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CHAPTER I 

INTRODUCTION 

 

        Zhang and Surles [3] described an experiment on the outer hair cells (OHC) from the 

inner ears of guinea pigs meant to compare their stiffness under two different 

experimental settings. These settings were the type of voltage (a positive or negative 

voltage) that was applied to the OHCs. In that paper, a cosinor model was applied to the 

data, which is clearly cyclic in nature, and it was of interest to compare the amplitudes in 

the data under the two experimental settings. Deng [4] discovered that the cosinor model 

applied by Zhang and Surles [3] did not properly account for all of the auto correlation 

structure present in the data. Deng [4] fit a modified cosinor model which allowed a 

variable amplitude. However, this model still did not properly account for all of the 

autocorrelation present in the data. In the present thesis, the amplitudes will be extracted 

from the data, and they will be treated as a time series. Standard Box-Jenkins ARMA 

models will be fit in order to compare the amplitudes from the two different voltage 

settings. 

       As Deng [4] notes, "cosinor models can be used to model data which follow a cyclic 

pattern such as circadian rhythms and many data from biological applications." Cosinor 

models fit a linear combination of cosine functions to model repeated observations, 

typically from one individual or experimental unit. 

       The data under consideration follow a cyclic pattern with cycle-to-cycle differences 

in the amplitudes. See Figure 1.1 for an example series. Considered by Zhang and Surles 

[3], the basic cosinor model is given by 

                                             � = � + � cos��� + �� + 	.                                            (1.1) 

The mesor, or mean of the sequence, is denoted by the parameter  �. The amplitude, 

which is the distance from the mesor to the crest or trough of each cycle is denoted by �. 

The acrophase is denoted by �, which measures the timing of the cosine maximum, and  
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� = 2
� , where �  is the sinusoid frequency, or inverse of the period. For example, 

Figure 1.1, which is the time-series plot of the first series examined by Zhang and Surles 

[3], includes about 20 cycles and there is an average of 20 points per cycle. Thus, � =

1/20, and � = 2
� = 2
/20. The variable � denotes the time period. The random error 

terms 	 are assumed to be independent and identically distributed with mean 0 and a 

constant variance ��.  Note that equation 1.1 assumes equal amplitudes for each cycle.  

       A more general cosinor model is given by  

                                           � = � + ∑ ��cos (��� + ��)�
��� + 	.                                  (1.2) 

      That is, � is expressed as a linear combination of multiple cyclic components. Note 

that cos���� + ��� = cos�����cos (��) − sin����� sin����. Thus equation 1.2 can be 

re-expressed as 

                                     � = � + ∑ [��cos (���)�
��� + ��sin (���)] + 	,                        (1.3) 

where �� = �� cos���� and �� = −�� sin����. If �� is known, which is often the case (as 

seen above), then the model is simply a linear multiple regression model with cos (���) 
and sin (���) as the regressors. If the error is assumed to be Gaussian, then it follows that 

the least-squares estimates of ��  and  ��  are also jointly Gaussian. See Alberola-López 

and Martín-Fernández [2] for more details. But even this general model is inadequate for 

the data displayed in Figure 1.1. Clearly, there is but one major cyclic component, but the 

cycle-to-cycle amplitudes vary in the data more than can be allowed for in the model, as 

shown by Deng [4]. To account for this, Deng’s model is given by: 

                                         � = � + ∑ �� cos��� + �� �(� ∊ ��)�
��� + 	,                        (1.4)                                                        

where �� = ��: � �� �� ��� ������ , and �(�) is the indicator function, given by ���� = 1 if 

� is true and is 0 if � is false. 
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      If the model in 1.4 is reparametrized as in 1.3, then �� = ���� + ��� , where 

��=�� cos(�) and �� = −�� sin(�).  The sampling distribution of  ��� = ����� + ���� was 

established by Deng [4] to be approximately normal for the data (under normal errors), 

and a Z-test was determined to be an appropriate test. 

      The result of Deng’s [4] testing of the amplitudes is: On the whole, the average 

amplitude of the negative part is significantly greater than positive part. But in Deng’s 

model the residuals are not well behaved, although it did represent an improvement over 

Zhang and Surles’s [3] initial model. However, this conclusion must be viewed warily 

and not too much trust should be placed in it because an examination of the residuals for 

this model does not show adequate fit. 

       In this thesis the amplitudes are treated as a time-series variable, and this thesis is 

focused on finding an appropriate time-series model to determine whether the mean 

amplitude of the positive series is significantly different from the mean amplitude of the 

negative series. As will be shown, the typical model which best fits the amplitudes 

appears to be an order 2 auto regressive model. 

 

Figure 1.1: First Positive Series 
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Figure 1.2: First Positive Series Amplitudes 
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CHAPTER II 

DATA DESCRIPTION 

 

 The three parts of the ear are the outer ear, the middle ear, and the inner ear. The 

outer ear collects sound waves, which cause changes in pressure.  The pressure is 

amplified in the middle ear and is transmitted from an air medium to a liquid medium (in 

land animals).  The inner ear is hollow and is embedded in the temporal bone, which is 

the densest one in the body.  The channels of the inner ear are liquid filled, and contain a 

sensory epithelium that is studded with hair cells.  Epithelium is one of the four basic 

types of animal tissue, the other three being connective, muscle, and nervous tissue.  Hair 

cells are so named because they have microscopic "hairs" that project out into the fluid.  

These "hairs" are structural protein filaments, and are not the same as the hair that grows 

on the bodies of mammals.  Hair cells are mechanoreceptors, which is the name of a 

sensory receptor that responds to pressure changes or distortions that release a chemical 

neurotransmitter when stimulated.  Neurotransmitters are endogenous chemicals that 

transmit signals.  Sound waves cause pressure differences in the fluid which causes the 

filaments to move, and if the filaments bend over enough it causes the hair cells to 

activate.  This is how sound waves are transformed into nerve impulses. See Figure 

2.1[9], which displays a cross section of the interior of the cochlea. There are two types 

of hair cells: inner hair cells and outer hair cells (OHC). When the hair cells are 

stimulated, they generate electrical impulses that are sent through the cochlear nerve to 

the brain. These cells have “hairs”, as described above.  Outer hair cells are cylindrical in 

shape, and have stereocilia at the top of the cell, which are mechanosensing organelles of 

hair cells that respond to fluid motion, or changes in fluid pressure, and a nucleus at 

bottom. When the stereocilia are activated by being bent by the movement of the fluid in 

response to a sound wave, an electromotile response (electromotile response is a 

conversion of electrical energy into mechanical energy) occurs. These cells’ bottoms are 

attached to the basilar membrane (BM) [5].  The vibration of the BM affects OHC cilia, 



 

 

changing the OHC membrane voltage. The voltage alters the OHC length, termed 

electromotility, which will amplify the BM vibration. There is recent evidence that the 

cilia stiffness is voltage-dependent. 

Figure 2.1: 

     

 

       In an experiment described in [3], OHC were obtained from adult guinea pigs.

fluid jet driven by a piezo actuator was used to set

oscillation with amplitude

the OHCs via electrodes. The bundle was mechanically stimulated with the

510 Hz for duration of 160 ms

OHCs. A positive electrical stimulus (+100mV) was applied to

(Sequence S2), and a negative electrical stimulus (

40ms (Sequence S3). Sequences S1 and S4, at the beginning and end of the series, 

respectively, are the same

of 125 such series were obtained.

Surles [3] is revisited. In that
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changing the OHC membrane voltage. The voltage alters the OHC length, termed 

electromotility, which will amplify the BM vibration. There is recent evidence that the 

dependent.  

 

Figure 2.1: A cross section of the interior of the cochlea. 

1. Inner hair cells, 2. Tectorial membrane, 

3. Outer hair cells, 4. Basilar membrane, 

5. Supporting cells. 

(Reproduced from [9].) 

In an experiment described in [3], OHC were obtained from adult guinea pigs.

uid jet driven by a piezo actuator was used to set the cilia into a constant sinu

amplitude of approximately 50nm. Voltage commands were

OHCs via electrodes. The bundle was mechanically stimulated with the

of 160 ms, but different voltage commands were applied to the 

OHCs. A positive electrical stimulus (+100mV) was applied to the OHC for 40ms 

(Sequence S2), and a negative electrical stimulus (-100mV) was also applied, again for 

Sequences S1 and S4, at the beginning and end of the series, 

are the same length, but no voltage was applied during these periods. 

of 125 such series were obtained. In this thesis, the analysis presented by Zhang and

] is revisited. In that paper, they wished to determine if there were diff

Texas Tech University, Jiaquan Zhou, May 2011                               

changing the OHC membrane voltage. The voltage alters the OHC length, termed 

electromotility, which will amplify the BM vibration. There is recent evidence that the 

In an experiment described in [3], OHC were obtained from adult guinea pigs. A 

the cilia into a constant sinusoidal 

of approximately 50nm. Voltage commands were delivered to 

OHCs via electrodes. The bundle was mechanically stimulated with the fluid jet at 

were applied to the 

the OHC for 40ms 

also applied, again for 

Sequences S1 and S4, at the beginning and end of the series, 

length, but no voltage was applied during these periods. A total 

In this thesis, the analysis presented by Zhang and 

there were differences in 
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amplitudes between S2 and S3. Different experimental conditions were applied over the 

various series, but these other conditions were always constant within a series. Zhang and 

Surles [3] performed a nonparametric Wilcoxon Rank-Sum test for all 125 series 

combined and the results were the same as Deng’s [4], which was the average amplitude 

of the negative part is significantly greater than the positive part.  
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CHAPTER III 

MODEL DESCRIPTION 

 

      The goal of the analysis presented by Zhang and Surles [3] is to determine if there 

were differences in the average amplitudes between S2 and S3. Deng [4] provided an 

alternative model but this model did not properly account for all of the autocorrelation 

present in the data. In this thesis the goal will be the same as Zhang and Surles [3] and 

Deng [4], which is to determine whether there exists significant difference between the 

average amplitude of the negative part and the average amplitude of the positive part. In a 

completely different approach, the amplitudes will be extracted from the data, and they 

will be treated as a time series. Standard Box-Jenkins ARMA models will be fit in order 

to compare the amplitudes from the two different voltage settings.  

      There are 40 amplitudes for each positive or negative series. Because the amplitude 

correlates with its nearby amplitudes in each series, they are treated as time-series 

variables, and based on this treatment this thesis will explore what kind of time-series 

model fits well for each series. It is also of interest to determine if there is a “typical” 

model that appears. 

      A time series ��  for � ∈  {0, ±1, ±2, … }  is weak stationary when it satisfies the 

following three conditions: (1) !|��|� < ∞ for all � ∈  ; (2) ! ���� = # for all ∈   ; (3) 

�$%��	
�, ��
�� = �$%(��, �	) for all �, �, ℎ ∈  .  

       A time series �� is said to be a mixed autoregressive moving average ARMA(&, ') if 

�� is stationary and �� satisfies 
�� = ������ + ������ + ⋯ + ������ + �� + (����� + (����� + ⋯ + (���,       (3.1) 

with �� ≠ 0, ( ≠ 0 , and �� is white noise with ��� > 0 and mean 0. The parameters & 

and '  are called the autoregressive and moving average orders, respectively. See 

Shumway and Stoffer [1] for more details. For simplicity, the definition of the 

autoregressive (AR) model is given as when all  ( = 0 . The ARMA model reduces to 
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                                    �� = ������ + ������ + ⋯ + ������ + ��.                             (3.2) 

The moving average (MA) model is given as when all �� = 0: 

                                   �� = �� + (����� + (����� + ⋯ + (���.                             (3.3) 

        ARMA models will be fit to each series, but these models will include a parameter 

that allows for each sequence (S2 and S3) to have a different mean. 

    �� = # + )����� + )����� + ⋯ + )����� + �� + (����� + ⋯ + (��� + 	� +

*�� , where �� = +0 (���ℎ� ,-�- �� �� .2�+�)
1(���ℎ� ,-�- �� �� .3�−�) /.                                                               (3.4) 

The parameter * represents a shift in the location of the mean of  �� between S2 and S3. 

It is thus of interest to test 0�: * = 0 %�.0�: * ≠ 0  for each series. 

See Brockwell and Davis [7] for more details.  

       The amplitudes are extracted from the series by finding the absolute value of the 

distance between the peak and through of the mesor. Thus, each complete cycle will have 

two amplitudes extracted from it. 
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CHAPTER IV 

DATA ANALYSIS AND CONCLUSIONS 

     

       The first step in determining the best fitting model of the type given in (3.4) will be 

to first fit the intercept model  

�� = *�� + 	�. 
       The residuals are calculated as �� = �� − ��

1 = �� − *���  (which is simply the 

observed �� minus the mean amplitude of the sequence it belongs to). 

        Various ARMA models will be fit to each sequence of the residuals of the extracted 

amplitudes to find that which fits the data best. An initial determination is made based on 

the ACF and PACF of the residuals of each whole series (see below), and is further 

refined by examining the Akaike Information Criterion (AIC) for various candidate 

models. Under stationary time series, which is the case for this thesis experiment, if 

autocorrelation function (ACF) decays exponentially and partial autocorrelation function 

(PACF) cuts off after lag-p, then an AR(&) model is likely appropriate. If ACF cuts off 

after lag-q and PAF tails off, then MA(') is likely appropriate. If ACF decays slowly and 

PACF cuts off or tails off, then ARMA(&, ') model is likely appropriate, the orders,  & 

and ' were chosen by finding these that have the lowest AIC value , see Shumway and 

Stoffer [1] for more details. These two situations are all the situations that happened in 

this thesis. And I’ll draw ACF and PACF plots of the residuals for each whole series 

(positive series and its corresponding negative series combined) to decide each series’ 

most appropriate model. The ACF plot and PACF plot give a general idea of how to 

choose ARMA(&, ')’s parameters to fit the amplitudes. Without the help of Akaike’s 

Information Criterion (AIC) [8], the goodness of model fitting will be subjective.  

        Akaike’s Information Criterion (AIC), for choosing between competing statistical 

models is defined as: 

                      ��� = −2�$2 3�(� + 2 × (�456�7 $� &-7-5���7�),                        (4.1) 

where 3�(� is the likelihood function.  The index attempts to balance parsimony with 

goodness of fit.  As with any linear model, including more parameters will only ever 

increase the goodness of fit (i.e. increase the log likelihood function), but will decrease 
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parsimony (which can be loosely defined as having fewer parameters).  AIC does this by 

penalizing the log likelihood as additional parameters are added.  Smaller values of AIC 

indicate a preferred model. 

       The last concern is to check the statistical assumptions of each fitted model: no 

correlations of the white noise term and homogeneous variance of fitted model’s 

residuals. Plots of the ACF of residuals and Ljung-Box-Pierce test will be conducted to 

check the correlation of fitted model’s residuals. These two tests can be done 

simultaneously through the time-series program “ts.diag” in R.  

        In this thesis the amplitudes are extracted from the raw data set. In Figure 4.1, the 

residuals of the amplitudes for the 8
th
 whole series of (positive part and its corresponding 

negative part are combined) is shown. Also included are its ACF and PACF plots. It 

seems clear that the AR(2) model is appropriate for this series. Verification of this is 

performed by also fitting “nearby” models and comparing the AIC values (eg. AR(1), 

AR(3), ARMA(2,1), etc). This procedure is repeated for all series. For most of them the 

AR(2) model was appropriate.  

        To test how well this model fits for each combined series, the residuals are 

examined.  A typical example is shown in Figure 4.2. These are the residual diagnostic 

plots for the residuals of the 8
th 

whole series (positive part and its corresponding negative 

part are combined) after fitting model 3.4. In Figure 4.2 the ACF of residuals and Ljung-

Box-Pierce test are used to check the autocorrelation of the residuals. As shown in Figure 

4.2, the standardized residuals plot (first plot) shows that all residuals lie between -2 to 2 

and don't have any pattern, and thus the homogeneous variance assumption is satisfied. 

The ACF (second plot) of residuals cuts off after lag-1, thus it appears that there is no 

unmodeled correlation for residuals, and the Ljung-Box test plot (last plot) shows all p-

values are above the reference line, which means the null hypothesis are not rejected up 

to lag-10, of no autocorrelation. In other words the residuals appear to be independent.  

         The test to determine whether the mean of each positive series is significantly 

different from  the mean of its corresponding negative part or not is the normal Z-test. 

Under the assumption of normal errors, the sampling distribution of the estimator of *  is 
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asymptotically normal. For small samples, however, it is unclear what the sampling 

distribution is. It is reasonable to expect it to be something like a t, but calculation of the 

degrees of freedom is not clear. In this thesis, we typically have a total of 80 amplitudes 

per series, which may seem to be a sufficiently large sample size, but there are 

correlations between the amplitudes. Thus, before using a Z-test based on large sample 

theory, it is necessary that its use be further justified. To justify the use of the Z-test, a 

simulation study was conducted. Data were simulated from AR(2) models with 

parameters similar to those seen in several of the series. The simulated series were the 

same length. For each combination of the parameters, 1000 series were simulated, from 

which 1000 estimated *′� were calculated. A t-distribution was fit to these 1000 estimates, 

and the maximum likelihood of the degrees of freedom was found. A large degrees of 

freedom is evidence to suggest that a Z-test is appropriate. Table 4.3 gives a small 

sampling of the typical degrees of freedom that were estimated. As can be seen, the 

degrees of freedom are generally rather large, indicating that the Z-test is an appropriate 

approximate test in this case. 

       This analysis is conducted for each combined series (positive part and negative part 

combined), and the best ARMA(&, ') model was found for each combined series. The 

result is listed in Table 4.4. The Column “Series Number” is the number of the series, the 

Column “Model Fit” is best fitting ARMA(&, ') model, the Column “MeanSigDif” is the 

result of whether the mean of each positive series is significantly different from  the mean 

of corresponding negative part or not. “Y” means Yes, which means the mean of each 

positive series is significantly different from  the mean of corresponding negative part. 

“N” is No, which indicates the mean of each positive series is not significantly different 

from  the mean of corresponding negative part . Those series with “skip” results in the 

Model Fit column  have no appropriate candidate time-series up to an ARMA(2.2) which 

fit satisfactorily. 
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Figure 4.1: Residuals of 8
th
 whole series and its ACF, PACF plots 

 

Figure 4.2: residual diagnostic plots for the residuals of the 8
th 

whole series 

Table 4.3:Sampling of t-test degree of freedom estimation 

Series 8 Degree of freedom 43.86913657 

Series 42 Degree of freedom 42.770571709 

Series 79 Degree of freedom 51.92044382 

Series 57 Degree of freedom 39.53948152 

Series 105 Degree of freedom 14.00934562 

 

Time

s
te

$
R

8

0 20 40 60 80

-3
0
0
0
0

0
2
0
0
0
0

0 5 10 15

-0
.2

0
.2

0
.6

1
.0

Lag

A
C

F

Series  ste$R8

5 10 15

-0
.4

0
.0

0
.4

Lag

P
a
rt

ia
l 
A

C
F

Series  ste$R8

Standardized Residuals

Time

0 20 40 60 80

-2
-1

0
1

2

0 5 10 15

-0
.2

0
.2

0
.6

1
.0

Lag

A
C

F

ACF of Residuals

2 4 6 8 10

0
.0

0
.4

0
.8

p values for Ljung-Box statistic

lag

p
 v

a
lu

e



Texas Tech University, Jiaquan Zhou, May 2011                               

 

14 

 

Table 4.4: Model selection and Significance test result 

Series  

Number 

Model 

Fitt 

Delta hat  SE MeanSigDif 

s1 arma(2,2) 6585.2 5283.075 N 

s2 ar(2) 19156.88 3477.153 Y 

s3 arma(2,2) -2447.5 5492.761 N 

s4 arma(2,2) 1328.589 3151.27 N 

s5 arma(2,2) 16304.64 6574.665 Y 

s6 ar(3) -13626.7 7572.282 N 

s7 ar(3) 16205.6 6076.297 Y 

s8 ar(2) -3383 3738.347 N 

s9 ar(3) 18091.61 6655.267 Y 

s10 ar(2) 8249.44 7990.55 N 

s11 ar(2) 8033.521 4953.707 N 

s12 ar(3) 25991.05 9168.1 Y 

s13 arma(2,1) 4629.153 4522.442 N 

s14 ar(2) 12710.44 4090.952 Y 

s15 ar(2) -8601.75 6036.713 N 

s16 ar(3) 1627.628 4059.827 N 

s17 ar(2) 9645.96 4661.884 Y 

s18 ar(3) 2525.681 6717.574 N 

s19 skip       

s20 ar(2) 23562.6 5106.748 Y 

s21 arma(2,2) -92.8469 8955.2 N 

s22 arma(2,2) 1052.842 5042.208 N 

s23 arma(2,2) -4351.94 5589.638 N 

s24 ar(3) 4428.999 7628.475 N 

s25 ar(3) -2095.12 5399.601 N 

s26 ar(2) 11708.03 5184.348 Y 

s27 ar(3) 8957.322 6768.793 N 

s28 arma(2,2) 991.5816 5203.191 N 

s29 skip       

s30 ar(3) -26122 8196.125 Y 

s31 ar(2) 18790.33 11235.99 N 

s32 ar(3) 54.9137 7941.63 N 

 



Texas Tech University, Jiaquan Zhou, May 2011                               

 

15 

 

Table 4.4 Continued 

Series  

Number 

Model 

Fitt 

Delta hat  SE MeanSigDif 

s33 ar(3) 522.8549 4670.721 N 

s34 ar(2) 8388.103 5031.505 N 

S35 ar(3) 2618.159 7069.14 N 

s36 arma(2,2) -9130.25 5727.655 N 

S37 arma(2,2) -1985.35 2960.502 N 

s38 arma(2,2) 15305.64 3545.919 Y 

s39 skip       

s40 ar(2) -5321.53 4450.852 N 

s41 ar(2) 229.3196 8775.398 N 

s42 ar(2) 5741.438 6510.833 N 

s43 ar(2) 13255.23 4716.238 Y 

s44 ar(3) 14576.57 4891.955 Y 

s45 ar(3) 12264.65 4896.616 Y 

s46 ar(3) -7024.26 7245.283 N 

s47 ar(2) 4049.053 4864.918 N 

s48 ar(2) 8171.468 5221.361 N 

s49 ar(2) 4215.643 7856.516 N 

s50 arma(2,2) -8907.36 5898.209 N 

s51 ar(3) -21945.3 10455.29 Y 

s52 ar(3) 10029.98 6605.325 N 

s53 ar(2) -2137.57 5018.78 N 

s54 ar(3) 1659.91 5318.958 N 

s55 ar(3) 12502.13 5864.294 Y 

s56 ar(3) 1187.813 6213.203 N 

s57 ar(2) -8637.81 4433.671 N 

s58 ar(3) -2733.62 5109.604 N 

s59 arma(2,2) 12034.52 5775.199 Y 

s60 ar(3) 6550.468 6157.268 N 

s61 ar(3) -8423.31 6981.627 N 

s62 ar(3) -7164.22 5266.378 N 

s63 ar(3) -1652.52 6045.513 N 

s64 ar(2) -6564.65 6266.783 N 
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Table 4.4 Continued 

Series  

Number 

Model 

Fitt 

Delta hat  SE MeanSigDif 

s65 ar(3) 865.8554 5615.405 N 

s66 ar(3) 6222.004 5001.238 N 

s67 ar(3) 1222.901 4911.549 N 

s68 ar(3) -10531.2 5289.766 Y 

s69 ar(2) 7492.273 5308.797 N 

s70 ar(2) -1246.98 5155.083 Y 

s71 ar(3) 2829.822 6006.074 N 

s72 ar(3) 3703.136 5333.278 N 

s73 skip       

s74 ar(3) -1055.87 5979.824 N 

s75 skip       

s76 ar(3) -5141.02 5372.758 N 

s77 ar(3) 23837.07 7619.739 Y 

s78 arma(2,2) 12659.41 5082.927 Y 

s79 ar(2) 23377.55 3374.843 Y 

s80 arma(2,2) 14206.74 5907.858 Y 

s81 arma(2,1) 3868.663 5117.163 N 

s82 skip       

s83 arma(2,2) 217.2578 5014.961 N 

s84 skip       

s85 skip       

s86 arma(2,2) 20205.83 6178.67 Y 

s87 arma(2,2) -11863.1 6656.755 N 

s88 arma(2,2) -791.506 6237.876 N 

s89 arma(2,2) -4409.01 5580.19 N 

s90 ar(3) -5036.25 7023.878 N 

s91 arma(2,2) -18642.6 7214.824 Y 

s92 arma(2,2) 14325.12 3625.396 Y 

s93 ar(3) -14008.7 7661.705 N 

s94 arma(2,2) 1715.05 6868.484 N 

s95 ar(3) -249.737 6594.473 N 

s96 arma(2,2) -3699.47 4444.904 N 
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Table 4.4 Continued 

s97 ar(3) 16646.82 9608.56 N 

s98 ar(2) 12229.02 4743.993 Y 

s99 arma(2,2) 14199.54 6315.867 Y 

s100 ar(2) -18790.8 9460.822 Y 

s101 ar(3) 3686.82 9763.428 N 

s102 ar(2) 2565.902 4374.287 N 

s103 arma(2,2) -10324.3 8680.684 N 

s104 skip       

s105 ar(2) -440.696 4470.34 N 

s106 ar(3) -11843 7427.595 N 

s107 ar(2,2) -10205.3 7795.06 N 

s108 arma(2,1) 10527.95 5988.647 N 

s109 ar(3) -2823.16 8163.085 N 

s110 ar(3) 8123.048 6624.35 N 

s111 ar(3) 1990.402 5126.289 N 

s112 arma(2,1) -13222.2 5363.317 Y 

s113 ar(3) 14590.59 7271.383 Y 

s114 ar(3) 2679.218 5836.845 N 

s115 ar(3) 3316.656 4261.989 N 

s116 ar(2) 9097.565 4723.933 N 

s117 arma(2,2) 10812.97 7144.857 N 

s118 ar(2) -3068.17 5573.636 N 

s119 ar(2) 6099.075 2333.916 Y 

s120 ar(2) -3105.51 2644.364 N 

s121 ar(3) -7164.22 5266.378 N 

s122 ar(2) 5003.808 3024.114 N 

s123 ar(2) 1017.379 3749.273 N 

s124 ar(3) 14942.98 7864.676 N 

s125 arma(2,1) 39058 9766.81 Y 

s126 arma(2,2) 9150.503 4968.547 N 
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Table 4.5: Summary of Table 4.4 

Number of Positive Significant series 16  

Number of Positive Not Significant series 60 

Number of Negative Not Significant series 34 

Number of Negative Significant series 7 

 

      Table 4.5 contains a brief summary of the results given in more detail in Table 4.4. 

This thesis is concerned with the development of a model to test for a difference in the 

mean amolitudes between S2 and S3, and this has been done without the problems that 

Zhang and Surles [3] and Deng [4] encountered. In particular, the model appears to fit 

quite well with no lingering autocorrelations in the residuals. 

      Although this thesis isn’t specifically concerned with drwaing conclusions about the 

relative stiffness of the OHC’s, two things are apparent . The first is that 76 of the 117 

series (65%) tested had positive *�  This is higher than can be accounted for by random 

chance (exact p-value=0.0008). 

      Second, 7 of the 117 were positive and significantly greater than 0 (using 8 = 0.05), 

which is also a higher rate than can be accounted for by random chance alone. If there 

were no real effect, then it would be expected that only 117 × 0.05 × 0.5 = 2.925 series 

would be significantly positive by random chance done. That 7 of 117 occurred has exact 

p-value of 0.0281. It is conjectured that these behaviors are likely due, at least in part, to 

the other experimental condition the OHC’s were exposed to. 
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