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Extended bstract

Introduction

Wind is a fundamentabtmospheriovariable,which affects weather forecasting, aircraft and
marine transportations operations, construction projects, growth and metabolism rate of
many plant species and countless other implications. It is commonly measured with
aremometers (m/s), but also can be classified using the older Beaufortvgualeis based

on peopl ed sof spechically defined windsaffectst lis governed by chaotic
behavior and is therefore difficult to predict. That implies that anyrifinitesimal changes

to the initial conditions will cause completely different behavior to the phenomenon.
However, windbehavior,can prediatd with some degree of credibilityr with a confidence
interval Of greatimportanceis the predictability of wind speedjfor areas thaextremes
occurredsuch as hurricanes and typhoons.

Numerousfactors and situations affect wind speed on varying time scales, syrhsssire
gradient, Rossby waves, jet streams and local weather conditioissfath implies the
chaotic behavior of thevind, as itis affected by other meteorological variables, at spatial and
temporal variability. Moreovemotably linkshave been found between wind speed and wind
direction correspoding to the pressure gradient of taemosphere.

Pressure gradient is a term to describe the difference in air pressure between two points in the
at mosphere or on the Earthoés surface. It
difference in pressure, the faster the wind flows to lesawut the variation. The pressure
gradient, when combined with the Coriolis Effect and friction, also influences wind direction.

Rossby waves are strong winds in the upper troposphere. These operate on a global scale and
move from West tdeast known as Veésterlies. The Rossby waves are themselves a different
wind speed from what the experience reveals as in the lower troposphere.

Local weather conditions play a key role in influencing wind speed, as the formation of
hurricanes, monsoons and cyclonas freak weatheiconditions can drasticallyaffect the
velocity of the wind (C.Michael Hogan, 201(biotic factor. Encyclopedia of Earth. eds Emily
Monosson and C. Clevelandational Cauncil for Science and the EnvironmeWashington DC)

Statistical T stochasticdata analysis

In this thesis, it is realized the statistieatochastic treatment of the wind speed, on monthly
anddaily time scale. Btaanalyses werextracted from sitehttp://www.ncdc.noaa.gov/cdo

web/, which is a gbbal database daflimatologically variables.Wind speed datat Greece,

with subsequendata sets, direction and gust, were extraclde selectedanalysisstaions

(Fig. 1, 3),were all the available from the site (83), five of which had no data, thus remain 78.
Then the processing of six of the remaining stations had many shortcomings and limited data,
thus may not be suitable for presing and reliable condions(Fig. 2, 4). For statistical
stochastic process of wind speed, it was initially necessary, processing data in an appropriate
format, in order to extract time series.

Dataconsisted o time series of irregular time step, with shortages of measmesnand so it
was necessary to formulate timeissrfor further treatment.t&istical features which were
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calculated to reveal the behavior of wind spemidGreece were the basic statistical
chaacteristics of a variable, as wel$, thecalculationof specific estimatoraind it became
obvious the variability of wind speed, at different time scafasithermore, ti became
obvious,the intermittent behavior of wind speed, at all time scales. The shorter the time scale
was examined, the less intermitteehbvior of the variable revealdginally, at monthly time

scale it became clear the cyclostationary behavior of the wind.
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Figure 1: Data stations at Greece, which were analyzed, at daily time scale.
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Figure 3: Data stations at Greece, which were analgzewnthlytime scale.
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Wind speed

Wind speed time series were elaborated, in ordeleterminemonthly averages from each
station and alsoeckontheir spatial and temporaérianceat the area of interest. To this end,
wind speed (m/sinonthly maps were designed (Fig., %) order to reveal thenonthly wind
speed behavior, at Greece.

Figure 5: Spatial and temporal disperse of monthly average wind speed from Januafy) (top |
December (bottom righfollowing right directiorwhen reading

Wind direction

Wind direction wagalculatedfor all the 36 stationwith theavailable databy estimaihg the
monthly average wind direction from each statiDirection datg depicted from where wind
blows at degrees’)( so thatfor instancewind directiors of 360° were concerned northern
ones But, as directions fragment to the space [°, 36(F] and furthermorgas direction isa
vector variableaverageshould be carefully estimated. The average of two directions that
blows from e.g. 360and 5, will be about 18%) the oppsite direction from the re@ne So

that, speciafjaugegook place, keeping in mind the above mentioned task and furthermore as
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direction data were given from where the wind blows, in order to reveal the truly direction of
wind, additions and deductions should be done A8 if variable is grater or smaller tha
18C. The results revealed (Fig. 6) that mosthefpercentage ofvindds directionsin Greece
(about 44%) isnorthern ones and the season that this behavior occurred is winter and
specificallycorrespondd at February(58%).

Figure 6:Direction of wind speed at degreél from 36 stations of Greece.

Distribution fitting

Statistical characteristics a@find speeexaminedatthe areaf interesf were: mean, standard
deviation (variance), coefficient of autocorrelatemd autocovariamoof time seriesat daily

and monthly time scale.ufhermore climacograms and power spectrasevestracted, for

each station, ahe same time scale, as the above mentioned. All the important features, that
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were necessary for treochastigprocesssof wind speed, were derived, by considering all
the above statistical treatment, which led to draw conclusions, about the general behavior of
this variable.

Hydrognomorsoftwarewas used for the statistical analysis of the variables, under wiech
distribution that best fits to the empiricaind speediata (Fig.7) was assumetb beWeibull,
as well as Gamma distributionwhich fitted very well to the historicasample with
prevalence of Weibull distribution (Fi®) to describe wind speed at both dalyd monthly
time scale.

Probability Density Functions (PDF) - Histogram

| |
thﬁnh

01 23 456 7 8 9101112 1314 151617 18 19 20 21 22 23 24 25 26 27 28

Figure7: Histogram of theempirical data from Alexandroupoli station, fittedth theWeibull
distribution (Hydrognomon).
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Figure8: Empirical data and fittingf the Weibull distribution for Alexandroupoli station
(Hydrognomon).
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Wind Gust

Empirical data of wind guswere treated (Fig9) and specific distributions were fitted to the
observedonesand it was concluded thahe distributios which best fits to the wind gust
were GEV max and Gumbel max, with prevalence of GEV max (E@. Also, from these
calculations, were considered the maximahthe maximumvalues (maxima of maxima) in
groupsof 200, 100, 50 and 10 valuesspectively(right tail of distributior) andin all of the
above cases it was concluded that these extreme valeesadjusted to the exponential
distribution. The above conclusion was resulted from the initial configuration of the sample in
ascending order, as displayed the values on a diagram and ditttiagd line to the data. The
suitability of the adjustment was tested by the RMSE criterion and in all cases it was showed
thatthe value was approximately8®. whichappearedrery good adaptatioto the voltage of

the sample.

Probability Density Functions (PDF) - Histogram

35 40 45 50
Figure9: Histogram of tle anpirical data from Alexandroupoli station, fitted to GEV nthstribution
(Hydrognomon).
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FigurelO: Empirical data and fitting to GEV max distribution, from Alexandroupoli station
(Hydrognomon).
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As far as, gustata concerned, for a specific numbéistations and for a specific observed
period, it was held the treatment of the variable, for further comparison with wind speed, at
daily time scale, in order to find a relationship between these two varigsksatiors were

held at daily time scaland at the same dago the conjunctions between winds speed

gust, to be directly estimatedean (Fig.11) and standard deviation (Fig2)l of the
differences and the ratiojere calculatedpetween the two variablg® order to reveal, if they

were characterized by a common statisticatochastigattern(Fig. 13)
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Fig. 11: Mean(e,) and standard deviatidd,) of the differences, between gustd wind speed at the
same dayat m/s
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Fig. 12: Mean(ey) and standard devian ({i,) of the ratio, between guand wind speed at the same
day.
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Figure 13: Mean and standard deviation of rédjgper raw)ard differences (lower raw),

Reanalysis data

and wind speedat the same day.

between gust

Furthermore, treatment of reanalysiata were occurred, for specific stations, due to the
measuremenperiod andesultswere compared with the one$ 30 stations of observed data,

to deduceabout the reliability on actual measurements (reanalysis). For this purpose, it was
performed the alculation of cross correlation of the stations, between the observed and
reanalysis dataso the comparison of cross correlation of the stations was occurred,
separately, for each station and between stations (B)g.fdr each data cross correlation,
block. This calculation was occurred to quantify the reliability of reanalysis data and finding
the use of such data to draw firm conclusio®oss correlation analysis between
observations and reanalysis data revealed good correspondence (values Qresie8ally

to the areas that extreme had occurred and the main result, from the above mentioned
analysis, was the fact that values of reanalysis data were spatially dispersed such as
observations. Reanalysis data showed the same areas of extreme wthdspbservations,
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Figure X: Cross correlations between observed data and reanalysis one (on the left) and cross
correlations of the cross correlations betwesseoved data and reanalysis one (on the right).

Catastrophic events at Greece due to extreme winds

Specific maps were exported, for the most catastrophic eae@ieece for every month (Fig
15), related to theextremewind speedevents in order to showthe spatial and temporal
dispersion of these phenomeaa Greece and fincdareaswhere such phenomena occur
frequently. Of major importancdor the above processyasthe period of time that these
phenomena occurred, which resultssome conclusionaboutwind speedtrend analysis
Monthly time scale maps were ddoped, whichemphasizeto the spatial and temporal
distribution of the most catastrophic events, due to the extremesyawtl
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Figure B: The most catastrtyic events, due textreme wind speegger month, at Greece, from
January (top left) to December (bottom rigiallowing right direction when reading

Wind speed trends at period (197€2013)

Specific stationsvereused atcommon measurement periddy wind trendanalysis in order

to find the past conduct ofimd for the observed periodhdto draw conclusions about wind
speed trendfor that periodat specific areaslrend analysis was extractbg linear regression

to the empirical data, for every month. For a better realization of results, maps were designed,
in order to depict the positive and negative trends for specific areas, all over Greece terrain
(Fig 16).

200000 300000 400000 0000 OODOD 70DGDO BOOCOD 90DDO 1000000

= B =)

Figure B: Trends of wind speed at Greece, at théogaef19702013). Positive trends (red) and
negative trends (yellow).

Furthermore, the examined period was split into two smaller ones, in order to extract,
differences, atdivided examine periodsSo the period (1972013) was gparatednto the
periods (70-1990) and (1992013) and maps were designed (Fig@), in order to reveal

any differences with the first examuohgperiod. The trends of the examined variable then
showed a different view at the period (19-4®90) and almost the same disperse at thege
(19922013).

Figure I7: Trend analysis of wind speed variable, at m/s/month, at the periods129@) (on the
right) and (1992013) (on the left).

Theoretical wind energy potential at Greece
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Theoretical wind energy potential per month (Fig) Was carried out, in plantsf (W/m?),

from monthly and dailyaggregated data sets, and it wasformedcomparison between them,
showedwhether they assume same or different resultsafoore comprehensianalysis, of

the areas due to the quantificatiof the (theoretical) gtential energy and reliabilityn areas

with large (theoretical) potential energy, calculations were carried out, in order to find the
percentages of maximum windst each region (percentagess410-20 -30%) at both daily

and monhly time scale and vice versa (the percentages of prevailing winds, with specific
speed limits at daily and monthly time scal@) order to present a more obvious conclude,
about the areas that really have large percentages oivinghspeed

=

P PO
R SO

el RO
N\ b%vf" A

- R
BB ‘T
1 S \v\b\‘:&%x P

=

LT T —

(I r—

[T T —

Figure B: Theoretical wind energy potential for every mo@m?), from monthly aggregated time
series, from January (top left) to December (bottom rifgibwing right direction when reading

Weibull shape (k) and scale (c) parameters.

Adjusting the Weibull distribution to the observed data, it were estimated the shape9jFig. 1
and scale (Fig20) parameters of the distribution (k, ¢) at monthly and daily time scale and
also it was revealed their dispersion in the entire countng well asexamined, if these
parameters, follow any spatial or seasofam. Also, from the observedata of wind
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direction, it was calculatethe spatial and temporal behavior of this variadili€reece, to
draw conclusions about the rate of the steering windsrmabnthly time scale, agell as, for
seasonal and annual one.
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Figure B: Disperse of the Weibull shape parameter (k), from monthly aggregated time series, at
Greece, from January (top left) to December (bottom riighibwing right directon when reading
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Figure20: Disperse othe Weibull scale parameter (c, (m/ffjpm monthly aggregated time series, at
Greece, from January (top left) to December (bottom riglibwing right direction when readihg

Weibull parameter estimation (k, c)

Parameters of Weibudistributionshape (k) and scale (m/s) oneswere estimated through
four different approachesn order to deal with the best fit to trEmpirical sample.The
selectedstations were the same as the ones were used for the model fitting padatmeters
estimated methods which were used were: (a) M.L.E. (Maximum Likelihood Estimator) (b) L
T moments (c)Logarithmic transformed momentk.T.M.) and (d) Graphical estimatio.
Results from the above mentioned methods were depicted to a diagrami-@®), 2swell as

the empirical distribution of the datlkpm a specific stationAlexandroupoli) The diagram
discloseswvhich method best fits to the empirical data, by thgpehaf Weibull distribution,

with parameters estimated from different approaches. The diagramfestedthat all the
above nentioned estimated methods gaxy good approacheAs it is depicted at (Fig.42

26), MLE and L-momentsestimatorsvere not affected by extremvalues so theyappeared

to be more accurate when estimating distribu

Conclusionally, as MLE is a method based on optimization of the logarithmic likelihood
function and also as-mmoments are not affectday extremes, these two methods seemed to
be the more accurate from the othéimally, parameters estimated MLE and L-moments
methodswere fitted better to the tail of empirical distribution, which is important especially
for human structures amghrlywarning measuresue to extreme wind speed
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Figure Z: Estimation of Weibull parameters with for different approaches: {ajnoments, (b)
M.L.E. (c) LogarithmicTransformedMoments(L.T.M.) and (d) Graphical

k - Weibull

B k - Weibull MLE B k- Weibull LTM
® k - Weibull Graphical k- WeibullL - mom.

Figure 2: Comparison of Weibull shape (k), parameter estimation, §etations and
differentestimated methods.
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Figure B: Comparison of Weibull scale (m/s)), parameter estimation, froénstations and different
estimated methods.
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Figure 24:Squardlifference of fitted distribution and empirical oré,the9 model estimated stations,
with the four mentioned methods.
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Figure 5: Square difference of fitted distribution and empirical one, of the 9 model estimated stations,
with the four mentionedhethods for wind speed greater th&mm/s.
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Figure &: Square difference of fitted distribution and empirical one, of the 9 model estimated stations,
with the four mentioned methad®r wind speedjreater tharl0 m/s.

From the 9 above estimated statipnt was cocluded that the lest square difference
between fitted distribution (with the four mentioned methods) and empirical oolette
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minimum value for graphical method, for all data set. On the contrary, when the sample is
clusteredfor wind sped over 5 and 10 m/s MLE andrhoments had the minimum square
difference. Furthermore, due to the fact that in most cases we are interested in extreme wind
speed events (energy, weather, early warnings), MLE (Fig. 25)-amainhentyFig. 26) were

found tobe the best estimators for Weibull parameters.

Finding Hurst exponent for wind speed in Greece.

For allperformedstationsat daily time scale, climacograms were extracted (&, from the
standardized sample, in order to draw conclusions aboutdhect finding of the persistence
parameter of the windpeedand the direct calculation of the Hursiefficient It was found
that climacograms of the examined stations have a relatagheslope, even at largeme
scale which led to camep with aspecific value of thélurst coefficientfor the entire region
of GreeceH = 0.75.
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Figure27: Climacogram, for 10 stations which were took place at wind speed modeling, at the
standardized sample.

The above conclusion, led to the selection of 10 specific stations of the entire country, at daily
time scalepased orhe observed period, missing values apdtial variancef stationsatthe

region of interest, thus conclusions, drawn from the exgdartedel, to be generalized for the
entire country. Specific maps were designed, in order to reveal the dispersion dintlaees
model parameters (Fig8).
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Figure28: Dispersion of the (a) a 30 parameter, (b) b = 2B, parameter, (c) Hurskponent and (d)
model fitting.
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The estimation of the standard deviation (variance), was calculated by the unbiased estimator
of the variance (Eq. 1, 2) and was adjusted to the selected 10 stations of the standardized data
sample (Fig. 9, 30), which, as émonstatedin thesis (Koutsoyianni€003), proved to be the

most reliable estimator, contrary to autocorrelation function and spectra (ps@ectoum).

6l ® -q¢hro (1)

— o ! S )
Where
O1 w dunbiased estimator of the variance
— wh d, unbiased coefficient

o(p: theoretical variance of the sampdethe correspondence time scé@jg
A(&): theoretical variance of the sample to the correspondence timggyale
q relevant scale calculation

T: entire scale calculation for all data sample

G(¢):  autocovariance function for the discrete time process at time scale (T)
G(:  autocovariance function for the discrete time procetimatscale @

1 =
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Figure D: Climacogram of the theoretical, estimated and unbiased estimated varianéedfn/s)
Alexandroupoli station.
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Figure30: Fittedtheunbiasedestimator ofvarianccebr_ W , to the empiricabneo (¢, of
Alexandroupolistation.
FurthermoreHurst coefficientwas estimated from climacograms directly from the empirical

data from 10 stations and the results were compared to the unbiased estimat@thenes.
results seemed to lapproximately equdFig. 31).
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Figure31: Conpared Hurst exponemtith empirical climacogram data standard deviation [log
(st.dev.)i log (K)], (blue) andvith unbiased varianc&stimator;)r_ w , (red).

Synthetic time series generation

Synthetic time series, were generatexin a particular station (Alexandroupoliarough the
process okimple scaling model (Koutsoyiannis, 2002), which presented, the three ways, in
which it became possible to produce a synthetic time series from Markov models, adapted to
FGN ones,as well asmaintain the desired statistical characteristics and persistéhast (
coefficient) of selected time seried description of the three methodsgas held and
furthermoe, wasperformed the process of random variations at multipie scales, wherein,
threeAR (1) modelsweresummed for the generatiori @ synthetic time series.ime series,
which were extracted from these modelsrefittedto normal distribution (production of AR

(1) with adaptation to FGN), which does not correspond to the actual belo&vlte wind

(Fig. 30), which on a daily time scal&Veibull distribution is best adjuste&or that reason,
suitable normal transformatismvere used, which adjusts any distribution to the normal one,
tested with means of mean square error (RMSE),tnegdiom the adjustment of the inverse
cumulative distribution functiofCDF)™ on adiagram (Q- Q). The procedure mentied
above, waperformed for finding the parameters of the used transformation Z (g(x)) and then,
by performing the inverseansformatiorZ (g(x)) *, the synthetic time series (which follows
normal distributionweredenormalized and so a synthetic time senasgenerated (Fig32-

36). Five tansformations were applied arebsults of the generateadlenormalizedime series
appearedat (Hg. 37-40).

Five normalized transformations were fitted to the empirical data in order to estimate their
parameters through the gauge of least square error at Qu@uéilgile plot. After the
parameter 6s esti mat ilelpfddndrmealizédrsyneheticstene geries,c € s s
in order to readjust to the distribution that empirical data follows. The five transformations
which used were:

~

o o T r  p -ap 1 o (3)

(Papalexiotet al, 2007) with five parametergU, b, 9, U, ©)
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Co _p - p —aegp I - (4)
(Koutsoyiannis et al., 2011With four parameterg( s, a; 3)

Z=9(X)z29(0);gx)=c+sgn(xzc)l p -aép I — (5)
(Koutsoyiannis et al., 2008)ith three parameters,(a; ¢) and when ¢=0:

C8 zCnmnNC® OC®I p -agp I - (6)

on  _
e

, Tt
& . ™)

(BoxT Cox,1964) with a-parameter
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Figure32: Generated synthetic normalized, time series, from Alexandroupoli station, from the
multivariate time scale methogKoutsoyiannis, 2002).
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Figure33: Generated synthetic deormalized, time series, from Alexandroupoli station, from the
normalized transformation proposed by (Papalegioai., 2007).
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Figure34: Generated synthetic deormalized, time series, from Alexandroupoli station, from the
normalized transformation proposed (Bjoutsoyiannis et al., 2011).
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Figure35: Generated synthetic deormalized, time series, from Alexandroupoli station, from the
normalized transformation proposed (outsoyiannis et al., 2008).
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Figure36: Generated synthetic deormalized, time series, from Alexandroupoli station, from the
normalized transformation proposed (outsoyiannis et al., 2008).
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Figure37: Generated synthetic deormalized, time series, from Alexandroupoli station, fibm
normalized transformation proposed([®ox - Cox, 1964)

Specific transformationZ (g(x)) whereused in order to normalize thenpirical data of the
selected station (Alexandroupglihusfitting data into Gauss distribution, which is a Bne
form at Quantile- Quantile plot. Quantile is an expression for the inverse cumulative
distribution and witrminimizing theRMSE of empirical data with the (CDE)observed data
werefitted to the normal inverse cumulative distribution. At the end of the apmeedure,
parameters of the transformatsmere estimatedwhich tend to be useful at the next inverse
procedure, de normalization ofdatg using the inverse transformatich (g(x))*, which
appeareat (Hg. 36-40).
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Figure38: Empirical data (bla), which are fittedred)to the inverse normal cumulative distribution
(oil green according to the transformati@h(g(x)) proposed by (Papalexie al, 2007).
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Figure 3@: Empirical datalglue), which are fittedred)to the inverse normal cumulative
distribution(oil greer) accordingo the transformatio& (g(x)) proposed by (Koutsoyiannis
et al, 2011).
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Figure40: Empirical datagurple, which arditted (red)to the inverse normal cumulative distribution
(oil green accordingo the transformatio (g(x)) proposed by (Koutsoyiannés al, 2008).
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Figure4l: Empirical datglight blue), which are fitteqred)to the inverse normal cumulative
distribution(oil greer), according to the transformati@g(x)) proposed by (Koutsoyiannis
et al, 2008).
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Figure42: Empirical datalfrown), which are fittedred)to the inverse normal cumulative distribution
(oil green) according to the transformati@(g(x)) proposed byBox i Cox, 1964)

In order to find whichof the tansformations, generatessgnthetic time serieshich best

fitted to the empirical databy maintainingspecific statistical characteristics as average,
standard deviation and autocorrelation at lag = 1, a plot with the statistical charasténisti

all of the five synthetic time series from each procedure mentioned above, was designed (Fig.
41), showing if empirical statistical characteristics from the observed data are maintained.
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Figure43: Statistical characteristics from empirical data, normal synthetic time series andifive de
normalized synthetic ones, generated from different transformations.

Conclusions

From the statistical stochastic analysis, some useful conclusioaese extractd abaut the
wind speed behavior in Greece

1 Soutlernand south east areas of Greece are wiadiestand especially the islamf
the central Aegean (NaxedMilos - Mikonos). Moreover,Rhodedslandand Mehoni
shows extreme wind episodes annually.

1 Standard deviation seemed to keep pace with the same extreme areas mentioned
above, as the differences of the maximum and minimum wind speed, makes these
variable to be more dispersed.

1 Southern and southeast areas seemed to have the higheoretical windenergy
especiallythe islands of the central Aegean and also areas such hsriviahd Kithira
seemed to have satisfactavind energy.

1 Reanalysiglataseemed to bevell cross correlated to the observed ea)as well as,
they imply the same regions of maxima and minima of the vepeedas the
observed

1 Weibull distribution best fits the wind speed dataweadl as GEV maxdistribution
best fisto the gust.

T The esti mat i on o fshapée(k) and schld€((s/s) factar seemed te r s
have a specifipattern, which reveals dependencettie area (islands seashoré
continental) ando seasonality (Winter Autumni Springi Summer).

1 The best estimator fowe i b uphranteters seemed to be MLE andnbments
estmators, which are not affected by extreme values (outliers) of the observed data.

1 Wind seemed to blow from nogndirection atapproximately 45%percentage while
60% of the mentionedercentage correspondsHebruary

1 Trends of wind speed shed from the period 1972013 that wind speed reduced
through yees in central Greece with ra@05 m/s/month and increased te trest of
the area with raté.03m/s/month. Trends for per®d 9731990 and 19912013
showedareductionatrate 0.07 m/s/montandincrementatrate0.1 to 0.06m/s/month
respectivelyfor the same regions as the above mentioned.
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i Catastrophic events seemed to follspatial and tempora¥ind speed trends. These
extreme eventappearedit almost the same regions with positive wind speed trends
and also most of them are observed the last two or tleesdes

1 Hurst exponent was calculated from climacograms for all Greece and the value of
H=0.75 seemed to fit observed data, well enough.

Appendices

Additionally, at the end of this assignment, there are three appendices in which are gathered
the results of theabove treatment. The appendix A (@reek pooled tables with data
processing and the results of the calculations. The app&ndix Greek, where maps are
exported, for a better overview of the spatial distributed results, for montniywual and
seasonal time scalkend finally at the appendi (in GreeR, there are charts, bar charts,
histograms and rose charts, to confirm the results and conclusions, drawn from this thesis.
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