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Abstract

This paper presents a new approach to measureathepter uncertainty for optimal simple
monetary policy rules in the New Keynesian dynastachastic general equilibrium models.
More precisely, we propose a new algorithm whichbées to directly introduce parameter
uncertainty into the optimal simple precommitmenter problem. As a result we find
distributions of the optimal monetary policy reaas and the minimized welfare losses. To
compare the distributions of the monetary policyapeeters and the welfare losses we apply
the first order stochastic dominance ordering (SDihe SD1 inequality between the
probability distribution is verified by means ofetiKolmogorov-Smirnov test. The proposed
algorithms are applied to the Erceg, Henderson bedne (2000) small-scale closed
economy model estimated for the Polish economy.tkRerwelfare-loss-minimizing central
bank, we examine three types of the dynamic spetifin of its policy rule: backward-,
current- and forward-looking. Finally, for a giveat of optimal and implementable monetary
policy rules, we show that the fully specified f@md-looking monetary policy rule with
interest rate smoothing mechanism minimizes thdaneloss in the sense of the stochastic
ordering SD1.
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1. Introduction

A generally accepted principle of economics stétaspolicymakers in central banks
shouldact in an optimal mannersge (Tinbergen 1952), (Blinder 1999), (Clarida,iGatd
Gertler 1999), (Taylor 1999), (Woodford 20P3When making policy decision agents face a
problem of constrained optimization, where the gwfahn optimal central bank is to choose
the policy instrument to minimize the expected waedf loss subject to dynamic
macroeconomic equations that contain forward-logknmational expectationsThere are
several sources of uncertainty that can disturbntbeetary policy rules (see (Poole 1998),
(Goodhart 1999), (Blinder 1999), (Greenspan 200@natski and Williams 2003);
(Woodford 2003)). The main source of this randomsnesrresponds to exogenous shocks
disturbing the macroeconomic variables from theeady-state values. The Bayesian
approach to macroeconomic modeling assumes thatpdiseerior distribution of model
parameters is another source of uncertainty. Masgarchers and central bank practitioners
emphasize that due to uncertainty a little stodggnef the central bank policy-makers is
entirely appropriate (see Blinder 1999). Moreoy€how et al. 1975) reported that there is no
clear dependence between the parameter uncertdtyhe policy rules. Thus quantitative
research on the impact of uncertainty on the shadpeptimal macroeconomic policies is
required.

The usual approach to optimal monetary policy imp@atation in dynamic stochastic
general equilibrium model@©SGE modelsassumes that when solving the optimal control
problem of minimizing welfare losses the fixed \eduof structural model parameters are
taken into account with certainty (see (Erceg, Heson and Levine 2000), (Giannoni and
Woodford 2002), (Taylor and Williams 2010) and refeces therein).

When the Knightian robust policy rules are used thstributions of parameter
uncertainty are not available. In the first steptca bank policymakers consider the worst-
case scenario by maximizing the welfare loss olierrange of plausible parameter values
and, then in the second stage, she minimizes thistwase value of welfare loss with respect
to policy instruments (cf. (Kendrick 2005), (Onatakd Williams 2003)). In several research
papers, the authors using the min-max techniqueepréhat the robust optimal policy rule
gives more aggressive responses of the interesttoainflation and the output gap shocks
than is the case of parameter certainty (cf. (Qmatsd Stock 2002), (Giannoni 2002) and
(Giannoni 2007)). There is also possible to comstmean robust monetary policy rule for

models with parameter uncertainty (see (Justiniand Preston 2010), (Gorajski 2017)).



Using this approach we minimize the expected vafugelfare loss, where the expectation is
also taken with respect to the random model’s patars. In these approaches, both robust
policy reaction functions are derived with certgiriloreover, robust Bayesian rules are also
designed to account for both model and parameteertainty (see Levine et al. (2012),
Cogley et al. (2011)and reference therein). In all above approaches,observe the
following inconsistency between simple optimal, usbpolicy rules and the macroeconomic
model, the optimal and robust response coefficianés given by the unique deterministic
numbers, while the assumed macroeconomic modddssreed with parameter uncertainty.
As optimal or robust central banks act in the utaerenvironment they should not be the
prisoners of a single vector of response coeffisielo solve this inconsistency we assume
that the optimal policy coefficients are random ialles with probability distributions
inherited from the posterior distributions of sttwal model parameters.

Our paper makes two principal contributions. Fiwgt, propose a new algorithm which
enables us to find and examine posterior distrimsti of the optimal monetary policy
reactions and the minimized welfare losses. To @mphe distributions of the monetary
policy parameters and the welfare-losses we appdy first order stochastic dominance
ordering (SD). The SD1 inequality between the probability dimsition is verified by means
of the Kolmogorov-Smirnov test. Theecond contribution involves the application of our
approach teet of optimal and implementable monetary polidgsuThe proposed algorithms
are applied to the Erceg, Henderson and LevineQR8fall-scale closed economy model
estimated for the Polish economy. For the welfassiminimizing central bank, we examine
three types of the dynamic specification of itsipokule: backward-, current- and forward-
looking. Finally, for a given set of optimal and pramentable monetary policy rules, we
show that the fullyspecified forward-looking monetary policy rule witinterest rate
smoothing mechanism minimizes the welfare-lossiengense of the stochastic ordering SD1.

The paper is organized as follows. In the nextisectwe introduce the Erceg,
Henderson and Levine small-scale DSGE model. Ini@ed we present the Bayesian
estimation procedure f@SGE modelsSection 4 contains our new algorithm to measure the
uncertainty of optimal policy reactions. In Sectidrwe perform uncertainty assessment of
optimal monetary policy ismall-scale DSGE modektimated for the Polish economy. In the

last section, we conclude our findings.



2. Thetheoretical mode

This section considers a closed economy vetsibthe New Keynesian model (Erceg,
et. al. 2000) with sticky prices and wages a lav€41983). Our economy consists of final
good firms, the intermediate good firms, the lahgency, and households. It is assumed that

firms are indexed by € [0; 1], whereas households by [0; 1].

Final good,Y;, consists with an infinite number of non-perfectbubstitutive
intermediate good$,(j), and it is produced according to following thehteaslogy (Dixit,
Stiglitz, 1977):

1+Tp

1
Y, = || Ye(D**rdj (1)
J

where: 7, > 0 is the monopolistic mark-up on the goods markepr@sentative final good
firm maximizes its profits and treats the priceadfnal goodP; and price of intermediaje

goodP,(j) as given. Thus, the optimal demand function iggily:

1+7p

w=(5) ”

for all j € [0; 1] and where the implied general level of pricesiveig by:
1 ~Tp

P, = f P.(j) " dj 3)

0

We assume that every intermediate ggods produced by an monopolistically

competitive firm using only labor inpulé according to the following technology:

Y.(j) = efL) (4)

* Although Poland is an example of the small sca@lenoeconomy we focus on closed economy model since
allows us to limit number of parameters and consatjy limits the computational effort. It is worttoting that
Krajewski (2015), Baranowski and Kuchta (2015) adl ws Baranowski et. al. (2016) estimate or catibithe
closed economy DSGE model for Poland.



where: ef represents the level of technology which evolvesoeding to stationary AR(1)

process:
Ine =(1—p)Ine* +p,Inel | +o,nt; nE~i.i.d.N(0; 1) (5)
where: p, € (0;1) is an autoregressive parameter and> 0 represents the standard

deviation of technological shock.

We assume that each firm hires labor at a perfecigpetitive labor market and pays a
real wagew;. Under the technology of production (4) the reargmal coskRMC,(j) does

not depend on the level of output:
w.
RMC(j) = — 6)
t

Following Calvo (1983) and Yun (1996), it is assdhthat in each period only a
randomly chosen part of intermediate firris; 8, € (0; 1), is able to reoptimize its price.

Each firm chooses the price to maximize the exgokstim of discounted profits:

Peys

c S/1t+s . Pt i .
E; {;(ﬁezﬂ) Tth+50) ﬂ - RMCt+s(])l} (7)

subject to demand function (2), Wh(—;&*é% is the stochastic discount factor ands the
t

rational expectation operator. The rest of thegwi@mains constant. The first order condition

IS given by:
N s Atts , . Pi(j
Et{Z(ﬁep) () [(1+rp)RMct+so)— Pf) }: o @
where:
(RGO .
) = (2) 7 v ©

Condition (8) shows that the intermediate good fohooses the price to equate expected
average future marginal revenues to average faxpected markups over real marginal cost

(Schmitt-Grohe, Uribe, 2004a, p. 13). Since allptenizing firms face identical demand



curve (2) and real marginal cost (2), they will cke the same price. This property allows us

to express the price of a final good (3) as:

147 Tp

1
P, =|(1—-6,)P; ®+06,P_7F (10)

Labor servicesl,, are provided by an agency which aggregate ttexrdgeneous labor
services,L;(i), delivered by households, into homogenous inpubgughe following

technology:

1 1+7Ty

L, = f Lt(i)ﬁdi (11)

0

where:t,, > 0 is the monopolistic mark-up on the labor markete Toptimal demand for

labor is represented by:

14Ty

Le(i) = (Wt(l)> YL (12)
Wt
for all i € [0; 1] and wherew,(i) is the real wage of househalénd the real wage; is
given by:
1 “Tw
_t
W, = f we (D) i (13)

0

Each household tends to maximize the lifetimetytdiescribed by:

N Coare (D)% Ly (D)0
Et{Zﬁ"e&k[ e ]} (14)

k=0

where:C;(i) is consumption3 € (0; 1) is a subjective discount factd, > 0 represents the
relative risk aversion parametég,> 0 is the inverse of Frish’s labor elasticity, denotes

preference shock which follows a stationary AR(fgess:

Ine? =(1—py)Ine? +p,Inel ; +opn?; nP~i.i.d.N(0; 1) (15)



where:p, € (0; 1) is autoregressive parameter ands the standard deviation of preference

shock.

It is assumed that each household has access tmahest of nominal bonds, (i),
participates in state-contingent securities systehich prevent from idiosyncratic risks
connected with wage rigidities. It also it receiviesome from shares of intermediate goods
firms, 4,(i).° Thus, the intertemporal household’s budget coimtiggiven by:

B (1) Be_1 (1)

+ C.(i) =
P.R, t(l) P,

+we (DL (D) + A (D) (16)

where:R; is the nominal interest rate.

The maximization of lifetime utility function (143ubject to a set of intertemporal

budget constraints (16), results in the followingdt equation:

b
e fes an

C (l)SC Ct+1(l)65 Tetq

Under the transversality condition: :

b

lim Bt ———

lim 1 o Bel() = (18)

Py . . .
and wherern, = P—t is the inflation rate.
t—1

Similarly to intermediate firm's problem, each heheld chooses its wagw, (i),
according to Calvo scheme (see. Schmitt-Grohe, Jrib005). In every period only
a randomly chosen and constant part of househotdd,, € (0; 1), can reoptimize its wage.

It maximizes the lifetime utility, given by:

Ct+ \1-38¢ Lt+ N\1+6;
{Zﬁ"ew H[ 1"8)5 - 1"5:)51 ” (19)

k=0

subject to budget constraint (16) and labor den{a@yl The first order condition is given by:

® State-contingent securities system prevents halehom idiosyncratic risk arised from staggeredge
setting. It is assumed that payments from thisesgst eliminate income inequalities between housshold
in a given period.



F, {Z (B0 Lo (14 6 )MUL 0" - wwm]} (20)
k=0

m=1 T[t+m

where:MUL(i)* is the optimal level of marginal disutility of lab, MUC,(i) is marginal

utility of consumption and

1+Tyy

Lese(D)" = (Wt(i)*>_ " Lok (21)

Witk

where:w,(i)* is the optimal real wage.

Condition (20) indicates that the household chodkesoptimal wage to equalize the
average expected markup over the real marginal afosorking with the average expected
marginal benefit of working, both expressed initytilerms (see Schmitt-Grohe, Uribe, 2004).
Moreover, under the assumption of symmetric equulih, all households that choose wage
in a given period those the same real wage. Theofesages, namelg,, € (0; 1) remains
constant. Introduction of sticky wages causes that dynamics of real wage (13) is

expressed by:

_t i
= (6., (W,i_l) M- 9W>w:‘ﬁ] (22)

where:w; is the optimal real wage under symmetric equiliti

Finally, we impose the following equilibrium conidns on labor and goods market:

1
1
Y.()dj =Y, 23
MP)J (D =Y, (23)
1
! fL (DH)di =L (24)
l)at =
Ac(w) ‘ ‘
0
and the aggregate demand equation:
Y = C; (25)



1+7p 14Ty

where: A (p) = fol (Pt—(j))_T dj =1 and A,(w) = fl(wt—(l)) " dj >1 are inefficient

Pt 0 Wt

price and wage dispersions, respectively.

Alter native monetary policy rules

The presented model should be closed by some etiieg the level of interest rate.
Traditionally, the New Keynesian DSGE models us&aglor-type rule which links the
interest rate with endogenous variables. Although driginal Taylor’s rule (1993) sets the
federal fund rate as a function of inflation oviee fprevious year and the output gap, it was
extensively modified, obtaining vastness of différéorms. Including all possible forms
seems to be a tremendous task. Hence, the seteoéshrate rule is limited to following
“general” specification of the Taylor rule, inclogf only measurable variables from the

theoretical model:

RS I (R T (S M I

fori = {—1; 0; 1} and where: variables without time subscript derstady state values,

pr € (0;1) is the interest rate smoothing paramepgr> 0,¢, > 0and¢,, > Oare inflation,

output and real wage reaction parameters, resgdctiv



Tablel. Specifications of simple monetary polickesu

Rule number Functional form
1 R =F {(E)Hd’"}
R R t 1 ¢7T ¢
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Our interest rate rule (26) includes interest ®othing and reaction to inflation,
output and real wage. Although the first three comgmts are quite standard and well-
motivated, the last one may put some doubts. Wedecreal wage to emphasize the role of
an alternative measure of economic activity as alh variable which more direct link to the
labor markef . Moreover, we allow for  restrictions on parameteys ¢,, by, u -

As a results, we obtain 8 different specificatidrttee Taylor rule. Table 1 sums up notation

of different rules regarding to the O-th restriobBoon some parameters.

Finally, we consider 3 different dynamic specifioas for each rule: backward-looking
(i = —1), current-looking(i = 0) and forward-lookindi = 1). Hence we work with 24 New

Keynesian models differing by monetary policy fule

3. Bayesian estimation of DSGE models

The New Keynesian models are estimated using Bayasthniquésaccording to the

Bayes theorem:

® Although the National Central Bank of Poland aatsording to direct inflation targeting, the lawoals

to target other variables, if it is consistent wsthbilization of prices.

" For simplicity we omit all mixed dynamic specifins of monetary policy rules as well as measures
of dynamics for particular reactions variables.
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. p(8,0)L(Yr]0, §; @)
p(O, (I), IYTt (1)) - p(YT)

(27)

where: L(Yr]|0,¢; w) is a likelihood function, p(8,¢) is a prior distribution,
p(0, &, |Yr) is posterior distributionp(Yy) represents the marginal data densiys=
[8¢, 65, 0w, Par Pb) Oas Ob, T, amw]'is a vector containing structural non-policy estiaaa
parametersw = [8,,7,,, 8]’ is a vector of structural non-policy calibrated graeters
andp = [p, O Py, qbw]'represents vector of monetary policy rule parans€t@he Bayesian
approach emphasizes the role of uncertainty abodefrand parameters, treating the latter as
a random variables. According to likelihood prideip posteriors contain all relevant
information about parameters obtained from the ¥atancluding accuracy of estimates. We

refer to likelihood principle by treating postesoas a measure of parameter and model

uncertainty.

The Bayesian estimation of DSGE models is perforineseveral stegs In the first
step, each equation is log-linearized around thadst state. As a result, we obtain the rational

expectations system of equations:
A0, ¢, w)E{X(41} + B(0, ¢, w)x; + C(0, P, w)x,_1 + D(0,P,w)e, =0 (28)

where:x, = [, s, iy, rific,, mTs,, Wy, €2, €3] is a vector of endogenous variabfes, =

[n& nP] is a vector of innovations in technology and prefiee shocks, respectively, and
A(0,¢,w),B(0,¢, w),C(6, P, w),D(O, P, w) are matrices which elements are functions of
0,9, w.

Next, the system (28) is solved by applying a pbdtion method with first-order
approximation for the policy and transition functigSchmitt-Grohe, Uribe, 2004b). The
solution determines the transition equation in $kege space representation of the DSGE

model and has the form of:

8 Alternatively, DSGE models can be estimated using generalized method of moments (Christiano,
Eichenbaum, 1992), the simulated method of mom@ugfie, Singleton, 1993), the indirect inferenc@niith,
1993) or the maximum likelihood (Altug, 1989).

° Although the vectommay be included into vectd, our notation distinguishes them and emphasizes
the common empirical strategy of calibrating sonem-identified or poorly identified parameters inpipd
works (eg. Smets, Wouters, 2003; 2007).

9vector¢ differs among particular models.

"It is worth noting that we estimate each model szpdy.

2 The variablet = In (%) denotes the percent deviation from steady state.

11



x; = F(0,$, w)x,_1 + G(0, P, )&, (29)
The state space model is closed by the measureaageation of the form:

X; = Hy; + v; (30)

A

where:y, = [92PS, 72bs, #2PS, wPPS]’ is a vector of observabldsis a matrix which links
observables with their model's counterpart apd a vector of measurement errors. The
measurement errors should be added to omit theilsimy problem. The theoretical model
includes two structural shocks whereas four vaesldre observed, hence there is a need
to add two measurement errors. It is assumed thainal interest rate and real wage are
measured with errors, representednBy andn,", respectively. As a result, we obtain the
linear system of equations (29) — (30) with nornuis$tributions of innovations and
measurement errors. Hence, the likelihood funatiary be evaluated by applying the Kalman

filter. (see. DeJong and Dave, 2007).

In the final step, the Markov Chain Monte Carloaithm (MCMC) is applied to draw
from the posterior distribution. The algorithm $$airom the posterior mod®*, ¢*, w) and
returns a seriefd;, ¢;, w}\.,. The first part of draws are omitted to ensuret M&MC
converges to the “true” posterior distributionthe empirical application of our algorithm we
find 400,000 draws for 2 chains in each model and &rst 300,000 from every chain.

4. Optimal simpleruleswith uncertainty

In this paper, we propose a new approach to inyastioptimal simple rules. In contrast
to previous analyses, our approach takes into atcthe uncertainty about structural
parameters. Following an enormous number of prevebudies, we focus @ hoc quadratic

welfare loss function expressed‘fy

[oe)

L = Et{ p* u{+swut+s} (31)
s=0

31n our analysis we assume that the central bamoisable to achieve the Pareto efficient equilibrj since

in our model we do not eliminate the monopolistiarkaups on goods and labor markets to obtain Pareto
efficient steady state. Hence, optimal solutiorcerfitral bank problem should be rather seen aseitwnd best
equilibrium.

12



where:u,is the vector of central bank target variables Whe diag(4,, ..., 4,,) is diagonal
and non-negative weight matrix. Svensson (1999) Radnis (2004) have shown that in

limiting caseB — 1, the welfare loss function (31) is given'fly

1 < .
Lt = m; /11' var(ué) (32)

where:ul is an i-th component of vectag. Our choice of target variables is based on the
formal derivation of quadratic welfare loss funatiproposed by Erceg, Henderson and Levin
(2000) and includes inflation rafig, outputy,, real wagew,. To make our optimal policy
rules more realistic we add the interest rate shiog termA7; = 7, — 7,_,to the welfare loss
function.This variable introduces some penaltylfmge and quick adjustment in interest rate,
which should be rather seen as unrealistic. Asaltileve assume that

ue = [fg, Pp, Wy, Af] (33)

For all target variables, we specify the weightgha objective function. In our benchmark

specification, we set, = 1,1, = 4, = A5, = 0.5.

Next, the welfare loss function is used to congtrie following optimal control

problem of central bank policymaker:

n
m(gn L; = m(gn ; A var(ui)
(34)
st.

A0, ¢, w)E{x.11} + B(0,d, w)x; + C(0, P, w)x,_; + D(O, P, w)g, = 0,

for fixed weightsi,, ..., 4,, and given functional form of the monetary policyer (26) which
is included into the above constraint. Common apgioassumes that vectors of non-policy
structural parameteré,  are known with certainty. Hence the solution ofigeon (34) is

represented by:

(I)min — ¢min(’é’ (.0); LYtnin = Lt((l)min) =1L (¢min(’é’ 0.))) (35)

where:@are known fixed values @&, ™™ () represents functional relationships between

structural paramete w and optimal solutiorgp™i™.

41t is worth mentioning that we apply precommitmapproach in a spirit of (Dennis 2004).

13



We propose an alternative approach, where theymoéker faces uncertainty regarding
model structural parameters. We assume that optierdlal bank knows the equations of the
model with uncertainty and that the policymakeauwsare of the probability distributions of all
structural model parameteds-p (-). The optimal central bank solves the control problem
(34) for all values of random vect@r Thus in contrast to the standard optimal simple r
problem, we include the uncertainty of structuratgmeters into the solutiagh™. As a
result, our approach allows to find the distribotoof optimal monetary policy parameters

and minimized welfare loss:

omin~p (470, 0)); L7 ~p (L, (67 (8,w) ) ) (36)

Although the standard distributions are theorélfjcaiteresting, they economic implications
may be limited since they are rather not conneegtét the data. To omit this problem,
we propose to use posterior distribution @orin contrast two other distributions, posterior
distributions measure the uncertainty by taking etcount the information from the data and
hence they restrict the domain of vedidio the empirically relevant values. Incorporatihg t

posterior distributio@B~p(- |Yr, ) allows to rewrite the optimal distributions (36) as

$™"~p (™" (8, )| Yr; ®); LF" ~p (L™ (¢™™)|Yr; ) (37)
Computationally, we find the distribution of optinmonetary policy parameters and
minimized welfare loss (37) by applying the follogisteps:

1. Estimate the joint posterior distribution of stwel policy and non-policy
parametersp(6, ¢, |Yr, o).

2. Draw a sequence of vectofg0;, ¢;)}, from the jointposterior distribution
p(0, ¢|Yr, w)and takéd;}Y , toobtain a sequence of vectors frpi®|Y,, w).

3. Solve problem (35) for each vectéf, i =1,2,...N and then use the obtained
sequences of solutiong™™ = ¢™"(0;, w) and L™ = L, (qui"(ei,,w)) 0=

1,2, ... N, to approximate the distributions ¢f™"and LT#", respectively.

!> One may expect that in this step policy paramethaaild be treat as fixed and introduced into thetorw.

However this approach has a important limitatiorplymg that estimates of structural paramet@i@e
conditional on policy parameters. We prefer to ttnealicy parameters as “free” parameters which mnalg
posterior distributions may be found using data.

14



In conclusion, our approach allows to obtain dmfttions of optimal policy rule
parameters and minimized welfare loss functionc&me work with distributions of random

variables, we compare them by applying stochasticidance test of order one.

Comparing the distributions of optimal policy reactions and minimized central loss functions

We use stochastic dominance relationships betwesdapility distributions to compare
posterior distributions of model structural and m@any policy parameters and distributions
of minimized welfare losse§.Recall that first-order stochastic dominance (aftee SD1) of
a random variablé, ~F, overf,~F,, (denoted byd; <gp; 6,) corresponds tdy (0) =
Fo,(8), for all & € R. HereFy , Fp,are cumulative distribution functions. Whep<g,, L,
holds for welfare loss distributions associatechwito alternative monetary policy rules, then
welfare losses summarized by are at least as large as that in the model witissfunction
L;. In our simulationgor a given set of optimal and implementable moryepmlicy rulesve
focus on determining the best optimal monetarygyolule which generates the smallest

distribution of welfare losses with respect to Siddering.

To verify whether one random varialflg statistically dominates over the probability
distribution of another variabl@,, we apply the classical nonparametric Kolmogorov-
Smirnov test. We consider the following pair of tstigcal hypotheses
Hy: 6, =p 6, vs. Hy:0; <sp1 6, (01 #p 6,). To find statistical arguments for rejecting

Hywe calculate the positive part of the Kolmogorovi®iov distance
Dy = maXxeR[FN,el(x) — Fy ez(x)]a (38)

whereF,, o, Fy o are empirical cumulative distribution functiondghi values oD, are in
» Y1 » Y2

favour of0; <gp; 6.

4. Measuring uncertainty of optimal monetary policy response coefficients

In this part of the paper, the algorithm proposedhe previous section is used to
measure and analyze the uncertainty of optimal Ieimmqonetary policy rules and associated
uncertainty of minimized welfare loss. We discuss implementation of our approach in the

case of the Polish economy. First, the descriptibmprior distributions and data used in

'*Stochastic dominance is very often used for saeidfare comparisons (see Deaton (1997)).
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estimation are presented. Next, we analyze posterRresented results were obtained by
application of the Random Walk Metropolis algoritisee. Metropolis, et.al., 1953; An,
Schorfheide, 2007). Finally, we apply our new applo to answer several interesting
questions. We focus on (i) finding the optimal mtang policy rule that minimized the
distribution of welfare losses(ii) measuring th#uance of adding real output and real wages
to policy rules on welfare loss distribution (ithe importance of interest rate smoothing in
optimal monetary policy rules (iv) comparison ofiesited and optimized monetary policy

rule.

Our simulation result is based on 1'000 randombwgy from the posterior distribution.
To ensure comparability of the results, in poimgs &nd (v), we limit our attention only to the
same 1’000 draws.

Priors and data

We estimate the theoretical model for the Polistnemy’. This part briefly discusses
the prior distributions as well as data used inmegtion. As it was presented in previous
sections, we divide parameters into 3 vectors: torecof policy parametefg) and non-
policy estimated parametei8) and the vector of calibrated parametass. Table 2 presents
our choice of marginal prior distributions for vexd¢ and6. Our choice seem to be quite
standard in comparison with previous works. Fomalh-policy parameters which belongs to
0-1 interval, we choose beta distributions, whereasthe positive parameters we choose
gamma distributions. The exception are standardaterns of measurement errors where we

use inverse gamma distributions.

71t is worth noting that our model was previoustfimated by Rabanal and Rubio-Ramirez for U.S. $2@d
for euro area (2008), as well as Kuchta (2014)Bacnowski and Kuchta (2015) for Polish economy.
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Table 2. Prior distributions.

Parameter Prior
Vector
Standard

Name Symbol Range Type Mean deviation
Relative risk aversion T8 (0;0) Gamma 1.25 0.5
Price stickiness 0, 0;1) Beta 0.5 0.2
Wage stickiness 0, ;1) Beta 0.5 0.2
Autoregressive parameter — technological pa 0:1) Beta 05 0.2
shock

0 Autoregressive parameter — preference shock p, (0;1) Beta 0.5 0.2
Standard deviation — technological shock o, (0;0) Gamma 0.1 0.05
Standard deviation — preference shock ay (0;0) Gamma 0.1 0.05
Standard deviation — measurement error Om (0; ) (I;verse 0.01 0.005

T amma
Standard deviation — measurement error Om (0; ) (I;verse 0.01 0.005
w amma

Monetary policy rule — interest rate smoothing p (0;1) Beta 0.5 0.2
Monetary policy rule — reaction to inflation br (0;0) Gamma 0.5 0.25

¢
Monetary policy rule — reaction to output ¢y (0;0) Gamma  0.125 0.05
Monetary policy rule — reaction to real wage ¢, (0;0) Gamma 0.1 0.05

We use asimilar scheme for policy parameters. Wgosa beta prior for interest rate
smoothing and gamma prior for reaction parameté&tthough these priors seem not
to be controversial, it is necessary to emphasmaesconsequences thy. Chosen prior,
together with the Taylor rule (26), implies that vestrict the posterior to a parameter space
which is consistent with the Taylor principle. Thaylor principle implies stronger than 1:1
reaction on inflation and it is a condition for the@ique solution of linear new Keynesian
model under some of considered rules. We decidéohgose this requirement to limit the
probability of obtaining a huge number of vectorbich lies very close to the border
of determinacy region. Otherwise, we may obtainsdéia measurements of uncertainty in
paramete®when we solve problem (35), since we have to elgirthese solutionp™™n

which do not imply the unique equilibrium of theiomal expectation system (28)

8 \We do not impose the restriction of Taylor prifeiguring solution of problem (35) in case of alhsidered
model. However we limit our attention only to thasButiong™"which ensure the uniqueness of (28).
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The rest of the structural parameters, collectedertorw,are calibrated. For discount
factor (8) we set the value of 0.99. It implies that the aized real interest rate in the
steady state equals 4%. We set the value of héomiverse of Frish labor elasticiy;) and
the wage monopolistic mark-up,,) is set at 10%. It implies that labor demand ealégti

equals -11.

To obtain the posterior distribution we used quértdata for Polish economy from
1995:1 to 2015:4. All series come from the Cen8tltistical Office. We use real GDP per
capita as a measure of output, real wage in efgergector as a measure of real wages,
inflation CPI quarter to quarter as a measure ftdition, and WIBOR 3M (the interbank offer
rate) as a measure of nominal interest rate. Bedstienation, the real variables (output and
real wage) were expressed as logs, seasonallytedjusing the Tramo/Seats procedure and
detrended using HP filter. The nominal variablesengxpressed in percentage and seasonally
adjusted (except interest rate). Next, they wenaddd into two periods, from 1995:1
to 2003:4 we exclude quadratic trend, whereas f&984:1 to 2015:4 we demean both
variables. These transformations are justifiedigydtrong disinflation period in Poland after
the transition form centrally planned to market remoy, as well as the behavior of the
inflation target of Polish National Central Bank.Had substantially decreased from the

beginning of the sample up to the end of 2003, adtet this period has been constant

Posteriors

Table 3 presents the posteriors estimated for :rdleand 8 (see table 1.) in three
different dynamic specifications: backward-lookingyrrent-looking and forward-looking,
respectively. We report posterior mean and 90%bhef liighest posterior density (HPD)

interval.

Our estimates of structural parameters are comsist@ong particular models. They
indicate rather a high level of price stickinessl &mw level of wage stickiness. Domination
of price stickiness rather than wage stickinessmse¢o be counterintuitive. However,
it is a permanent feature of the DSGE model withstant returns to scale in production and
Calvo scheme of price stickiness (see. Smets, ¥¥e®uR003). Focusing on posterior means

the average duration of price contracts range #dguarters in case of current-looking rules

91t is worth noting that the theoretical model amss that inflation target is constant over time aodsistent
with zero inflation steady state.
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up to 6.3 in the case of forward-looking rules. §dhestimates are also consistent with some

micro-evidenc®.

Table 3. Posterior distributions for rules 1 and 8.

Monetary policy rules — Monetary policy rules — current Monetary policy rules — forward

Parameter backward looking looking looking
No. 1 No. 8 No. 1 No. 8 No. 1 No. 8
s 2.76 2.76 1.91 1.84 2.10 2.19
¢ [1.85; 3.67] [1.81; 3.62] [1.14; 2.70] [1.03; 2.64] [1.12; 3.00] [1.20; 3.12]
0 0.80 0.81 0.78 0.78 0.83 0.84
p [0.75; 0.86] [0.75; 0.86] [0.71; 0.85] [0.71; 0.85] [0.79; 0.87] [0.80; 0.88]
0 0.61 0.61 0.58 0.58 0.60 0.61
w [0.53; 0.68] [0.54; 0.68] [0.50; 0.65] [0.51; 0.67] [0.53; 0.67] [0.54; 0.68]
0.54 0.54 0.56 0.56 0.48 0.45
Pa [0.40; 0.69] [0.40; 0.68] [0.41; 0.70] [0.41; 0.71] [0.36; 0.60] [0.33; 0.56]
0.75 0.77 0.78 0.79 0.72 0.71
Py [0.66; 0.84] [0.68; 0.86] [0.68; 0.87] [0.70; 0.89] [0.62; 0.82] [0.61; 0.81]
0.05 0.06 0.04 0.04 0.07 0.09
9a [0.02; 0.08] [0.02; 0.09] [0.02; 0.07] [0.01; 0.07] [0.03; 0.11] [0.04; 0.14]
0.03 0.03 0.02 0.02 0.02 0.02
b [0.02; 0.04] [0.02; 0.04] [0.01; 0.03] [0.01; 0.03] [0.01; 0.03] [0.01; 0.03]
o 0.0055 0.0058 0.0061 0.0064 0.0051 0.0052

- 0.0109 0.0110 0.0108 0.0109 0.0111 0.0113

M [0.010;0.012] [0.010;0.012] [0.009; 0.012] [0.010; 0.012] [0.010;0.013] [0.010; 0.013]
0.09 0.08 0.27

p i [0.01; 0.15] ) [0.01; 0.15] i [0.06; 0.46]
0.07 0.07 0.08 0.07 0.24 0.18

bn [0.02;0.12]  [0.02;0.12]  [0.02;0.13]  [0.02;0.13]  [0.06;0.39]  [0.04;0.30]
0.05 0.05 0.05

2 i [0.02; 0.08] ) [0.02; 0.09] i [0.02; 0.09]
0.07 0.06 0.05

Pw i [0.02; 0.11] i [0.02; 0.11] i [0.01; 0.09]

r [0.005; 0.006]

[0.005; 0.007]

[0.005; 0.007]

[0.006; 0.007]

[0.005; 0.006]

[0.004; 0.006]

Notes: posterior mean, 90% HPD in parentheses.

The wage stickiness is substantially lower thaceostickiness. Focusing on posterior
means the average duration of wage contracts range 2.4 quarters in case of current-
looking rules up to 2.6 quarters in case of backwand forward-looking rules. Although
these estimates may suggest merely noticeablatyigidthe data, the importance of wage

stickines$'as a part of the DSGE model is strongly supportgdempirical result&.

**Macias and Makarski (2013) investigate the avergmtion of price using microdata for Polish ecogyom
They find that average duration of price contracfsals 11 months and it is higher than in U.S.smadller than
euro area.

21t is worth noting that the wage stickiness isrextely important rigidity for optimal monetary pofi
problems. In the presence of it, the central bade$ trade-off between stabilizing inflation radefput and
wage, whereas in the lack of it, central bank is &b obtain Pareto efficient equilibrium.
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Moreover, similar, low wage stickiness was founéwvwusly for the Polish economy. For
example, Kolasa (2009) estimated the two countrB®nodel for Polish and euro area data.
The estimates of Calvo-wage stickiness parametgligohthat the average duration of wage

contracts equals 2.6 quarters, focusing on theedosimean.

The estimates of monetary policy rule parametees quite consistent among the
backward- and current-looking rules. They indicatdimited reaction to all considered
variables as well as the slight effect of intenege smoothing. Moreover, the introduction
of additional variables do not change significanitgplied posterior distributions. The
forward-looking rules imply a substantially higHevel of reaction to inflation and a stronger

effect of interest rate smoothing whereas the r@asto wage and output are comparable.

Welfare loss analysis

In this section, we present the results of weltamalysis conducted by means of our
algorithm (see Sectio@ptimal simple rules with uncertainty). We measure the uncertainty of
optimal policy reactions and minimized welfare lasghe estimated New Keynesian model
for 24 simple monetary policy rules (see Table Higure 1 shows the highest density
intervals (HDI) for all 24 analyzed policy rulesogped by their dynamic specification. The
horizontal and vertical axes measure the lower @maer HDI interval, respectively. The
closer a point to the origin the smaller welfarsskes, whereas the distance from the identity
line measures the uncertainty in welfare. We olesethat forward-looking rules
generatesmaller losses than corresponding backveawdl-current-looking policy. Forward-
looking rules 7 and 8 are the leaders in makingitbiare losses to be close to zero level. We
compare all pairs of the welfare loss distributibysmeans of the Kolmogorov-Smirnov test,
and we received an unambiguous result that thenapflorward-looking central bank which

follows rule 8, given by (40), runs a policy thatsithe smallest welfare loss distribution.

2 Rabanal and Rubio-Ramirez (2005) compared diffespacifications of closed economy, small-scale BSG
model using data for U.S. They found that Ercegydéeson and Levine type model is preferred by Hta dver
the models omitting the wage stickiness, evenidgindexation is introduced. This observation wasfirmed
by them in case of euro area (Rabanal, Rubio-Ram2@08) and Kuchta (2014) in case of Poland. Meggo
Smets and Wouters (2007) investigated the empimgpbrtance of nominal and real rigidities in medigcale
DSGE model in a spirit of Christiano, Eichenbaund &vans (2005). Their results also suggest impoetan
of wage stickiness. Finally, similar results weoairfd by Adolfson et.al. (2007) in a open economyGES
model.
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The best optimal forward-looking monetary policyeru(39), admits the following features.
First, it is a super-inertial interest rate ruledgs(Giannoni and Woodford 2002), Schmitt-
Grohe, Uribe 2004). Thus the optimal monetary policstrument is a function of lagged
values of the policy instrument, and moreover tlgsigtence parametgy. takes values
higher than 1. Second,we receive moderate reatgianflation, which is consistent with the
results of Taylor 1993, and we report that the lopsitmal monetary policy rule admits very
aggressive reaction to both output gap and reaésiag

backward-looking current-looking forward-looking
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Figure 1. 90% HDI for distributions of minimized lfigre losses form eight optimal Taylor-
type rules (see Table 1) with three dynamic mowsgtaticy specification: backward-,
current- and forward-looking.

The influence of real variables on welfare loss and optimal monetary policy rules

This part evaluates the consequences of using reiffemeasures of economic
fluctuations in optimal monetary policy rules. Qamalysis starts with a comparison of the
strict inflation targeting policy, where the inteteate responses only on inflation, against the
flexible inflation targeting. The latter strategfytbe central bank implies that the interest rate

is set as a function of the inflation rate and alfwer variables, including measures of real
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activity?>. In our work, we consider two of them: commonlgdi®utput and real wage which
may be seen as alternative and more connectedafitin market measure of business cycle
fluctuations. In the comparison, we apply the noapeetric Kotmogorov-Smirnov test (KS
test) to the optimal distributions of welfare los488) generated under alternative monetary

policy rule (see table 1.). Results of the comperiare presented in Table 4.

Intuitively, the strict inflation targeting is nable to reduce welfare loss to the levels
comparable with an alternative monetary policy ridesults of KS test indicate that welfare
losses implied by rule no. 1 and no. 5 are sta#iliyi higher than losses obtained from rules
no. 2 — 4 and no. 6 — 8. These results hold fokwand-, forward- and current-looking rules.
Focusing on means of welfare losses, incorporateaj variables into optimal monetary
policy rules allows reducing welfare loss by depegdon the rule: 22-32% in case
of backward-looking rules, 21-41% in case of curenking rules and 27-39% in case

of forward-looking rules.

Next, we investigate the influence of the real alles on the distribution of welfare
losses. Similarly to previous cases, we apply tiget&st. The results are given in table 5.
Overall, they are mixed. For backward-looking ruliegorporating real wages into optimal
monetary policy rule (no. 2) causes statisticathyer welfare loss than rule including output
(no. 3), even if real wages are also reaction b&idrule no. 4). However, the changes in
welfare loss are small (2-6% depending on the rdibgse results do not hold in rules with
interest rate smoothing. Incorporating this mecsaninto optimal monetary policy rules
causes that rule with output (no. 7) generatessstatly lower welfare loss than rule reacting
to real wage (rule no. 6). The rule including be#riables generates statistically the lowest
welfare loss. Moreover, similarly to rules withouterest rate smoothing, the changes in

welfare losses are rather small (4-9% dependingiia).

Z It is worth noting that our interpretation of striand flexible inflation targeting is differentofn proposed
by (Svensson 1997), who defines strict and flexilifation targeting in terms of welfare loss fuioct
(33) instead of monetary policy rule (26).
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Table 4. The influence of real variables on thetriistion of welfare losses. Results
of Kolmogorov-Smirnov test (KS test) for distribaris of welfare loss.

Model 1 Model 2
o-l;};ﬂlee No. of Welfare loss No. of Welfare loss ('; ?V;eljs)
rule mean median 5% 95% rule mean median 5%  95%

o 1 1.31 1.30 1.16 1.4t 2 0.96 095 0.76 1.14 0.000
% 1 1.31 1.30 1.16 1.4¢ 3 1.02 1.01 090 1.16 0.000
§ r"F 1 1.31 1.30 1.16 1.4t 4 0.98 098 0.86 1.10 0.000
§ l 5 1.29 1.28 112 1.4t 6 0.97 098 0.77 1.17 0.000
_;é - 5 1.29 1.28 1.12 1.4t 7 0.93 092 0.75 111 0.000
“ 5 1.29 1.28 1.12 1.4t 8 0.88 087 0.72 1.02 0.000
1 1.25 1.24 1.10 13¢ 2 0.95 094 074 1.14 0.000
g 1 1.25 1.24 1.10 13¢ 3 0.74 0.72 0.58 0.91 0.000
‘_<I§ ) 1 1.25 1.24 1.10 13¢ 4 0.75 0.74 0.58 0.91 0.000
E 1 5 1.24 1.22 1.08 1.4 6 0.98 098 0.79 1.18 0.000
§ 5 1.24 1.22 1.08 1.4 7 0.77 0.75 058 0.94 0.000
5 1.24 1.22 1.08 1.4 8 0.76 0.75 059 0.93 0.000
1 1.07 1.07 093 1.1¢ 2 0.78 0.77 0.61 0.93 0.000
._g 1 1.07 1.07 093 1.1¢ 3 0.76 0.75 059 0.90 0.000
_8 = 1 1.07 1.07 093 1.1¢ 4 0.74 0.73 0.61 0.88 0.000
-c% \l 5 1.03 1.03 092 1.1¢ 6 0.72 0.71 058 0.84 0.000
E 5 1.03 1.03 092 1.1¢ 7 0.64 0.63 0.52 0.72 0.000

5 1.03 1.03 092 1.1l 8 0.63 062 053 0.72 0.000

Notes: *the KS test is conducted for hypothesgsL, =, L, vs. Hy:L, <gp; L;, whereL; and L, are
minimized welfare loss in Model 1 and Model 2. Eaolw presents also some statistics about distabati
of L; andL,. The shaded cells shows model which generatéstitally smaller welfare loss distribution.

Different pattern exhibits if we will analyze thetonal current-looking monetary
policy rule. Incorporating output into policy rulsithout interest rate smoothing (no. 3)
causes the statistically lower level of welfaresldby 22%) than rule which includes real
wages (no 2.). Moreover, taking into consideratiooth variables (rule no. 4) causes
statistically higher welfare loss than consideramdy output (rule no. 3), although the change
in welfare loss is very small. These results hdsb dor rules with interest rate smoothing.
Similarly, rule with output indicates statisticalywer welfare losses than rule with real wage
(by 21%), whereas the difference in welfare logsesed by the broadest rule (no. 8) and rule

only with output is statistically insignificant.
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Table 5. The influence of real variables on disitibn of welfare losses. Results
of Kolmogorov-Smirnov test (KS test) for distribaris of welfare loss.

Model 1 Model 2
o-ll};ﬂfe No. of Welfare loss No. of Welfare loss (lé _SVZTLSJZ)
e mean median 5% 95% rule mean median 5%  95%
o 2 0.96 095 0.76 1.14 3 1.02 1.01 0.90 1.16 0.000
% 2 0.96 095 0.76 1.14 4 0.98 0.98 0.86 1.10 0.000
;i) "_F 3 1.02 1.01 0.90 1.1¢ 4 0.98 0.98 0.86 1.10 0.000
g l 6 0.97 0.98 o077 117 7 0.93 0.92 0.75 1.11 0.000
_;fé - 6 0.97 0.98 077 117 8 0.88 0.87 0.72 1.02 0.000
“ 7 0.93 0.92 0.75 1.11 8 0.88 0.87 0.72 1.02 0.000
2 0.95 0.94 074 1.1¢ 3 0.74 0.72 058 0.91 0.000
g 2 0.95 0.94 074 1.1: 4 0.75 0.74 058 0.91 0.000
_8 =) 3 0.74 0.72 0.58 0.91 4 0.75 0.74 0.58 0.91 0.006
E \LI/ 6 0.98 0.98 0.79 1.1¢ 7 0.77 0.75 0.58 0.94 0.000
E 6 0.98 0.98 0.79 1.1¢ 8 0.76 0.75 0.59 0.93 0.000
7 0.77 0.75 0.58 0.94 8 0.76 0.75 0.59 0.93 0.100
2 0.78 0.77 0.61 0.9: 3 0.76 0.75 0.59 0.90 0.000
g 2 0.78 0.77 061 09 4 0.74 0.73 0.61 0.88 0.000
_8 = 3 0.76 0.75 059 0.9 4 0.74 0.73 0.61 0.88 0.000
% \LI/ 6 0.72 0.71 058 08¢ 7 0.64 0.63 0.52 0.72 0.000
E 6 0.72 0.71 058 0.8: 8 0.63 0.62 0.53 0.72 0.000
7 0.64 0.63 052 0.7z 8 0.63 0.62 0.53 0.72 0.001

Notes: *the KS test is conducted for hypotheHgsl, =, L, vsS. Hy: L, <¢p; Ly, Or Hy: L, =¢p; L; Where

L, andL, are minimized welfare loss in Model 1 and ModelEach row presents also some statistics about
distributions ofL, andL,. The shaded cells shows model which generatewstatally smaller welfare loss
distribution.

The optimal forward-looking monetary policy ruleggent intuitively more consistent
pattern. Focusing on rules without interest rateatmng, the rule with output (no. 3) allows
for statistically lower welfare loss than rule witeal wage (no. 2), but including both
variables (rule no. 4) results in the lowest waftoss, although changes in these losses are
small (3-5% depending on rule). Similar resultsdhfadr rules with interest rate smoothing.
For them also incorporating output (rule no. 7)teasl of wage (rule no 6.) significantly
lowers the welfare loss and the rule no. 8 allowsobtain the smallest welfare losses.
Moreover, in this group of rules changes in welflrgses are higher and range from 2%

to 13% depending on the rule.
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In conclusions, our analysis shows that the simitation targeting seems to be rather
a non-optimal strategy for policymakers in compariswith flexible inflation targeting,
if measures of uncertainty are taken into constamraThis result seems to be quite intuitive
since the central bank is rather interesting ineolbleg and reacting to broad set
of macroeconomic indicators. Moreover, the choidereal variables, which should be
included in monetary policy rule is not very obwowurprisingly, the more sophisticated
rules not necessarily should ensure the minimafanelloss. The proper choice of optimal
simple monetary policy rule seems to depend ondyremic specificatioff of it as well
as including the interest rate smoothing mechanloreover, the consequences of applying
improper rule are also differentiated. For somespaf rules changes in welfare losses are
barely worth mentioning, whereas for other paiesytare higher than 20%.

The importance of interest rate smoothing in optimal monetary policy rules

This part analyzes the consequences of introduniegest rate smoothing into optimal
monetary policy rule. Interest rate smoothing ma&y deen as some sign of cautiousness
in monetary policy since it allows for thegraduabponse of nominal interest rate. In the

comparison of different rules we apply once moeeKI$ test. Table 6. presents the results.

Overall our results are mixed. Focusing on backvao#fing rules, the interest rate
smoothing significantly lowers welfare loss in caeé strict inflation targeting rule
(no 1. vs. no. 5), although the change in welfass lis slight. For flexible inflation targeting
rules, the introduction of interest rate smoothlogers significantly welfare losses only
in case of rules including reaction to output ahdrges in welfare loss are noticeable (9-10%
depending on rule). For rules considering only reafjes (no. 2 vs. no. 6), the incorporating

of interest rate smoothing significantly increagetfare loss, but by very small value.

Focusing on current-looking rules, the positiveluahce of interest rate smoothing
on welfare loss is doubtful. Although interest ramoothing statistically decreases the
welfare loss for strict inflation targeting ruld, statistically increases this loss for flexible

inflation targeting rules. It is true for rules lading output, real wage as well as both

* Intuitively, particular dynamic specifications dfieTaylor rule have advantages and disadvantagms. F
example, the forward-looking rules may be seemaséntral bank willing to react faster on someckhpsince
they contain future values of reaction variablés the other hand, implementing of such rule isamtous and
may be connected with additional errors, since reértank needs to forecast future values of pdetcu
variables. Similarly, backward-looking rules aresyedo implement, but reaction of central bank maynot
adequate to current circumstances, since theyitdékeonsideration only previous values of variable
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variables. However, in all considered cases, clangevelfare losses are small. They range

from 1% to 4% depending on rule.

Table 6. The influence of interest rate smoothinglee distribution of welfare loss. Results
of Kolmogorov-Smirnov test (KS test) for the dibtrtion of welfare losses.

Model 1 Model 2
Type KS test*
of rule  No. of Welfare loss No. of Welfare loss (p-value)
rule mean median 5% 95% fule mean median 5% 95%

1 1.31 1.30 1.16 14¢ 5 1.29 1.28 1.12 1.45 0.000
0.96 0.95 0.76 1.14 0.97 0.98 0.77 1.17 0.000
1.02 1.01 0.90 1.1¢ 0.93 092 0.75 111 0.000
0.98 0.98 0.86 1.1( 0.88 0.87 0.72 1.02 0.000

backward-
looking

1.25 1.24 110 1.3¢ 1.24 122 108 140 0.000
0.95 094 074 114 0.98 0.98 0.79 1.18 0.000

current-
looking
(i=0)

0.75 0.74 0.58 0.91 0.76 0.75 0.59 0.93 0.013

1.07 1.07 0.93 1.1¢ 1.03 1.03 092 1.16 0.000
0.78 0.77 0.61 0.9t 0.72 0.71 0.58 0.84 0.000
0.76 0.75 0.59 0.9( 0.64 0.63 052 0.72 0.000
0.74 0.73 0.61 0.8t 0.63 0.62 053 0.72 0.000

~

i
I
~

—

forward-
looking
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6
7
8
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0.74 0.72 0.58 0.91 7 0.77 0.75 0.58 0.94 0.000

8
5
6
7
8

Notes: *the KS test is conducted for hypotheHgsl, =, L, vsS. Hy: L, <¢p; Ly, Or Hy: L, =¢p; L; Where

L, andL, are minimized welfare loss in Model 1 and ModelEach row presents also some statistics about
distributions ofL, andL,. The shaded cells shows model which generatewststally smaller welfare loss
distribution.

These results seem to be quite counterintuitiveesin our welfare loss function we
include a penalty for too often and too sharp ckang interest rate. Finally, for forward-
looking rules incorporating of interest rate smaunghstatistically decreases the welfare loss
in all considered rules. Moreover, changes in wellasses are differentiated. Focusing on
the expected value of optimal distributions, thapge from 4% in case of strict inflation

targeting rule up to 16% in case of rule which uigs inflation and output (no. 3 vs. no. 7).

In conclusion, adding the interest rate smoothargitinto monetary policy rule is not
necessarily consistent with optimal behavior. Altglo caution in policy decision making
is naturally desired feature of the responsibletreérbank, especially in the uncertain
environment, our results of simulation not necessapport this opinion. Contrary, in some
cases, results of KS test rather show that gradksgdonse of interest rate may not be an
optimal behavior, if the central bank reacts to eamal variables. However, the changes of

welfare loss are rather small in this cases, uptoof welfare loss. As a result, perceiving the
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interest rate smoothing as a permanent featurgtiial central bank behavior in uncertain

environment may be not necessary correct.

Comparison of estimated and optimized monetary policy rules

In this section, we compare the distributions ofapzeters describing the central
bank’s reactions yielding from the best optimal mtany policy rule and corresponding
empirical forward-looking rule no. 8 (see Figure Ryrthermore, we also perform a statistical
comparison of the minimized and empirical welfaossl distributions. Finally, we check
whether there is a significant difference betwelea probability distributions of inflation

variances derived from the empirical model andntioelel with the best optimal rule.

The Kolmogorov-Smirnov test confirms that the bexgitimal rule generates
significantly lower welfare loss, for this rule theedian of welfare losses is twice lower than
the median resulting from the application of thepainal rule (see Figure 2 €)). The receive
this welfare loss reduction the optimal central bbahould increase all reactions on both
lagged interest rates and on all expected deviatfanflation, output and wages form their

steady-state values (see Figure 2 a)-d)).

One of the fundamental question concerning the emphtation of the optimal
monetary policy rules is whether they are ableuifigently reduce the variance of inflation
which is important for central banks following strinflation targeting strategy. It turns out
that the distributions of inflation variances résg from the application of optimal and
empirical rules do not differ statistically(see @ig 2 f)). This means that the best optimal rule
is able to control at the same level as the enadiride the fluctuations of inflation.
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Figure 2. Probability density functions (pdfs) ofile parameter{p,, ¢, ¢y, dw).
(pmin, pmin, pmin pminy - pdfs of welfare loss distributiods L™ ,pdfs of inflation
variance¥ar(m,), Var(n™™) for the estimated and the best optimal monetaticyoules,

respectively.

Notes: *the KS test is conducted for hypothelgsX; =, X, vs. H;: X, <gp1 X1, Or H;: X, =¢p1 X; Where
X, andX, are corresponding random variables.

the empirical forward-looking monetary policy rule:

Ty = ppfeey + (L + @) Eefieyy + PyEDess + P E W,y — black shaded area,

the best optimal forward-looking monetary policyetu

o = p g + (14 Q™ ERpq + Oy EDrsr + G E,Wey1— red shaded area.

Conclusions

This paper proposes a new algorithm of solvingmatiprecommitment simple policy
rule with uncertainty. In contrast to previous wa&rlour algorithm enables us to derive the
distributions of optimal reaction parameters anglied welfare loss for a given functional

form of the monetary policy rule. Minimization ofelfare loss function is performed under
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the assumption that structural parameters of tlienying model are random variables. The
distributions of these variables measure uncestaantd come from the Bayesian inference
performed on the data. Since our approach tredii@ation results as random variables we
apply the first order stochastic dominance ordetmgompare particular results and draw

some useful conclusions.

In the application, we use an estimated versiothefsticky price and wages model to
ask several questions. Firstly, we perform the avelfanalysis and find the optimal simple
rule for the Polish economy. Quite intuitively,sta forward-looking rule with interest rate
smoothing and reaction to inflation, output and veage — these variables were included into
welfare loss function. Secondly, we compare twdedént strategies of conducting monetary
policy: strict inflation targeting in which the poymaker sets interest rate as a function of
inflation and flexible inflation targeting. We shotlat the strict inflation targeting seems
to be rather a non-optimal strategy for policy miakevho take into consideration the
measurement of parameter uncertainty. Thirdly, iclemsg different combinations of two
alternative sets of reactions variables, we shawttie full monetary policy rules, which react
on all variables, not necessarily ensure the mihwwedfare loss even in the simple DSGE
model like ours. Next, we perform a similar anayfor interest rate smoothing term and
show that gradual response of interest rate isneoessarily optimal in our environment.
Finally, we compare the estimated and optimize@reast rate rules and find significant
differences between posteriors obtained from dath gptimal distributions. Moreover, we
show that although optimal interest rate rule exbila much stronger reaction to real
variables than reaction found in the data, it ismexessarily contradictory to the main aim of

monetary policy — stabilization of inflation rate.

Our approach seems to be quite promising and fiesiimce (i) it distinguishes between
parameters treated as known numbers and parametertainty, (i) it allows to asses
different source of uncertainty and (iii) it fite & broad range of macroeconomic problems

which may be rewritten as LQ optimization problems.
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