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Abstract
Objectives: Coronavirus disease (COVID-19) is one of the 
most detrimental pandemics that affected the humanity 
throughout the ages. The irregular historical progression of 
the virus over the first year of the pandemic was accompa-
nied with far-reaching health and social damages. To prepare 
logistically against this worsening disaster, many public au-
thorities around the world had set up screening and forecast-
ing studies. This article aims to analyse the time-frequency 
co-evolution of the number of confirmed cases (NCC) in Tu-
nisia and the related number of performed polymerase chain 
reaction (PCR) tests over the COVID-19 first year. Accurate-
ly predicting such a relationship allows Tunisian authorities 
to set up an effective health prevention plan.
Study Design: In order to keep pace with the speed of evo-
lution of the virus, we used uninterrupted daily time series 
from the Tunisian Ministry of Public Health (TMPH) recorded 
over the COVID-19 first year. The objective is to: (1) analyse 
the time-frequency progress of the NCC in relationship with 
the number of PCR tests, (2) identify a multi-scale two-fac-
tor stochastic model in order to develop a robust bivariate 
forecasting technique.
Methods: We assume a bivariate stochastic process which 
is projected onto a set of wavelet sub-spaces to investigate 
the scale-by-scale co-evolvement the NCC/PCR over the 
COVID-19 first year. A wavelet-based multiresolutional cau-
sality test is then performed.
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1 | INTRODUCTION

Over the few last decades, medical practices have known significant changes, which altered the demand for supplies/
service and the ways they are employed. These changes therefore have, in fact, budgetary requirements, especially 
in terms of capital investment and revenue requirements. With the onset of Coronavirus disease 2019 (COVID-19), 
this equation has become even more complicated, hence the need for effective management plans to avoid stock-
out of medical supplies. Thus, accurately planning health care needs is an important issue, yet existing forecasting 
models are often inadequate. On this basis, there is a need to methods whereby the optimum level of provision can 
be predicted and the likely effects of changes proposed can be evaluated.1 An effective multiresolutional forecasting 
model,2–5 for instance, should enable health planners/managers to minimise costs and maximise the use of projected 
capital and investment. In all of this, the role of the authorities would therefore be to plan with certainty the neces-
sary financial resources by the request for additional budgets intended for the public health sector over COVID-19.

COVID-19 is an infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 
Since identified in 2019 in Wuhan (China), COVID-19 has generated much fear due to its relatively high mortality 
rate. Today, the current pandemic caused by the highly contagious SARS-CoV-2 and its effects on the global econo-
my is of major global concern.6–8 Preventive and organisational measures have been taken at the global and regional 
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Results: The main results recommend the rejection of the 
null hypothesis of no instantaneous causality in both direc-
tions, while the statistics of the Granger test suggest failing 
to reject the null hypothesis of non-causality. However, by 
proceeding scale-by-scale, the Granger causality is proven 
significant in both directions over varying frequency bands.
Conclusions: It is important to include the NCC and PCR 
variables in any time series model intended to predict one 
of these variables. Such a bivariate and multi-scale model 
is supposed to better predict the needs of the public health 
sector in screening tests. On this basis, testing campaigns 
with multiple periodicities can be planned by the Tunisian 
authorities.
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Highlights

•  We test the causality of COVID-19 infections on viral testing 
volumes in Tunisia

•  A wavelet-based approach is applied to examine the relationship 
scale-by-scale

•  The results recommend the rejection of the noncausality at all 
frequency bands

•  Screening campaigns with multiple periodicities can be 
conducted by Tunisian MOH
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levels to limit and control the spread of the pandemic and its repercussions.9,10 Tunisia, in particular, was not only 
among the first north-African countries to be affected by the virus, but also the among the firsts to know how to fight 
it effectively. The Tunisian Public Health Ministry (TPHM) had in fact opted for protectionist and proactive strategies 
based upon effective screening and forecasting plans. This had immediately succeeded in stopping the scourge in 
a very effective manner, despite the fact that the North African nation is situated in a Mediterranean zone of great 
liveliness, and in particular in the neighbourhoods of Italy, which was one of the most affected by the pandemic 
during the first year.

On the other hand, the COVID-19 pandemic is a powerful reminder of the importance of having health services 
that are effective and just-in-time. For the public authorities, predicting the instantaneous evolution of the number of 
cases affected by this disease is both a delicate and important mission in the sense that its success allows to accurate-
ly determine in advance the material and logistic needs in order to protect themselves from severe viral waves.11 The 
most popular models used in a wide range are based on a single factor model developed in a continuous-time setting, 
which provides a rich framework for specifying the dynamic behaviour in the short-term.12 However, the most known 
models does not capture important information about nonstationary processes. Therefore, wavelets are commonly 
used to decompose data into a sum of orthogonal sub-signals.3,4,13,14 Wavelets are known as very practical and accu-
rate mathematical tools for dealing with nonlinearities and problems where phenomena of very different scales occur. 
In the wavelet-decomposed signals, the finest time-scales represent the short-run dynamics (corresponding to the 
very high- and high-frequency components), the coarsest time scales characterise cycles (epidemic waves), while the 
trend is associated to approximation components corresponding to the long-run elements.

In this paper, a wavelet-based bivariate time series methodology is proposed for analysing the relationship be-
tween the daily COVID-19 infections and the number of polymerase chain reaction (PCR) tests in Tunisia. The idea of 
such a relationship has in fact recently been spread in some research directions.15 The main interest of this conjoint 
modelling is to allow health authorities in Tunisia to prepare logistically against the arrival of new COVID-19 waves 
in order to optimise their needs in terms of PCR tests. To keep pace with the speed of evolution of the virus during 
its first year, uninterrupted daily time series are used in our study. The strength of the wavelet-based multiresolution 
analysis (MRA), in comparison with classical approaches, is that it offers a powerful way to decompose the dynamics 
of the signals over a variety of different time horizons. Such a framework could therefore represent the cornerstone 
of a multi-periodic screening plan. The main results recommend the rejection of the null hypothesis of no instantane-
ous causality in both directions, while the statistics of the Granger test suggest failing to reject the null hypothesis of 
non-causality also in both directions. By proceeding rather scale-by-scale, the Granger causality is proven significant 
in both directions over varying frequency bands. The implication of such results is that it is important to include both 
variables in any model intended to predict one of the variables. Such a bivariate and multi-scale model is supposed to 
better predict the needs of the public health sector in screening tests.

2 | METHODS

The wavelet transform3,4,13,14 decomposes a signal f(t) into some regular functions called daughter wavelets ψs,τ(t), 
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where c0,k summarise the general form of the function and the dj,k represent the local details. These coefficients, 
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where the crossed out arrow in the null hypothesis means 
 ( )1

, 1
Y
j tE D  does not cause 

 ( )2
, 1
Y
j tE D  . Similarly, inverting the arrows’ 

directions implies that the causality is tested in the opposite direction.

3 | RESULTS

The objective of this experiment is to test the uni- and multi-scaled causalities between the number of COVID-19 
infections and the related number of PCR viral tests in Tunisia. A daily database from the TMPH (Data on the epidemic 
situation are provided by the Tunisian Ministry of Public Health [http://www.santetunisie.rns.tn/] and the Tunisian 
observatory for new and emerging diseases [http://www.onmne.tn/].) is used in this study. By quickly reading the 
statistics of Table 1, we can notice that the two indices show almost the same characteristics. Asymmetry and ex-
cess of kurtosis (Jarque–Bera JB test), nonlinearity (Brock–Dechert–Scheinkman BDS test), and slight long memory 
(Geweke–Porter-Hudak GPH test), are the common facts for the two variables. These statistics are also confirmed by 
the histograms of the two variables as well as the cross-correlation function between the same variables (Figure 1). 
The significance of these statistics is a sign that a multiresolutional decomposition method can lead to a better ap-
preciation of the interplay between the two variables.

The causality analysis between these two variables will in fact allow us to measure whether one of these varia-
bles have a significant effect on the other or not. Furthermore, the main interest of such a conjoint empirical study is 
to allow health authorities in Tunisia to prepare logistically against the arrival of new COVID-19 waves in order to op-
timise their needs in terms of PCR tests. In the other direction, it would also be possible for academia to re-predict the 
evolution of the number of cases according to the number of tests, especially in relationship with the credibility of the 
results announced by the authorities. To examine the causality assumption, we use the daily data ranging between 
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March 2020 and March 2021 (see Figure 2). Three types of tests are conducted: the Granger test of causality,16 in-
stantaneous test of causality,17 and multiscaled causality test.3 Since the simple principle of the multiscaled causality 
is to perform a scale-by-scale Granger test, we rely on the same rule as the classical test, which is to calculation an 
empirical information criterion to determine the order of autoregression lags.

The results reported in Table 2 recommend the rejection of the null hypothesis of no instantaneous causality in 
both directions, while the statistics of the Granger test suggest failing to reject the null hypothesis of non-causality 
also in both directions. The interpretation of these results is that, a forecasting model that uses current, past and 
future values of ‘number of cases’ (number of tests) and current and past values of ‘number of tests’ (number of cases) 
to predict the ‘number of tests’ (number of cases) has smaller forecast error than a model than only uses current and 
past values of ‘number of cases’ (number of tests) and current and past values of ‘number of tests’ (number of cases). 
The time series chart in Figure 2, however, shows signs of local stationarity and persistence, which could be inter-
preted as a type of long-range co-dependence.18 For this reason, the causality hypothesis is addressed in more depth 
by employing wavelets. As explained above, wavelets allow to restructure the causality test on ordered frequency 
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Statistics NCC PCR

Minimum* 28 0

Maximum* 15,132 5752

Mean* 2.97 × 103 685.26

Coef. variation* 89.275% 126.46%

Kurtosis 5.8680 6.9836

Skewness 1.372 0 1.6645

GPH* ( )ˆE d −0.0502 0.1667

JB test 1.56 × 103 6.77 × 103

ADF test −32.922 −30.152

BDS test 12.785 10.498

Note: Statistics with asterisks are performed on level time series, while the remaining are obtained form differenced data.
Abbreviations: NCC, number of confirmed cases; PCR, polymerase chain reaction.

T A B L E  1   Descriptive statistics and goodness-of-fit tests

F I G U R E  1   Cross-correlation and histogram plots of the daily changes (ΔXt = Xt − Xt−1) of COVID-19 confirmed 
cases and polymerase chain reaction (PCR) tests [Colour figure can be viewed at wileyonlinelibrary.com]

(B)(A)
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sub-bands. As detailed in Table 3, on a decomposition level J = 3, the non-causal hypothesis is rejected in both direc-
tions at all scales. This implies that a bidirectional multiscaled forecasting model4 can be used with potential success.

Proving such a significant causal relationship between the number of infected cases and the number of 
performed PCR tests can in fact be one of the levers of a national COVID screening strategy, and therefore, a 
reliable informational advantage for an efficient public health logistics. This also means that it is possible to use 
data from the two factors to forecast the values of one of them. Forecasts that can be of great interest, especially 
if they are sufficiently accurate. Moreover, given the dynamics of the virus's progression and the NCC, showing 
several types of irregularities, it was crucial to use a sophisticated tool to better understand the relationship. It 
was for this reason that we have used wavelet techniques to also measure scale-by-scale causality. Recorded 
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F I G U R E  2   Daily number of COVID-19 confirmed cases and related polymerase chain reaction (PCR) tests 
in Tunisia from March 2020 to March 2021. Both actual (blues) and MODWT-decomposed (black and grey) time 
series are plotted. In the subplots, S and Dj correspond to the smooth components and details of level j, respective-
ly. The subscripts NCC and PCR are abbreviations for the number of confirmed cases and performed PCR tests, 
respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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statistics provided significant scale-by-scale causal relationships, showing the importance of building periodic 
short, medium, and long-term screening planning strategies. As a perspective for this work, it would be interest-
ing, today, to introduce an additional variable representing the daily number of vaccinations. This would certainly 
allow to build a more up-to-date public health strategy with regard to COVID-19. It would be important, for 
instance, to make a similar reasoning to forecast the needs for vaccinations conditioned on a set of factors and 
constraints, such as the need and the will of the population, the storage conditions, the levels of spread of the 
virus, etc.

4 | CONCLUSION

A wavelet-based statistical analysis is conducted to measure the relationship between the daily COVID-19 infections 
in Tunisia and the viral tests allocated by the public health authorities. To continuously keep pace with the dynamics 
of the evolution of the virus during its first year, we used uninterrupted daily time series describing the two studied 
variables. The hypotheses claiming a relationship were therefore tested scale-by-scale. The question addressed was 
about the significance of the causal relationship between the NCC and the number of PCR tests conducted by the 
various national public and private health services. Most of the results recorded point to a significant two-way causal 
relationship between the number of infected cases and the number of tests. Such a time-scale co-evolution provides 
a clue to the Tunisian public health authorities in order to implement supply chain strategies and logistic plans to 
protecting themselves from future COVID-19 waves. In the future, the current analysis could be extended to also 
include vaccination data. A multivariate model would therefore allow to better understand the reaction of the spread 
of the virus in the population according to the achieved vaccination levels. Such a device could therefore represent 
the cornerstone of an adaptive vaccination plan.
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F stat p value F stat p value

Granger causality Instant. causality

 NCC E  PCR 1.4492 0.2161  NCC E  PCR 189.231 0.0000

 PCR E  NCC 1.6018 0.1721  PCR E  NCC 164.120 0.0000

Note: The notation E X Y  corresponds to the causality null hypothesis H0: X does not cause Y. We reject the null hypothesis 
if the p value < 0.05
Abbreviations: NCC, number of confirmed cases; PCR, polymerase chain reaction.

T A B L E  2   Causality analysis between the number of confirmed cases (NCC) and the number of polymerase 
chain reaction (PCR) tests

F stat Critical value F stat Critical value

 ( ) ( )
1, 1,
ncc pcr
t tE D D 6.9094 3.0209  ( ) ( )

1, 1,
pcr ncc
t tE D D 4.3795 3.0211

 ( ) ( )
2, 2,
ncc pcr
t tE D D 4.1604 3.8679  ( ) ( )

2, 2,
pcr ncc
t tE D D 4.9692 3.8676

 ( ) ( )
3, 3,
ncc pcr
t tE D D 4.3765 3.8675  ( ) ( )

3, 3,
pcr ncc
t tE D D 4.6806 3.0210

Note: The notation E X Y  corresponds to the causality null hypothesis H0: X does not cause Y. We reject the null hypothesis 
if the F-statistic is greater than the critical value.

T A B L E  3   MODWT-based multiscaled causality. A Daubechies least asymmetric wavelet filter of length L = 5 is 
used for the MODWT with a decomposition level of J = 3
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