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Abstract: The study of the effectiveness of the currency market is one of the most important research
problems in the field of finance. The paper aims to assess the efficiency of the Polish zloty exchange
rate market. We test the market efficiency by applying two independent approaches, one based on
the Uncovered Interest Parity theory, and another based on the fractal analysis of exchange rates
series. The research results show that the Uncovered Interest Parity holds only on the USD/PLN
market. For EUR/PLN, JPY/PLN, CHF/PLN, MXN/PLN and TRY/PLN, the Uncovered Interest
Parity hypothesis is rejected and implies the existence of the forward premium anomaly and market
inefficiency. The estimated Hurst coefficient provides insight into the long-range dependence of
exchange rates. The MXN/PLN, TRY/PLN and EUR/PLN exchange rates exhibit anti-persistent
behaviours suggesting mean-reverting characteristics. For JPY/PLN and CHF/PLN, a high value of
the Hurst exponent indicates long memory in the time series. Only for USD/PLN, we achieve the
Hurst exponent closest to 0.5, which implies market efficiency. The research results obtained based
on the UIP hypothesis and fractal analysis are consistent. The study reveals that the market efficiency
hypothesis holds only for the most tradable Polish zloty currency pair, i.e., USD/PLN.

Keywords: foreign exchange market; efficient market hypothesis; uncovered interest parity; fractal
analysis; Hurst exponent

1. Introduction

The Efficient Market Hypothesis assumes that all information available to market par-
ticipants is immediately reflected in the financial market’s assets’ prices. Fama (1970, 1965)
distinguishes three forms of market efficiency. The weak form of market efficiency assumes
that current prices reflect all information contained in historical prices. The semi-strong
states that current prices reflect all publicly available information, and also information
included in historical prices. The strong form of market efficiency assumes that current
prices reflect both private and public information.

The term efficiency describes the market in which prices impound relevant infor-
mation available to market participants. The foreign exchange market is assumed to be
efficient when the simple assumption of zero expected profits holds. The well-known
parity condition for testing currency market efficiency is represented by the Uncovered
Interest Parity (UIP) (Sarno 2005). The failure of UIP implies the opportunity to gener-
ate excess returns. The UIP assumes that the expected exchange rate return equals the
interest rate differential or the so-called forward premium, i.e., the difference between
the forward and spot exchange rates. The rejection of the UIP constitutes one of the
most well-known anomalies in the theory of international finance. The phenomenon
is called a forward premium bias or forward premium puzzle. There is extensive evi-
dence supporting the rejection of the Uncovered Interest Parity hypothesis (Fama 1984;
Froot and Frankel 1989; McCallum 1994; Zhou and Kutan 2005; Clarida et al. 2009).
There are many econometric methods used to study the UIP in the currency market.
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In the literature concerning currency market efficiency and the Uncovered Interest Parity,
very often the verification of the UIP hypothesis begins with a simple linear OLS model
(Chaboud and Wright 2005; Lothian and Wu 2011), then more advanced methods are used,
including GARCH models (e.g., Tai 2001; Karahan and Çolak 2012; Li et al. 2012), smooth
transition models (Baillie and Kiliç 2006; Baillie and Chang 2011; Cho 2018) or switching
models (Beyaert et al. 2007; Ichiue and Koyama 2011). In the paper, we test the UIP hypoth-
esis and thus the efficiency of the currency market using GARCH models. These models
are often used in analysing the financial market (Malliaropulos 1997; Tabasi et al. 2019;
Xiao et al. 2020), including their effectiveness (Lean and Smyth 2015; Narayan et al. 2016).

Some researchers claim that the rejection of the UIP hypothesis should not be equalled
with the rejection of the currency market efficiency hypothesis. According to Nguyen (2000),
holding the UIP is sufficient but not a necessary condition for the currency market’s
efficiency. He believes that the forward premium puzzle in the foreign exchange market
does not necessarily mean that the market is inefficient. Olmo and Pilbeam (2011) show that
the UIP is neither sufficient nor necessary for the currency market’s efficiency. Moreover,
in their opinion, the foreign exchange market may be effective even when the UIP does
not hold. They believe that the appropriate test of the currency market efficiency should
be based on the analysis of the rates of return obtained from various currency investment
strategies. However, it should be emphasised that UIP is also associated with the possibility
of generating abnormal excess rates of return (Czech 2020). Thus, testing the UIP hypothesis
seems to be the correct method of testing the Efficient Market Hypothesis (EMH).

The paper also tests the EMH based on the fractal approach linked to stochastic and
deterministic properties of the system generating exchange rate changes. Using, among
others, the Generalised Hurst Exponent, we examine the Fractal Market Hypothesis (FMH).
The FMH is a reasonable generalisation of the standard Efficient Market Hypothesis
(Peters 1994). The fractal and non-linear analysis tools in the currency market are employed
by Liu et al. (1994). In their study, four currency futures exhibited both short-term and long-
term dependence. Fang et al. (1994) and Evertsz (1995) also find statistically significant
evidence of selected exchange rates’ fractal structure. van de Gucht et al. (1996) show that,
for analysed currencies, the long-run behaviour deviated from that of a pure random walk
in certain periods. Galluccio et al. (1997) state that the Hurst exponent for foreign exchange
rates for the U.S. dollar, the German mark and the Japanese yen are not significantly
different from 0.5, but that the underlying system is not independent as autocorrelation
exists. Corazza and Malliaris (2002) reveal that a Hurst exponent is significantly different
from 0.5. Furthermore, they show that the Hurst exponent is not fixed over time series.
Rather unexpected results are uncovered by Kristoufek and Vosvrda (2016). They show
that the gold prices quoted in the most liquid currencies belong to the least efficient ones.
However, smaller and less traded currencies seem to be the most efficient. They state that
rather unexpected results might result from a unique study period, i.e., from 2011 to 2014.

Another method applied to test the EMH related to exchange rate non-linearity anal-
ysis is the Brock–Dechert–Scheinkman (BDS). Han et al. (2020) emphasise that currency
market inefficiency is closely related to the non-linearity of the foreign exchange rate series.
Lei and Pan (2012) present some empirical evidence on non-linearity in exchange rates of
six emerging markets, which means that the properties of foreign exchange markets do not
comply with the requirements of the random walk hypothesis. Serletis and Gogas (1997)
present a non-linear dynamical study for seven East European currencies. Using the
BDS statistics, they reject the null hypothesis of independent and identically distributed
residuals from an Autoregressive (A.R.) process. Chiarella et al. (1994) find significant
forms of non-linear behaviour for most realisations of exchange rate series. However,
they show that the level of significance and type of non-linearity may vary. Hsieh (1989)
also shows that daily exchange rate changes are not independent of past changes. Sim-
ilarly, Mammadli (2017) rejects the presence of chaos and finds sufficient evidence for
non-linearity in the Turkish foreign exchange market.
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The paper aims to assess the efficiency of the Polish zloty exchange rate market. Our
contribution is to test the market efficiency by applying two approaches, one based on
the Uncovered Interest Parity theory, and another based on the non-linear dynamics of
exchange rates series. We aim to combine the classic and modern econometric methods in
the study. The applicate Hurst exponent is generally used to depict the degree of market
efficiency. In this context, this method is useful because the Hurst coefficient allows the
description of the properties of currency markets’ characteristics, which can be helpful
for investors in choosing their individual strategies. In our opinion, this approach can be
treated as a complement to the classical approach to test currency market efficiency, i.e.,
based on the Uncovered Interest Parity. To our knowledge, there is no such study that tests
foreign exchange market efficiency, especially emerging market currency such as Polish
zloty, by combining two independent approaches.

The paper is organised as follows. Section 2 describes the empirical methodology and
data. Section 3 reports the research results. Section 4 contains a discussion part. The last
section provides conclusions and draws some implications for future research.

2. Methodology

The paper aims to assess the efficiency of the Polish zloty exchange rate market. The
study is conducted based on six appropriately chosen spot daily and monthly exchange
rates related to Polish zloty. In the analysed exchange rates, the Polish zloty is a quote
currency, while the U.S. dollar (USD), the euro (EUR), the Japanese yen (JPY), the Swiss
franc (CHF), the Mexican peso (MXN) and the Turkish lira (TRY) are base currencies. The
selected currencies represent the most tradable currencies (USD, EUR), low-yielding curren-
cies of developed countries (JPY, CHF) and high-yielding currencies of emerging economies
(MXN, TRY) (BIS 2019). The efficiency of the Polish zloty foreign exchange market is tested
by applying two different approaches. One approach is related to Uncovered Interest Parity
theory, and another one to fractal and non-linear analysis. The UIP is tested based on the
analysed countries’ monthly spot exchange rates and monthly interbank interest rates. The
fractal and non-linear analyses are conducted for daily spot exchange rates. Exchange rates
series data come from the Refinitiv Datastream and covers the period from June 2004 till
February 2021, i.e., from Poland’s accession to the European Union to the last available
data. Monthly interbank interest rates data come from the Refinitiv Datastream and cover
the period from June 2004 till February 2021 for all countries apart from Turkey, for which
the series starts in July 2006.

The Uncovered Interest Parity (UIP) constitutes a fundamental condition applied to
test foreign exchange market efficiency. The UIP assumes that the interest rate differential
equals the expected change in the exchange rate (Isard 2006):

Et(st+1|Ωt)− st = it − i∗t , (1)

where st the logarithm of the spot exchange rate at time t, Et(st+1|Ωt) is the logarithm
of expected spot exchange rate at time t + 1, based on information known at time t, it
and i∗t are interest rates in quote and base currency countries, respectively. Testing of the
UIP hypothesis often requires the assumption of rational expectations. According to the
assumption of rational expectations, the spot exchange rate at time t + 1 (st+1) equals the
expected spot exchange rate plus a white-noise error term which is uncorrelated with
information available at time t (ηt+1) (Isard 2006).

st+1 = Et(st+1|Ωt) + ηt+1 (2)

The fundamental regression model used to test UIP is as follows (Isard 2006):

st+1 − st = α + β(it − i∗t ) + εt+1, (3)
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where α and β are the model’s coefficients and εt+1 is an error term uncorrelated with
information available at time t. Under the UIP condition, the slope coefficient β is equal to
unity (β = 1) and the intercept coefficient α to zero (α = 0).

In the paper, we apply Generalised Autoregressive Conditional Heteroscedasticity
(GARCH) models to test the UIP hypothesis, i.e., test the efficiency of the foreign exchange
market. Developed by Engle (1982) and Bollerslev (1990), GARCH models are applied
to model the time-varying volatility structure of financial markets’ prices. In the paper,
we apply GARCH(q,p) and asymmetric TGARCH(q,p), depending on the properties of
analysed time series. The TGARCH model was created independently by Zakoian (1994)
and Glosten et al. (1993). The fundamental goal of the TGARCH model is to include
the asymmetries by adding into a variance equation a multiplicative dummy variable
which allows checking whether there is a significant difference when shocks are positive or
negative. The only difference in the TGARCH models introduced by Zakoian (1994) and
Glosten et al. (1993) is that the first one analyses the effect of bad and good news on condi-
tional standard deviation, while the other is on conditional variance. This paper applies the
asymmetric TGARCH model developed by Glosten et al. (1993). Hamilton (1994) stresses
that the financial time series’ unconditional distribution has fatter tails than the Gaussian
distribution. In the applied GARCH models, we use Generalised Error Distribution (GED)
to capture the fat tails of the conditional distribution. The GARCH(q,p) model used in the
study to test the UIP hypothesis is described as follows:

st − st−1 = α + β
(
it−1 − i∗t−1

)
+ εt

εt = htωt
h2

t = ϑ0 + ∑
q
i=1 ϑiε

2
t−i + ∑

p
j=1 ϕjh2

t−j
ωt ∼ GED(0, 1, τ)

, (4)

where εt is the error term, h2
t is the conditional variance, α, β, ϑ, ϕ are the model coefficients

and τ is the Generalised Error Distribution parameter.
When asymmetry effects characterise the exchange rate returns series, i.e., when

negative shocks (negative innovations) contribute to an increase in volatility more than
positive innovations, we apply the threshold GARCH model (5).

st − st−1 = α + β
(
it−1 − i∗t−1

)
+ εt

εt = htωt

h2
t = ϑ0 + ∑

q
i=1 ϑiε

2
t−i + ∑l

k=1 γε2
t−k I(εt−k < 0) + ∑

p
j=1 ϕjh2

t−j
ωt ∼ GED(0, 1, τ)

, (5)

where γ represents the asymmetry term coefficient.
The fractal analysis is conducted based on the Hurst exponent. To our knowledge,

this is one of the first currency market studies that applies the STL (Seasonal-Trend de-
composition using Loess) procedure to decompose time series before computing the Hurst
exponent. For this reason, this method is described in more detail. In the first step, we
decompose the foreign exchange returns time series using STL decomposition based on
the Loess smoother (Cleveland et al. 1990). After decomposition, we achieve three ele-
ments, i.e., deterministic trends (Ti), seasonal components (Si) and stochastic remainder
components (Ri) (Laib et al. 2018):

rt = Ti + Si + Ri, (6)

where

rt = log
(

Pt

Pt−1

)
. (7)

The STL method comprehends two procedures, i.e., an inner loop and an outer loop. In
general, the STL decomposition procedure is iterative and consists of alternating estimation
of the trend and the seasonal component (Laib et al. 2018). We apply the R stats packages to
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compute the remainder components (for more details see Cleveland et al. (1990)). Since we
are interested in a robust investigation of the time dependence in exchange rates returns
series, the stochastic component constitutes the most important one. Thus, we calculated
the Hurst exponent for the remainders. Removing the seasonal components enhances the
reliability of the results.

The STL procedure seems to be superior to other time series decomposition methods
(e.g., TRAMO/SEATS and X11). Firstly, the procedure can be applied to any type of
seasonality. Second, this method allows for the changing of seasonal components over time.
Additionally, we can specify some unique characteristics of time series, such as the rate of
change in the seasonal element or the smoothness of the trend cycle. Last but not least, the
method is more robust when there are outliers in the time series (Miloş et al. 2020).

The Hurst exponent for one-dimensional time series can be determined in a few meth-
ods, i.e., long-range analysis method (R/S), Detrended Moving Average (DMA), Detrended
Fluctuation Analysis (DFA), Generalised Hurst Exponent (GHE) or multidimensional,
Multifractal Detrended Fluctuation Analysis (MF-DFA) and Wavelet Transform Module
Maxima (WTMM). The Multifractal Detrended Fluctuation Analysis (MF-DFA) is a robust
method, which was developed by Kantelhardt et al. (2002) and is the effective proce-
dure for detecting multifractality (Laib et al. 2018). MF-DFA generalises the Detrended
Fluctuation Analysis (DFA) method, which is applied to determine mono-fractal scaling
properties. Furthermore, the MF-DFA method can be applied to non-stationary time se-
ries (Kantelhardt et al. 2002). In the literature, we can find the successful application of
the MF-DFA method to prove the multifractal behaviour of financial time series of both
developed and emerging markets. In the paper, we apply the MF-DFA method to calculate
the Generalised Hurst Exponent and to investigate the fractal properties of the Polish zloty
exchange rates. The standard MF-DFA procedure consists of five steps, the first three
related to the DFA method. The analysis’ main steps and general formulas are described
below (Laib et al. 2018).

Step 1: Let x(k) for k = 1, . . . , N be a time series of logarithmic returns, where N
indicates series length. The first step of the MF-DFA is to construct the “profile” (random
walk), Y(i), by integration (cumulative increments) after subtracting from the time series,
x(k) its average, x:

Y(i) =
i

∑
k=1

[x(k)− x]. (8)

Step 2: The second step of the procedure is the profile is subdivided into Ns = int(N/s)
non-overlapping sub-periods with length equal to s. Because in some cases the length of
the vector N may not be an integer multiple of s, we repeat the division into Nτ segments
starting at the end of the series to obtain a total of 2Ns segments.

Step 3: In each of the obtained segments, we subtract the trend determined by the
fitting of the polynomial of the degree m by the least-squares procedure and calculate the
variance of the obtained fluctuations using the following formula:

F2(s, v) =
1
s

s

∑
i=1
{Y[(v− 1)s + i]− yv(i)}2. (9)

For v = 1, . . . , Ns and

F2(s, v) =
1
s

s

∑
i=1
{Y[N − (v− Ns)s + i]− yv(i)}2. (10)

Step 4: We calculate the q-th moment of each fluctuation and average thus obtained
values according to the formula:

For q 6= 0

Fq(s) =

{
1

2Ns

2Ns

∑
v=1

[
F2(s, v)

]q/2
}1/q

(11)
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q = 0

Fq(s) = exp
1

4Ns

2Ns

∑
v=1

ln
[

F2(s, v)
]
. (12)

Steps 2–4 must be repeated for different values of time scales s, to determine the
behaviour of the q dependent fluctuation functions Fq(s), for various q, which is included
in the last step.

Step 5: We determine the scaling exponent of the fluctuation function for various q:

Fq(s) ∼ shq . (13)

The exponent hq is the so-called Generalised Hurst Exponent and is applied to measure
market efficiency. The Hurst exponent in the range 0.5 < hq < 1 suggests the existence
of a positive autocorrelation, i.e., a persistent behaviour of time series. It indicates that
the process is characterised by long memory effects (for the various time scale), data are
fractal and the Efficient Market Hypothesis is not confirmed. The Hurst exponent in the
range 0 < hq < 0.5 implies negative autocorrelation, i.e., an anti-persistent behaviour.
It means that returns are negatively autocorrelated and are characterised by frequent
direction changes. In such a situation, the Efficient Market Hypothesis is not confirmed,
and investments are riskier. The Hurst exponent equal to 0.5 means that the returns are
uncorrelated, the data are random and financial market prices seem to follow a random
Brownian motion. It implies that the Efficient Market Hypothesis cannot be rejected, and
the analysed financial market is effective (Peters 1994).

3. Results

The Efficient Market Hypothesis was verified based on both the Uncovered Interest
Parity approach and fractal analysis approach. The UIP was tested based on the analysed
countries’ monthly spot exchange rates and monthly interbank interest rates. In the
GARCH(q,p) model (4 and 5), the dependent variable was the Polish zloty exchange rates
returns (st−1− st), while the independent variable was the interest rates differential (it− i∗t )
in analysed countries. The analysis was conducted for six Polish zloty exchange rates, i.e.,
USD/PLN, EUR/PLN, JPY/PLN, CHF/PLN, TRY/PLN and MXN/PLN, where the U.S.
dollar (USD), the euro (EUR), the Japanese yen (JPY), the Swiss franc (CHF), the Mexican
peso (MXN) and the Turkish lira (TRY) were base currencies, and the Polish zloty (PLN) was
a quote currency. The Polish zloty exchange rates return series and interest rates differential
series were tested for stationarity. The stationarity was checked based on the Augmented
Dickey–Fuller (ADF) test (Dickey and Fuller 1979) and the Kwiatkowski, Phillips, Schmidt
and Shin test (KPSS) (Kwiatkowski et al. 1992). Table 1 presents estimated t-statistics of the
ADF unit root test and the Kwiatkowski–Phillips–Schmidt–Shin test statistics of the KPSS
stationarity test. The results are presented for exchange rates return series and interest
rates differential series for six selected currency pairs. Columns in Table 1 contain only the
abbreviation of the base currency in the analysed exchange rates.

The ADF and KPSS tests show that the exchange rate returns series are stationary
for all six Polish zloty exchange rates. However, both tests confirm the non-stationarity
of the interest rate differential. According to Goh et al. (2006) and Li et al. (2012), this
non-stationarity may result from capital control in the money market or some changes in
the structure of interest rates series. Li et al. (2012) show that tests that consider structural
changes, e.g., the Zivot and Andrews test (Zivot and Andrews 2002), indicate that the
time series of interest rates are stationary. Cerrato et al. (2013) also prove the stationarity
of interest rates time series. The Zivot and Andrews test results in Table 1 confirm the
stationarity of the analysed interest rates differential series.
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Table 1. The ADF unit root test and KPSS stationarity test results for monthly Polish zloty exchange rate returns and interest
rate differential.

USD EUR JPY CHF MXN TRY

exchange rate returns (st+1 − st )

Augmented Dickey–Fuller test (ADF)

5% Critical Value:
Test statistic:

−1.94
−12.90

−1.94
−12.22

−1.94
−12.41

−1.94
−12.96

−1.94
−14.22

−1.94
−13.10

Kwiatkowski, Phillips, Schmidt and Shin test (KPSS)

5% Critical Value:
Test statistic:

0.463
0.127

0.463
0.154

0.463
0.079

0.463
0.136

0.463
0.088

0.463
0.214

interest rates differential (it − i∗t )

Augmented Dickey–Fuller test (ADF)

5% Critical Value:
Test statistic:

−1.94
−1.88

−1.94
−2.28

−1.94
−1.58

−1.94
−1.60

−1.94
−0.36

−1.94
−0.72

Kwiatkowski, Phillips, Schmidt and Shin test (KPSS)

5% Critical Value:
Test statistic:

0.463
0.459

0.463
0.232

0.463
1.510

0.463
0.851

0.463
0.644

0.463
0.484

Zivot–Andrew test

Test statistic:
p-value:

−5.12
<0.001

−3.43
<0.001

−3.75
0.017

−3.14
0.032

−4.06
0.003

−4.90
0.001

The orders q and p in the GARCH(q,p) model (4) were selected based on the Akaike
Information Criterion (AIC) (Akaike 1976) and the significance of variance equations coeffi-
cients. Additionally, when the exchange rate returns series were characterised by asymme-
try effects, we applied the threshold GARCH(q,p) model (5). We chose the GARCH(2,2)
model for the USD/PLN exchange rate, GARCH(1,1) for EUR/PLN, GARCH(1,1) for
JPY/PLN, TGARCH(1,1) for CHF/PLN, GARCH(2,2) for MXN/PLN and ARCH(1) for
TRY/PLN. The models were estimated based on the maximum likelihood method using
Marquardt’s algorithm (Marquardt 1963). The results of estimated GARCH models are
presented in Table 2.

We apply the Wald test to verify the UIP hypothesis in the Polish exchange rate
market. The null hypothesis states that slope coefficient β equals unity (β = 1) and the
intercept coefficient α to zero (α = 0). The results presented in Table 1 show that for all
analysed exchange rates, apart from USD/PLN, the null hypothesis is rejected at a 5%
significance level. We cannot reject the hypothesis that UIP holds for U.S. dollars to Polish
zloty exchange rates. Moreover, the estimated slope coefficients are negative for EUR/PLN,
JPY/PLN, CHF/PLN, MXN/PLN and TRY/PLN and positive for USD/PLN. According to
the UIP theory, the relationship between exchange rate return and interest rate differential
should be positive. Thus, the positive value of coefficient β for the USD/PLN market is also
consistent with the UIP theory. It implies that only the USD/PLN market, characterised by
the highest liquidity, is efficient. As far as other analysed exchange rates are concerned, the
UIP does not hold. This may suggest that the foreign exchange markets with the highest
transaction volume are the most efficient. Shahzad et al. (2018) reveal that trading volume
impacts the currency market efficiency levels. Kitamura (2017) shows that high liquidity
enhances currency market efficiency. He claims that a foreign exchange liquid market
strengthens competition among traders and the speed of price discovery.

The fractal and non-linear analysis is conducted for daily spot exchange rates. Daily
data stationarity is verified based on the ADF unit root test and the KPSS stationarity test
(Table 3). ADF test statistics and corresponding critical values suggest the rejection of the
hypothesis of a unit root in exchange rate returns series (at the significance level 0.05). Only
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for the TRY/PLN exchange rate, the ADF test shows the series are non-stationary. The
results of the KPSS test suggest that all analysed time series are stationary.

Table 2. Testing the Uncovered Interest Parity hypothesis on the Polish exchange rate market. The
results of the GARCH models (4), (5).

Coefficients USD EUR JPY CHF MXN TRY

mean equation

α 0.001 −0.001 0.005 0.009 * −0.008 *** −0.013 **

β 0.055 −0.187 −3.993 ** −3.667 ** −0.997 ** −0.692

variance equation

ϑ0 0.001 0.001 * 0.001 ** 0.001 ** 0.002 *** 0.001 ***

ϑ1 0.065 * 0.237 ** 0.406 *** 0.573 ** 0.043 *** 0.291 ***

ϑ2 0.075** - - - 0.051*** -

γ - - - −0.583 ** - -

ϕ1 0.135 * 0.637 *** 0.418 ** 0.412 *** 0.552 *** -

ϕ2 0.890 *** - - - 0.048 *** -

τ 1.426 *** 1.728*** 1.504*** 1.494*** 1.948 *** -

Wald test (H0:α=0 β=1)

F test statistic: 0.207 2.335 * 8.999 *** 4.299 ** 19.448 *** 3.410 **
Notes: ***, ** and * denote statistical significance at the 1%, 5% and 10% significance level, respectively.

Table 3. Summary of the stationarity, time-dependence and non-linearity analysis of the daily Polish zloty exchange rate
returns series.

USD EUR JPY CHF MXN TRY

Time series stationarity tests

ADF test

5% Critical Value:
Test Statistic:

−1.94
−3.821

−1.94
−2.067

−1.94
−3.868

−1.94
−2.831

−1.94
−2.725

−1.94
−0.740

KPSS test

5% Critical Value:
Test Statistic:

0.463
0.169

0.463
0.227

0.463
0.104

0.463
0.157

0.463
0.094

0.463
0.270

Ljung–Box Q test for autocorrelation (21 retards ~ 1 month)

p-value: 0.006 0.007 0.057 0.000 0.000 0.067

Nonlinearity tests:

Surrogate Test (p-value): <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Terasvirta Test (p-value): 0.386 0.000 0.681 0.067 0.000 0.000

White Test (p-value): 0.671 0.028 0.611 0.024 0.066 0.214

BDS Test (ARMA fit, p-value): 0.000 0.000 0.000 0.000 0.000 0.000

BDS Test (shuffled data): >0.1 >0.1 >0.1 >0.1 >0.1 >0.1

We reject the hypothesis of no serial correlation in the analysed time series (Table 3).
Moreover, based on the results of the McLeod–Li test, we reject the hypothesis of ho-
moscedasticity in the square returns of Polish zloty exchange rates. The Engle’s ARCH
test’s results also imply the occurrence of heteroscedasticity (Table 4). The results presented
in Tables 3 and 4 suggest the existence of a non-linear relationship in both Polish zloty
exchange rates returns and square of returns.
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Table 4. Summary of the time-dependence and non-linearity analysis of the daily volatility time series.

USD EUR JPY CHF MXN TRY

Heteroscedasticity tests

McLeod–Li (p-value): 0.000 0.000 0.000 0.000 0.000 0.000

Engle ARCH (p-value:) 0.000 0.000 0.000 0.000 0.000 0.000

Variance nonlinearity tests

Surrogate Test (p-value): <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Terasvirta Test (p-value): 0.004 0.000 0.024 0.000 0.276 0.000

White Test (p-value): 0.004 0.001 0.032 0.000 0.000 0.000

BDS Test (ARMA fit, p-value): 0.000 0.000 0.000 0.000 0.000 0.000

BDS Test (shuffled data, p-value): >0.1 >0.1 >0.1 >0.1 >0.1 >0.1

Before detecting time dependence, we test the exchange rate returns series for the
presence of non-linearity. We use a test proposed by Theiler et al. (1992), in which the null
hypothesis assumes that a linear (Gaussian) process generates the time series. Firstly, we
apply different algorithms, e.g., Fourier transformation, to generate surrogate data sets
that match the null hypothesis. Then, we compute statistical discrimination for the original
and each surrogate data set. The non-linearity is detected when the original data estimated
value is significantly different from the surrogate data computed values (Theiler et al. 1992).
Tables 3 and 4 show that the null hypothesis is rejected for mean and variance. The statistic
for the original data set significantly differs from the statistics for each of the surrogate sets.

The Terasvirta and the White tests do not provide clear results, particularly for
USD/PLN and JPY/PLN exchange rates. Thus, we apply a more robust test proposed by
Broock et al. (1996) to test for non-linearity in residuals (after application of the best fit
ARMA model). The obtained results imply the rejection of the hypothesis that the time
series is independently and identically distributed. The results are consistent for all applied
embedding dimensions, i.e., m = 2, . . . , 10 and all epsilon values for close points (Table 3).
Furthermore, to enhance the robustness of research results, we calculate the BDS statistics
also for shuffled residuals, which allow us to remove any non-linear dependence in the
residuals time series (Pietrych et al. 2021). For all analysed Polish zloty exchange rate
returns series, time dependence disappears in the shuffled time series residuals.

Subsequently, the squared residuals from the fitted GARCH models are tested for any
leftover non-linear structure using the BDS test again. According to the results presented in
Table 4, the BDS test implies the rejection of the null hypothesis that the squared residuals
are an independent and identically distributed process. It confirms that the GARCH process
does not capture all the non-linearity in the series of square exchange rates returns. Similar
to the results presented in Table 3, the BDS test for shuffled square standardised residuals,
and for the original time series residuals, reveals robust evidence of non-linear dependence
in the variance.

Finally, we apply the MF-DFA method to the remaining components of the exchange
rates return time series. We use the mfdfa library for R (Laib et al. 2017). We adopt the
first-degree detrending polynomial (m = 1) because the STL decomposition already isolates
the time trend component. We assume that time scales range from 10 to N/5 days (where
N is the number of observations in the analysed time series). For stationary time series,
the Hurst exponent is calculated by setting q = 2 for the scaling exponent (Generalised
Hurst Exponent). Table 5 summarises the calculated Hurst exponents for the six analysed
Polish zloty exchange rates. The results reveal a positive autocorrelation behaviour for
two exchange rates, i.e., JPY/PLN and CHF/PLN (a consistent behaviour). It suggests
that an exchange rate increase (decrease) in the previous period would be followed by an
increase (decrease) in the subsequent period. The other three exchange rates, i.e., EUR/PLN,
MXN/PLN and TRY/PLN, are characterised by a negative autocorrelation. It implies that
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an increase (decrease) in the previous period would be followed by a decrease (increase) in
the subsequent period. For USD/PLN, the Hurst exponent is close to 0.5. It means the data
are random, and the EMH cannot be rejected.

Table 5. The Generalised Hurst Exponent results.

The Period from Access to the E.U. (3 May 2004, n = 4336) Periods Since the End of the Crisis (1 January 2010, n = 2857)

Returns Variance Returns Variance

Hurst
DFA

Hurst
DFA_SHUFF

BDS BDS
SHUFF

Hurst
DFA

Hurst
DFA_SHUFF

Hurst
DFA

Hurst
DFA_SHUFF

BDS BDS
SHUFF

Hurst
DFA

Hurst
DFA_SHUFF

USD 0.4944 0.4968 <0.05 >0.05 0.6520 0.4814 0.5039 0.5147 <0.05 >0.05 0.7168 0.5117

EUR 0.4750 0.5206 <0.05 >0.05 0.6511 0.5023 0.4851 0.4713 <0.05 >0.05 0.6954 0.4855

JPY 0.5382 0.5003 <0.05 >0.05 0.7222 0.4958 0.5233 0.4826 <0.05 >0.05 0.7172 0.5273

CHF 0.5419 0.5027 <0.05 >0.05 0.6174 0.5291 0.5543 0.5005 <0.05 >0.05 0.7633 0.5146

MXN 0.4242 0.5272 <0.05 >0.05 0.6249 0.4996 0.4339 0.4964 <0.05 >0.05 0.6533 0.4871

TRY 0.4593 0.5020 <0.05 >0.05 0.6157 0.5015 0.4832 0.4962 <0.05 >0.05 0.7303 0.4952

Similarly to the BDS test procedure, we calculate the Hurst exponent also for the
shuffled time series in order to remove long-range correlations in the data. For the time
series after the shuffle, the Hurst exponent is almost equal to 0.5 (Table 5). Evidence for
long-range dependence in the variance is also clear.

The results should be interpreted with a disclaimer that the long memory charac-
teristics of the time series change with the length of time period used (Šonje et al. 2011).
Furthermore, the Hurst exponent can change over time. To take into account possible
changes, we apply the BDS recursive test. The analysis of Polish zloty exchange rates in
the years 2004–2020 shows that there were large fluctuations in this period, caused by, e.g.,
exogenous factors. As a consequence, currency returns may have different properties in
different subperiods (Appendix A). To check whether there were any possible changes of
dynamics in systems generating time series in the period under study, BDS test statistics
are calculated. This test is sensitive to non-stationarities due to potential shifts in the
unconditional variance over time. The BDS is calculated starting from the 100 observation
data set and adding 300 observations to analysed observations (Díaz et al. 2002).

Figures presented in Appendix B show the evolution of the BDS test statistics values.
First of all, the BDS value has been steadily increasing during the analysed period for
almost all studied Polish zloty exchange rates. For exchange rates USD/PLN, JPY/PLN
and CHF/PLN, we can see a common point around September 2008. In this case, the
BDS value increased after that date. Therefore, it can be assumed that in September 2008
there was a change in the dynamics of exchange rates returns. Finally, we calculate the
Hurst exponent once again for the subperiod, ranging from the end of the crisis, i.e., from
01.01.2010. For this case, we obtain similar results, but the exponent is closer to 0.5. It
implies that after the global financial crisis of 2008–2009, the foreign exchange market is
less inefficient (Table 5).

The changes in foreign exchange market efficiency over time may be driven by the
investors’ herd behaviours, especially in times of crisis or concerns about certain economic
foundations’ stability. The study on UIP and currency market efficiency reveals that market
efficiency changes over time and UIP works systematically better in the time of crisis
(Flood and Rose 2002; Clarida et al. 2009; Cho et al. 2019; Czech 2020). Current research
directions underline that the fractals models can, with success, explore the effects for the
price of financial assets caused by some exogenous shocks, such as crisis or disease. More-
over, this approach can be useful to understand the psychological aspects of investment
behaviours (Aslam et al. 2020).
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4. Discussion

The research results indicate that the Uncovered Interest Parity holds only in the
USD/PLN market. For the remaining analysed exchange rates, the UIP hypothesis was
rejected, indicating the so-called forward premium anomaly and market inefficiency. The
research results are in line with the vast majority of published studies that imply the
rejection of the Uncovered Interest Parity hypothesis (Fama 1984; Froot and Frankel 1989;
McCallum 1994; Zhou and Kutan 2005; Clarida et al. 2009.)

The study results obtained based on the non-linearity and long memory analysis are
in line with the previous studies. Most studies show that the foreign exchange market is
characterised by non-linearity and long memory. Gould et al. (2015) find strong evidence
of long memory, with a Hurst exponent of H > 0.5, for each of the three currency pairs
(EUR/USD, GBP/USD and EUR/GBP). Han et al. (2019) show that long-range correlations
cause multifractal properties for four currencies (EUR, GBP, CAD and JPY). Similar results
are achieved (Shahzad et al. 2018) by employing high frequency (5 min interval) data
spanning. They found evidence of higher efficiency levels in the JPY and CHF currency
markets. The GBP currency appears to be the least efficient, followed by the EUR. However,
it should be emphasised that the above-mentioned studies analyse the markets of the
most tradable currencies. Our study refers to the emerging-market currency such as the
Polish zloty.

Some authors point out the existence of structural changes in the forward premium
persistence (Cho and Chun 2019). They reveal the existence of three to four structural
breaks over the analysed 30-year period and find evidence of long memory in sub regimes.
They show that break dates are related mainly to such disturbances as macroeconomic
shocks or changes in monetary policy. Our research partially takes this aspect into account
by dividing the time series into two periods before and after the global financial crisis
of 2008–2009. We are the first to use the BDS recursive test for this purpose. A similar
approach, including few periods, was also applied by Han et al. (2020).

To sum up, the study reveals that the market efficiency hypothesis holds only in the
USD/PLN market. The U.S. dollar market is the most liquid one (BIS 2019). This suggests
that the foreign exchange markets with the highest transaction volumes are the most effi-
cient, which is in line with the study results of Kitamura (2017) and Shahzad et al. (2018).

Nguyen (2000) and Olmo and Pilbeam (2011) claim that the rejection of the UIP
hypothesis does not necessarily mean the rejection of the market efficiency hypothesis. In
their opinion, the foreign exchange market may be efficient even when the UIP does not
hold. We show that the study results obtained based on both the UIP hypothesis and the
fractal analysis are consistent. It may imply that the UIP hypothesis constitutes a proper
method for testing the foreign exchange market hypothesis. However, we believe that
examining the market efficiency should be based on various methods, which enhances the
research robustness.

5. Conclusions

The Uncovered Interest Parity constitutes an important parity condition for testing
foreign exchange market efficiency. The article verifies the UIP for six selected Polish zloty
exchange rates. The research results show that the UIP holds only in the U.S. dollar to the
Polish zloty foreign exchange market. For EUR/PLN, JPY/PLN, CHF/PLN, MXN/PLN
and TRY/PLN exchange rates, the estimated slope coefficients in the UIP equation are
negative and significantly different than one which is opposite to UIP theory and thus
implies market inefficiency.

Additionally, we test the effectiveness of the Polish currency market based on fractal
analysis. The paper studies Polish zloty exchange rate market efficiency using the MF-
DFA method and estimated Hurst coefficient h(q) to investigate long memory in the
analysed exchange rates. Our results can be helpful for investors in choosing investment
strategies. MXN/PLN, TRY/PLN and EUR/PLN exchange rates exhibit anti-persistent
behaviours suggesting mean-reverting characteristics. This may suggest that the higher
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value of the financial asset observed in previous periods may decline in subsequent periods.
For JPY/PLN and CHF/PLN, the value of the Hurst exponent in the range between 0.5
and 1 indicates the existence of long memory in the process. It means that the future
exchange rate depends (to a certain extent) on its values from previous periods. Only for
USD/PLN, we achieve the Hurst exponent closest to 0.5, which implies that this market is
the most efficient.

The research results obtained based on the UIP hypothesis and fractal analysis are
consistent. The study reveals that the market efficiency hypothesis holds only in the
USD/PLN market. This may suggest that the foreign exchange markets with the highest
transaction volume are the most efficient.

The application of a Hurst exponent to seeking evidence of informational efficiency
offers an alternative to traditional econometric methods. However, our results should be
interpreted with caution because the long memory character of financial time series (includ-
ing foreign exchange rates) changes with the length of time period used (Šonje et al. 2011).
It constitutes a challenge for our future research. The application of a Hurst exponent with
different window lengths may allow us to assess the evolution of the long memory for
exchange rates and, finally, answer which of the exchange rates have become more or less
efficient over time.

Our results could be important for policymakers as their main goal is to ensure fi-
nancial markets’ sustainable growth and individual investors as they search for market
inefficiencies to implement suitable market strategies that allow them to generate extraor-
dinary profits. Further research could also focus on the source of market inefficiency and
the possible policies that could contribute to markets’ development. Some authors claim
the market inefficiency is even more important than the problem of market efficiency. It is,
however, a broader research problem, and it constitutes a challenge for our future research.
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Figure A2. BDS test results (for various embedding dimension: from m = 2 (bottom yellow line) to m = 9 (upper red line)). 
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