(m) = Ku(m) = (I + D)z(m) = Ku(m) = z(m) = Ku(m) —
Dz(m). But Ru(t) = Tu.(t) — Sz(t) and R = [ + R = u(t) = Tu.(t) — Sz(t) — Ru(t).
By setting ¢ = m and substitution we get

z(m) = KTu.(m) — KSz(m) — KRu(m) — Dz(m). (14)

All the quantities at the right hand side of (14) are delays of the sequences and thus we can
substitute the sequence z(t) with z*(¢) , since z(t) = z*(t), for t = 0,1,2,...,m — 1. From
equations (12) and (13) we get (I + R)K = K(I + R) which implies: RK = KR. From
equations (10) and (13) we get (I +R)(I+D)+KS =D? or KS =D? -1 -R-D—-RD.
Substituting all the above into (14) we have
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z(m) = KTu.(m) — D%z*(m) + z*(m) + Rz*(m) +
+ Dz*(m) + RDz* (m) — KRu(m) — Dz*(m).

Using the facts that K7 = K¢, Diz*(m) = K%u.(m), RDz*(m) = R(I + D)z*(m) =
RKu(m) = KRu(m) the latter becomes z(m) = z*(m) as requested. By induction we get
the final result z(t) = z*(t), for any ¢, and the theorem has been proved.

Theorem 2. Let us suppose that the polynomial matrices Ro, So, T, solve the system
(10)—(12), then the polynomial matrices R = Ro + QK, S = So — QD, T are solutions
too, for any arbitrary polynomial matriz Q such that QK = KQ

P r o of. Substituting in (10), we get (Ro + QK)D + K(So — QD) = RoD + QKD +
KSy — KQD. Using the facts that Rg and Sy are solutions of the system and that
QK = KQ, we conclude that the above quantity is equal to D?. Furthermore, we have
(Ro 4+ QK)K = K(Ro + 9QK) & RoK + QKK = KRy + KQK. Using again the facts that
QK = KQ and RoK = KRy we conclude that the above relation is valid. From all the
above we get that the new matrices are solutions of the system.

The algorithmic solution. Now, in order to solve the problem of designing
appropriate polynomial matrices R,S and 7 we developed two symbolic algorithmic
procedures, the “Desired System” algorithm and the “Income and Debt Matching”
algorithm. The “Desired System” algorithm is used for the calculation of the polynomial
matrices D¢, K¢, while the “Income and Debt Matching” algorithm produces the
polynomial matrices R,S and 7 of the requested feedback law.

The “Desired System’ algorithm
Input: The degrees n and m of the output and input polynomials. The desired sequences:
y*(t),u*(t), t=0,..., k.
Output: The numbers a;, 2 =0,...,n, b;, 7=0,...,m.

Step 1. We construct the system of algebraic equations for t = 0,1, ..., k:
agy*(t) + a1y (t — 1)+ -+ apy*(t —n) =bou™(t) + - - - + bp,u*(t — m).

Step 2. We solve the above system with respect to the unknown coefficients a;,
i=0,...,m,b;,7=0,...,m.

The “Income and Debt Matching” algorithm
Input: The parameters v, s, 7,7 and A\g, A1, A2. The initial conditions: Y (0), B(0), G(0),
E(0),Y(3), B(3),G(3), E(3). The input: u.(t). The reference sequences: Y*(t), B*(t).
Output: The polynomial matrices: R(8*), S(6%), 7(8").

Step 1. Form the polynomial matrices D and K.

Step 2. Using the “Desired System” algorithm, construct a family of desired
polynomial matrices D4(), K¢(0) such that the output of the system: D(0)z*(t) =
K4(®)u.(t) is exactly equal to the reference sequences. Note: the vector of the
parameters 0 consists of the parameters a;, b; used in the construction of the desired
system.

Step 3. Construct the system of polynomial equations of Theorem 1.

Step 4. Construct the coefficient matrix of the above system A and the corresponding
augmented matrix 4*"¢(9).
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Step 5. Find a parameter 8" such that rank(A) = rank(A*'8(8%)) and Rg- = I + Re~.
Step 6. Solve the system of equations of Theorem 1, with respect to the quantities
R(0), S(8%), 7(8"), for this particular 6" value.
It is a straightforward result of Theorem 2, that the output of the “Income and Debt
Matching” Algorithm, solves the national income-debt tracking problem upon discussion.

An application of the algorithm. In order to obtain a better understanding of the
effects of the proposed methodology on the macroeconomic system under consideration,
we run some simulations for a model economy. In particular, let us suppose that s = 0.2,
T=04,v=11r=5%, Ag =04, \y = 0.3, \y = 0.3, so that the open-loop system
becomes:

Y(t) = 1.8Y (t — 1) — 1.12Y (¢ — 2) — 0.08Y (t — 3) + 0.4G(t) +

+03G(t—1)+0.3G(t—2) — 0.8E(t — 1) — 0.8E(t — 2),
B(t) =1.05B(t — 1) — 04Y (t — 1) + G(t) — E(t)

and the initial conditions are Y'(3) = 100, B(3) = 215. For the purposes of our simulations,
we assume that the policymaker aims for 1% growth in the levels of Y and 1% decrease
in the levels of B, per period. Then, by applying the “Desired System” algorithm and the
“Income and Debt Matching” algorithm we obtain a class of linear, causal feedback laws as
a solution. We present the time paths for the inputs, resulting from two of the (infinitely
many) feedback laws (see Table):

Values of the control variables
under two feedback laws

Gl [ Bi() | Ga(8) | B2
31.54 4.44 35.5 8.45
30.54 2.91 40.3 12.68
32.92 4.76 49.5 21.3
33.19 4.49 50.4 58.7

~N O U x|

The G1(t), E1(t) values correspond to the following feedback law:
Gi(t) = 1.44G1(t — 1) — 0.366G1(t — 2) + 1.36Y (t — 1) — 2.48Y(t — 2) —
— 0.645Y(t — 3) +2.27B(t — 1) — 1.66 B(t — 2) + 0.234B(t — 3),
By(t) = 1.44E1(t — 1) — 0.366E1(t — 2) + 1.07Y (t — 1) — 1.707Y (t — 2) —
— 1.113Y(t — 3) + 4.049B(t — 1) — 3.53B(t — 2) + 0.35B(t — 3), (15)
whereas the Gz (t), Ea(t) values correspond to the following feedback law:
Go(t) = 1.44G2(t — 1) — 0.366G2(t — 2) + 1.33Y (t — 1) — 2.45Y (t — 2) —
— 0.642Y (t — 3) + 2.26B(t — 1) — 1.63B(t — 2) + 0.236B(t — 3),
Bo(t) = 1.44E2(t — 1) — 0.366E2(t — 2) + 1.05Y (t — 1) — 1.68Y (t — 2) —
— 111V (t — 3) + 4.046B(t — 1) — 3.51B(t — 2) + 0.354B(t — 3). (16)

As we can see from the table, under feedback law (16) the values of the inputs
necessary for simultaneously reaching the reference sequences are much higher compared
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to the values under feedback law (15). This implies that, since the size of the policy
interventions under feedback law (15) are essentially politically infeasible, the policymaker
should choose the feedback law provides a smoother transition path for the inputs.

Concluding remark. Our aim in this paper was to present an application of the
model matching approach for the design of economic policy, i. e. for the purpose of
shaping the time path of a macroeconomic model. From a control theory perspective,
the advantages of this approach are that it is based on algebraic tools and that is provides
a general class of feedback laws as a solution. The algorithmic nature of the solution
ensures that this approach can readily be extended to macroeconomic models with more
delays than those considered in this paper.
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