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$EVWUDFW 

 
Synchronization between brain signals can be quantified by mathematical approaches. 
Recent studies have proposed a large variety of synchrony methods to capture the 
synchrony in brain activity between interacting subjects. However, there is no detailed 
overview of how each synchrony method performs under different data characteristics. 
Here we investigate four synchrony methods, corr-entropy, S-estimator, Global field 
synchrony (GFS) and Omega complexity and this under varying data characteristics. 
These four synchrony methods are applied to time series simulated by two data 
generation mechanisms: Roessler system and linear multivariate autoregressive 
(MVAR) process. The simulated time series represent the brain activity of subjects and 
several data characteristics have been manipulated. The performance of each synchrony 
method is evaluated by root mean square error (RMSE) and the correlation coefficient 
between true and estimated synchrony values. Besides, the ANOVA analysis and effect 
sizes are introduced to test the influence of data characteristics on the performance of 
synchrony methods. The results show that the S-estimator is always the first or the 
second best performing method and corr-entropy outperforms other methods when it is 
applied to data generated by Roessler system. The coupling strength and the length of 
time series can interact with synchrony methods and significantly influence the 
performance of each method. Time series with high synchrony results in good 
performance of the S-estimator and poor performance of Corr-entropy. It turns out that 
the longer data length can lead to better performance of each synchrony method. 
 
Keywords: synchrony; simulation; Corr-entropy; S-estimator; Global field synchrony 
(GFS); Omega complexity 
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1  Introduction 

In the past decade, hyperscanning started to play an important role in neuroscience. 
This technique pertains to a simultaneous scanning technology which can acquire brain 
signals from two or more subjects that are interacting with each other (Montague et al., 
2002). The evolution of the hyperscanning technique enables neuroscientists to 
investigate brain activities in all of the subjects involved in an interaction. As such, 
brain processes that shape the interaction and influence the interaction quality can be 
studied. The experimental setups used in hyperscanning studies can be grouped into 
two types. The first type involves that senders generate an action perceived by receivers 
(Babiloni and Astolfi, 2014). An example of such an experiment can be documenting 
information flow between brain sender and receiver participating in the communication 
of facial expression (Anders et al., 2011). The second type involves all subjects 
performing an action simultaneously to reach a common goal (Babiloni and Astolfi, 
2014). Such an experiment can, for example, be scanning the brains of several subjects 
while they are watching a movie fragment (Hasson er al., 2004). In the meantime, a 
large variety of hyperscanning methods have been developed. The most famous one is 
electroencephalogram (EEG), in which electrodes are placed RQ�WKH�SDUWLFLSDQW¶V�VFDOS. 
This technique can measure neural activity directly by recording electrical changes 
(Czeszumski et al., 2020). A second method is functional Magnetic Resonance Imaging 
(fMRI), which is an indirect measure that can measure brain activity by detecting 
changes associated with blood flow (Czeszumski et al., 2020). 

Recording and analyzing EEG and fMRI signals can make a contribution to 
capturing and measuring the amount of brain synchrony between subjects. Synchrony 
pertains to the similarity of brain responses across individuals (inter-brain) or brain 
regions within an individual (intra-brain). This is a common phenomenon in our daily 
life and exists in a lot of social interactions. For example, brain-to-brain interactions 
occur between a mother and her child and can positively affect a FKLOG¶V�GHYHORSPHQW�
(Hirata et al., 2014). Another finding suggests that when people sing together, the 
change of connectivity or synchrony between subjects will foster social closeness, even 
if these people are in a large group where they do not know each other (Weinstein et 
al., 2016). Studying synchrony also helps to understand how the coordination displayed 
by two individuals is influenced by the social context within which a face-to-face 
interaction happens (Miles et al., 2010). In summary, studying how synchrony occurs 
allows investigators to analyze dynamic brain activity and understand human behavior. 
Thus, conducting a series of studies regarding capturing and measuring synchrony is 
necessary for making progress in neuroscience and psychological areas. 
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Several empirical studies measuring synchrony have been performed already, such 
as recording brain activity from a class of 12 high school students to investigate brain-
to-brain synchrony in group interaction (Dikker, 2017). The findings of this study 
suggest that brain-to-brain synchrony is affected by stimulus properties such as the 
teaching style of the teacher, the student focus, and the teaching style preference. 
Moreover, brain-to-brain synchrony can be increased by face-to-face interaction with 
students. In particular, students sitting adjacent to each other and having silent eye 
contact are more likely to have large synchrony. Moreover, prior work also 
demonstrated that interpersonal synchrony between patient and therapist (i.e., inter-
brain coupling) FDQ�LPSURYH�SDWLHQWV¶�HPRWLRQ�UHJXODWLRQ�FDSDFLWLHV�DV�ZHOO�DV�EHQHILW�
the therapeutic outcomes (Koole and Tschacher, 2016). 

Although several studies were already published about synchrony, research has 
proposed a variety of synchrony methods to capture synchrony between, for example, 
subjects (Richardson et al., 2012; Gates and Liu, 2016) or different brain regions of 
Alzheimer's disease patients (Dauwels et al., 2010). Indeed, in the literature, several 
methods for capturing synchrony were proposed and used. For example, to quantify 
group synchrony (i.e., the synchrony between three or more individuals), multilevel 
models and dynamical correlation have been used (Gates and Liu, 2016). Stochastic 
event synchrony (SES), which can quantify the similarity between signals, was 
developed to measure synchronous activated brain regions (Dauwels et al., 2010). Some 
commonly used synchrony methods are also discussed by Dauwels et al. (2010), such 
as the directed transfer function (DTF; (Kaminsk and Blinowska,1991) and partial 
directed coherence (PDC; Kaminski and Liang, 2005), which are both frequency 
domain methods and can quantify information flow between two channels.  

Meanwhile, a series of simulation studies have been performed to study synchrony 
methods. For example, Winterhalder et al. (2005) compared four multivariate signal 
processing techniques (i.e., partial coherence, granger causality index, partial directed 
coherence, and directed transfer function) by applying these techniques to simulated 
data and empirical EEG data. The advantages and disadvantages of these four 
techniques were investigated. It turned out that partial directed coherence (PDC) is the 
most powerful technique because of its ability to detect the direction of signals and its 
sensitivity in processing nonlinear signals. A similar study also had been accomplished 
by Pagnotta and Plomp (2018) in which they selected four time-varying multivariate 
autoregressive (tvMVAR) algorithms and assessed their performance based on 
simulated time series data. The results of this study showed one of the tvMVAR 
algorithms, the General Linear Kalman Filter (GLKF), generally perform best in 
capturing connectivity between time series. 
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It is, however, unclear in the literature which type of synchrony method is optimal 
for which type of data is analyzed and which type of synchrony is aimed at. The purpose 
of this thesis is to find out which methods best capture synchrony and how this depends 
on data characteristics like the amount of noise in the data. Two extensive simulation 
study that both use a different data generating mechanism are performed: one using the 
Roessler system and one adopting the linear multivariate autoregressive (MVAR) 
process. In each simulation study, different factors are manipulated to generate data sets 
with various data characteristics. The following synchrony methods were compared: (1) 
corr-entropy coefficient, (2) omega-complexity, (3) Global Field Synchronization 
(GFS), and (4) S-estimator. These four methods are applied to each data set which is 
generated with a different combination of data characteristics. 

The rest of the thesis is organized as follows. The second section introduces the 
synchrony methods adopted. The third section discusses the details of the simulation 
study including how to manipulate the factors of simulation design and how to apply 
different synchrony methods to the simulated data. The fourth section presents the 
results of the simulation study and this for both data generating mechanisms. The fifth 
part develops the conclusions and discussions about this study and formulates avenues 
for further research.  
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2 Methods 

In this section, we briefly introduce the four synchrony methods that will be used 
in this study. Three of them are global synchrony methods (i.e., Omega-complexity, S-
estimator and Global Filed Synchrony), which means that they can deal with any 
number of time series or signals. The fourth one is a local synchrony method (Corr-
entropy), which implies it can only process two time series at a time. These four 
methods were chosen because they differ a bit with respect to which type of synchrony 
they are capturing. They are relatively novel methods and few investigations already 
have been conducted on these methods  

 

��� 2PHJD�FRPSOH[LW\ 

Omega complexity can measure the dissimilarity between time series by 
decomposing the time series into principal component (Yoshimura et al., 2004). 
Suppose we have multichannel data signals ଵܺሺ݇ሻǡ ܺଶሺ݇ሻǥ ǡ ܺ௡ሺ݇ሻ��2QH�FDQ�FRPSXWH�
D�݊ ൈ ݊�FRYDULDQFH�PDWUL[�EHWZHHQ�WKHVH�݊�VLJQDOV��7KH�HLJHQYDOXHV�ɉ௜�FRPSXWHG�EDVHG�
RQ� WKLV� FRYDULDQFH�PDWUL[� UHSUHVHQW� WKH� FRQWULEXWLRQ� RI� WKH� LQGLYLGXDO� WLPH� VHULHV� RU�
FRPSRQHQWV�WR�WKH�WRWDO�YDULDQFH��ZKLFK�FDQ�EH�QRUPDOL]HG�DV�IROORZ��ZKHUH�ɉ௜ᇱ�DUH�WKH�
QRUPDOL]HG�HLJHQYDOXHV� 

 
 

The value of omega-complexity can be computed based on the normalized eigenvalues 
as follow:  

 
 

Omega complexity is a dissimilarity method, which means that higher values indicate 
less connection or synchrony between signals. If the signals are independent (i.e., no 
synchrony), all n eigenvalues are identical, and hence ȳ ൌ �݊. If the signals are identical 
(i.e., perfect synchrony), only one eigenvalue equals one and all others are zero, 
implying ȳ ൌ �ͳ. 
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��� 6�HVWLPDWRU 

The S-estimator can quantify synchronization between multivariate time series 
(Carmeli et al., 2005). This method can be regarded as the extension of omega 
complexity to state space embedded signals (Dauwels et al., 2010). Suppose we have ݊ 
signals, ଵܺሺ݇ሻǡ ܺଶሺ݇ሻ ǥ ǡ ܺ௡ሺ݇ሻǤ�First, each signal is transformed by means of delay-
embed:  

 
 

Delay embed expands the ݊ dimensional signals to ݉� ൈ ݊ dimensional signals. Next, 
the covariance matrix C is computed based on the embedded signals, where ܥ א
ܴ௠௡ൈ௠௡. The normalized eigenvalues of this covariance matrix, which are indicated 
by ɉ௜ᇱ, are used to calculate the S-estimator:  

 
 
ZKHUH�݉��LV� WKH� QXPEHU� RI� GLPHQVLRQV� RI� WKH� GHOD\� YHFWRUV�� ,I� WKH� VLJQDOV� ௜ܺሺ݇ሻ��DUH�
VWDWLVWLFDOO\� LQGHSHQGHQW� �L�H��� QR� V\QFKURQ\��� DOO� QRUPDOL]HG� HLJHQYDOXHV� WHQG� WR� EH�
HTXDO� WR�ͳȀ݉݊��DQG�DV�D�UHVXOW��ܵ௘௦௧�DSSURDFKHV����2Q� WKH�FRQWUDU\��LI� WKH�VLJQDOV�DUH�
ZHOO�V\QFKURQL]HG��RQO\�D�IHZ�HLJHQYDOXHV�ZLOO�UHPDLQ�SURPLQHQW��DQG�DV�D�UHVXOW��ܵ௘௦௧ �
LV�WKHQ�FORVH�WR��� 
 

��� *OREDO�)LHOG�6\QFKURQ\��*)6� 

The Global Filed Synchrony (GFS) is a frequency domain method (Dauwels et al., 
2010). Suppose we observed ݊ signals ଵܺሺ݇ሻǡ ܺଶሺ݇ሻǥ ǡ ܺ௡ሺ݇ሻ��)LUVW�� WKH�)DVW�)RXULHU�
WUDQVIRUP� �))W�� LV� XVHG� WR� WUDQVIRUP� WKH� RULJLQDO� VLJQDOV� LQWR� WKHLU� IUHTXHQF\�
FRPSRQHQWV� ଵܺሺ݂ሻǡ ܺଶሺ݂ሻǡ ǥ ǡ ܺ௡ሺ݂ሻ��ZLWK�݂�EHLQJ�D�SDUWLFXODU�IUHTXHQF\��1H[W��WKH�UHDO�
DQG�LPDJLQDU\�SDUWV�RI�WKH�WUDQVIRUPHG�WLPH�VHULHV�DUH�FRPSXWHG�DQG�WKHVH�WZR�SDUWV�
DUH� DVVLJQHG� WR� WZR� YHFWRUV� UHVSHFWLYHO\�� 7KH� YHFWRU� � ܺோ ൌ
ൣܴ݁൫ ଵܺሺ݂ሻ൯ǡ ܴ݁൫ܺଶሺ݂ሻ൯ǡǥ ǡ ܴ݁൫ܺ௡ሺ݂ሻ൯൧� �FRQWDLQV� WKH� UHDO� SDUW� DQG� YHFWRU� ܺூ ൌ
൫݉ܫൣ ଵܺሺ݂ሻ൯ǡ ൫ܺଶሺ݂ሻ൯ǡǥ݉ܫ ǡ �൫ܺ௡ሺ݂ሻ൯൧��FRQWDLQV݉ܫ WKH� LPDJLQDU\� SDUW�� )RU� WKHVH� WZR�
YHFWRUV��WKH�FRYDULDQFH�PDWUL[ܥ� א ܴଶൈଶ�LV�FRPSXWHG�DQG�WKH�HLJHQYDOXHV�RI�FRYDULDQFH�
PDWUL[ܥ���LQGLFDWHG�E\�ɉଵ�DQG�ɉଶ��DUH�H[WUDFWHG��)LQDOO\��*)6�LV�FDOFXODWHG�DV�IROORZ� 

 
 



 ϭϬ 

,Q�WKH�VLPXODWLRQ�VWXG\��VHH�6HFWLRQ���DQG�����WR�SHUIRUP�WKH�)DVW�)RXULHU�WUDQVIRUP��WKH�
VSHFWUDO�UHVROXWLRQ�RI�))W�LV�VHW�HTXDO�WR���DQG�WKH�VDPSOH�UDWH�RI�))W�LV�VHW�HTXDO�WR����
WLPHV�WKH�OHQJWK�RI�WKH�VLPXODWHG�WLPH�VHULHV� :KHQ�VLJQDOV�DUH�KLJKO\�FRUUHODWHG��WKH�
YDOXH�RI�*)6�ZLOO�WHQG�WR�EH�FORVH�WR�RQH��RWKHUZLVH��WKH�YDOXH�RI�*)6�ZLOO�EH�FORVH�WR�
]HUR� 
 

��� &RUU�HQWURS\ 

The corr-entropy coefficient ݎா  is a non-linear extension of the correlation 
coefficient (Dauwels et al., 2010).  Suppose we observed two signals ݔ and ݕ, the corr-
entropy coefficient ݎா can be written as: 

 
 

ZKHUH� 

�����������������������  
 
DQG�ZKHUHߢ��LV�D�V\PPHWULF�SRVLWLYH�GHILQLWH�NHUQHO�IXQFWLRQ��,Q�WKLV�WKHVLV��ZH�DVVXPH�
��LV�WKH�*DXVVLDQ�NHUQHOߢ 

 
 
,Q�WKH�VLPXODWLRQ�VWXG\��6HFWLRQ���DQG�����WKH�NHUQHO�ZLGWK�LV�GHILQHG�DVߪ�� ൌ �ͲǤͺ��7R�
FDOFXODWHݎ�ா��WKH�VLJQDOVݔ��DQGݕ��ILUVW�QHHGHG�WR�EH�QRUPDOL]HG�E\�VXEWUDFWLQJ�WKHLU�PHDQ�
DQG�GLYLGLQJ�E\�WKHLU�VWDQGDUG�GHYLDWLRQ��:KHQ�VLJQDOV�DUH�LQGHSHQGHQW��WKH�YDOXH�RIݎ�ா�
ZLOO�EH�FORVHG�WR�]HUR�DQG�ZKHQ�VLJQDOV�DUH�ZHOO�V\QFKURQL]HGݎ���ா�ZLOO�WHQG�WR�HTXDO�
RQH�  
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3  Simulation study 

���  *RDO�RI�WKH�VLPXODWLRQ�VWXG\ 

The goal of this simulation study is to evaluate to which extent several synchrony 
methods are capable of recovering the (true amount of) synchrony that is present 
between time series of several subjects. To this end, time series will be generated that 
differ in the amount of synchrony that is between them, and it will be evaluated to which 
degree the synchrony methods presented in Section 2 allow for detecting this (amount 
of) synchrony. Moreover, the goal is also to study how the performance of the different 
synchrony methods depends on data characteristics, like the length and number of time 
series and the amount of noise present in the data. This will be studied by generating 
data under various conditions and investigating how the performance of the methods 
changes as a factor of these manipulated data characteristics. First, the data generation 
methods used are discussed (Section 3.2). Next, the design of the two simulation 
studies, each study using a different data generating mechanisms, are presented (Section 
3.3). Finally, the performance measures that will be used are outlined, along with the 
data analysis plan (Section 3.4). 
 

��� 'DWD�JHQHUDWLRQ�PHWKRGV 

To generate time series for two or more subjects with a given amount of synchrony 
in between them and manipulating this amount of synchrony we will make use of two 
ways of generating the time series: (1) Roessler systems and (2) linear multivariate 
autoregressive (MVAR) processes. 
 

����� 5RHVVOHU�V\VWHPV 

The following equation presents the three coupled stochastic Roessler oscillators 
data generation mechanism (Schelter et al., 2006), where Ɍ௝  represents the ݆th oscillator 
and ܺǡ ܻǡ ܼ represent three different processes or time series respectively: 

 



 ϭϮ 

 

 

 

where Ԗ௜ǡ௝ represents the coupling strength between time series ௜ܺ and ௝ܺ. By setting 

different values of the coupling strength parameter �Ԗ௜ǡ௝�ǡ� the connection or true 

synchrony between oscillator ݅ and oscillator ݆�can be manipulated at various levels 

(Winterhalder et al., 2005). In our study, the bidirectional coupling parameters are set 

equal to each other (i.e., Ԗ௜ǡ௝ ൌ Ԗ௝ǡ௜) between oscillator Ɍ௜  and oscillator Ɍ௝  .The number 

of oscillators can be manipulated by letting ݅ǡ ݆� ൌ �ͳǡʹǡǥ ǡ ݊ . The four synchrony 

methods (see Section 2) will be applied to the ܺ-components of the Roessler system. 

To generate the coupled time series, based on results from a pilot test, the parameters 

are set to the following values: ܽ ൌ �ͲǤʹǡܾ ൌ �ͲǤʹǡ ܿ ൌ ͻ and ݓ௝ ൌ ͳ (constant for all 

݆). 

 

����� OLQHDU�PXOWLYDULDWH�DXWRUHJUHVVLYH��09$5��SURFHVVHV 

A second method that will be used to simulate time series that show synchrony is 
the linear multivariate autoregressive (MVAR) process (Brockwell and Davis, 1998), 
which can be represented by the following equation: 

 
where  ݔሺݐሻ ൌ ሾݔଵሺݐሻǡ ሻǥݐଶሺݔ ǡ ሻሿ்ݐேሺݔ  refers to ܰ  time series -which could, for 

example, refer to EEG electrodes- at time ݐ. ܲ is the model order and each signal ݔ௜ሺ݌ሻ 

is assumed to linearly depend on its own ݌ past values and the ݌ past values of the ܰ െ

ͳ other signals ݔ௝ሺ݌ሻ. Matrices ܤሺ݌ሻ� contain the parameters determining the time-

delayed influences of ݔሺݐ െ ሻǡ݌௜௝ሺܤ ሻ. The off-diagonal partsݐሺݔ�ሻ�on݌ ݅ ് ݆�describe 

time-lagged influences between different time series ݔ௜ ܽ݊݀ ݔ௝ (Haufe et al., 2013). 

Vector ߳ሺݐሻ�contains zero-mean independent white noise. The connection or synchrony 

between ݔ௜ሺݐሻ and ݔ௝ሺݐሻ is modeled and manipulated by changing the (off-diagonal) 

entries of the coefficient matrices ܤሺ݌ሻ. 
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��� 6LPXODWLRQ�VWXG\�GHVLJQ�DQG�SURFHGXUH 

In both simulation studies, one for each data generation mechanism, several factors 
are manipulated at different levels. 
 

����� 5RHVVOHU�V\VWHP 

For the Roessler system, there are 3 investigated factors: 
(1) the amount of synchrony (coupling strength), which is varied at 3 levels: weak 

(0.2), medium (0.5), and strong (0.8); 
(2) the length of the time series, which is manipulated at 4 levels: short (500 time 

points), medium long (2000 time points), long (5000 time points), and very 
long (10000 time points); 

(3) the number of time series, which equals 3 or 4. 
 
The (value of the) coupling strength is considered as the (amount of) true synchrony 
between each time series. To get some variability in true synchrony values for each 
level, the amount of true synchrony for a particular data set is simulated from a uniform 
distribution with a mean of 0.2 (low synchrony), 0.5 (medium), and 0.8 (strongly) and 
with the interval being [0.1, 0.3], [0.4, 0,6], and [0.7, 0.9]. Note that the intervals of 
these three levels do not overlap each other. All factors are considered as random factors 
(i.e., drawn at random from a population of possible values for the levels) and 10 
replicate datasets are generated for each factor combination. 

After crossing the design factors, in total 10 (replications) ൈ�3 (coupling strength) 
ൈ 4 (the length of the time series) ൈ 2 (the number of time series) = 240 different 
datasets were generated. In order to compute the correlation between the true and 
estimated amount of synchrony and having data in each design cell, this whole 
procedure was repeated 10 times (see Section 3.4.1). 
 

����� 09$5�PRGHO 

For the MVAR model, there are 4 investigated factors: 
(1) the noise term, manipulated at 2 levels: small and large; 
(2) the amount of synchrony (coupling strength), which is varied at 3 levels: weak, 

medium, and strong; 
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(3) the length of the time series, which has 4 levels: short (500 time points), 
medium long (2000 time points), long (5000 time points), and very long 
(10000 time points); 

(4) the number of time series, varied at two levels: 3 and 4 time series. 
 
The amount of noise is manipulated through the noise covariance matrix C in which the 
diagonal elements deal with the variances of the noise of each time series. Making these 
diagonal elements larger adds more noise to simulated time series. In Table 1 the 
covariance matrices for the two noise levels are presented. The covariance matrix with 
a small amount of noise has diagonal elements which are less than 1, whereas the 
covariance matrix containing a large(r) amount of noise has diagonal elements larger 
than 1. 
 
7DEOH��� 
7KH�FRYDULDQFH�PDWULFHV�IRU�WZR�QRLVH�OHYHOV��VPDOO�DQG�ODUJH�ZKHQ�GLIIHUHQW�QXPEHU�RI�WLPH�VHULHV�DUH�

VLPXODWHG� 

1XPEHU�RI�WLPH�
VHULHV� 

1RLVH�VWUHQJWK� 
6PDOO /DUJH 
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In the MVAR model, the coupling strength is varied by using different matrices ܤሺ݌ሻ, 
which determine the amount of synchrony between each time series. There are two 
͵ ൈ ͵�matrices ܤሺ݌ሻ when 3 time series are simulated and two Ͷ ൈ Ͷ��matrices ܤሺ݌ሻ 
when 4 time series are simulated. In Table 2, the B(p) matrices used in this study are 
presented. Each entry in the ܤሺ݌ሻ matrices contribute to the (amount of) connection or 
synchrony between time series, which leads to difficulties in defining a single true 
synchrony value. Therefore, in this study, the true synchrony of time series simulated 
by the MVAR model is defined as the mean observed correlation between pairs of 
generated time series, where the mean is computed across all possible pairs of time 
series. For strong synchrony, the mean observed correlation across all data sets lies 
within the interval [0.80 0.87], whereas for medium and weak synchrony the mean 
correlation is located in the interval [0.50 0.56] and [0.17 0.25], respectively. For each 
combination of levels of the design factors, 10 replicate data sets were generated. 
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Table 2 
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In total, after crossing the design factors, this results in 10 (replications) ൈ 2 (the 
noise term) ൈ 3 (coupling strength) ൈ 4 (the length of the time series) ൈ 2 (the number 
of time series) = 480 different datasets being simulated. To allow the computation of 
the correlation between the true and estimated amount of synchrony and having 
multiple data sets in each design cell, this whole procedure was repeated 10 times (see 
Section 3.4.1). 
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����� 3URFHGXUH 

To each generated data set, the four synchrony methods mentioned before were 
applied. When applying the global synchrony methods (i.e., omega-complexity, S-
estimator and GFS), the clusters of sites matrix need to be defined (in advance). This 
matrix indicates which time series will contribute to the calculation of the synchrony 
value. Indeed, the estimated synchrony value, called cluster synchrony, produced by a 
global synchrony method is always a single value that is computed in one time from 
(the synchrony of) the 3 or 4 time series. The estimated (cluster) synchrony value 
produced by a local synchrony method (i.e., Corr-entropy), however, when having 3 or 
more time series, is always an average synchrony value that is obtained by calculating 
the synchrony between each pair of time series and taking the mean value across the 
pairs. 
 

���  (YDOXDWLRQ�PHDVXUHV�DQG�GDWD�DQDO\VLV 

����� (YDOXDWLRQ�PHDVXUHV��5RRW�0HDQ�6TXDUH�(UURU�DQG�&RUUHODWLRQ 

To evaluate the performance of each synchrony method in terms of uncovering the 

true amount of synchrony between the generated time series, we introduce two 

evaluation measures that are computed between the true and estimated synchrony 

values: (1) Root Mean Square Error (RMSE) and (2) correlation coefficient. 

7KH� 5RRW� 0HDQ� 6TXDUHG� (UURU� RI� (VWLPDWLRQ� �506(�� FDQ� EH� ZULWWHQ� DV� WKH�

IROORZLQJ�HTXDWLRQ��ZKHUHݔ�௜�LV�WKH�WUXH�DPRXQW�RI�V\QFKURQ\�DQGݕ�௜�LV�WKH�HVWLPDWHG�

DPRXQW�RI�V\QFKURQ\�DV�FRPSXWHG�E\�WKH�DGRSWHG�PHDVXUHV� 

 
 

To get a single RMSE value, the mean RMSE across the 10 replicated data sets will be 

computed. The RMSE evaluation measure, however, is not easily comparable across 

the different synchrony methods as the synchrony values are not all expressed on the 

same scale. Indeed, Omega-complexity produces estimated values in the interval of 

ሾͳǡ ݊ሿ, with ݊ being the number of signals, whereas the other synchrony methods yield 
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values in the interval of ሾͲǡͳሿ. Note that the true synchrony value is also in the interval 

of ሾͲǡͳሿ. Therefore, besides RMSE, we will also compute, for each synchrony method, 

the Spearman correlation coefficient between the true and estimated synchrony values. 

The following equation represents the Spearman correlation coefficient, where ݔ௜�LV�WKH�

WUXH�DPRXQW�RI�V\QFKURQ\�DQGݕ�௜�LV�WKH�HVWLPDWHG�DPRXQW�RI�V\QFKURQ\ݔ��ҧ�DQGݕ�ത�DUH�WKH�

VDPSOH�PHDQ�RIݔ�௜�DQGݕ�௜��UHVSHFWLYHO\��DQG�ɐ௫�DQG�ɐ௬�LQGLFDWH�WKH�VWDQGDUG�GHYLDWLRQ�

RIݔ�௜�DQGݕ�௜��UHVSHFWLYHO\� 

 
 

This correlation will be computed across the 10 replicate data sets generated per design 
cell. As such, there will be only a single correlation (and RMSE) value per cell of the 
simulation design. To be able to perform a full ANOVA analysis with all possible main 
and interaction effects, the whole simulation is repeated 10 times, which results in 
having 10 correlation (and RMSE) values per design cell. This will be done both for 
the simulation with Roessler systems as with the MVAR model. 
 

����� $QDO\VLV��0L[HG�$129$�DQG�HIIHFW�VL]H 

$IWHU� FDOFXODWLQJ� WKH� 506(� DQG� FRUUHODWLRQ� FRHIILFLHQW� EHWZHHQ� WKH� WUXH� DQG�
HVWLPDWHG� V\QFKURQ\�� D�PL[HG�$129$� LV� DSSOLHG� WR� LQYHVWLJDWH�ZKLFK�PDQLSXODWHG�
IDFWRUV� �DQG� WKHLU� LQWHUDFWLRQV�� VLJQLILFDQWO\� LQIOXHQFH� WKH� SHUIRUPDQFH� RI� HDFK�
V\QFKURQ\� PHWKRG��$� PL[HG�$129$� LV� QHHGHG� DV� WKH� GHVLJQ� LV� D� FRPELQDWLRQ� RI�
EHWZHHQ�IDFWRUV�DQG�D�ZLWKLQ� IDFWRU��7KH�EHWZHHQ�IDFWRUV�DUH� WKH� WKUHH� �IRU�5RHVVOHU�
V\VWHPV�� RU� IRXU� �IRU� 09$5�� GDWD� FKDUDFWHULVWLFV� WKDW� DUH� PDQLSXODWHG�� (DFK�
FRPELQDWLRQ�RI�WKHVH�IDFWRUV�\LHOGV�D�GLIIHUHQW�GDWD�VHW��7KH�IRXU�V\QFKURQ\�PHWKRGV�
FRQVWLWXWH� WKH� OHYHOV�RI� D�ZLWKLQ� IDFWRU�DV�HDFK� V\QFKURQ\�PHWKRG� LV�DSSOLHG� WR�HDFK�
JHQHUDWHG�GDWD�VHW��'XH� WR�WKH� ODUJH�VDPSOH�VL]H�RI� WKH�VLPXODWLRQ�VWXG\��PRVW�RI�WKH�
PDQLSXODWHG� IDFWRUV� FDQ� EH� H[SHFWHG� WR� VKRZ� D� VLJQLILFDQFH� HIIHFW� LQ� WKH� RPQLEXV�
$129$�WHVW��7R�VHOHFW�WKH�LPSRUWDQW��LQWHUDFWLRQV�EHWZHHQ��IDFWRUV�ZKLFK�DFFRXQW�IRU�
WKH�ODUJHVW�SDUW�RI�WKH�YDULDQFH�LQ�WKH�RXWFRPH�PHDVXUH��WKH�HIIHFW�VL]H�RI�HDFK�PDLQ�DQG�
LQWHUDFWLRQ� HIIHFW� RI� IDFWRUV� LV� FRPSXWHG� E\� PHDQV� RI� WKH� *HQHUDOL]HG� HWD� VTXDUH�
Ʉෞீଶ�2OHMQLN�DQG�$OJLQD���������7KLV�PHDVXUH�SURYLGHV�DQ�HIIHFW�VL]H�PHDVXUH�ZKLFK�LV�
FRPSDUDEOH�DFURVV�GHVLJQV� 
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ZKHUH�ܵܵா௙௙௘௖௧ �UHSUHVHQWV�WKH�VXP�RI�VTXDUHV�IRU� HIIHFW�RI� LQWHUHVW��Ɂ� ൌ ͳ��ZKHQ�WKLV�
HIIHFW� LV� D�PDQLSXODWHG� IDFWRU� DQG� ]HUR�RWKHUZLVH�� DQG�ܵܵ௞��LV� WKH� VXP�RI� VTXDUHV�RI�
VXEMHFWV��)LQDOO\��ܵܵெ௘௔௦ �LQGLFDWHV�WKH�VXP�RI�VTXDUHV�IRU�WKH�HIIHFWV�WKDW�GR�QRW�LQFOXGH�
WKH� UHSHDWHG�PHDVXUHV� �ZLWKLQ�� IDFWRU� EXW� GR� LQYROYH� D� GDWD� FKDUDFWHULVWLF� �EHWZHHQ��
IDFWRU� 

4  Results 

 
)LUVW��WKH�UHVXOWV�RI�WKH�VLPXODWLRQ�VWXG\�ZLWK�5RHVVOHU�V\VWHPV�ZLOO�EH�SUHVHQWHG�

�6HFWLRQ�������1H[W��WKH�UHVXOWV�RI�WKH�09$5�PRGHO�ZLOO�EH�GLVFXVVHG��6HFWLRQ������ 
 

���  6LPXODWLRQ�VWXG\����5RHVVOHU�V\VWHPV 

�������������2YHUDOO�UHVXOWV 

7R� LQYHVWLJDWH� WKH� UHFRYHU\�SHUIRUPDQFH�RI� WKH�V\QFKURQ\�PHWKRGV�� WKHLU�PHDQ�
506(�DQG�FRUUHODWLRQ��DFURVV����UHSHDWHG�VLPXODWLRQV��DUH�GLVSOD\HG�LQ�7DEOH����506(��
DQG�7DEOH����FRUUHODWLRQ��DQG�WKLV�RYHUDOO�DQG�IRU�HDFK�IDFWRU�OHYHO�VHSDUDWHO\��$FFRUGLQJ�
WR�WKH�ODVW�URZ�RI�7DEOH����WKH�RYHUDOO�PHDQ��WKH�EHVW�SHUIRUPLQJ�PHWKRG�LV�FRUU�HQWURS\�
ZLWK�WKH�VPDOOHVW�PHDQ�506(�RI��������7KLV�LV�D�TXLWH�LQWHUHVWLQJ�UHVXOWV�DV�WKH�IRXU�
V\QFKURQ\�PHWKRGV�DUH�DSSOLHG�WR�WKUHH�RU�IRXU�WLPH�VHULHV�DQG�FRUU�HQWURS\�LV�WKH�RQO\�
ORFDO� V\QFKURQ\� PHWKRG� DPRQJ� WKHVH� IRXU� PHWKRGV�� LQ� IDFW� FRUU�HQWURS\� LV� RQO\�
GHVLJQHG�IRU�HVWLPDWLQJ�V\QFKURQ\�EHWZHHQ�WZR�WLPH�VHULHV��L�H���SDLUZLVH�V\QFKURQ\���
ZKHUHDV�WKH�RWKHU�PHWKRGV�DUH�GHVLJQHG�IRU�GHDOLQJ�ZLWK�WKUHH�RU�PRUH�WLPH�VHULHV��7KH�
VHFRQG� EHVW� SHUIRUPLQJ�PHWKRG� LV� WKH� 6�HVWLPDWRU� �PHDQ� 506(� RI� �������� FORVHO\�
IROORZHG�E\�*)6��PHDQ�506(�RI��������,Q�FRQWUDVW��2PHJD�FRPSOH[LW\�LV�WKH�ZRUVW�
SHUIRUPLQJ�PHWKRG�ZLWK� WKH� ODUJHVW�PHDQ�506(���������� ,W� LV� QRWHZRUWK\� WKDW�FRUU�
HQWURS\�GRHV�QRW�SHUIRUP�EHVW� DW� DOO� OHYHOV�RI�DOO� IDFWRUV�� ,QGHHG��ZKHQ� WKH�FRXSOLQJ�
VWUHQJWK� LV� ����� ERWK�*)6� �PHDQ�506(�RI� ������� DQG�6�HVWLPDWRU� �PHDQ�506(�RI�
�������SHUIRUP�EHWWHU� WKDQ�FRUU�HQWURS\��PHDQ�506(�RI���������:KHQ� WKH�FRXSOLQJ�
VWUHQJWK�LQFUHDVHV��DOO�WKH�PHWKRGV��H[FHSW�FRUU�HQWURS\��WHQG�WR�SHUIRUP�EHWWHU��)RU�WKH�
RWKHU�WZR�IDFWRUV��WKH�SHUIRUPDQFH�GRHV�QRW�UHDOO\�GLIIHU�EHWZHHQ�WKH�PDQLSXODWHG�OHYHOV�
DQG�WKLV�LV�WUXH�IRU�DOO�V\QFKURQ\�PHWKRGV�� 
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7DEOH�� 
0HDQ�506(��ZLWK�VWDQGDUG�GHYLDWLRQ��RI�IRXU�V\QFKURQ\�PHWKRGV�RYHUDOO��DFURVV�DOO�GDWD�VHWV�RI�5RHVVOHU�

V\VWHPV��DQG�IRU�HDFK�OHYHO�RI�WKH�PDQLSXODWHG�IDFWRUV��7KH�VPDOOHVW�506(�IRU�HDFK�OHYHO�RI�WKH�IDFWRUV�

LV�PDUNHG�ZLWK�D�
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7DEOH���VKRZV�WKH�PHDQ�FRUUHODWLRQV�EHWZHHQ�WKH�WUXH�DQG�WKH�HVWLPDWHG�V\QFKURQ\�DW�
WKH�GLIIHUHQW�OHYHOV�RI�DOO�IDFWRUV�DQG�WKH�RYHUDOO�PHDQ�FRUUHODWLRQV�DUH�SURYLGHG�LQ�WKH�
ERWWRP� URZ�� 7KH� ODUJHU� WKH� DEVROXWH� YDOXH� RI� PHDQ� FRUUHODWLRQ� LV�� WKH� EHWWHU� WKH�
V\QFKURQ\�PHWKRG� SHUIRUPV�� %\� FRPSDULQJ� WKH� RYHUDOO� PHDQV� RI� WKH� IRXU� PHWKRGV�
�ERWWRP�URZ��� LW� WXUQV�RXW� WKDW�DJDLQ�FRUU�HQWURS\�SHUIRUPV� WKH�EHVW�ZLWK� WKH� ODUJHVW�
DEVROXWH�PHDQ� FRUUHODWLRQ� RI� �������7KH�ZRUVW� SHUIRUPLQJ�PHWKRG� LV�*)6�ZLWK� WKH�
VPDOOHVW� DEVROXWH� PHDQ� FRUUHODWLRQ� RI� ������ 7KH� 6�HVWLPDWRU� LV� WKH� VHFRQG� EHVW�
SHUIRUPLQJ�PHWKRG��PHDQ�FRUUHODWLRQ�RI���������6LPLODU�WR�WKH�UHVXOW�IURP�7DEOH����WKH�
6�HVWLPDWRU�SHUIRUPV�EHWWHU�WKDQ�FRUU�HQWURS\�ZKHQ�FRXSOLQJ�VWUHQJWK�LV������DV�LQ�WKDW�
FDVH�WKH�PHDQ�FRUUHODWLRQ�RI�WKH�6�HVWLPDWRU���������LV�ODUJHU�WKDQ�WKDW�RI�FRUU�HQWURS\�
��������1RWH� WKDW� WKH� FRUUHODWLRQ� LV� TXLWH� ORZ� LQ�JHQHUDO� �L�H��� QRW� DERYH� ������ZKLFK�
LPSOLHV�WKDW�DOO�PHWKRGV�GR�QRW�FDSWXUH�WKH�FKDQJH�LQ�WKH�DPRXQW�RI�WUXH�V\QFKURQ\�ZHOO��
$OPRVW�DOO�WKH�PHDQ�FRUUHODWLRQV�RI�2PHJD�FRPSOH[LW\�DUH�QHJDWLYH��EXW�VPDOO���ZKLFK�
PHDQV� HVWLPDWHG� V\QFKURQ\� SURGXFHG� E\� 2PHJD� FRPSOH[LW\� LV� �WR� D� VPDOO� H[WHQW��
QHJDWLYHO\�FRUUHODWHG�ZLWK�WUXH�V\QFKURQ\��2PHJD�FRPSOH[LW\�LV�D�GLVVLPLODULW\�PHWKRG��
VR�ZKHQ� WLPH�VHULHV�EHFRPH�ZHOO�FRQQHFWHG�DQG�KDYH� D� ODUJH� WUXH�V\QFKURQ\�YDOXH��
2PHJD�FRPSOH[LW\�ZLOO�GHILQH�WKHVH�WLPH�VHULHV�DV�OHVV�GLVVLPLODU�DQG�JHQHUDWH�D�VPDOO�



 ϮϬ 

HVWLPDWHG�YDOXH��)XUWKHU��LW�DSSHDUV�WKDW�DOO�WKH�PHWKRGV��H[FHSW�FRUU�HQWURS\��KDYH�WKH�
VPDOOHVW�PHDQ�FRUUHODWLRQ�ZKHQ�FRXSOLQJ�VWUHQJWK�LV�DW�WKH�PHGLXP�OHYHO��$QG�WKH�PHDQ�
FRUUHODWLRQ�WHQGV�WR�LQFUHDVH�ZLWK�LQFUHDVLQJ�GDWD�OHQJWK��)RU�WKH�QXPEHU�RI�WLPH�VHULHV��
WKHUH�DUH�RQO\�VPDOO�GLIIHUHQFHV�EHWZHHQ�WKH�SHUIRUPDQFH�RI�WKH�PHWKRGV�� 
 
7DEOH��� 
0HDQ�FRUUHODWLRQ��ZLWK�VWDQGDUG�GHYLDWLRQ��RI� IRXU�V\QFKURQ\�PHWKRGV�RYHUDOO��DFURVV�DOO�GDWD�VHWV�RI�

5RHVVOHU�V\VWHPV��DQG�IRU�HDFK�OHYHO�RI�WKH�PDQLSXODWHG�IDFWRUV��7KH�ODUJHVW�DEVROXWH�FRUUHODWLRQ�IRU�HDFK�

OHYHO�RI�WKH�IDFWRUV�LV�PDUNHG�ZLWK�D�
 

)DFWRU /HYHO FRUU(& *)6 2PHJD 6HVWLPDWRU 2YHUDOO 

&RXSOLQJ 
VWUHQJWK 
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1XPEHU�RI�
WLPH�VHULHV 
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�������������(IIHFW�RI�GDWD�FKDUDFWHULVWLFV 

7R�LQYHVWLJDWH�ZKHWKHU�WKH�PDQLSXODWHG��EHWZHHQ�DQG�ZLWKLQ��IDFWRUV�VLJQLILFDQWO\�
LQIOXHQFH�UHFRYHU\�SHUIRUPDQFH��D�PL[HG�$129$�DQDO\VLV�LV�SHUIRUPHG�IRU�506(�DQG�
WKH� FRUUHODWLRQ� VHSDUDWHO\� �DQG� XVLQJ� WKHVH� SHUIRUPDQFH� PHDVXUHV� DV� GHSHQGHQW�
YDULDEOH���7R� VHOHFW� IDFWRUV� DQG�RU� LQWHUDFWLRQV� RI� IDFWRUV� WKDW� DFFRXQW� IRU� D� VL]HDEOH�
SURSRUWLRQ�RI�YDULDQFH�LQ�WKH�GDWD��WKH�HIIHFW�VL]HV��JHQHUDOL]HG�HWD�VTXDUHG�Ʉீଶ ��DUH�DOVR�
SURYLGHG�� 
 
506( 



 Ϯϭ 

 
$V�FDQ�EH�VHHQ�LQ�7DEOH����ZKLFK�SUHVHQWV�WKH�$129$�WDEOH�IRU�506(��DOO�IDFWRUV�

DQG� LQWHUDFWLRQV� RI� IDFWRUV� DUH� VLJQLILFDQW� ZLWK� D� ���� FRQILGHQFH� LQWHUYDO� �3�YDOXH�
��������7KH�HIIHFWV�ZLWK�WKH�WRS���ODUJHVW�HIIHFW�VL]HV�DUH�KLJKOLJKWHG�LQ�EROG��7KH�IDFWRU�
ZLWK� WKH� ODUJHVW� Ʉீଶ ��LV� PHWKRG� � Ʉீଶ �ൌ �ͲǤͷ͹���� ZKLFK� LQGLFDWHV� WKDW� WKH� V\QFKURQ\�
PHWKRGV� KDYH� WKH� VWURQJHVW� LQIOXHQFH� RQ� WKH�506(��7KH� VLQJOH�PDQLSXODWHG� IDFWRU�
ZKLFK�KDV�D�VL]HDEOH�PDLQ�HIIHFW�LV�WKH�FRXSOLQJ�VWUHQJWK��Ʉீଶ �ൌ �ͲǤ͵ʹ���,W�DSSHDUV�WKDW�
VLQJOH�IDFWRUV�KDYH�ODUJHU�HIIHFW�VL]HV�WKDQ�WKH�WZR�ZD\�RU�WKUHH�ZD\�LQWHUDFWLRQV�WKH\�
DUH�LQYROYHG�LQ�� 
 
7DEOH��� 
5HVXOWV�RI�PL[HG�$129$�DQDO\VLV�XVLQJ�GDWD�VLPXODWHG�E\�5RHVVOHU�V\VWHPV��7KH�HIIHFW�RI�PDQLSXODWHG�

IDFWRUV� �EHWZHHQ�VXEMHFWV� IDFWRUV�� DQG� V\QFKURQ\� PHWKRGV� �ZLWKLQ�VXEMHFW� IDFWRUV�� RQ� 506(� ZLWK�

VL]HDEOH�HIIHFW�VL]HV��JHQHUDOL]HG�HWD�VTXDWWHGீߟ�ଶ �ODUJHU�WKDQ�������DUH�LQGLFDWHG�LQ�EROG��,Q�WKH�WDEOH��DOO�

WKH�QDPHV�RI�IDFWRUV�DUH�UHSUHVHQWHG�DV�DEEUHYLDWLRQV��³WLPH1´�PHDQV�WKH�QXPEHU�RI�WLPH�VHULHV��³FRXSOH6´�

PHDQV�WKH�FRXSOLQJ�VWUHQJWK��³WLPH/´�PHDQV�WKH�OHQJWK�RI�WLPH�VHULHV��DQG�³PHWKRG´�PHDQV�WKH�V\QFKURQ\�

PHWKRGV� 

(IIHFW 'I ) 3�YDOXH ࡳࣁ૛  
WLPH1 ���� ����� ����� �������� 
FRXSOH6 ���� ������� ����� ����� 
WLPH/ ���� ����� ����� ����� 
0HWKRG ���� ������� ����� ���� 
WLPH1�ൈ�FRXSOH6 ���� ����� ����� ����� 
WLPH1��ൈ�WLPH/ ���� ���� ����� ����� 
FRXSOH6�ൈ�WLPH/ ���� ����� ����� ���� 
WLPH1�ൈ�PHWKRG ���� ����� ����� ����� 
FRXSOH6�ൈ�PHWKRG ���� ������ ����� ���� 
WLPH/�ൈ�PHWKRG ���� ������ ����� ���� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/ ���� ���� ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�PHWKRG ���� ���� ����� ����� 
WLPH1�ൈ�WLPH/�ൈ�PHWKRG ���� ����� ����� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ���� ����� ����� ���� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ���� ���� ����� ����� 

 
)LJXUH���VKRZV�KRZ�FRXSOLQJ�VWUHQJWK�DQG�WKH�OHQJWK�RI�WLPH�VHULHV�LQIOXHQFH�WKH�PHDQ�
506(�RI�HDFK�V\QFKURQ\�PHWKRG��L�H���WKHVH�DUH�WKH�WZR�ZD\�LQWHUDFWLRQV�V\QFKURQ\�
PHWKRG�E\�FRXSOLQJ�VWUHQJWK�DQG�V\QFKURQ\�PHWKRG�E\�WLPH�OHQJWK���)LJXUH���VXJJHVWV�
WKDW�FRUU�HQWURS\�QRW�RQO\�SHUIRUPV�EHWWHU�WKDQ�WKH�RWKHU�PHWKRGV�EXW�WKDW�LW� LV�DOVR�D�
PRUH�UREXVW�PHWKRG��L�H���OHVV�LQIOXHQFHG�E\�GDWD�FKDUDFWHULVWLFV���,QGHHG��DV�FDQ�EH�VHHQ�
LQ� SDQHO�$� RI� )LJXUH� ��� WKH� SHUIRUPDQFH� RI� FRUU�HQWURS\� VOLJKWO\� GHWHULRUDWHV� ZLWK�
LQFUHDVLQJ�FRXSOLQJ�VWUHQJWK��7KLV�SDWWHUQ�LV�UHYHUVHG�DQG�PRUH�SURQRXQFHG�IRU�WKH�RWKHU�
PHWKRGV�� ZLWK� WKHVH� PHWKRGV� QRW� SHUIRUPLQJ� ZHOO� IRU� VPDOO� FRXSOLQJ� VWUHQJWK� EXW�



 ϮϮ 

SHUIRUPLQJ� YHU\� JRRG� DQG� HYHQ� EHWWHU� WKDQ� FRUU�HQWURS\� IRU� D� YHU\� ODUJH� FRXSOLQJ�
VWUHQJWK�� � )LJXUH� �%� DOVR� VKRZV� WKH� UREXVWQHVV� RI� WKH� &RUU�HQWURS\� PHWKRG�� ZLWK�
UHFRYHU\� VOLJKWO\� LPSURYLQJ� ZLWK� ODUJHU� WLPH� VHULHV� OHQJWK�� &RUU�HQWURS\� DOZD\V�
RXWSHUIRUPV�RWKHU�PHWKRGV�DW�DOO�OHYHOV�RI�WKH�OHQJWK�RI�WKH�WLPH�VHULHV��1RWDEO\��IRU�WKH�
RWKHU�V\QFKURQ\�PHWKRGV�� WKH�FKDQJH�RI�PHDQ�506(�DFFRUGLQJ� WR� WKH� OHQJWK�RI� WKH�
WLPH�VHULHV�LV�QRQ�PRQRWRQLF��7KLV�PHDQV�WKDW�WKH�FKDQJH�RI�506(�DFFRUGLQJ�WR�WKH�
OHQJWK�RI�WLPH�VHULHV�LV�QHLWKHU�RYHUDOO�QRQ�LQFUHDVLQJ�QRU�QRQ�GHFUHDVLQJ��)RU�*)6�DQG�
6�HVWLPDWRU�� WKH�506(�GHFUHDVHV�REYLRXVO\�ZKHQ�WKH�OHQJWK�RI�WLPH�VHULHV� LQFUHDVHV�
IURP�����SRLQWV�WR������SRLQWV�DQG�LQFUHDVH�ZKHQ�WKH�OHQJWK�RI�WLPH�VHULHV�LQFUHDVHV�
IURP������SRLQWV�WR�������SRLQWV��7KH�PHDQ�506(�RI�2PHJD�FRPSOH[LW\�LQFUHDVHV�
UDSLGO\�ZKHQ�WKH�OHQJWK�RI�WKH�WLPH�VHULHV�FKDQJHV�IURP�����WR������DQG�GHFUHDVH�ZKHQ�
WKH�OHQJWK�RI�WLPH�VHULHV�FKDQJHV�IURP������WR��������)URP�)LJXUH��%��ZH�FDQ�FRQFOXGH�
WKDW�WKH�ORQJHU�WLPH�VHULHV�ZLOO�QRW�DOZD\V�PDNH�V\QFKURQ\�PHWKRGV�SHUIRUP�EHWWHU� 

 

 
)LJXUH����7KH�506(�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�IRU�5RHVVOHU�6\VWHPV��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�

WKH�PHDQ�RI�506(�DQG�WKH�EDUV�DURXQG�WKH�GRWV�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�RI�506(��)LJXUH�$��

506(�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�VWUHQJWK��)LJXUH��%��506(�DV�D�IXQFWLRQ�RI�WKH�OHQJWK�RI�WLPH�VHULHV� 

 
)LJXUH� �� VKRZV� KRZ� WKH� PHDQ� 506(� RI� HDFK� PHWKRG� FKDQJHV� ZLWK� GLIIHUHQW�

FRPELQDWLRQV�RI�OHYHOV�RI�FRXSOLQJ�VWUHQJWK�DQG�WKH�OHQJWK�RI�WLPH�VHULHV��L�H���WKLV�LV�WKH�
WKUHH�ZD\�LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRG��WLPH�OHQJWK�DQG�FRXSOLQJ�VWUHQJWK���
,W� LV� REYLRXV� WKDW� ZKHQ� WLPH� SRLQWV� DUH� ������� FRUU�HQWURS\� SHUIRUPV� EHVW� DW� HDFK�



 Ϯϯ 

FRXSOLQJ�VWUHQJWK�OHYHO��:KHQ�WKH�OHQJWK�RI�WLPH�VHULHV�LV�DW�WKH�RWKHU�WKUHH��VPDOOHU��
OHYHOV��FRUU�HQWURS\�SHUIRUPV�RQO\�EHVW�IRU�ORZ�DQG�LQWHUPHGLDWH�FRXSOLQJ�VWUHQJWKV�EXW�
LV�EHDWHQ�E\�WKH�RWKHU�PHWKRGV�IRU�D�ODUJH�FRXSOLQJ�VWUHQJWK��5HJDUGLQJ�WKH�WKUHH�ZD\�
LQWHUDFWLRQ�� LW� DSSHDUV� WKDW� WKH� WZR�ZD\� LQWHUDFWLRQ� EHWZHHQ� V\QFKURQ\�PHWKRG� DQG�
FRXSOLQJ�VWUHQJWK�EHFRPHV�PRUH�SURQRXQFHG��L�H���ODUJHU�GLIIHUHQFHV��ZKHQ�WKH�OHQJWK�
RI�WKH�WLPH�VHULHV�LQFUHDVHV� 

 

 
)LJXUH� ��� 7KH� 506(� RI� WKH� IRXU� V\QFKURQ\� PHWKRGV� IRU� 5RHVVOHU� 6\VWHPV� LQIOXHQFHG� E\� FRXSOLQJ�

VWUHQJWK� �[�D[LV�� DQG� WKH� OHQJWK� RI� WLPH� VHULHV� �IRXU� SDQHOV���7KH� QXPEHU� RQ� WKH� WRS� RI� HDFK� SDQHO�

UHSUHVHQWV�WKH�OHQJWK�RI�WLPH�VHULHV�DQG�HDFK�SDQHO�UHSUHVHQWV�WKH�506(�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�

VWUHQJWK�IRU�D�VSHFLILF�OHQJWK�RI�WKH�WLPH�VHULHV�� 

 
 
&RUUHODWLRQ� 
 

:KHQ�ZH�ORRN�DW�WKH�UHVXOWV�IRU�WKH�FRUUHODWLRQ�DV�WKH�SHUIRUPDQFH�PHDVXUH��WKH�
UHVXOWV�EHFRPH�D�ELW�GLIIHUHQW��)URP�WKH�$129$�WDEOH��ZKLFK� LV� OLVWHG� LQ�7DEOH���� LW�
DSSHDUV�WKDW�WKH�IDFWRU�ZLWK�WKH�ODUJHVW�Ʉீଶ �LV�VWLOO�WKH�V\QFKURQ\�PHWKRGV�IDFWRU�EXW�QRZ�
ZLWK�D�VPDOOHU�HIIHFW�VL]H� �Ʉீଶ �ൌ �ͲǤͳ͵��DV�FRPSDUHG� WR� WKH� UHVXOWV�RI�506(��Ʉீଶ �ൌ
�ͲǤͷ͹���7KH�HIIHFW�VL]HV�RI�DOO�VLQJOH�PDQLSXODWHG�IDFWRUV�DUH�OHVV�WKDQ�������:KHQ�RQO\�
FRQVLGHULQJ�VLJQLILFDQW�HIIHFWV��3�YDOXH�൏ Ͳͷ��ZLWK�D�VL]HDEOH�HIIHFW�VL]H�ODUJHU�WKDQ������
WKUHH� HIIHFWV� HPHUJH�� ���� WKH� PDLQ� HIIHFW� RI� V\QFKURQ\� PHWKRG�� ���� WKH� LQWHUDFWLRQ�



 Ϯϰ 

EHWZHHQ� V\QFKURQ\� PHWKRG� DQG� WKH� OHQJWK� RI� WLPH� VHULHV�� DQG� ���� WKH� WKUHH�ZD\�
LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRG��FRXSOLQJ�VWUHQJWK�DQG�OHQJWK�RI�WKH�WLPH�VHULHV� 
 
7DEOH��� 
7KH� UHVXOWV� RI� PL[HG� $129$� DQDO\VLV� XVLQJ� GDWD� VLPXODWHG� E\� 5RHVVOHU� V\VWHPV�� 7KH� HIIHFW� RI�

PDQLSXODWHG� IDFWRUV� �EHWZHHQ�VXEMHFWV� IDFWRUV�� DQG� V\QFKURQ\� PHWKRGV� �ZLWKLQ�VXEMHFW� IDFWRUV�� RQ�

FRUUHODWLRQ�ZLWK�VL]HDEOH�HIIHFW�VL]HV��JHQHUDOL]HG�HWD�VTXDWWHGீߟ�ଶ �ODUJHU�WKDQ�������DUH�LQGLFDWHG�EROG��

,Q�WKH�WDEOH��DOO�WKH�QDPHV�RI�IDFWRUV�DUH�UHSUHVHQWHG�DV�DEEUHYLDWLRQV��³WLPH1´�PHDQV�WKH�QXPEHU�RI�WLPH�

VHULHV��³FRXSOH6´�PHDQV�WKH�FRXSOLQJ�VWUHQJWK��³WLPH/´�PHDQV�WKH�OHQJWK�RI�WLPH�VHULHV��DQG�³PHWKRG´�

PHDQV�WKH�V\QFKURQ\�PHWKRGV� 

(IIHFW 'I ) 3�YDOXH ࡳࣁ૛  
WLPH1 ���� ���� ����� ����� 
FRXSOH6 ���� ����� ����� ����� 
WLPH/ ���� ���� ���� ����� 
0HWKRG ���� ����� ����� ���� 
WLPH1�ൈ�FRXSOH6 ���� ���� ���� ����� 
WLPH1�ൈ�WLPH/ ���� ���� ����� ����� 
FRXSOH6�ൈ�WLPH/ ���� ���� ����� ����� 
WLPH1�ൈ�PHWKRG ���� ���� ���� ����� 
FRXSOH6�ൈ�PHWKRG ���� ���� ���� ���� 
WLPH/�ൈ�PHWKRG ���� ���� ����� ���� 
WLPH1�ൈ��FRXSOH6�ൈ��WLPH/ ���� ���� ���� ����� 
WLPH1�ൈ��FRXSOH6�ൈ�PHWKRG ���� ���� ���� ���� 
WLPH1�ൈ��WLPH/�ൈ��PHWKRG ���� ���� ���� ����� 
FRXSOH6�ൈ��WLPH/��ൈ�PHWKRG ����� ���� ����� ���� 
WLPH1��ൈ�FRXSOH6�ൈ��WLPH/�ൈ��PHWKRG ����� ���� ���� ���� 

 
)LJXUH���VKRZV�KRZ�WKH�PHDQ�FRUUHODWLRQV�FKDQJH�IRU�WKH�GLIIHUHQW�V\QFKURQ\�PHWKRGV�
DFFRUGLQJ� WR� WKH� GLIIHUHQW� OHYHOV� RI� WKH� OHQJWK� RI� WKH� WLPH� VHULHV� �L�H��� WZR�ZD\�
LQWHUDFWLRQ��� 7KH� PHDQ� FRUUHODWLRQ� IRU� 2PHJD� LV� DOZD\V� QHJDWLYH�� DQG� WKH� PHDQ�
FRUUHODWLRQ� IRU� 6�HVWLPDWRU� DQG� FRUU�HQWURS\� DUH� DOZD\V� SRVLWLYH��ZKHUHDV� WKH�PHDQ�
FRUUHODWLRQ� IRU� *)6� IOXFWXDWHV� DURXQG� ��� 7KLV� PHDQV� WKDW� FRPSDUHG� WR� *)6�� WKH�
HVWLPDWHG� V\QFKURQ\� \LHOGHG� E\� 2PHJD�� 6�HVWLPDWRU� DQG� FRUU�HQWURS\� DUH� VWURQJHU�
FRUUHODWHG�ZLWK�WKH�WUXH�DPRXQW�RI�V\QFKURQ\��7KH�LQIOXHQFH�RI�WKH�OHQJWK�RI�WLPH�VHULHV�
GLIIHUV�IURP�ZKDW�ZH�REVHUYH�IURP�WKH�UHVXOWV�RI�506(��7KH�PHDQ�FRUUHODWLRQ�RI�HDFK�
PHWKRG��H[FHSW�WKH�6�HVWLPDWRU��FKDQJHV�PRQRWRQLFDOO\�ZLWK�WKH�LQFUHDVH�LQ�WKH�OHQJWK�
RI�WLPH�VHULHV��7KH�PHDQ�FRUUHODWLRQV�DUH�IDU�DZD\�IURP���ZKHQ�PRUH�WLPH�SRLQWV�DUH�
XVHG�LQ�WKH�HVWLPDWLRQ��ZKLFK�PHDQV�ORQJHU�WLPH�VHULHV�UHVXOW�LQ�EHWWHU�SHUIRUPDQFH�RI�
WKH�PHWKRGV� 



 Ϯϱ 

 
)LJXUH����7KH�FRUUHODWLRQV�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�DV�D�IXQFWLRQ�RI�WKH�OHQJWK�RI�WLPH�VHULHV�IRU�

5RHVVOHU�6\VWHPV��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�WKH�PHDQ�RI�FRUUHODWLRQV�DQG�WKH�EDUV�DURXQG�WKH�GRWV�

UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�RI�FRUUHODWLRQV� 

�� 
)LJXUH���UHYHDOV�WKH�FKDQJH�LQ�PHDQ�FRUUHODWLRQ�ZLWK�WKH�LQIOXHQFH�RI�FRXSOLQJ�VWUHQJWK�
DQG�WKH�OHQJWK�RI�WLPH�VHULHV��:H�FDQ�REVHUYH�WKDW�WKH�GLVWULEXWLRQV�RI�FRUUHODWLRQV�DUH�
GLIIHUHQW�DW�WKUHH�OHYHOV�RI�FRXSOLQJ�VWUHQJWK��:KHQ�WKH�FRXSOLQJ�VWUHQJWK�LV������DOO�WKH�
PHWKRGV�SHUIRUP�EDGO\�ZKHQ� WKH� WLPH� OHQJWK� LV� ����SRLQWV� DQG�SHUIRUP�DSSDUHQWO\�
EHWWHU�ZKHQ� WKH� WLPH� OHQJWK� LQFUHDVHV� WR�������SRLQWV��+RZHYHU��ZKHQ� WKH�FRXSOLQJ�
VWUHQJWK� LV� ����� WKHUH� DUH� QR� KXJH� GLIIHUHQFHV� EHWZHHQ�PHDQ� FRUUHODWLRQV� DW� YDULRXV�
OHYHOV�RI�WKH�OHQJWK�RI�WLPH�VHULHV��:KHQ�WKH�FRXSOLQJ�VWUHQJWK�LV������DOO�WKH�PHWKRGV�
SHUIRUP�EHWWHU�ZKHQ� WLPH� OHQJWK� LV������DQG������SRLQWV��DQG� WKH\�SHUIRUP�VOLJKWO\�
EHWWHU�DW�������WLPH�SRLQWV�WKDQ�DW�����WLPH�SRLQWV��)URP�)LJXUH���ZH�FDQ�LQIHU�WKDW�WKH�
V\QFKURQ\�PHWKRGV�GR�QRW�SHUIRUP�ZHOO�IRU�PHGLXP�V\QFKURQ\�OHYHOV��WKLV�DOVR�FDQ�EH�
FKHFNHG� LQ�$SSHQGL[�)LJXUH$����:KHQ� WLPH�VHULHV� DUH�DW� D� ORZ�DQG�KLJK�V\QFKURQ\�
OHYHO��LQFUHDVLQJ�WKH�OHQJWK�RI�WLPH�VHULHV�FDQ�OHDG�WR�EHWWHU�SHUIRUPDQFH�RI�PHWKRGV��
5HJDUGLQJ�WKH�WKUHH�ZD\�LQWHUDFWLRQ��LW�DSSHDUV�WKDW�WKH� WZR�ZD\�LQWHUDFWLRQ�EHWZHHQ�
V\QFKURQ\�PHWKRGV�DQG�WKH�OHQJWK�RI�WLPH�VHULHV�EHFRPHV�PRUH�SURQRXQFHG��L�H���ODUJHU�
GLIIHUHQFHV�� ZKHQ� FRXSOLQJ� VWUHQJWK� EHFRPHV� VPDOOHU�� 7KH� QDWXUH� RI� WKH� WZR�ZD\�
LQWHUDFWLRQ��KRZHYHU��FKDQJHV�DOVR�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�VWUHQJWK���� 

� 



 Ϯϲ 

 
)LJXUH�� ���7KH� FRUUHODWLRQV�RI� IRXU� V\QFKURQ\�PHWKRGV� IRU�5RHVVOHU�6\VWHPV� LQIOXHQFHG�E\� FRXSOLQJ�

VWUHQJWK� DQG� WKH� OHQJWK� RI� WLPH� VHULHV��7KH� QXPEHU� RQ� WKH� WRS� RI� HDFK� SDQHO� UHSUHVHQWV� WKH� OHYHO� RI�

FRXSOLQJ�VWUHQJWK�DQG�HDFK�SDQHO�UHSUHVHQWV�WKH�FRUUHODWLRQV�DV�D�IXQFWLRQ�RI�WKH�OHQJWK�RI�WLPH�VHULHV�

ZLWK�VSHFLILF�OHYHO�RI�FRXSOLQJ�VWUHQJWK� 

� 

���  6LPXODWLRQ�VWXG\����09$5�PRGHO 

������������2YHUDOO�UHVXOWV 

%HVLGHV�WKH�5RHVVOHU�V\VWHP��WKH�0$95�PRGHO�LV�DOVR�XVHG�WR�JHQHUDWH�WLPH�VHULHV��7KH�
IROORZLQJ�VHFWLRQ�ZLOO�GLVSOD\�WKH�UHVXOWV�IRU�WKH�YDULRXV�V\QFKURQ\�PHWKRGV�ZKHQ�WKH\�
DUH�DSSOLHG�WR�GDWD�JHQHUDWHG�E\�WKH�09$5�PRGHO�� 
 
7DEOH���VKRZV�WKH�PHDQ�506(�RI�HDFK�V\QFKURQ\�PHWKRG�RYHUDOO�DQG�IRU�WKH�GLIIHUHQW�
OHYHOV� RI� WKH�PDQLSXODWHG� IDFWRUV��$FFRUGLQJ� WR� WKH� ODVW� URZ�� RYHUDOO� �L�H��� DYHUDJHG�
DFURVV� DOO� JHQHUDWHG� GDWD� VHWV��� *)6� SHUIRUPV� EHVW� ZLWK� WKH� VPDOOHVW� PHDQ� 506(�
��������� YHU\� FORVHO\� IROORZHG� E\� WKH� 6�HVWLPDWRU� �PHDQ� 506(� RI� �������� 2PHJD�
FRPSOH[LW\�LV�WKH�ZRUVW�SHUIRUPLQJ�PHWKRG�ZLWK�WKH�ODUJHVW�506(����������,W��KRZHYHU��
FDQ�EH�REVHUYHG�IURP�WKH�WDEOH�WKDW�WKH�6�HVWLPDWRU�SHUIRUPV�EHWWHU�WKDQ�*)6�IRU�VRPH�
OHYHOV�RI�WKH�IDFWRUV��)RU�H[DPSOH��ZKHQ�WKH�FRXSOLQJ�VWUHQJWK�LV�ORZ��WKH�PHDQ�506(�



 Ϯϳ 

RI�WKH�6�HVWLPDWRU���������LV�VPDOOHU�WKDQ�WKDW�RI�*)6����������&RPSDUHG�WR�7DEOH����RQ�
WKH�RQH�KDQG��WKH�RYHUDOO�PHDQ�506(�RI�FRUU�HQWURS\��IURP�������WR��������DQG�2PHJD�
FRPSOH[LW\� �IURP� ������ WR� ������� LQFUHDVHV��ZKLFK� LPSOLHV� WKDW� JHQHUDWLQJ� WKH� GDWD�
XQGHU�WKH�09$5�PRGHO�VHHPV�WR�GHWHULRUDWH�WKH�UHFRYHU\�SHUIRUPDQFH�ZKHQ�FRPSDUHG�
WR�GDWD�JHQHUDWHG�IURP�WKH�5RHVVOHU�V\VWHP��2Q�WKH�RWKHU�KDQG��WKH�RYHUDOO�PHDQ�506(�
RI�*)6��IURP�������WR��������DQG�WKH�6�HVWLPDWRU��IURP�������WR��������GHFUHDVHV�ZKHQ�
FRPSDUHG�WR�7DEOH����:KHQ�FRPSDULQJ�WKH�PHDQ�506(�YDOXHV�REWDLQHG�IURP�GLIIHUHQW�
GDWD� JHQHUDWLRQ�PHFKDQLVPV�� LW� WXUQV� RXW� WKDW� FRUU�HQWURS\� DQG�2PHJD� DUH� EHWWHU� DW�
SURFHVVLQJ�WLPH�VHULHV�JHQHUDWHG�E\�5RHVVOHU�V\VWHPV��ZKHUHDV�*)6�DQG�WKH�6�HVWLPDWRU�
DUH�EHWWHU�DW�SURFHVVLQJ�WLPH�VHULHV�JHQHUDWHG�E\� WKH�09$5�PRGHO��7DEOH���VXJJHVWV�
WKDW� LQFUHDVLQJ� FRXSOLQJ� VWUHQJWK� OHDGV� WR� GHFUHDVLQJ� PHDQ� 506(� DQG� EHWWHU�
SHUIRUPDQFH� RI� PHWKRGV�� 0RUHRYHU�� WKH� RWKHU� WKUHH� IDFWRUV� GR� QRW� KDYH� D� VWURQJ�
LQIOXHQFH�RQ�WKH�YDOXHV�RI�WKH�PHDQ�506(�RI�HDFK�PHWKRG�� 
� 
7DEOH�� 
0HDQ�506(��ZLWK�VWDQGDUG�GHYLDWLRQ��RI� IRXU�V\QFKURQ\�PHWKRGV�RYHUDOO� �DFURVV�DOO�GDWD�VHWV�RI� WKH�

0$95�PRGHO��DQG�IRU�HDFK�OHYHO�RI�WKH�PDQLSXODWHG�IDFWRUV��7KH�VPDOOHVW�506(�IRU�HDFK�OHYHO�RI�HDFK�

IDFWRU�LV�PDUNHG�ZLWK�D�
 

)DFWRU /HYHO FRUU(& *)6 2PHJD 6HVWLPDWRU 2YHUDOO 
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$FFRUGLQJ� WR�7DEOH����ZKLFK�SUHVHQWV� WKH� UHVXOWV� IRU� WKH� FRUUHODWLRQ� DV� SHUIRUPDQFH�
PHDVXUH��WKH�EHVW�SHUIRUPLQJ�PHWKRG�LV�WKH�6�HVWLPDWRU��PHDQ�FRUUHODWLRQ�RI���������
ZLWK� WKH� 2PHJD� FRPSOH[LW\� �DEVROXWH� PHDQ� FRUUHODWLRQ� RI� ������� DW� D� YHU\� FORVH�
GLVWDQFH��*)6�SHUIRUPV�WKH�ZRUVW�ZLWK�WKH�VPDOOHVW�DEVROXWH�PHDQ�FRUUHODWLRQ����������
:H� FDQ� VHH� WKDW� WKH� UHVXOWV� RI� 506(� �7DEOH� ��� DQG� WKH� FRUUHODWLRQ� �7DEOH� ��� DV�
SHUIRUPDQFH� PHDVXUH� \LHOG� RSSRVLWH� FRQFOXVLRQV�� ,Q� SDUWLFXODU�� *)6� LV� WKH� EHVW�
SHUIRUPLQJ�PHWKRG� DFFRUGLQJ� WR� 506(�� ZKHUHDV� LW� EHFRPHV� WKH� ZRUVW� SHUIRUPLQJ�
PHWKRG�ZKHQ�VWXG\LQJ� WKH�FRUUHODWLRQ��:KHQ� FRPSDULQJ�7DEOH��� WR�7DEOH����ZH�FDQ�
REVHUYH�WKDW��H[FHSW�IRU� WKH�FRUU�HQWURS\�PHWKRG��DOO�V\QFKURQ\�PHWKRGV�KDYH� ODUJHU�
DEVROXWH� PHDQ� FRUUHODWLRQV� IRU� GDWD� JHQHUDWHG� E\� WKH� 09$5� PRGHO� WKDQ� IRU� GDWD�
JHQHUDWHG�ZLWK�5RHVVOHU�V\VWHPV��1RWDEO\��IRU�FRUU�HQWURS\��2PHJD�DQG�WKH�6�HVWLPDWRU��
WKH�PHDQ�FRUUHODWLRQ�LV�FRQVLGHUDEO\�ODUJHU�IRU�VPDOO�QRLVH�OHYHOV�WKDQ�IRU�ODUJH�QRLVH�
OHYHOV��7KRXJK�WKHUH�DUH�QR�ODUJH�GLIIHUHQFH�EHWZHHQ�PHDQ�FRUUHODWLRQ�DW�PDQLSXODWHG�
OHYHOV�RI�WKH�FRXSOLQJ�VWUHQJWK�DQG�WKH�QXPEHU�RI�WLPH�VHULHV��WKH�ORQJHU�WLPH�VHULHV�OHDG�
WR�EHWWHU�SHUIRUPDQFH�RI�PHWKRGV�� 
  
7DEOH��� 
0HDQ�FRUUHODWLRQ��ZLWK�VWDQGDUG�GHYLDWLRQ��RI�IRXU�V\QFKURQ\�PHWKRGV�RYHUDOO��DFURVV�DOO�GDWD�VHWV�RI�WKH�

09$5�PRGHO��DQG�IRU�HDFK�OHYHO�RI�WKH�PDQLSXODWHG�IDFWRUV��7KH�ODUJHVW�DEVROXWH�PHDQ�FRUUHODWLRQ�DW�

HDFK�OHYHO�RI�WKH�IDFWRUV�LV�PDUNHG�ZLWK�D�
 

)DFWRU /HYHO FRUU(& *)6 2PHJD 6HVWLPDWRU 2YHUDOO 
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������� ������� ������� ������� ������� 
 

������������(IIHFW�RI�GDWD�FKDUDFWHULVWLFV���� 

7R� VWXG\� WKH� HIIHFW� RI� WKH� �LQWHUDFWLRQV� EHWZHHQ�� PDQLSXODWHG� IDFWRUV� RQ� UHFRYHU\�
SHUIRUPDQFH�� IRU� HDFK� RI� ERWK� SHUIRUPDQFH�PHDVXUHV�� D� PL[HG�$129$� DQDO\VLV� LV�
SHUIRUPHG�ZLWK� WKH�SHUIRUPDQFH�PHDVXUH� LQ�TXHVWLRQ� DV� GHSHQGHQW� YDULDEOH� DQG� WKH�
PDQLSXODWHG� IDFWRUV� DQG� WKH� V\QFKURQ\�PHWKRGV� DV� LQGHSHQGHQW� YDULDEOHV�� 5HOHYDQW�
LQWHUDFWLRQ�HIIHFWV�DUH�GHWHUPLQHG�E\�FKHFNLQJ�ZKHWKHU� WKH\�DUH�VLJQLILFDQW�DQG� WKH\�
KDYH�D�VL]HDEOH�HIIHFW�VL]H�Ʉீଶ � 
 
506( 
 
7KH�UHVXOWV�RI�WKH�PL[HG�$129$�IRU�WKH�506(�DV�SHUIRUPDQFH�PHDVXUH�DUH�OLVWHG�LQ�
7DEOH����7KHUH�DUH����PDLQ�DQG�LQWHUDFWLRQ�HIIHFWV�RI�IDFWRUV�WKDW�DUH�VLJQLILFDQW��DW݌� ൏
ǤͲͷ���7KH�PDLQ�DQG�LQWHUDFWLRQ�HIIHFWV�ZLWK�D�FRQVLGHUDEOH�HIIHFW�VL]HV��Ʉீଶ �ODUJHU�WKDQ�
������DUH�KLJKOLJKWHG�LQ�EROG��7KH�IDFWRU�ZLWK�WKH� ODUJHVW�Ʉீଶ �LV�PHWKRG��Ʉீଶ �ൌ �ͲǤ͹Ͳ���
LQGLFDWLQJ� WKDW� WKH� V\QFKURQ\�PHWKRGV� KDYH� WKH� VWURQJHVW� LQIOXHQFH� RQ�506(��7KH�
VLQJOH�PDQLSXODWHG� IDFWRU�ZKLFK�KDV� WKH� VWURQJHVW� HIIHFW� LV� FRXSOLQJ� VWUHQJWK� �Ʉீଶ �ൌ
�ͲǤͲ͸���7KHVH�PDLQ�HIIHFWV�DUH�TXDOLILHG�E\�WKH�WZR�ZD\�LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�
PHWKRG�DQG�FRXSOLQJ�VWUHQJWK��Ʉீଶ �RI�������ZKLFK��LQ�WXUQ��LV�TXDOLILHG�E\�WKH�WKUHH�ZD\�
LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRGV��FRXSOLQJ�VWUHQJWK�DQG�QXPEHU�RI�WLPH�VHULHV�
�Ʉீଶ �RI������� 
 
7DEOH�� 
5HVXOWV�RI�PL[HG�$129$�DQDO\VLV�XVLQJ�GDWD�VLPXODWHG�E\�WKH�09$5�PRGHO��7KH�HIIHFWV�RI�PDQLSXODWHG�

IDFWRUV� �EHWZHHQ�VXEMHFWV� IDFWRUV�� DQG� V\QFKURQ\� PHWKRGV� �ZLWKLQ�VXEMHFW� IDFWRUV�� RQ� 506(� ZLWK�

VL]HDEOH�HIIHFW�VL]H��JHQHUDOL]HG�HWD�VTXDWWHGீߟ�ଶ �ODUJHU�WKDQ�������DUH�LQGLFDWHG�LQ�EROG���,Q�WKH�WDEOH��DOO�

WKH�QDPHV�RI�IDFWRUV�DUH�UHSUHVHQWHG�DV�DEEUHYLDWLRQV��³WLPH1´�PHDQV�WKH�QXPEHU�RI�WLPH�VHULHV��³FRXSOH6´�

PHDQV�WKH�FRXSOLQJ�VWUHQJWK��³WLPH/´�PHDQV�WKH�OHQJWK�RI�WLPH�VHULHV��³QRLVH7´�PHDQV�WKH�QRLVH�WHUP��

³PHWKRG´�PHDQV�WKH�V\QFKURQ\�PHWKRGV� 

(IIHFW ') ) 3�YDOXH િࡳ
૛  

WLPH1 � ������ ����� ����� 
FRXSOH6 � ������� ����� ���� 
WLPH/ � ����� � ����� 
QRLVH7 � ����� ����� ����� 
0HWKRG ���� �������� ����� ���� 
WLPH1�ൈ�FRXSOH6 � ����� ����� ����� 
WLPH1�ൈ�WLPH/ � �H��� � ����� 
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FRXSOH6�ൈ�WLPH/ � ����� � ����� 
WLPH1�ൈ�QRLVH7 � ����� ����� ����� 
FRXSOH6�ൈ�QRLVH7 � ���� ����� ����� 
WLPH/�ൈ�QRLVH7 � �������� � ����� 
WLPH1�ൈ�PHWKRG ���� ������ ����� ����� 
FRXSOH6�ൈ�PHWKRG ���� ������� ����� ���� 
WLPH/�ൈ�PHWKRG ���� ���� ���� ����� 
QRLVH7�ൈ�PHWKRG ���� ������ ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/ � ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�QRLVH7 � ���� ����� ����� 
WLPH1�ൈ�WLPH/�ൈ�QRLVH7 � ����� ���� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7 � ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�PHWKRG ���� ������ ����� ���� 
WLPH1�ൈ�WLPH/�ൈ�PHWKRG ���� ����� � ����� 
FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ���� ���� � ����� 
WLPH1�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� ����� ����� 
FRXSOH6�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� ����� ����� 
WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7 � ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ���� ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� ����� ����� 
WLPH1�ൈ�WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� ���� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� � ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7�
ൈ�PHWKRG ���� ����� � ����� 

 
 
)URP�)LJXUH����ZKLFK�VKRZV�WKH�PHDQ�506(�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�VWUHQJWK�IRU�
GLIIHUHQW� PHWKRGV�� RQH� FDQ� VHH� WKDW� LQFUHDVLQJ� FRXSOLQJ� VWUHQJWK� LV� DVVRFLDWHG� ZLWK�
GHFUHDVLQJ�SHUIRUPDQFH�IRU�WKH�FRUU�HQWURS\�DQG�WKH�6�HVWLPDWRU�PHWKRG��ZKHUHDV�WKH�
RSSRVLWH�LV�WUXH�IRU�WKH�2PHJD�PHWKRG��ZLWK�WKLV�ODWWHU�HIIHFW�EHLQJ�FOHDUO\�VWURQJHU�WKDQ�
WKH�IRUPHU��7KH�*)6�PHWKRG�SHUIRUPV�EHWWHU�ZKHQ�WKH�FRXSOLQJ�VWUHQJWK�LV�DW�PHGLXP�
DQG�ODUJH�OHYHOV�FRPSDUHG�WR�DW�VPDOO�OHYHOV��6WDWHG�GLIIHUHQWO\��ERWK�WKH�FRUU�HQWURS\�
DQG�6�HVWLPDWRU�PHWKRG�KDYH�WKH�VPDOOHVW�PHDQ�506(�DW�WKH�ORZ�OHYHOV�RI�FRXSOLQJ�
VWUHQJWK��EXW�*)6�SHUIRUPV�EHVW�DW�PHGLXP�DQG�KLJK�FRXSOLQJ�VWUHQJWK��7KLV�PHDQV�WKDW�
FRUU�HQWURS\�DQG�WKH�6�HVWLPDWRU�SHUIRUP�EHWWHU�ZKHQ�GHDOLQJ�ZLWK�ORZO\�V\QFKURQL]LQJ�
WLPH�VHULHV��ZKHUHDV�2PHJD�DQG�*)6�SHUIRUP�EHWWHU�ZKHQ�WLPH�VHULHV�V\QFKURQL]H�WR�D�
ODUJH�H[WHQW��)LJXUH���IXUWKHU�VXJJHVWV�WKDW�WKH�PHDQ�506(�IRU�GDWD�XQGHU�WKH�09$5�
PRGHO�GLIIHU�IURP�WKH�506(�IRU�GDWD�JHQHUDWHG�ZLWK�5RHVVOHU�V\VWHPV�DQG�WKH�RYHUDOO�
PHDQ�506(�RI�WKH�09$5�PRGHO���������LV�ODUJHU�WKDQ�WKDW�RI�5RHVVOHU�V\VWHPV���������� 
 
 



 ϯϭ 

 
)LJXUH����7KH�506(�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�IRU�WKH�09$5�PRGHO�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�

VWUHQJWK��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�WKH�PHDQ�RI�506(�DQG�WKH�EDUV�DURXQG�WKH�GRWV�UHSUHVHQW�WKH�

VWDQGDUG�GHYLDWLRQ�RI�506(� 

 

5HJDUGLQJ�WKH�WKUHH�ZD\�LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRG��FRXSOLQJ�VWUHQJWK�DQG�
QXPEHU�RI�WLPH�VHULHV��DV�FDQ�EH�VHHQ�LQ�)LJXUH����LW�DSSHDUV�WKDW�WKH�WZR�ZD\�LQWHUDFWLRQ�
EHWZHHQ�V\QFKURQ\�PHWKRG�DQG�FRXSOLQJ�VWUHQJWK��VHH�)LJXUH����LV�PRUH�SURQRXQFHG�
ZKHQ�WKHUH�DUH�IRXU�WLPH�VHULHV�FRPSDUHG�WR�ZKHQ�WKHUH�DUH�OHVV�WLPH�VHULHV� 

 



 ϯϮ 

)LJXUH����7KH�506(�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�IRU�09$5�PRGHO�LQIOXHQFHG�E\�FRXSOLQJ�VWUHQJWK�

DQG�WKH�QXPEHU�RI�WLPH�VHULHV��(DFK�SDQHO�UHSUHVHQWV�WKH�506(�DV�D�IXQFWLRQ�RI�WKH�FRXSOLQJ�VWUHQJWK��

7KH�QXPEHU�RQ�WKH�WRS�RI�HDFK�SDQHO�UHSUHVHQWV�WKH�QXPEHU�RI�WLPH�VHULHV��WKUHH��OHIW�SDQHO��RU�IRXU��ULJKW�

SDQHO��� 

 
&RUUHODWLRQ� 
 
7DEOH� ��� GLVSOD\V� WKH� PL[HG� $129$� UHVXOWV� ZKHQ� WKH� FRUUHODWLRQ� LV� WDNHQ� DV�
SHUIRUPDQFH�PHDVXUH��2QO\�FRQVLGHULQJ�VLJQLILFDQW�PDLQ�DQG�LQWHUDFWLRQ�HIIHFWV�ZLWK�D�
VL]HDEOH�HIIHFW�VL]H��Ʉீଶ ൒ ͲǤͲͳ���UHVXOWV�LQ�WKH�IROORZLQJ�ILYH�UHOHYDQW�HIIHFWV������PDLQ�
HIIHFW�RI�V\QFKURQ\�PHWKRG��Ʉீଶ ൌ ͲǤʹʹ�������PDLQ�HIIHFW�RI�WKH�DPRXQW�RI�QRLVH��Ʉீଶ ൌ
ͲǤͲʹ��� ���� WZR�ZD\� LQWHUDFWLRQ�EHWZHHQ� V\QFKURQ\�PHWKRG� DQG� WKH� DPRXQW� RI� QRLVH�
�Ʉீଶ ൌ ͲǤʹͷ�������WZR�ZD\�LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRG�DQG�OHQJWK�RI�WKH�WLPH�
VHULHV� �Ʉீଶ ൌ ͲǤͲͷ���� DQG� ���� WKUHH�ZD\� LQWHUDFWLRQ� EHWZHHQ� V\QFKURQ\� PHWKRG�� WKH�
DPRXQW�RI�QRLVH�DQG�WKH�WLPH�VHULHV�OHQJWK��Ʉீଶ ൌ ͲǤͲ͸�� 
 
7DEOH���� 
5HVXOWV�RI�PL[HG�$129$�DQDO\VLV�XVLQJ�GDWD�VLPXODWHG�E\�WKH�0$95�PRGHO��7KH�HIIHFW�RI�PDQLSXODWHG�

IDFWRUV��EHWZHHQ�VXEMHFWV�IDFWRUV��DQG�V\QFKURQ\�PHWKRGV��ZLWKLQ�VXEMHFW�IDFWRUV��RQ�FRUUHODWLRQ�ZLWK�D�

VL]HDEOH�HIIHFW�VL]H��JHQHUDOL]HG�HWD�VTXDWWHGீߟ�ଶ �ODUJHU�WKDQ�������DUH�LQGLFDWHG�LQ�EROG��,Q�WKH�WDEOH��DOO�

WKH�QDPHV�RI�IDFWRUV�DUH�UHSUHVHQWHG�DV�DEEUHYLDWLRQV��³WLPH1´�PHDQV�WKH�QXPEHU�RI�WLPH�VHULHV��³FRXSOH6´�

PHDQV�WKH�FRXSOLQJ�VWUHQJWK��³WLPH/´�PHDQV�WKH�OHQJWK�RI�WLPH�VHULHV��³QRLVH7´�PHDQV�WKH�QRLVH�WHUP��

³PHWKRG´�PHDQV�WKH�V\QFKURQ\�PHWKRGV� 

(IIHFW ') ) 3�YDOXH િࡳ
૛  

WLPH1 � ���� ����� ����� 
FRXSOH6 � ���� ����� ����� 
WLPH/ � ���� ����� ����� 
QRLVH7 � ������ ����� ���� 
0HWKRG ���� ������ ����� ���� 
WLPH1�ൈ�FRXSOH6 � ���� ����� ����� 
WLPH1�ൈ�WLPH/ � ���� ����� ����� 
FRXSOH6�ൈ�WLPH/ � ���� ����� ����� 
WLPH1�ൈ�QRLVH7 � ���� ����� ����� 
FRXSOH6�ൈ�QRLVH7 � ���� ���� ����� 
WLPH/�ൈ�QRLVH7 � ���� ����� ����� 
WLPH1�ൈ�PHWKRG ���� ���� ����� ����� 
FRXSOH6�ൈ�PHWKRG ���� ���� ����� ����� 
WLPH/�ൈ�PHWKRG ���� ����� ����� ���� 
QRLVH7�ൈ�PHWKRG ���� ������ ����� ���� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/ � ���� ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�QRLVH7 � ���� ���� ����� 
WLPH1�ൈ�WLPH/�ൈ�QRLVH7 � ���� ���� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7 � ���� ����� ����� 



 ϯϯ 

WLPH1�ൈ�FRXSOH6�ൈ�PHWKRG ���� ���� ����� ����� 
WLPH1�ൈ�WLPH/�ൈ�PHWKRG ���� ���� ����� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ����� ���� ����� ����� 
WLPH1�ൈ�QRLVH7�ൈ�PHWKRG ���� ���� ����� ����� 
FRXSOH6�ൈ�QRLVH7�ൈ�PHWKRG ���� ���� ����� ����� 
WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ���� ����� ����� ���� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7 � ���� ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�PHWKRG ����� ���� ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�QRLVH7�ൈ�PHWKRG ���� ���� ����� ����� 
WLPH1�ൈ�WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ���� ���� ����� ����� 
FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7�ൈ�PHWKRG ����� ���� ����� ����� 
WLPH1�ൈ�FRXSOH6�ൈ�WLPH/�ൈ�QRLVH7�
PHWKRG ����� ���� ����� ����� 

 
)LJXUH���VKRZV�ERWK�WZR�ZD\�LQWHUDFWLRQV��WKH�FKDQJH�RI�WKH�PHDQ�FRUUHODWLRQ�IRU�WKH�
GLIIHUHQW�V\QFKURQ\�PHWKRGV�DV�D�IXQFWLRQ�RI�WKH�OHQJWK�RI�WKH�WLPH�VHULHV��OHIW�SDQHO��
DQG�WKH�DPRXQW�RI�QRLVH��ULJKW�SDQHO���)LJXUH��$��OHIW�SDQHO��VKRZV�WKDW�WKH�LQFUHDVH�LQ�
UHFRYHU\� SHUIRUPDQFH� LQ� WHUPV� RI� PHDQ� DEVROXWH� FRUUHODWLRQ� ZKHQ� WKH� WLPH� VHULHV�
EHFRPH� ORQJHU� LV� VWURQJHU� IRU� 2PHJD� DQG� WKH� 6�HVWLPDWRU� WKDQ� IRU� WKH� RWKHU� WZR�
PHWKRGV��1RWH�WKDW�IRU�WKH�2PHJD�PHWKRG��WKH�FRUUHODWLRQ�LV�QHJDWLYH��)URP�ILJXUH��%�
�ULJKW�SDQHO���RQH�FDQ�OHDUQ�WKDW�WKH�DPRXQW�RI�QRLVH�KDV�D�VWURQJ�LQIOXHQFH�RQ�WKH�PHDQ�
FRUUHODWLRQ��DQ�HIIHFW�ZKLFK�LV�QRW�REVHUYHG�IRU�WKH�PHDQ�506(��7KLV�FDQ�EH�FKHFNHG�
LQ�$SSHQGL[�)LJXUH$����,Q�SDUWLFXODU��ZKHQ�WKH�QRLVH�LV�ODUJH��UHFRYHU\�LV�YHU\�ORZ��L�H���
PHDQ�FRUUHODWLRQV�DURXQG����IRU�DOO�V\QFKURQ\�PHWKRGV��+RZHYHU��IRU�VPDOO�DPRXQWV�RI�
QRLVH��2PHJD��WKH�6�HVWLPDWRU��DQG�WR�D�OHVVHU�H[WHQW��FRUU�HQWURS\�SHUIRUP�TXLWH�ZHOO��
ZKHUHDV�WKH�SHUIRUPDQFH�RI�*)6�VWD\V�SRRU�� 

 



 ϯϰ 

)LJXUH����7KH�FRUUHODWLRQV�RI�IRXU�V\QFKURQ\�PHWKRGV�IRU�09$5�PRGHO��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�

WKH� PHDQ� RI� WKH� FRUUHODWLRQV� DQG� WKH� EDUV� DURXQG� WKH� GRWV� UHSUHVHQW� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH�

FRUUHODWLRQV�� )LJ���$�� 7KH� FRUUHODWLRQV� DV� D� IXQFWLRQ� RI� WKH� OHQJWK� RI� WKH� WLPH� VHULHV�� )LJ���%�� 7KH�

FRUUHODWLRQV�DV�D�IXQFWLRQ�RI�WKH�DPRXQW�RI�QRLVH�LQ�WKH�GDWD� 

 
)URP� )LJXUH� ��� ZKLFK� GLVSOD\V� WKH� WKUHH�ZD\� LQWHUDFWLRQ� EHWZHHQ� V\QFKURQ\�

PHWKRG��WKH�DPRXQW�RI�QRLVH�DQG�WKH�WLPH�VHULHV�OHQJWK��RQH�FDQ�LQIHU�WKDW�DOO�V\QFKURQ\�
PHWKRGV� SHUIRUP� EDGO\� �L�H��� FRUUHODWLRQ� DURXQG� ]HUR��ZKHQ� WKH� GDWD� FRQWDLQV� ODUJH�
DPRXQWV� RI� QRLVH� �ULJKW� SDQHO��� DOWKRXJK� UHFRYHU\� SHUIRUPDQFH� EHFRPHV� D� OLWWOH� ELW�
EHWWHU�IRU�ORQJHU�WLPH�VHULHV��+RZHYHU��IRU�VPDOO�DPRXQWV�RI�QRLVH��OHIW�SDQHO���ORQJHU�
WLPH� VHULHV� \LHOG� D� EHWWHU� UHFRYHU\� SHUIRUPDQFH�� ZLWK� WKLV� HIIHFW� EHLQJ� VWURQJHU� IRU�
2PHJD�FRPSOH[LW\�DQG�WKH�6�HVWLPDWRU�WKDQ�IRU�FRUU�HQWURS\�DQG�*)6��7KH�WKUHH�ZD\�
LQWHUDFWLRQ�EHWZHHQ�V\QFKURQ\�PHWKRG��WKH�DPRXQW�RI�QRLVH�DQG�WKH�FRXSOLQJ�VWUHQJWK�
KDV�D�VPDOO� HIIHFW�VL]H� �OHVV� WKDQ��������HYHQ� WKRXJK� LW� LV� WHVWHG� WR�EH�VLJQLILFDQW�E\�
$129$�DQDO\VLV��)RU�WKH�IRXU�V\QFKURQ\�PHWKRGV��WKHUH�DUH�RQO\�VOLJKW�GLIIHUHQFHV�LQ�
PHDQ�FRUUHODWLRQ�DPRQJ�HDFK�V\QFKURQ\�OHYHO�ZLWK�GLIIHUHQW�DPRXQWV�RI�QRLVH��VHH�DOVR�
$SSHQGL[�)LJXUH$��� 

 
)LJXUH����7KH�FRUUHODWLRQV�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�IRU�WKH�09$5�PRGHO�LQIOXHQFHG�E\�WKH�OHQJWK�

RI� WKH� WLPH�VHULHV�DQG�DPRXQW�RI� WKH�QRLVH��(DFK�SDQHO�UHSUHVHQWV� WKH�FRUUHODWLRQ�DV�D� IXQFWLRQ�RI� WKH�

OHQJWK�RI�WKH�WLPH�VHULHV�ZLWK�D�VSHFLILF�DPRXQW�RI�QRLVH��VPDOO�QRLVH��OHIW�SDQHO��DQG�ODUJH�QRLVH��ULJKW�

SDQHO�� 

 



 ϯϱ 

��� &RPSDULVRQ�EHWZHHQ�WKH�UHVXOWV�RI�ERWK�VLPXODWLRQ�VWXGLHV 

7DEOH����VKRZV�WKH�UDQN�RI�SHUIRUPDQFH�IRU�WKH�IRXU�V\QFKURQ\�PHWKRGV�ZKHQ�WKH\�
DUH� DSSOLHG� WR� WLPH� VHULHV� GDWD� VLPXODWHG� IURP� WKH� WZR� GLIIHUHQW� GDWD� JHQHUDWLQJ�
PHFKDQLVPV� LQYHVWLJDWHG� LQ� WKLV�VWXG\��7DEOH����UHYHDOV� WKDW�FRUU�HQWURS\�DQG� WKH�6�
HVWLPDWRU�DUH�DOZD\V� WKH�ILUVW�DQG� WKH�VHFRQG�EHVW�SHUIRUPLQJ�PHWKRG�ZKHQ�WKH\�DUH�
DSSOLHG�WR�GDWD�JHQHUDWHG�E\�5RHVVOHU�V\VWHPV��+RZHYHU��FRUU�HQWURS\�GRHV�QRW�SHUIRUP�
RXWVWDQGLQJO\�IRU�GDWD�JHQHUDWHG�E\�WKH�09$5�PRGHO��)RU�09$5�GDWD��WKH�6�HVWLPDWRU�
LV�WKH�VHFRQG�DQG�ILUVW�EHVW�SHUIRUPLQJ�PHWKRG�ZKHQ�WDNLQJ�506(�DQG�WKH�FRUUHODWLRQ�
DV�SHUIRUPDQFH�PHDVXUH��UHVSHFWLYHO\� 

 
7DEOH���� 
UDQN�RI�WKH�V\QFKURQ\�PHWKRGV�LQ�WHUPV�RI�SHUIRUPDQFH�ZKHQ�WKH\�DUH�DSSOLHG�WR�GDWD�IURP�WZR�GLIIHUHQW�

GDWD�JHQHUDWLQJ�PHFKDQLVPV�DQG�ZKHQ�506(�RU�WKH�FRUUHODWLRQ�LV�XVHG�DV�SHUIRUPDQFH�PHDVXUH 

0HWKRG�UDQN )LUVW 6HFRQG 7KLUG )RUWK 
5RHVVOHU��506(� &RUU�HQWURS\ 6�HVWLPDWRU *)6 2PHJD 
5RHVVOHU��&RUU� &RUU�HQWURS\ 6�HVWLPDWRU 2PHJD *)6 
09$5��506(� *)6 6�HVWLPDWRU &RUU�HQWURS\ 2PHJD 
09$5��&RUU� 6�HVWLPDWRU 2PHJD &RUU�HQWURS\ *)6 

 
5RHVVOHU�V\VWHPV�DUH�D�QRQOLQHDU�GDWD�JHQHUDWLRQ�V\VWHP�WKDW�LV�TXLWH�GLIIHUHQW�IURP�WKH�
0$95�PRGHO��ZKLFK� LV�D�PXOWLYDULDWH� OLQHDU�V\VWHP��$V� WKH�&RUU�HQWURS\�PHWKRG� LV�
HVSHFLDOO\�GHVLJQHG�WR�LGHQWLI\�WKH�QRQOLQHDU�FKDUDFWHULVWLFV�RI�WLPH�VHULHV��*XQGX]�DQG�
3ULQFLSH���������LW�LV�QR�VXUSULVH�WKDW�WKH�FRUU�HQWURS\�PHWKRG�SHUIRUPV�ZHOO�IRU�GDWD��
JHQHUDWHG�E\�5RHVVOHU�V\VWHPV�DQG�ZRUVH�IRU�GDWD�IURP�DQ�09$5�PRGHO��)XUWKHU��LW�
DSSHDUV�WKDW�WKH�6�HVWLPDWRU�SHUIRUPV�ZHOO�ZKHQ�GHDOLQJ�ZLWK�ERWK�OLQHDU�DQG�QRQOLQHDU�
GDWD��$FFRUGLQJ�WR�WKH�VWXG\�UHVXOWV�RI�:LQWHUKDOGHU�HW�DO����������V\QFKURQ\�PHWKRGV�
LQ�WKH�IUHTXHQF\�GRPDLQ�DUH�SUHIHUDEOH�ZKHQ�GDWD�DUH�JHQHUDWHG�ZLWK�5RHVVOHU�V\VWHPV��
)RU�H[DPSOH��DV�VKRZQ�LQ�WKHLU�VWXG\��SDUWLDO�GLUHFWHG�FRKHUHQFH��3'&��DQG�WKH�GLUHFWHG�
WUDQVIHU�IXQFWLRQ��'7)��DUH�VHQVLWLYH�LQ�GHWHFWLQJ�V\QFKURQ\�LQ�QRQOLQHDU�PXOWLYDULDWH�
GDWD��+RZHYHU��*)6��ZKLFK�LV�WKH�RQO\�IUHTXHQF\�GRPDLQ�PHWKRG�LQ�RXU�VWXG\��GRHV�QRW�
SHUIRUP�ZHOO�ZKHQ�DSSOLHG�WR�GDWD�JHQHUDWHG�E\�5RHVVOHU�V\VWHPV� 

:KHQ�WKH�HYDOXDWLRQ�PHDVXUH�LV�506(��2PHJD�FRPSOH[LW\� LV�DOZD\V�WKH�ZRUVW�
SHUIRUPLQJ�PHWKRG��7KLV�LV�EHFDXVH�2PHJD�FRPSOH[LW\�TXDQWLILHV�WKH�GLVVLPLODULW\�RI�
WLPH�VHULHV�DQG�WKH�506(�LV�QRW�D�IDLU�SHUIRUPDQFH�PHDVXUH�IRU�WKLV�W\SH�RI�V\QFKURQ\�
PHWKRGV�� )URP� 'DXZHOV� HW� DO�� �������� LQ� ZKLFK� WKH� FRUUHODWLRQ� EHWZHHQ� VHYHUDO�
V\QFKURQ\� PHWKRGV� LV� GHWHUPLQHG�� LW� DSSHDUV� WKDW� 2PHJD� FRPSOH[LW\� DQG� WKH� 6�
HVWLPDWRU�DUH�ODUJHO\�QHJDWLYH�FRUUHODWHG��L�H���WKH�FRUUHODWLRQ�LV�EHWZHHQ������DQG��������



 ϯϲ 

ZKLFK�PHDQV�WKDW�ERWK�PHWKRGV�SURYLGH�VLPLODU�V\QFKURQ\�LQIRUPDWLRQ�ZKHQ�XVHG�ZLWK�
WLPH�VHULHV��7KLV�UHVXOW�VKRXOG�QRW�EH�D�ELJ�VXUSULVH�DV�WKH�6�HVWLPDWRU�FDQ�EH�UHJDUGHG�
DV� DQ� H[WHQVLRQ� RI� WKH�2PHJD� FRPSOH[LW\�PHWKRG� WR� VWDWH� VSDFH� HPEHGGHG� VLJQDOV�
�'DXZHOV� HW� DO��� ������� ,Q�RXU� VWXG\�� WKH�6�HVWLPDWRU� LV� �RYHUDOO�� DOZD\V� WKH�EHVW� RU�
VHFRQG�EHVW�SHUIRUPLQJ�PHWKRG��7KH�SHUIRUPDQFH�RI�WKH�2PHJD�FRPSOH[LW\�PRUH�RU�
OHVV� IROORZV� WKH� SHUIRUPDQFH� RI� WKH� 6�HVWLPDWRU� ZKHQ� WKH� FRUUHODWLRQ� LV� XVHG� DV�
SHUIRUPDQFH�PHWKRG��)RU�506(��KRZHYHU��2PHJD�FRPSOH[LW\�LV�DOZD\V�SHUIRUPLQJ�
TXLWH�EDG��ZKHUHDV�WKH�6�HVWLPDWRU�SHUIRUPV�TXLWH�JRRG��7KLV�VXJJHVW�WKDW�ZH�VKRXOG�EH�
D�ELW�FDXWLRXV�ZKHQ�LQWHUSUHWLQJ�WKH�UHVXOWV�IRU�506(�DV�SHUIRUPDQFH�PHDVXUH� 

5  Discussion 

���  6XPPDU\�DQG�GLVFXVVLRQ�RI�WKH�UHVXOWV 

7KH�JRDO� RI� WKLV� VWXG\�ZDV� WR� HYDOXDWH� WR�ZKLFK� H[WHQW� WKH� IRXU� V\QFKURQ\�PHWKRGV�
VWXGLHG�KHUH�DUH�FDSDEOH�RI�FDSWXULQJ� WKH� WUXH�DPRXQW�RI�V\QFKURQ\�EHWZHHQ� VHYHUDO�
�PRUH�WKDQ�WZR��WLPH�VHULHV��$�VHFRQG�DLP�ZDV�WR�GHWHUPLQH�ZKLFK�PHWKRG�V��LV�EHVW�DW�
GHWHFWLQJ�V\QFKURQ\�DQG�KRZ�WKH�SHUIRUPDQFH�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�GHSHQGV�
RQ� GDWD� FKDUDFWHULVWLFV�� 7R� DFFRPSOLVK� WKLV�� WZR� H[WHQVLYH� VLPXODWLRQ� VWXGLHV� ZHUH�
SHUIRUPHG��LQ�ZKLFK�WZR�GLIIHUHQW�GDWD�JHQHUDWLQJ�PHWKRGV�ZHUH�DGRSWHG��WKH�5RHVVOHU�
V\VWHPV�DQG�WKH�09$5�PRGHO��0RUHRYHU��VHYHUDO�GDWD�FKDUDFWHULVWLFV��OLNH�WKH�DPRXQW�
RI�QRLVH�SUHVHQW�LQ�WKH�GDWD�DQG�WKH�OHQJWK�RI�WKH�WLPH�VHULHV�ZHUH�V\VWHPDWLFDOO\�YDULHG�
DQG�DQ�$129$�ZDV�SHUIRUPHG�WR�LQYHVWLJDWH�KRZ�WKHVH�GDWD�FKDUDFWHULVWLFV�DQG�WKHLU�
LQWHUDFWLRQV�DIIHFW�UHFRYHU\�SHUIRUPDQFH� 
 7KH�UHVXOWV�VKRZ�WKDW�FRUU�HQWURS\�LV�WKH�EHVW�SHUIRUPLQJ�PHWKRG�ZKHQ�DSSOLHG�WR�
WLPH�VHULHV�JHQHUDWHG�E\�WKH�5RHVVOHU�V\VWHP�DQG�WKH�6�HVWLPDWRU�LV�DOZD\V�WKH�EHVW�RU�
WKH�VHFRQG�EHVW�SHUIRUPLQJ�PHWKRG��7KH�$129$�DQDO\VLV� VXJJHVWHG� WKDW� WKH�ZLWKLQ�
IDFWRU� �PHWKRG�� DOZD\V� VLJQLILFDQWO\� LQIOXHQFH� WKH� YDOXH� RI� 506(� DQG� FRUUHODWLRQ��
ZKLFK�PHDQV�GLIIHUHQW�PHWKRGV�WHQG�WR�SHUIRUP�TXLWH�GLIIHUHQWO\�ZKHQ�GHDOLQJ�ZLWK�WKH�
VDPH� WLPH� VHULHV�� )RU� ERWK� GDWD� JHQHUDWLRQ� PHFKDQLVPV�� WKH� WZR�ZD\� LQWHUDFWLRQ�
EHWZHHQ� FRXSOLQJ� VWUHQJWK� DQG� V\QFKURQ\� PHWKRG� DQG� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH�
OHQJWK� RI� WLPH� VHULHV� DQG� FRXSOLQJ� VWUHQJWK� KDG� D� FOHDU� LQIOXHQFH� RQ� WKH� UHFRYHU\�
SHUIRUPDQFH�� )RU� WKH� 5RHVVOHU� V\VWHP�� WKH� WKUHH�ZD\� LQWHUDFWLRQ� EHWZHHQ� FRXSOLQJ�
VWUHQJWK��WKH�OHQJWK�RI�WLPH�VHULHV�DQG�V\QFKURQ\�PHWKRG�ZDV�LPSRUWDQW��QR�PDWWHU�ZKDW�
NLQG� RI� SHUIRUPDQFH�PHDVXUHPHQWV� ZDV� DSSOLHG�� )RU�09$5�PRGHO�� WKH� WKUHH�ZD\�
LQWHUDFWLRQ�EHWZHHQ�QXPEHU�RI� WLPH�VHULHV��FRXSOLQJ�VWUHQJWK�DQG�V\QFKURQ\�PHWKRG�



 ϯϳ 

ZDV� RQO\� LPSRUWDQW� LI� WKH� SHUIRUPDQFH� PHDVXUHPHQW� ZDV� 506(�� 7KH� LQWHUDFWLRQ�
EHWZHHQ�QRLVH�WHUP��WKH�OHQJWK�RI�WLPH�VHULHV�DQG�V\QFKURQ\�PHWKRG�LV�UHOHYDQW�LI�WKH�
FRUUHODWLRQ�LV�XVHG�WR�HYDOXDWH�SHUIRUPDQFH� 

7KH� LQIOXHQFH�RI� WKH� FRXSOLQJ� VWUHQJWK� FDQ�EH� FRPSOH[� DQG�GHSHQGV�RQ�ZKLFK�
V\QFKURQ\� PHWKRG� LV� VWXGLHG�� 7LPH� VHULHV� ZLWK� KLJK� V\QFKURQ\� JHQHUDWHG� E\� ERWK�
VLPXODWLRQ�PHWKRGV� OHDG� WR� DQ� LQFUHDVLQJ�PHDQ�506(�RI� FRUU�HQWURS\��%HVLGHV�� WKH�
PHDQ� FRUUHODWLRQ� GHFUHDVHV� ZKHQ� FRUU�HQWURS\� LV� DSSOLHG� WR� WLPH� VHULHV� ZLWK� KLJK�
V\QFKURQ\�JHQHUDWHG�E\�WKH�5RHVVOHU�V\VWHP��7KHUHIRUH��IURP�WKHVH�UHVXOWV�LW�FRXOG�EH�
LQIHUUHG� WKDW� FRUU�HQWURS\� LV� QRW� JRRG� DW� GHDOLQJ� ZLWK� WKH� WLPH� VHULHV� ZLWK� KLJK�
V\QFKURQ\�OHYHOV��7KH�6�HVWLPDWRU�WHQG�WR�KDYH�ORZ�506(�DQG�KLJK�FRUUHODWLRQ�ZKHQ�
DSSOLHG�WR�WLPH�VHULHV�ZLWK�KLJK�V\QFKURQ\�OHYHO��7KHVH�UHVXOWV�LQGLFDWH�WKDW�6�HVWLPDWRU�
LV�JRRG�DW�TXDQWLI\LQJ�WKH�WLPH�VHULHV�ZLWK�KLJK�V\QFKURQ\�OHYHO��:KHQ�PRUH�WLPH�VHULHV�
DUH�LQYROYHG�RU�WLPH�VHULHV�EHFRPH�ORQJHU��WKH�6�HVWLPDWRU�SHUIRUPV�EHWWHU��*)6�DOVR�
KDV�GHFUHDVLQJ�506(�ZKHQ�WKH�FRXSOLQJ�VWUHQJWK�RI�WLPH�VHULHV�LQFUHDVHV��7KHUHIRUH��
LW�DSSHDUV�WKDW�*)6�SHUIRUPV�ZHOO�ZKHQ�GHDOLQJ�ZLWK�WLPH�VHULHV�DW�KLJK�V\QFKURQ\�OHYHO��
:KHQ�WDNLQJ�WKH�FRUUHODWLRQ�DV�WKH�SHUIRUPDQFH�PHDVXUH��2PHJD�FRPSOH[LW\�GRHV�QRW�
SHUIRUP�ZHOO�ZKHQ�WLPH�VHULHV�JHQHUDWHG�E\�WKH�5RHVVOHU�V\VWHP�DUH�DW�PHGLXP�OHYHO��
$QG�WKHUH�LV�QR�KXJH�GLIIHUHQFH�EHWZHHQ�WKH�SHUIRUPDQFH�RI�2PHJD�DW�YDULRXV�FRXSOLQJ�
VWUHQJWK�OHYHOV�ZKHQ�WLPH�VHULHV�DUH�VLPXODWHG�E\�WKH�09$5�PRGHO� 

:KHQ� WDNLQJ� WKH� FRUUHODWLRQ� DV� WKH� SHUIRUPDQFH�PHDVXUHPHQW�� HDFK� V\QFKURQ\�
PHWKRG�WHQGV�WR�SHUIRUP�EHWWHU�LI�WKH�WLPH�VHULHV�EHFRPH�ORQJHU�ZKHQ�WKH\�DUH�DSSOLHG�
WR� GDWD� JHQHUDWHG� E\� ERWK� VLPXODWLRQ� PHWKRGV�� ,Q� DGGLWLRQ�� D� SUHYLRXV� VWXG\�
LQYHVWLJDWLQJ�WKH�SHUIRUPDQFH�RI�WKH�6�HVWLPDWRU�ZKHQ�LW�LV�DSSOLHG�WR�WLPH�VHULHV�ZLWK�
GLIIHUHQW�OHQJWK���UHYHDOHG�WKDW�ZKHQ�WKH�GDWD�OHQJWK�LQFUHDVHV��WKH�6�HVWLPDWRU�EHFRPHV�
PRUH�UHOLDEOH�ZLWK�D�VPDOOHU�VWDQGDUG�GLYLVLRQ�RI�HVWLPDWHG�YDOXHV��&DUPHOL�HW�DO��������
+RZHYHU�� WKH�GLIIHUHQFH�EHWZHHQ� HVWLPDWHG�YDOXHV� DQG� WUXH� V\QFKURQ\�YDOXHV� LV� QRW�
UHSRUWHG�LQ�WKDW�VWXG\� 

:H�RQO\�FRQVLGHU� WKH� LQIOXHQFH�RI�QRLVH�ZKHQ� WLPH�VHULHV�DUH�JHQHUDWHG�E\� WKH�
09$5�PRGHO��7KH�UHVXOWV�IRU�506(�UHYHDO�WKDW�ODUJH�QRLVH�DGGHG�WR�WLPH�VHULHV�ZLOO�
QRW�OHDG�WR�EDG�SHUIRUPDQFH�IRU�HDFK�V\QFKURQ\�PHWKRG��7KH�FRUUHODWLRQV�DW�GLIIHUHQW�
QRLVH�OHYHOV�VXJJHVW�WKDW�HDFK�V\QFKURQ\�PHDVXUH�VLJQLILFDQWO\�SHUIRUPV�EHWWHU�ZKHQ�
GHDOLQJ�ZLWK�WLPH�VHULHV�ZLWK�OHVV�QRLVH��3UHYLRXV�UHVHDUFK�DOVR�FRQVLGHUHG�WKH�LQIOXHQFH�
RI�QRLVH��ZKHQ�PRUH�QRLVH�ZDV�DGGHG�WR�GDWD��OHVV�VLJQLILFDQW�FRQQHFWLRQV�EHWZHHQ�WLPH�
VHULHV�DUH�REVHUYHG��+DXIH�HW�DO�������� 

���  6WUHQJWK�DQG�OLPLWDWLRQV�RI�WKH�VWXG\�DQG�DYHQXHV�IRU�IXWXUH�UHVHDUFK 

2XU�VWXG\�SURYLGHV�D�NH\�FRQWULEXWLRQ�WR�XQGHUVWDQGLQJ�KRZ�WKH�V\QFKURQ\�PHWKRGV�



 ϯϴ 

SHUIRUP�ZKHQ�TXDQWLI\LQJ�WLPH�VHULHV�ZLWK�WKH�GLIIHUHQW�FKDUDFWHULVWLFV��+RZHYHU��VRPH�
TXHVWLRQV�UHPDLQ��,QGHHG��LQ�WKLV�VWXG\�ZH�GR�QRW�DSSO\�WKH�IRXU�V\QFKURQ\�PHWKRGV�WR�
UHDO�((*�VLJQDOV�DQG� LQYHVWLJDWH�WKHLU�SHUIRUPDQFH�ZLWK�YDULRXV�HPSLULFDO�GDWD��,Q�D�
VLPXODWLRQ�VWXG\��DOO�WKH�GDWD�DUH�FRQWUROOHG�E\�PDQLSXODWHG�IDFWRUV�DQG�WKH�VWDWLVWLFDO�
SURSHUWLHV� DUH� ZHOO�NQRZQ�� EXW� UHDO� GDWD� FDQ� EH� PRUH� VRSKLVWLFDWHG� DQG� VWDWLVWLFDO�
SURSHUWLHV�DUH�QRW�HDV\�WR�GHWHUPLQH��3UHYLRXV�VWXGLHV�DSSOLHG�V\QFKURQ\�PHWKRGV� WR�
HPSLULFDO�QHXUDO�GDWD��'DXZHOV�HW�DO��������3DJQRWWD�DQG�3ORPS��������:LQWHUKDOGHU�HW�
DO���������+RZHYHU�� WKHUH�DUH�QR�GHWDLOHG� UHSRUWV� LQ� WKHVH�VWXGLHV�RQ�KRZ�V\QFKURQ\�
PHWKRGV�SHUIRUP�DFFRUGLQJ�WR�YDULRXV�GDWD�FKDUDFWHULVWLFV��:KHQ�GHDOLQJ�ZLWK�SUDFWLFDO�
LVVXHV�� QRUPDOO\� PRUH� WKDQ� IRXU� WLPH� VHULHV� DUH� GRFXPHQWHG� DQG� UHTXLUHG� WR� EH�
SURFHVVHG��,Q�WKLV�VWXG\��ZH�LQFOXGHG�WKUHH�DQG�IRXU�WLPH�VHULHV��7R�UHGXFH�WKH�OLPLWDWLRQ�
PHQWLRQHG�DERYH��IXUWKHU�VWXG\�FDQ�DSSO\�WKH�V\QFKURQ\�PHWKRGV�WR�UHDO�UHFRUGHG�((*�
VLJQDOV�DQG�LQYROYH�PRUH�WLPH�VHULHV�DW�WKH�VDPH�WLPH� 

$QRWKHU�OLPLWDWLRQ�RI�RXU�VWXG\�LV�WKDW�ZH�RQO\�LQYHVWLJDWH�IRXU�V\QFKURQ\�PHWKRGV�
DQG�GR�QRW� LQFOXGH�D�YDULHW\�RI�V\QFKURQ\�PHWKRGV��7KHUHIRUH�� WKH� UHVXOWV�FDQQRW�EH�
JHQHUDOL]HG�WR�DOO�V\QFKURQ\�PHWKRGV��7R�FDSWXUH�DQG�GRFXPHQW�FRQVLGHUDEOH�VLWXDWLRQV�
RI� KRZ� V\QFKURQ\� PHWKRGV� UHVSRQG� WR� GLIIHUHQW� WLPH� VHULHV�� D� ODUJHU� QXPEHU� RI�
V\QFKURQ\�PHWKRGV�ZRXOG�KDYH�WR�EH�VWXGLHG�LQ�WKH�IXWXUH� 

���  &RQFOXGLQJ�UHPDUNV 

:H�KDYH�LQYHVWLJDWHG�DQG�FRPSDUHG�WKH�SHUIRUPDQFH�RI�IRXU�V\QFKURQ\�PHWKRGV�ZKHQ�
WKH\� HVWLPDWH� FRQQHFWLRQ� EHWZHHQ� WLPH� VHULHV� JHQHUDWHG� E\� WZR� GDWD� JHQHUDWLRQ�
PHFKDQLVPV��7KH�LQIOXHQFH�RI�GDWD�FKDUDFWHULVWLFV�RQ�WKH�HVWLPDWLRQ�DELOLW\�RI�PHWKRGV�
KDV�EHHQ� LGHQWLILHG��7KH�VWXG\�GHPRQVWUDWHV� LQFUHDVLQJ� WKH� OHQJWK�RI� WLPH�VHULHV�DQG�
GHFUHDVLQJ� WKH� GLVWXUEDQFH� RI� QRLVH� ZLOO� LPSURYH� WKH� SHUIRUPDQFH� RI� V\QFKURQ\�
PHWKRGV��+RZHYHU��WKH�VWXG\�DOVR�KLJKOLJKWV�WKDW�HDFK�PHWKRG�LV�JRRG�DW�GHDOLQJ�ZLWK�
WLPH�VHULHV�DW�VSHFLILF�FRXSOLQJ�VWUHQJWK�OHYHO�DQG�ZKHWKHU�WKH�WLPH�VHULHV�LV�OLQHDU�RU�
QRQOLQHDU�ZLOO�DOVR�DIIHFW�WKH�SHUIRUPDQFH�RI�PHWKRGV��2XU�ILQGLQJV�ZLOO�KHOS�WR�FKRRVH�
ZKLFK�V\QFKURQ\�PHWKRG�FDQ�EHWWHU�TXDQWLI\�V\QFKURQ\�EHWZHHQ� WLPH�VHULHV� LI�VRPH�
VSHFLILF�FKDUDFWHULVWLFV�RI�GDWD�LV�NQRZQ�LQ�DGYDQFH�� 
 
 
  



 ϯϵ 

5HIHUHQFH 

 
$QGHUV��6���+HLQ]OH�� -���:HLVNRSI��1���(WKRIHU��7���	�+D\QHV�� -��'�� �������� )ORZ�RI�

DIIHFWLYH� LQIRUPDWLRQ�EHWZHHQ�FRPPXQLFDWLQJ�EUDLQV��1HXUR,PDJH������������±
�����KWWSV���GRL�RUJ���������M�QHXURLPDJH������������ 

 
%DELORQL��)���	�$VWROIL��/����������6RFLDO�QHXURVFLHQFH�DQG�K\SHUVFDQQLQJ�WHFKQLTXHV��

3DVW�� SUHVHQW� DQG� IXWXUH�� 1HXURVFLHQFH� 	� %LREHKDYLRUDO� 5HYLHZV�� ���� ��±����
KWWSV���GRL�RUJ���������M�QHXELRUHY������������ 

 
&DUPHOL��&���.Q\D]HYD��0��*���,QQRFHQWL��*��0���	�GH�)HR��2����������$VVHVVPHQW�RI�

((*�V\QFKURQL]DWLRQ�EDVHG�RQ�VWDWH�VSDFH�DQDO\VLV��1HXUR,PDJH������������±�����
KWWSV���GRL�RUJ���������M�QHXURLPDJH������������ 

 
&]HV]XPVNL��$���(XVWHUJHUOLQJ��6���/DQJ��$���0HQUDWK��'���*HUVWHQEHUJHU��0���6FKXEHUWK��

6��� 6FKUHLEHU�� )��� 5HQGRQ�� =�� =��� 	� .|QLJ�� 3�� �������� +\SHUVFDQQLQJ��$� YDOLG�
PHWKRG�WR�VWXG\�QHXUDO�LQWHU�EUDLQ�XQGHUSLQQLQJV�RI�VRFLDO�LQWHUDFWLRQ��)URQWLHUV�
LQ�+XPDQ�1HXURVFLHQFH������KWWSV���GRL�RUJ���������IQKXP����������� 

 
'DXZHOV�� -���9LDODWWH��)���0XVKD��7���	�&LFKRFNL��$�� ��������$� FRPSDUDWLYH�VWXG\�RI�

V\QFKURQ\�PHDVXUHV�IRU�WKH�HDUO\�GLDJQRVLV�RI�$O]KHLPHU¶V�GLVHDVH�EDVHG�RQ�((*��
1HXUR,PDJH������������±�����KWWSV���GRL�RUJ���������M�QHXURLPDJH������������ 

 
'LNNHU��6���:DQ��/���'DYLGHVFR��,���.DJJHQ��/���2RVWULN��0���0F&OLQWRFN��-���5RZODQG��

-���0LFKDODUHDV��*���YDQ�%DYHO��-��-���'LQJ��0���	�3RHSSHO��'����������%UDLQ�WR�
%UDLQ�V\QFKURQ\�WUDFNV�UHDO�ZRUOG�G\QDPLF�JURXS�LQWHUDFWLRQV�LQ�WKH�FODVVURRP��
&XUUHQW�%LRORJ\�������������±������KWWSV���GRL�RUJ���������M�FXE������������ 

 
*DWHV�� .�� 0��� 	� /LX�� 6�� �������� 0HWKRGV� IRU� TXDQWLI\LQJ� SDWWHUQV� RI� G\QDPLF�

LQWHUDFWLRQV� LQ� G\DGV�� $VVHVVPHQW�� ������� ���±�����
KWWSV���GRL�RUJ������������������������� 

 
*XQGX]��$���	�3ULQFLSH��-��&����������&RUUHQWURS\�DV�D�QRYHO�PHDVXUH�IRU�QRQOLQHDULW\�

WHVWV�� 6LJQDO� 3URFHVVLQJ�� ������� ��±����
KWWSV���GRL�RUJ���������M�VLJSUR������������ 

 
+DVVRQ�� 8��� 1LU�� <��� /HY\�� ,��� )XKUPDQQ�� *��� 	� 0DODFK�� 5�� �������� ,QWHUVXEMHFW�

https://doi.org/10.1016/j.neuroimage.2010.07.004
https://doi.org/10.1016/j.neubiorev.2012.07.006
https://doi.org/10.1016/j.neuroimage.2004.11.049
https://doi.org/10.3389/fnhum.2020.00039
https://doi.org/10.1016/j.neuroimage.2009.06.056
https://doi.org/10.1016/j.cub.2017.04.002
https://doi.org/10.1177/1073191116641508
https://doi.org/10.1016/j.sigpro.2008.07.005


 ϰϬ 

V\QFKURQL]DWLRQ� RI� FRUWLFDO� DFWLYLW\� GXULQJ� QDWXUDO� YLVLRQ�� 6FLHQFH�� �����������
����±������KWWSV���GRL�RUJ���������VFLHQFH�������� 

 
�+DXIH��6���1LNXOLQ��9��9���0�OOHU��.��5���	�1ROWH��*����������$�FULWLFDO�DVVHVVPHQW�RI�

FRQQHFWLYLW\�PHDVXUHV�IRU�((*�GDWD��$�VLPXODWLRQ�VWXG\��1HXUR,PDJH���������±
�����KWWSV���GRL�RUJ���������M�QHXURLPDJH������������ 

 
+LUDWD��0���,NHGD��7���.LNXFKL��0���.LPXUD��7���+LUDLVKL��+���<RVKLPXUD��<���	�$VDGD��

0�� �������� +\SHUVFDQQLQJ�0(*� IRU� XQGHUVWDQGLQJ� PRWKHU� DQG� FKLOG� FHUHEUDO�
LQWHUDFWLRQV�� )URQWLHUV� LQ� +XPDQ� 1HXURVFLHQFH�� ���
KWWSV���GRL�RUJ���������IQKXP����������� 

 
.DPLQVNL��0��-���	�%OLQRZVND��.��-����������$�QHZ�PHWKRG�RI�WKH�GHVFULSWLRQ�RI�WKH�

LQIRUPDWLRQ�IORZ�LQ�WKH�EUDLQ�VWUXFWXUHV��%LRORJLFDO�&\EHUQHWLFV������������±�����
KWWSV���GRL�RUJ���������EI�������� 

 
.DPLQVNL��0���	�/LDQJ��+����������&DXVDO�LQIOXHQFH��$GYDQFHV�LQ�QHXURVLJQDO�DQDO\VLV��

&ULWLFDO� 5HYLHZV� LQ� %LRPHGLFDO� (QJLQHHULQJ�� ������� ���±�����
KWWSV���GRL�RUJ���������FULWUHYELRPHGHQJ�Y���L���� 

 
�.RROH��6��/���	�7VFKDFKHU��:����������6\QFKURQ\�LQ�SV\FKRWKHUDS\��$�UHYLHZ�DQG�DQ�

LQWHJUDWLYH� IUDPHZRUN� IRU� WKH� WKHUDSHXWLF� DOOLDQFH��)URQWLHUV� LQ� 3V\FKRORJ\�����
KWWSV���GRL�RUJ���������ISV\J����������� 

 
�0LOHV��/��.���*ULIILWKV��-��/���5LFKDUGVRQ��0��-���	�0DFUDH��&��1����������7RR�ODWH�WR�

FRRUGLQDWH��&RQWH[WXDO�LQIOXHQFHV�RQ�EHKDYLRUDO�V\QFKURQ\��(XURSHDQ�-RXUQDO�RI�
6RFLDO�3V\FKRORJ\��Q�D��KWWSV���GRL�RUJ���������HMVS���� 

 
0RQWDJXH�� 3�� �������� +\SHUVFDQQLQJ�� 6LPXOWDQHRXV� I05,� GXULQJ� OLQNHG� VRFLDO�

LQWHUDFWLRQV�� 1HXUR,PDJH�� ������� ����±������
KWWSV���GRL�RUJ���������QLPJ���������� 

 
2OHMQLN�� 6��� 	� $OJLQD�� -�� �������� *HQHUDOL]HG� (WD� DQG� 2PHJD� VTXDUHG� VWDWLVWLFV��

PHDVXUHV� RI� HIIHFW� VL]H� IRU� VRPH� FRPPRQ� UHVHDUFK� GHVLJQV�� 3V\FKRORJLFDO�
0HWKRGV�����������±�����KWWSV���GRL�RUJ�����������������[�������� 

 
3DJQRWWD��0�� )���	� 3ORPS��*�� ��������7LPH�YDU\LQJ�09$5� DOJRULWKPV� IRU� GLUHFWHG�

FRQQHFWLYLW\� DQDO\VLV�� &ULWLFDO� FRPSDULVRQ� LQ� VLPXODWLRQV� DQG� EHQFKPDUN� ((*�

https://doi.org/10.1126/science.1089506
https://doi.org/10.1016/j.neuroimage.2012.09.036
https://doi.org/10.3389/fnhum.2014.00118
https://doi.org/10.1007/bf00198091
https://doi.org/10.1615/critrevbiomedeng.v33.i4.20
https://doi.org/10.3389/fpsyg.2016.00862
https://doi.org/10.1002/ejsp.721
https://doi.org/10.1037/1082-989x.8.4.434


 ϰϭ 

GDWD��3/26�21(���������H���������KWWSV���GRL�RUJ���������MRXUQDO�SRQH�������� 
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5RHVVOHU�6\VWHPV��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�WKH�PHDQ�RI�FRUUHODWLRQV�DQG�WKH�EDUV�DURXQG�WKH�GRWV�

UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�RI�FRUUHODWLRQV� 

 

 

 



 ϰϯ 

)LJXUH�$���7KH�506(�RI�WKH�IRXU�V\QFKURQ\�PHWKRGV�IRU�WKH�09$5�PRGHO�DV�D�IXQFWLRQ�RI�WKH�DPRXQW�

RI�QRLVH��³VPDOO´�PHDQV�VPDOO�QRLVH�DQG�³ODUJH´�PHDQV�ODUJH�QRLVH��7KH�GRWV�RQ�WKH�OLQHV�UHSUHVHQW�WKH�

PHDQ�RI�506(�DQG�WKH�EDUV�DURXQG�WKH�GRWV�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�RI�506(� 

 
 

 
)LJXUH�$���7KH� FRUUHODWLRQV�RI� WKH� IRXU� V\QFKURQ\�PHWKRGV� IRU� WKH�09$5�PRGHO� LQIOXHQFHG�E\� WKH�

FRXSOLQJ� VWUHQJWK� DQG� DPRXQW� RI� WKH�QRLVH��(DFK�SDQHO� UHSUHVHQW� WKH� FRUUHODWLRQ� DV� D� IXQFWLRQ�RI� WKH�

FRXSOLQJ�VWUHQJWK�ZLWK�VSHFLILF�DPRXQW�RI�QRLVH��VPDOO�QRLVH��OHIW�SDQHO��DQG�ODUJH�QRLVH��ULJKW�SDQHO� 
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