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ABSTRACT

MODELING AND ANALYZING THE UNCERTAINTY PROPAGATION IN
VECTOR-BASED NETWORK STRUCTURES IN GIS

GUCUK, Oya YARKINOGLU

M.S., Department of Geodetic and Geographic Information Technologies

Supervisor : Assoc. Prof. Dr. H. Sebnem Diizgiin

September 2007, 131 pages

Uncertainty is a quantitative attribute that represents the difference between reality
and representation of reality. Uncertainty analysis and error propagation modeling
reveals the propagation of input error through output.

Main objective of this thesis is to model the uncertainty and its propagation for
dependent line segments considering positional correlation.

The model is implemented as a plug-in, called Propagated Band Model (PBM)
Plug-in, to a commercial desktop application, GeoKIT Explorer. Implementation of
the model is divided into two parts. In the first one, model is applied to each line
segment of the selected network, separately. In the second one, error in each segment
is transmitted through the line segments from the start node to the end node of the
network. Outcomes are then compared with the results of the G-Band model which
is the latest uncertainty model for vector features. To comment on similarities and
differences of the outcomes, implementation is handled for two different cases. In
the first case, users digitize the selected road network. In the second case recently
developed software called Interactive Drawer (ID) is used to allow user to define a
new network and simulate this network through Monte Carlo Simulation Method.
PBM Plug-in is designed to accept the outputs of these implementation cases as an
input, as well as generating and visualizing the uncertainty bands of the given line

network.
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Developed implementations and functionality are basically for expressing the im-
portance and effectiveness of uncertainty handling in vector based geometric fea-

tures, especially for line segments which construct a network.

Keywords: Vector-Based Uncertainty, Uncertainty Propagation, Geographic Infor-

mation Systems, Covariance Based Error Band, G-Band, Line Network



Oz

CBS’DE VEKTOR TABANLI AG YAPILARINDA BELIRSIZLIGIN YAYILIMININ
MODELLENMESI VE ANALIZI

GUCUK, Oya YARKINOGLU

Yiiksek Lisans, Jeodezi ve Cografi Bilgi Teknolojileri Boliimii

Tez Yoneticisi : Dog. Dr. H. Sebnem DUZGUN

Eyliil 2007, 131 sayfa

Belirsizlik nicel bir 6zellik olup, gergeklik ve onun gosterimi arasindaki farktir. Belir-
sizlik analizi ya da hata yayilimi modellemesi girdi hatasimin ¢iktilara etkisini goster-
mektedir.

Tezin temel amaci belirsizlik ve onun yayilimin1 konumsal korelasyonu dikkate
alarak bagiml ¢izgi parcalari i¢cin modellemektir.

Modelin uygulamas: Propagated Band Model (PBM) Eklentisi adiyla, ticari bir
masaiistii uygulamasi olan GeoKIT Explorer’a eklenti olarak yazilmistir. Modelin
uygulamast iki parcaya ayrilmistir. Ilkinde, model segilen gizgi agini olusturan her
cizgi parcast igin ayr1 ayr1 uygulanmigtir. Ikinci kisimda ise aktarilan hata, cizgi
parcalar1 boyunca iletilerek baslangic noktasindaki hatanin son noktaya degin yayili-
m1 modellenmistir. Sonuglar vektor nesneleri i¢in en son onerilen G-Band modelin
sonuglari ile karsilastirilmistir. Sunulan sonuglarin benzerlik ve farkliliklar1 tizerine
yorum yapabilmek i¢in bazi testler yapilmistir. Bu testler iki farkli sekilde ele alinmais-
tir. Ilk kistmda segilmis olan yol ag1 kullanicilarca sayisallagtirilmigtir. Tkinci kisimda
ise yeni gelistirilmis bir yazilim olan Interactive Drawer (ID) kullanilarak kullanicinin
kendi ¢izgi agin1 tanimlamasina ve Monte Carlo Simulasyonu kullanarak benzetigimi-
nin yapilmasina olanak saglanmistir. PBM eklentisi diger uygulamalarin ¢iktilarini

girdi olarak kabul edebilecek sekilde tasarlanmistir. Buna ek olarak gelistirilen yazilim
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verilen ¢izgi ag1 i¢in belirsizlik bantlarini olusturabilmekte ve goriintiileyebilmektedir.
Gelistirilen uygulama, vektor tabanl geometrik objelerdeki ve ¢izgi aglarindaki

belirsizligin ele alinmasinin énemini ve etkilerini vurgulamak amachdr.

Anahtar Kelimeler: Vektor-Tabanli Belirsizlik, Belirsizlik Yayilimi, Cografi Bilgi
Sistemleri, Kovaryans (Esdegisirlik) Tabanli Hata Bandi, G-Bands, Cizgi Ag1
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CHAPTER 1

INTRODUCTION

Geographic Information System (GIS) is a computer-based system which is capable
of storing, manipulating, displaying geographic information handled from abstrac-
tion of real world entities. As it is an abstraction, it is difficult to introduce geograph-
ical data to GIS without any distortions and errors.

Importance of GIS arises from the need to manage huge amount of spatial data.
Furthermore revising, searching, updating, analyzing and sharing data are less prob-
lematic with the use of GIS. But this time the quality of spatial data stored in the GIS
databases is questioned. Therefore this is the starting point of error and uncertainty
researches.

In the following sections, definition of error and uncertainty, sources of error in

GIS, and developed models to manage error and uncertainty are reviewed.

1.1 Measurement Error (ME) and Uncertainty

In this section, error and uncertainty concepts are clearly defined and relationship
between error and uncertainty is explained. Also types and sources of error and

uncertainty are stated.

1.1.1 Measurement Error

Rabinovich (2000) defines measurement as a process of finding a numerical represen-
tation of a physical quantity with the help of measuring instruments. Measurements
are mainly categorized as direct and indirect measurements. In direct measurements,
object of interest has strong relations with the measuring device and read value from

the instrument is directly assigned to the object. However, in indirect measurements



quantity of the object is extracted from the mathematical relation that exists between
the object and its arguments. For example, speed of a car can be calculated by divid-
ing the measured travelled distance with measured travel time.

As measuring devices are human made objects, accuracy of the results obtained
from these devices has to be discussed. Thus, imperfection which is introduced dur-
ing the measurement process can be characterized quantitatively by using the limits
of error and uncertainty. Deviation of measurement results from the true value of
the measurable quantity is defined as measurement error and is categorized as either
relative or absolute (Rabinovich, 2000).

Absolute error is a physical quantity which may be positive, negative or given by
an interval. It has the same units of the measurable quantity and expressed as the
difference between measurement result and true value of the measurable object. If A
is the true value of the measurable quantity and Z is the measurement result, then

absolute error of measurements can be formulated as;

c—A-A (1.1)

The relative error is expressed as a fraction of true value of the measurable quan-
tity. Relative errors are represented as percent and generally small errors existing in
the precise measurements are expressed as relative error. Relative error is formulated

as;

€= —— (1.2)

where A is the true value of the measurable quantity and A is the measurement
result and ¢ is the relative error.

As mentioned before, the measurement error is deviation from the mean value
of the sample which approximates the mean value of the population. Although the
absolute measurement error given in equation 1.1 focuses on the difference between
measured and best estimate of the true mean, usually this equation could not find
an implementation in GIS because the true value of the measured quantity is usually
unknown for many cases. In this case, instead of the true value, a measurable quan-
tity with sufficient accuracy can be used to estimate the measurement error from the

data set (Rabinovich, 2000).



Rabinovich (2000) categorizes the necessary components of measurement and ex-

plains the related measurement errors as;
1. Measurement method which introduces the methodological error, ¢,
2. Measuring instrument which introduces the instrumental error, ;
3. Measurement participator or person who introduces the personal error, ¢,

Finally, the general formula for the measurement error, < is;

S=Sm+a+ (1.3)

Main reason for methodological error is generally caused from misinterpretation
of the relations which are employed to find an estimate of the measurable quantity.
Rise of methodological errors are often related to incompleteness or insufficiency of
the theory on which the measurement is based. The instrumental measurement er-
rors are caused by the imperfection of measuring instrument. Normally the intrinsic
error of measuring instruments under reference conditions are regarded as normal
and they are distinguished from additional error. Another error source is the human
factor which is mostly introduced in GIS during data collection and manipulation
process. Measurements are often performed by people. So individual characteristic
of the person performing the measurement give rise to individual errors. Sometimes
incorrect reading, sometimes inattention or negligence of the person could be reasons
for personal error (Rabinovich, 2000).

Another classification can be done for measurement errors considering the cause
of error. A measurement error is categorized as systematic, if it remains constant
or changes regularly in repeated measurements. The observed and estimated sys-
tematic error is eliminated from measurement by introducing corrections. If some
quantity is measured several times and incoming differences on the results of these
separate measurements could not be predicted or could not show a regular fashion
then these scattered results are called random errors (Rabinovich, 2000).

Random errors are discovered by performing repeated measurement of the same
quantity under the same conditions. On the other hand systematic errors can be

discovered experimentally either by comparing the measurement results performed



by the use of a different method or by using a more calibrated measuring instru-
ment. Although, systematic errors can be estimated by different methods, based on
the known properties of the measurand and the measuring instruments, estimation
of random errors are based on obtained data. Random error estimation is done indi-
rectly by using standard deviation which characterizes the distribution of the random
error within the data (Rabinovich, 2000).

Errors in GIS are generally grouped as; positional, attribute, topological and tem-
poral errors. Burrough and McDonnel (1997) categorize the sources of GIS errors

as:

e Obvious sources of error; age of data, map scale, density of observation, format,

relevance, areal cover, accessibility and cost.

e Errors resulting from natural variations or from original measurements; posi-

tional accuracy, accuracy of content and sources of variation in data.

e Errors arising through processing; numerical errors, errors in topological anal-
ysis, classification and generalization problems and digitizing and geocoding

errors.

1.1.2 Uncertainty

The positional accuracy of a spatial object can be evaluated by getting the differ-
ence between the measured location and the most accurate location (Bley and Haller,
2006). However identifying the most accurate locations are difficult and problematic
because of “measuring instruments, frames of geodetic reference and feature defini-
tions”, “the positional accuracy of a feature practically is defined through measures
of the difference between the location recorded in the database and a location deter-
mined with a higher accuracy” (Goodchild and Hunter, 1997).

Zhang and Goodchild (2002) unify uncertainty with ambiguity, inexactness and
vagueness that exist in geographical data which reflects the complexity of the real
world. Uncertainty may be introduced by the absence of information and amount of
uncertainty is related to the information needed to reach the truth.

Ayyub and Chao (1997) classify uncertainty as either objective or subjective. Am-

biguity lies in objective uncertainty type. Physical, statistical and modeling uncer-

tainty are sources of ambiguity. Subjective type of uncertainty or vagueness includes

4



expert-based assessment, human error, etc. The ambiguity in objective uncertainty

are generally due to non-cognitive reasons like:

1. Physical randomness;

2. Statistical uncertainty caused from the use of sampled information to estimate

the model response characteristics;

3. Lack of knowledge; and

4. Modeling uncertainty that is due to simplifying assumptions of real perfor-

mances

In the presence of ambiguity, probability can be used to model non-cognitive
type of uncertainty. For vagueness-related uncertainty the situation is different. Be-
cause vagueness-related uncertainty is due to cognitive sources (Ayyub and Chao,
1997) like the definition of certain parameters, human factors, and defining the inter-
relationships among parameters for complex systems. Also analyzing the probability
is not easy for vagueness-related uncertainty. For this reason, during the analysis of
vagueness either fuzzy approaches or both fuzzy-random approaches should be pre-

ferred (Ayyub and Chao, 1997).

Klir and Yuan (1995) also categorize the uncertainty into fuzziness and ambigu-
ity, considering the imperfection and incompleteness of the available data. They also
divide ambiguity into two: conflict and nonspecificity. Measurements from obser-
vations of repeated experiments are often precise but are in conflict because conflict
causes results of different outcomes. Nonspecificity occurs when multiple outcomes
of an action are left unspecified. Fisher (1999) defines uncertainty which is dependent

upon how well objects or classes are defined.

In the preceding paragraphs, classification of uncertainty is given in a generalized
way, due to sources of cause and missing or deficient information. However, rather
than classifying the uncertainty, analyzing and managing the uncertainty involved
in the system is important. In the following part of this chapter uncertainty analysis

in GIS and GIS related subjects are explained.



1.1.3 Relationship Between Error and Uncertainty

A variety of terms are used to define uncertainty. Some of them are ; error, accuracy,
precision, vagueness, ambiguity, and reliability. Accuracy refers to an agreement
between measured and the true value. In precision, it is not required to know the true
value because it refers to the repeatability of measurement. According to Rabinovich
(2000) error and uncertainty are used with the same meaning for a long period of
time but these concepts need to be clarified.

Error is disagreement between a measurement value and the true or accepted
value. True value of the measurable object has to be known to discuss error. But in
science it is difficult to discuss error because in most of the cases true value is not
known. Uncertainty of a measured value is an interval around this value such that
any repetition of the measurement will produce a new result that lies within this
interval. The uncertainty interval is decided by the experimenter through considera-
tion of the uncertainty estimation principles (Bellevue_Community_College, 2007).

Uncertainty, allows the scientist to make completely certain statements. Stating
a confidence interval for a measurement allow the scientist to make statements. Ad-
ditionally, uncertainties may also be stated along with a probability. For this case
the measured value has the stated probability to lie within the confidence interval
(Bellevue_Community_College, 2007).

For example if the measurement result is different from the true value of the
measured quantity, for the case at which the true value is known according to the
calculated difference, error can be expressed as +1%, but for the case of unknown
true value, the calculation can be handled by using the most accurate value de-
cided after a repeated measurement process and express error as +1% (Rabinovich,
2000). In this case instead of the word error, the word uncertainty has to be used.
This plus minus representation means that measurement error is simultaneously
both +1% and -1%. The format is called “value plus or minus uncertainty” (Belle-

vue_Community_College, 2007).

1.2 Modeling Uncertainty and Its Propagation

Choi (2005) defines uncertainty analysis as estimating output uncertainty consider-

ing the variability in input parameters. Bonin (2006) defines uncertainty analysis as



a general study of anaylzing the uncertainty in the output of spatial models with
having a certain knowledge about input uncertainty analysis and sensitivity analysis
(Fisher, 1991; Heuvelink, 1993; Heuvelink and Burrough, 1993; Veregin, 1992).
According to Lilburne et al. (2006) uncertainty analysis can be applied to uncertainty
caused by imprecise environmental process and input data based model predictions.
However sensitivity analysis tries to determine which input uncertainty is important
in the determination of output uncertainty.

Depending on the types of uncertainty analysis methods, Choi (2005) classifies
the types as non-probabilistic and probabilistic methods. Non-probabilistic methods
include Interval Analysis and Fuzzy Logic methods, which are useful for a deter-
ministic system model. In deterministic system model, there are no random errors
in response of the system and input parameters are uncertain without probability
density functions which represents the lack of information. If a system model is de-
terministic, input parameters are known as probability density functions. If a system
model is non-deterministic and input parameters are known as probability density
functions, then probabilistic methods for uncertainty analysis are also useful for un-

certainty quantification.

1.3 Problem Definition

In GIS, geographic information can be represented either in raster model or in vector
model. Uncertainty in raster model can raise from poor class definition, mixed pixels
and transition zones. To model and quantify uncertainty in raster GIS, fuzzy and
probabilistic techniques can be helpful.

Fuzzy sets are defined by Zadeh (1965) and form the bases of fuzzy classification.
Wang (1990), Foody (1996) and Zhang and Foody (2001) proposed fuzzy classification
approaches to adapt to the natural phenomena. In recent years rather than applying
fuzzy classification, some visualization prototypes have been proposed by Wel et al.
(1997), Blenkinsop et al. (2000), Bastin et al. (2002), and Lucieer and Kraak (2003) to
present and explore uncertainty in remotely sensed image classification.

Buffer analysis is one of the application area on which studies of error propaga-
tion is carried. Veregin (1992) derived a thematic error propagation model for raster-

based GIS using proportion of correctly classified pixels (PCC) which were used as a
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measure of thematic error. Veregin (1996) extended the model to a probability-based
raster database to handle class specific thematic errors. Genst and Canters (2000)
studied error propagation in a raster environment by Monte Carlo simulation with
the aid of a fuzzy membership function. In this research to reflect the classification
uncertainty, class membership properties were estimated. Additionally, Zhang et al.
(1998) derived an error propagation model of a buffer in a vector environment based
on E-band models, which were used for describing the positional error of spatial

features in GIS.

As the subject of this thesis is to model uncertainty and its propagation for vector-
based GIS objects which build up a network feature, following paragraphs review
previously proposed uncertainty models for vector-based GIS. In vector-based GIS,
spatial features are represented by point, line and polygon. As point is the primitive
element of geometric objects, points and their error models have been studied in the
field very often. Consequently, line and polygon uncertainty models are based on the
point uncertainty models. In the literature several different uncertainty models ex-
ist which are mainly for point based uncertainty modeling (Caspary and Scheuring,
1992; Kurtar, 2006; Perkal, 1956, 1966; Shi, 1994; Shi and Liu, 2000; Wolf and Ghilani,
1997).

Perkal (1956, 1966) proposed an error band model which provides a boundary
surrounding the line segment. It is proposed that true line lies within the band with a
propabability of 1.0 and never deviates outside. Chrisman (1982) extends the work of
Perkal (1966) and define epsilon band which is based on a constant radius of epsilon
around the line. Epsilon is calculated from the radius of the line’s endpoint error

circles.

Caspary and Scheuring (1992) proposed an error band which become narrower
at the midpoint of the line segment. Dutton (1992) uses Monte Carlo simulation and
error propagation law to derive the band. Error at the end points of the line are
assumed to be independent and equal. Two years later, Shi (1994) defined a new
model under the assumption of coordinate errors of uncorrelated end points which
are following a normal distribution. In this model, error distribution of the end points
effect the positional error of the selected point along the line. Shi (1994) define two
end points as stochastic vectors following a normal distribution, these vectors are

four dimensional vectors of equal variances and covariances.



Wolf and Ghilani (1997) proposed error ellipses which use standard deviations in
x and y directions of the point to define semi-major and semi-minor axes. Direction
of the error ellipse is determined due to the dependency between coordinate pairs x
and y. Error ellipses visually represent the uncertainty region of a point. This is the
idea of today’s band models which use the uncertainty of each point along the line
to construct a region of uncertainty surrounding the entire line.

Shi and Liu (2000) developed the idea of Shi (1994) and defined a model called G-
Band Model which considers the correlation between end points during the creation
of the band. They assume that the condition is different at end point errors and
derive the errors of arbitrary points on the line to find out a distribution and density
function for the whole line.

Kurtar (2006) extends G-Band model and models the uncertainty of functional
curves which are generated by non-linear functions. In his study, proposed uncer-
tainty bands for arc by three coordinates, arc string and cubic spline are based on
G-Band model approach. Kurtar (2006) proposes epsilon band model approach for
arc by center point and clothoid because these curves are created with a single coor-
dinate together with other scalar variables.

Up to here, the defined band models for vector-based GIS, model how the uncer-
tainty at the end points of the line segment propagates along the line’s interior. Model
proposed by Leung et al. (2004) is a covariance-based error band model which de-
rives the uncertainty of point from the covariance matrix associated with it and error
ellipses are used to represent the uncertainty of the point. However, the originality
introduced in this model is that it investigates the error propagation through the line
from the start point to the end point of the line segment.

All these models for vector-based GIS are implemented only for a single line
segment. There is not any model to estimate the error propagation of a network,
which is made up of combination of line segments. Within the study of this thesis, a
new method is developed to model the uncertainty propagation in a network feature
which is composed of line segments. Uncertainty model proposed by Leung et al.
(2004) is combined with this method to visualize the uncertainty which propagates
from the start node to the end node of the network.

The main objective of this thesis is to model uncertainty propagation in a network

feature which is constructed from line segments for this purpose, a new method is



proposed to model uncertainty propagation in network feature. In this method, un-
certainty propagation idea introduced in the study of Leung et al. (2004) is used.
According to Leung et al. (2004), to model uncertainty propagation in a line segment,
end node of the segment has to be defined as a function of start node.

In this method for the line segment given in Figure 1.1 x and y components of
the coordinate at the end point of the segment displayed by V' (z) is derived by using
Equations 1.4 and 1.5 respectively for every sample data provided to the Propagated
Band Model (PBM) system.

V(x.¥)

Volxo.5p)

Figure 1.1: Line segment which constructs the network feature

z =x9+1 cos (1.4)

y, =y + [ cos 9/, (1.5)

I' and 6" are derived from the assumed true position of the line segment. Fol-
lowing this calculation, a vector of new end points are used during the derivation
of error measures of the end point like o7, o7 and 0,,. Band algorithm defined by
Leung et al. (2004) is then applied to these constructed samples of new end point
coordinates. For the following line segments, the same operation is applied but this

time calculated end point coordinate is accepted as the start point coordinate of the
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following line segment. This method considers the error which propagates from the
start node of the previous line by applying this operation for each line of the net-
work till the end node of the network. By the help of this approach, propagation of
uncertainty is modeled for the whole network.

Line segment based uncertainty modeling algorithms like G-Band (Shi and Liu,
2000) and propagated error band (Leung et al., 2004) are applied to the network fea-
ture to compare the results of the proposed method.

G-band model is a probabilistic method which models the positional error of line
segment for both independent and correlated cases of the two end points. G-Band
model examines how the uncertainty in the location of a line’s end nodes propagates
along the line’s interior. For this reason, generated band has a larger band width at
the end points and it becomes smaller through the inner parts of the line segment.
Distribution at the end points can be either equal or unequal to each other. This will
affect the shape of the generated G-Band. G-Band views the error of each point along
the line segment and models the quantity and direction of the error to indicate an
error ellipse of the point. Finally composition of these error ellipses construct the
G-Band.

Propagated error band model, which is proposed by Leung et al. (2004), is also
a line segment based approach. It is based on basic measurement error model with
the law of error propagation and models propagation of uncertainty from the start
node of the line segment to the end node. The main idea is to define a functional
dependency between the nodes of the line segment to model propagation of error in
the start node. In this thesis, this functional dependency between the nodes of the
line segment is constructed by using the distance and direction approach which is
explained in Section 2.4.2.

Mentioned uncertainty modeling methods are then realized by the developed
software application called Propagated Band Model (PBM) Drawer. Generated band
geometries, derived statistics and comparison results are visualized through PBM
Drawer by the help of GeoKIT Explorer which is a commercial GIS Java APIL

Proposed method, which models the uncertainty propagation in a network of line
segments, is important because modeling of uncertainty propagation in a network
feature will form the basis of prediction of uncertainty in network based analysis

techniques (i.e. route optimization, connectivity analysis, etc. ) in GIS.
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1.4 Thesis Organization

The thesis study is presented in logically distinct seven chapters, each of which con-
tains some number of sections that are somehow related.

In this chapter, a brief introduction to the topic of error and uncertainty is pro-
vided and the aim of the thesis is described. Additionally, proposed method which
is used to model uncertainty and its propagation through a network feature of line
segments, is explained in detail.

The aim of the second chapter is to give the reader a general understanding of the
uncertainty band models which are used in the literature and applied models which
are extended within the thesis. Therefore, the second chapter starts with a detailed
explanation of the line segment based uncertainty band models and continues with
a general information about measurement error (ME) and covariance-based band
generation process. At the end of the chapter, ME based band model which is the
latest model for handling the uncertainty and its propagation in line segment based
approach, is explained.

The third chapter attempts to explain the followed methodology within the thesis.
Therefore, it is organized to give the reader a general understanding of the selected
methods for data collection, statistical analysis and comparison of the results.

In Chapters 4 and 5, implementation of the thesis is given and developed soft-
ware applications are explained in detail. In Chapter 4, previously examined band
models for line segments are implemented as a plug-in application which is capable
of generating an uncertainty region of given confidence values for a network feature
of line segments. Other cooperative software applications are also explained within
the content of this chapter. In Chapter 5, interactive application which is developed
to generate a network feature of both linear and curvilinear geometries with simu-
lated data provided by Monte Carlo Sampling, is explained.

The sixth chapter is organized to comment on the results of the applied band
models. Analysis results are explained according to selected comparison parameters.
Differences between the applied models are emphasized to clear up the concept. Fi-
nally, in the last chapter, analysis results are generalized and explained separately in
the consideration of selected comparison parameter. The originality of the thesis is

emphasized and possible future works and further improvements are discussed.
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CHAPTER 2

ERROR ANALYSIS AND UNCERTAINTY PROPAGATION
MODELS IN VECTOR-BASED GIS

As previously noted, spatial objects in vector-based GIS are comprised of points,
lines, and polygons. Following sections aim to express the positional uncertainty

models proposed for point, line and polygon features.

2.1 Uncertainty Models for Point Objects

Point errors are determined using standard deviations of x, y and z directional com-
ponents of the point. Due to the two-dimensional nature of maps and imagery, error
is quantified as a standard deviation in two directions (o,,0,) (King, 2000).

Uncertainty region of a point is visually represented by error ellipses and direc-
tion of the error ellipse is determined due to the dependency between coordinate
pairs x and y. An error ellipse uses standard deviations in x and y directions to de-
fine semi-major and semi-minor axes and also the orientation of the ellipse (Wolf and
Ghilani, 1997).

Thus semi-major, semi-minor and direction of the error ellipse can be derived as;

1
A% = \/2(0% + 02+ w) 2.1)
B? =/ 1(02 1 o2 22
= §(GX-|—O'Y—U)) (2.2)
and w is equal to;
w = \/(0'%( —0%)2 +40%y (2.3)

and obliguity of the ellipse is derived as;
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Where A is semi-major axis of the ellipse, B is semi-minor axis and ¢ represents
the obliguity of semi-major axis. o2 and o, are variances of the x and y directional
components of the coordinate which represents the point in interest. o xy represent

the covariance of x and y. Components of the error ellipse is given in Figure 2.1.

Figure 2.1: Error ellipse and its components (Adapted from King (2000))

In case of independent uncertainties which are equal in both directions (0, = oy),
shape of ellipse is an error circle. Another measure for point uncertainty is Circular
Error Probable (CEP) and is defined for probability of point’s true position is lying
inside a circle with radius CEP of % 50. Another measure for positional error is
root-mean-square positional error (RMSP) which utilizes standard deviations (King,

2000). The RMSP for a point can be calculated by Caspary and Scheuring (1992);

RMSP = /o2 + 02 (2.5)

2.2 Uncertainty Models for Line and Polygon Objects

Modeling the uncertainty of lines has an extensive history of epsilon bands (Caspary
and Scheuring, 1992), concave curvilinear error bands (Dutton, 1992) and G-Bands
(Shi and Liu, 2000). All these models focus on determination of uncertainty in the lo-

cation of line’s end nodes and propagates along the line’s interior. Generated shapes
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of these error bands are topologically identical and consider a region of uncertainty
surrounding the entire line.

Chrisman and Perkal’s epsilon band model is the earliest uncertainty model pro-
posed by Perkal (1956, 1966) and Chrisman (1982). In this model, as lines are repre-
sented by a sequence of digitized points connected by straight segments, modeling
error in the line is assumed to be derived from point’s accuracy constructing the line.
But this approach is inadequate for several reasons which are defined by (Goodchild

etal., 1993);

¢ In digitizing process, digitizer operator tends to select points fairly carefully or
select points those capture the form of line in a better way. It would therefore is
not correct to regard the points are randomly sampled from line or regard the
errors present in each point location is somehow typical of the errors that exists

between true line and its digitized representation.

e The error between true and digitized lines are not independent and highly cor-

related.

Concept of error band which is proposed by Perkal (1956, 1966) is a method which
is dealing with the specified problem. The model provides a boundary surrounding
the line segment. It has been used both in deterministic and probabilistic forms. In
the deterministic form, it is proposed that true line lies within the band with probabil-
ity of 1.0 and never deviates outside. In the probabilistic form, the band is compared
to a standard deviation or some average deviation value coming from the true line.
It is assumed that any point selected over the line had a probability of 68% of lying
within the band. Although Perkal’s model is useful for describing errors for complex
object, it has limitations for modeling probabilistic nature of the error.

Chrisman (1982) expands the work of Perkal (1966) and define a band, named
epsilon band, which is based on a constant radius (epsilon) around the line’s true or
most likely position. e calculated from the radius of the line’s endpoint error circles,
assuming a digitization process that yields random coordinate error in a circular nor-

mal distribution. The Figure 2.2 represents the shape of the band.
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Figure 2.2: Chrisman’s epsilon band (Adapted from Chrisman (1982))

The circular normal distribution is;

e two-dimensional,

e varies normally,

e have equal and uncorrelated errors in x and y directions.

The main drawback of the model is that it gives constant band width in the interior
parts of the line. It gives no clear linkage with the positional errors of the end points
constituting the line.

Dutton (1992) tested the Chrisman and Perkal’s model with an assumption that
digitizing points produces error that follows a circular normal distribution. Differing
from others, Dutton’s result describes concave curvilinear error band along the line.
Figure 2.3 illustrates the experiment and results.

During the experiment a line is drawn and equal error circles of the endpoints
are assigned for the true value. Endpoints are then generated from a circular normal
distribution within each error circle and random endpoints are connected to form line
segments. The distance from each segment to the median line is calculated at regular
intervals along the line. The standard deviation for these distance residuals are then
calculated at each interval along the median line. Consequently, Dutton finds that
the displacement error from each segment to the median line is the greatest near
the measured points and the least halfway between them. In conclusion, despite
the precision of a segment’s endpoint positions, its centerpoint is the most reliable

location.
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o) A line segment is drawn with equal error circles around
each endpoint

b) Possible endpoint locations are drawn via circular normal distributions

c) Random endpoints are connected to form line segments;
standard deviation is less at midpoints than at endpoints

d) Probability contours of one standard deviation may be abstracted at
intervals along the median line

Figure 2.3: Dutton’s Experiment simulating line segment (Adapted from Dutton
(1992))
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Caspary and Scheuring (1992) assumed that error at the end points are equal and
follow a circular normal distribution. Like Dutton (1992) they use Monte Carlo sim-
ulation and error propagation to derive their error band which become narrow at the
midpoint.

By applying error propagation law, and assuming that error at the end points
of the line segment is independent and equal, they define the uncertainty variation

along the line by equation 2.6:

2t 2t
O-gt :0‘; = (1_L+LQ> 0'2 (26)

where t is the distance between start point and the arbitrary point selected along
the line, L is the total length of the line. Using equation 2.6 Caspary and Scheuring
show that RMSP of the points in the middle of the line is less than the RMSP of end
points and
RMSP; = /20y,

As seen in Figure 2.4, mid point error is less than the end points with a factor of

S

Figure 2.4: Caspary and Scheuring’s Error Band (Adapted from Caspary and Scheur-
ing (1992))

Although the inner error circles of the line is still independent from the end point
error, this new approach is important for positional accuracy of objects. It is due to
the fact that this approach uses error propagation law to derive the positional errors
along the line and determines an error band by the error circle boundaries of all

points along the line rather than error of the end points strictly (King, 2000).
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In Shi and Tempfli’s error band model, it is assumed that coordinate errors follow
a normal distribution and are uncorreleated. Addition to previous models, error dis-
tribution of the end points effect the positional error and distribution of the selected
point along the line, which means it is dependent on the errors of end points.

Shi (1994) define two endpoints as stochastic vectors following a normal distribu-
tion and define a four dimensional vector of equal variances and covariances which
indicates the independence of end points. Shi (1994) derive the probability distri-
bution of a point in a direction perpendicular to the line as seen in Figure 2.5 to
investigate the marginal density of the line. Marginal density studies the point’s
distribution in a single direction within the two-dimensional distribution. This an
indicator of realizing how the point’s position can vary from its true value or mean

position.

Figure 2.5: The probability density function of a line (Adapted from Shi (1994); Shi
and Liu (2000))

Equations 2.7 and 2.8 give the standard deviations of end points along z axis
which are equal like y axis such that 0, = 0., and o,, = 0y,. The error distribution

of z and y axes of arbitrary point along the line segment are different from each other.

2
Z B Oz Tz 2.7)
, .
p1 Oxiy1 Oy
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Shi and Liu (2000)’s band model developes the idea stated by Shi (1994) and produce
a general error band model, called G-Band model. Ditfering from the others, G-Band
model considers the correlation between the end points, which is not handled in the
previous band models. Also errors of the end points can be different from each other
and follow two-dimensional normal distribution. They derive the errors of arbitrary
points on the line to find out a distribution and density function for the whole line.
A line segment which is composed of two endpoints Z and Z;, as seen in Figure
2.6, can be represented as four-dimensional stochastic vector Zy; = (X, Yo, X1, Y1)
which is a composite of two end points and follows a four dimensional normal dis-

tribution (Yu and Lu, 1983) with mean and variance-covariance matrix:

HZy = (muXoa muy,, mux,, muY1)

2
0X, 0XoYo OXoX1 O9XoY1

2
OYyXo %Y, 0o X1 9Yoya

2

Y201 Zon =
01401 . 0-2 o .
X1Xo 9X,Yp X1 Xin

2 2 2
L UY1 XU Uyl Yo UYI Xl UY1 _

The coordinates of an arbitrary point in the line segment can be represented by

Equations 2.10 and 2.11 (Shi, 1994).

z(t) = (1 —t)z1 + toe (2.10)

y(t) = (1 —t)y1 +tyo (2.11)

Where ¢ is the point position fraction according to start point having a range of 0
and 1. To derive an uncertainty information matrix X7z of a line as an extension of

the covariance matrix of a point.

0% (ti,t2)  oxy(ti,t2)

Yzz(t1,t2) = (2.12)

oyx(ti,t2) o¥(ty,ta)
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Figure 2.6: The line segment Z,Z,; is a composite of two end points Zy(Xy, Yp) and
Z1(X1,Y1) (Adapted from Shi and Liu (2000))

Equations 2.13 and 2.14 are variance functions of selected arbitrary point in x and

y directions.

o2(t) = (1 — t)om, +tos,)* = (1 —t)%0%, + 2t(1 — t)ox,x, + t20%, (2.13)
2 _ 2 _ 2 2 2 2
oy (t) = (L —t)oy, +toy,)” = (1 —t) oy, + 2U(L — t)oy,y, +t oy, (2.14)

Covariance function is multiplication of functions of o, (t) = (1 —t)oy, +to,, and

oy(t) = (1 — t)oy, + toy,, respectively. The covariance equation is

Uwy(t) = Uyw(t) = (1 - t)zawoyo + t(l - t>(033lyo + U:coyl) + t20w1y1- (2.15)

Similar to previous band models, the G-band’s shape is described by the error
ellipses of all points along the line segment. The error ellipses at the endpoints de-
scribe the ends of the the band, while the error ellipses of the inner points construct
the boundary lines of the band (Figure 2.7). The error ellipses are described by their
semi-major axis, semi-minor axis, and direction to the semi-major axis, defined in

Section 2.1.
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Figure 2.7: Visualization of G-Band from error ellipses (Adapted from Shi and Liu
(2000))

Figure 2.8 illustrates the more general case of the G-band, which allows each end-
point to have varying errors in both dimensions. In this case, the endpoint errors in

both directions are correlated and of varying magnitudes.

0 YD

(a) G-Band for equal, uncorrelated er- (b) G-Band for unequal, correlated er-
rors rors

Figure 2.8: G-bands under varied conditions (Adapted from Shi and Liu (2000))
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Kurtar (2006) extends G-Band model for functional curves which are generated
by a non-linear function. In this study uncertainty models for arc, arc string, cubic
spline and clothoid are proposed. Arc geometry is handled separately for arc by
center point and arc by three coordinates. The first type is arcs by three coordinates
which are defined by the set of coordinates of three points. The other type is arcs by
center point which are defined by only one reference coordinate.

In Kurtar’s study, the proposed uncertainty models for arc by three coordinates,
arc string and cubic spline are based on G-Band model. The uncertainty models
for arc by center point and clothoid are modeled by epsilon ellipse model. Kurtar
(2006) proposes epsilon band model for arc by center point and clothoid because they
are created with a single geographic coordinate together with other scalar variables.
Hence, the band models of these functional curves use a unique epsilon ellipse for all
of the arbitrary points over the curves. The other functional curves which are defined
with more than one coordinate are based on G-Band model.

Functional geometries; arc by three coordinates, arc by center point and cubic
spline in Figures 2.9(a), 2.10(a), 2.11(a) and proposed bands for these geometries can
be seen in Figures 2.9(b), 2.10(b), 2.11(b), respectively.

O e), cly) T
(a) Arc By Center Point (b) Proposed Band for Arc By Center
Point

Figure 2.9: Arc By Center Point and Proposed Uncertainty Band (Adapted from Kur-
tar (2006))
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(a) Arc By Three Coordinates (b) Proposed Band for Arc By Three
Coordinates

Figure 2.10: Arc By Three Coordinates and Proposed Uncertainty Band (Adapted
from Kurtar (2006))
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(a) Cubic Spline (b) Proposed Band for Cubic Spline

Figure 2.11: Cubic Spline and Proposed Uncertainty Model (Adapted from Kurtar
(2006))
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In the literature, positional uncertainty in polygon object boundaries are modeled
using previously defined line uncertainty models because line segment is the build-
ing block of line string which is used to express the boundary of polygon objects. As
polygon boundary is a closed line string, line segment based uncertainty modeling
can be applied on each line of the polygon.

For example, Mas (2006) applies epsilon band model to manage uncertainty in
boundaries of sliver polygons which appear during the overlay operation of maps
in GIS in order to enhance differences between the two dates. The generated band
encloses a confidence region with a specific probability of including the true location

of the boundary.

2.3 Basic Measurement Error (ME) Model

In this section, a statistical approach to measurement error analysis and error prop-
agation is introduced by Leung et al. (2004), to realize MBGIS. In this approach, ME
theory introduced by Neuilly and CETAMA (1999) and its analysis in GIS, (Heuvelink
et al., 1989; Heuvelink, 1998), are extended to propose a rigorous model for estima-
tion and propagation of locational errors. Proposed model is clearly explained in
the following subsections including the basic measurement error model and error
propagation.

As GIS is an abstraction of real world entities, GIS data is mainly provided by
observations and measurements. In most of the cases, measurements are distorted by
errors dependent on the selected method or device. Variations in GIS data due to the
measurement error are introduced by faulty observation, biased observers, or by mis-
calibrated or inappropriate equipment. The reason is probably the natural variation
in the data being collected. Additionally, processing error which is related to data
manipulation such as digitizing and geocoding, overlay and boundary intersections,
and errors from rasterizing a vector map, are some other sources of error which are
stated by Burrough and McDonnel (1997). In Figure 2.12, operator error introduced

during digitizing can be seen.

Measurement errors are generally introduced during data collection and are one

of the main sources of uncertainty. Data collection can either be done through direct
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Figure 2.12: (Adapted from Montana_University (2007)) Operator Error During Dig-
itizing Process

or indirect measurements.

The measurement error (ME) model for direct measurements are expressed by

Leung et al. (2004) as;

T=p+e (2.16)

where x is vector for the measurement value, p is its true value vector and ¢ the
vector of errors in measurements (ME vector). 1 represents the true coordinate while
x is the measured coordinates of a location.

As described in section 1.1, indirect measurements are found by using the mathe-
matical dependence between measurand and its arguments, and the errors which are
present in the original direct measurements are distributed during the computational
process. By this way, errors existing in indirect measurements represents a functional
view of the errors in original measurements. Therefore, distribution of errors from
direct measurements via this functional dependency, which exists between direct and
indirect measurements, are called error propagation (Wolf and Ghilani, 1997).

Mathematical representation of measurement error model for direct and indirect
measurement conditions is given below (Leung et al., 2004): Leung et al. (2004) define
x € RP be the set of p measurements which are measured directly, y € R? be g required

quantities to be measured, and f be the function which connects the measurements
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x to the quantities y as seen in Equation 2.17:

y=[f(x) (2.17)

If measured x and defining function f is known, y and the error distribution can
be determined automatically. f~! represents the inverse of f and it allows measure-
ments z to be determined from the quantities y. Then basic ME model for indirect

measurements are expressed by Leung et al. (2004) as,

(1) = Y=7% (2.18)

X = iy + €z, 65 ~ (0,%,)
where Y the indirect measurement-value vector obtained by f from the random
measurement-value vector, X. X is composed of the true-value vector 1., and the
random ME vector ¢, with zero mean 0 and the variance-covariance matrix, >,. Ac-
cording to Equation 2.18, variance-covariance matrix ¢, of Y is propagated from ¢,
and also ¢, depends on the true-value vector j,. As a result, Leung et al. (2004)

express the dependence model (/) as,

Y =f(X)=f(pz + €)= E[f (e + )] + €y (1 + €2) = p1y + ¢y (2.19)

where 1, = E[f(1 + €;)] is dependent on €, and
ey = €y(ps + €;) is dependent on ¢€,. Although both p, and ¢, is dependent on
€z, the dependency of p, on €, is weaker than that of ¢, and should be omitted in
general case because in most of the cases, this dependency does not occur. Therefore,
Yy = cov(ey) = covley(pz + €,)], and X, can be defined as a function of ¥, and /i,
¥y = F(X4;ps), which is dependent on f,. For example, if a function of f(z) is
defined on z as, f(z) = a + Bz, where a and B are a constant vector and matrix
respectively, y, = a + By, €, = Be,, and £, = BY,B” can be expressed. This
expression is a summary for error propagation based on functional dependence, and

explained in the following subsection 2.3.1 in a detailed way.
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Furthermore, as visualized in Figure 2.13, propagation of errors throughout any
process can be obtained repeatedly by the help of the model (I), which is stated by
Leung et al. (2004). For the given case, a vector z € R" can be obtained by y and

another known function g(-).

Operation process

> Error propagation

Figure 2.13: A flowchart for error propagation based on the bases ME Model (I)
(Adapted from Leung et al. (2004))

2.3.1 Approximate Law of Error Propagation

As mentioned before, inaccuracy of indirect measurement result is expressed in the
form of an uncertainty. Errors in measuring the position and attribute of a geograph-
ical entity or sampling GIS data generally trigger the occurence of uncertainty. Fun-
tional dependency of indirect measurements to direct measurements force the input
error present in direct measurements to propagate through expressed dependency to
indirect measurement result.

According to Zhang and Goodchild (2002), uncertainty researches are concerned
with identification, description and modeling of uncertainty and its propagation. Un-
certainty propagation is predicting the effects on the analysis outputs using the given
input uncertainty knowledge.

Mathematical representation of approximate error propagation law of Leung et al.

(2004) determines error propagation theoretically in view of the transformation func-

tiony = f(x).
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In this case, two situations are considered by Leung et al. (2004):
1. The error distribution of Y which can be derived from the relationship y = f(z).

2. The error distribution cannot be exactly obtained or is too complex to be de-

rived because of nonlinearity of f.

In this subsection, derivation of an approximate law of error propagation for the
second case, nonlinearity of function, can be seen.

For nonlinear case, the basic idea in the derivations of Leung et al. (2004) is to find
out a linear (first-order) or second-order approximation to y = f(x). Three different
analytical approaches are offered to solve the GIS related problems and Heuvelink

(1998) discusses on this topic. These approaches can be listed as;
e First and second order Taylor Series Approximation
e Rosenblueth’s Point Estimate
e Monte Carlo Simulation

In the study of Leung et al. (2004), first-order Taylor Series Approximation is used
to derive a general approximate equation for error propagation and transformation
function of y = f(z) is considerd in p variables z = (z1,--,2,)] € RP, where
y € R. This function is expanded into a Taylor series approximation about a point
a = (a1, -+ ,a,)T € RP as given in Equation 2.20, in case of having derivatives up to

(n + 1)-order:

1| ol . :
f(@) = f(@1,- - 2p) = -[Z(xk_ak)axl] [y, @) + Rn

U /
Ty=ai, -, Tp=ap

(2.20)
where R, is called the remainder after n+1 terms. So the first-order approximation

of f(x)is

I /

)af(xl’

, )
’

‘x/ =ai, ,CE, :ap’
Oz, 1

P

(2.21)

~ ~ p
f(x):f(xla"'7xp):f(a17"'7ap)+Z(xk_ak

k=1
or
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¢

(z) = ca + bar, (2.22)

where

ijaﬂ% z,)

= PEEErY _ ’ ’ p / /

Ca - f<a17 7ap) k:1ak 8%’;‘: ‘1‘1:(117" ,Ip:a ’ (2.23)
Of(xy, -,z of(xy, - ,x

ba = f(xl i xp) e f(xl i xp) ’ (224)

1xp ox'1 pr x;:a1,~ ~,x;:ap

¢q in Equation 2.23 and b, in Equation 2.24 are independent of = and are respec-
tively a constant and a constant matrix in these equations. Since 2.22 is an approxi-

mation to y = f(x), it can also be represented as follows,

Y~ Cq + bo (2.25)

Vector-matrix form representation of ¢ functions y; = fi(z)inz = (i=1,--- ,q),
which are approximated by the first-order Taylor expansion in Equation 2.22, is ex-

pressed by Leung et al. (2004) as:

n Ca,1 b1
Yi =~ Ca,i + ba,i‘r7i = ]-7 4, i'e'/ ~ + z, (226)
yq CCLQ bavq
or
y~ ot But. (2.27)
where y = (y1,- - - ,yq)T, Ca = (Ca1, "+ ,Cayq), and the coefficient matrix
ofi(xy, -, x
BaE(bEle"' abflq)T: ( fZ( : 7 p)> ) (228)
qxp ' ’ ax] / /
Ty=ai, " ,Tp=ap

is called a Jacobian matrix. This is a matrix of partial derivatives with respect to
each of the components.

Respect to these derivations, the approximate law of error propagation in the
basic ME model (I) is given by Leung et al. (2004). They choose a = p, in Equation
2.27. Then for the random measurement vector, Y ~ ¢, + B, X = (cu, + By, €z)

Thus,
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E(Y) ~ cq + Baple,
Cov(Y)=E(Y —EY)(Y —EY)" = B, [E(X — EX)(X — EX)"|B] = B,,%.B],

Therefore,

Sy~ %, = B, %, B | (2.29)

Equation 2.29 represents the covariance matrix X, which can be approximately
expressed by the covariance matrix X, and the Jacobian matrix B,,,. As visualized
in Figure 2.13, the error in X is propagated to the errorin Y, ¥, — 3.

Leung et al. (2004) emphasize the important parts of the proposed algorithm
among the others, for example component-wise derivation of Heuvelink (1998) and

approximate notation given in the relation derived by Wolf and Ghilani (1997), as:

e The proposed model uses matrix representation which makes the derivation of

approximate law of error propagation simpler.

e The model is an approximation for the nonlinear function f because Taylor

Series first-order approximation is used in the derivation.

e The model is local because approximation is effective only in the neighbour-
hood of ji,. This means that, if f(z) is nonlinear on x, equation 2.22 or equation
2.29 has a good approximation to the left-hand side only when x is very close

to g

e Differing from the other models, here the Jacobian matrix B, is appended with

the subscript y to reflect the dependence on the local point ;.

e Equation 2.29 is called the approximate law of error propagation for nonlinear f.

And in general law of error propagation:

~ Y, = B~ BT if f(x) is nonlinear in z,
(II) : ) = o (2.30)

= BY, BT if f(z) is linear in z, i.e., f(x) = a + Bx

e The second-order Taylor method in 2.20 can also be applied and will give more
accurate results. But the complexity of the derivation increases according to the
order of used Taylor method. For this reason first-order Taylor method is used

during the derivation to reduce the complexity of the derivation.
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2.3.2 Covariance Based Error Band

Over the last twenty years, numerious methods have been developed for modeling
the positional uncertainty in spatial features. Some positional uncertainty models for
points and line segments are detailly explained in the former sections of this chapter.
Here is a simple and unified error band model which is strictly established from the
concept of covariance by Leung et al. (2004). They establish an error band model
from covariance concept and name it as covariance-based error band. In the following
part of this subsection derivation of this error band model is explained in details.

Positional error of linear features can be calculated by either comparing matching
points or matching lines of independent digital datasets because points are building
blocks of lines (Niel and McVicar, 2002). Thus, “Uncertainty of a point can be derived
from the covariance matrix associated with it and can be presented by an error ellipse
(in 2-D) or an error ellipsoid. Since a line consists of points, uncertainty of any point
on the line can naturally reflect uncertainty of the line” (Leung et al., 2004).

To satisfy the relation in Equation 2.18; Leung et al. (2004) define X; = (X1, X; )z
be the random vector, 11; = (1111, i1i2)T be the true vector, and finally ¢; = (1, €;2)” be
the ME vector of the endpoint coordinates of the line segment V; V5. Figure 2.12 rep-
resents the line segment V3V, and any point V' which is selected on the line segment.

Leung et al. (2004) consider the 4 x 1 joint ME vector ¢(5) = (¢] , €5 )” and let its

covariance matrix be ¥ ),

Y Yo .
Y(2) = cov(er)) = , Dij = cov(e;, €5),1,5 = 1,2, (2.31)
Y91 Moo

The subscript ;) in Equation 2.31 means there are two points which construct the
)T

line segment. Then 4 x 1 joint vectors: X o) x7 y1yr, f(2) = (1, u3)" satisty,

X2) = 1) + €@ €) ~ (0, X(2)). (2.32)

Hence, for any point V' selected on the line segment which is visualized in Figure
2.14, Leung et al. (2004) derived its coordinate vector X' and represented by the joint

coordinate vector X ) as:

X =tX1+ (1 —t)Xo = DiX(9),0 <t < 1, (2.33)
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C Y

Figure 2.14: The line segment V; V5 is a composite of the two endpoints Vi (x1, y1) and
Va(z2,y2) (Adapted from Shi and Liu (2000))

where D; = (tI2(1 — t)I3) is a 2 x 4 constant matrix. Furthermore,

EX = tEXl + (1 - t)EXQ = t,ul + (1 - t)/J,Q = U, (234)

/ Y11 212 tlo
cov(X ) = DtCOU(X(Q))DtT = (t12 (1-— t)Ig)
o1 Yoo (1-t)I (2.35)

= t2211 + (1 — t)2222 -+ t(l — t)(zlg + 221) =3y

For the case of independent end points, X; and X, the term ¢(1 — ¢)(X12 + Xo21)
which indicates the covariation between the end point coordinates, will drop out
automatically. And finally the Equation 2.34 can be reduced into:

cov(X') = 12511 + (1 — 1)?29
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2.4 Geodetic Model for Measurement Based GIS

Generally the GIS data are based on observations which are distorted by errors.
Producer for these errors are usually the selected observation methods and these
errors induce inconsistencies within the dataset. Hence, there exists a need for a
general method which deals with these inconsistencies. According to the assump-
tion that distribution of observation errors follows Gaussian distribution, these er-
rors are modeled either by functional (deterministic) or statistical (stochastic) models
(Navratil et al., 2004).

The idea under measurement-based GIS (MBGIS) is to store the original data
rather than results of the statistical calculations. Therefore, no values are available
for the errors of the measurements. Usually the results of the functional model are
stored for the data set because the results of the statistical model involve data which
needs large storage, i.e. variance-covariance matrix of the unknown parameters. For
instance, MBGIS holds the coordinates and derives on the fly the error measures
and statistical results. Thus if new measurements with higher quality are added to
MBGIS, this approach improves the quality of the overall system (Navratil et al.,
2004).

In the following sections a geodetic model, which is introduced by Leung et al.
(2004) for measurement based GIS, is explained. Propagation of measurement error
for line segments are also expressed in the following sections for various implemen-

tation types in geodesy.

2.4.1 Model Explanation

For the reason mentioned in the above section, MBGIS which is defined by Leung
et al. (2004) provides access to the measurements (m), to the functions (f) and rules,
rather than storing the results of the statistical calculations derived on these mea-
surements. Then Leung et al. (2004) use these measurements to determine the object
locations and use the functions and rules to determine the interpolated positions
which are later used to derive the error propagation for the line segment. All these
derivations are done on the fly and not stored.

After that Leung et al. (2004) constructed the MBGIS with reference to a geodetic

model proposed by Shi et al. (1999). In this model, control points or monuments with
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great accuracy are established and locations of the objects are indirectly measured
from these monuments by an instrument. Figure 2.15 visualizes the hierarchy present

within the model.

A Monument
O Measurement
A & Location
A
/E( i I‘\:\

.

!
¥ o o ;5:1'. & oo o = ot
Level 7 > K + ¥y ¥ vy ¥ v ¥ ] £

Figure 2.15: (Adapted from Shi et al. (1999)) Hierarchy tree of a simple geodetic
model

At the top of the model control points are located. After that, location of the
objects are established by measurements from these monuments. Since, there exists
a strong correlation between the control points and the locations represented in the
model, all points inherit the errors of the monuments. According to this hierarchy
present between the monuments and the locations of the tree, Leung et al. (2004)
derive the approximate law for error propagation at every location.

Based on the discussion above, Leung et al. (2004) structured a MBGIS as a hi-
erarchy. According to the Figure 2.15, 2() represents the location at level i. Then
they derive the locations at level i 4 1 from locations at levels less than or equal to ¢

through equation:

20D = £, (m@ 20, (2.36)

Leung et al. (2004) use z(°) to represent the root of the tree which are monuments.
At each level, the measurements m(?, the functions fi are stored, and the locations
x(®) are either stored or derived. After that by the help of relation between z(*+1) and
2 depicted in 2.36, the propagation of the error present in the first level of the tree

is modeled as follows:

o M®:; 657? : the random measurement vector

° 65,? : the ME vector
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o m&? : the true value vector of ;(*)

e X : the random measurement vector of z(%)

() = cov(e (’))

Then, Leung et al. (2004) express M () ag,

M@ = p) + €5, e5) ~ (0,20). (2.37)
(0) is the monument, and viewed without ME. Unified notations are;
° M(l) = MO
o 1y =pl¥
o ey =€
e Y1) = cov(e)) = »
Thus the ME model for z(!) is summarized by Leung et al. (2004) as
fo(M®, 0), (2.38)

XW = gi(Mg)) =

(M.1):
~ (0, X)),

My = 1y + €€
which is the basic ME model (I) given in equation 2.18. So, by similar procedure

the corresponding approximate law for error propagation is established by Leung

et al. (2004) as:
(1) —
=B E( )35(1)7

1) _
Z; ) = cov(X(l)) 1)
where By, is the Jacobian matrix of g1(M(y)) at My = pu(y)
According to Equations 2.36 and 2.37, the composite function g, are obtained by

Leung et al. (2004) as follows:
X® = fi(M <ﬂ% MWD, fo(MO),20)) = go(Mz)),

where go(M(y)) = f1(M D) fo(M©)2(0))) defined by fy and f; is a function of

the joint ME vector My, = (M(O)T, MONHT,

Similarly, the symbols p(2) and €(y) are
defined, and the ME model, like (I) in equation 2.18, for 2(? are obtained by Leung

et al. (2004):

(M.2):
2) ~ (0,%2)),

Mg) = p2) + €(2), €(2)
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and the approximate law of error propagation is: »® = cov(X?) ~ @ =

Z@BT

B F(2)

H(2)
where By, , is the Jacobian matrix of ga(M2)) at Mgy = p(2), L2y = cov(e)),
€2) = (e£2>T, e%)T)T, and ¢} (1 =0, 1) are defined by equation 2.37. The propagation

relation between the error covariance matrices ;) = 253) and ¥(y) is given by Leung

et al. (2004) as follows:
2@)< () &nmm)
T (1)
Zhmy  Dm

X0 = f (MO XDy = (MO, g o (MED, X 0-2)))

Recursively,

= ... = fifl(M(i_l)a fif2(M(i_2)7 ) fO(M(0)7 x(O)) . )) = gl(M(z))7

which results in the general ME model:

(M.i) : 5:(M») (2.41)

My = pay + €y €6y ~ (0, 23)),
and

20 = coo(XV) = =) = B, S0 B, (2.42)

x

where B, is the Jacobian matrix of g;(M(;)) at My = pgy, Su = cov(e)),

; T . T T . T . T .
€G) = (egﬁfl) ,e,(ffl) 7= (67(»2) ,...,67(71;2) ,eﬁ,’;” )T, and e,(f;)(i = 0,...,7) are de-
fined by equation 2.37. The propagation relation between the error covariance matri-

ces is given by Leung et al. (2004) as;

Yo = 2(i-1) X (i—1),m(i-1)
@~ \ (i—1)
b Yo

(i—1),m(i—1)

Finally, the models () .7) and Equation 2.42 which are proposed by Leung et al. (2004)
can be used to model the error propagation from the root z(*) to any location =(*) at
level i.

Using the results above, Leung et al. (2004) investigate error propagation in three

simple measurement problems in geodesy which are;

e Measurement with a distance and a direction
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e Measurement with two distances
e Measurement with two angles

Within the subject of this thesis, measurement with a distance and a direction
problem is applied to the line segments of the network to model line-based error
propagation for every line. Former two problem approaches can be found in the

study of Leung et al. (2004) with detailed explanation and examples.

2.4.2 Measurement with a distance and a direction

Leung et al. (2004) derive error propagation for a line segment which is measured
with a distance and a direction or angle. In this section this derivation is expressed
in a detailed way. Also this derivation is used, within the subject of this thesis, to
implement a tool which is used to model the error propagation of a continuous line
network defined in Section 3.1.1.

Reference line can be seen in Figure 2.16 with parameters defined by Leung et al.

(2004) as follows:
e 1j be the point with known coordinates vector z
e V the measured point with unknown coordinate vector x
e [ the distance between Vy and V

e 0 the angle formed by the line segment VoV’

V(x)

Folxy)

Figure 2.16: (Adapted from Leung et al. (2004)) Measurement with a distance and a
direction
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Main aim here is to see the propagation of measurement error when z is mea-
sured by the measurement m = (,6)" with the ME vector ¢,, = (,¢9)7. At first
transformation function x = f(m) is defined to model the dependence between m

and z. Expression is like:

x1 = w01 + (cos( + ¢p)),

x9 = w2 + I(sin(f + ¢o)),
where ¢y is a suitably selected constant such that 6 + ¢y becomes the angle with
the z1-coordinate axis. Thus by « = (x4, xo)T
r=f(m)=xzo+1-70),m=(1,0)T,r(0) = (cos(d + ¢g),sin(d + ¢o))”

Therefore, under the effect of ME ¢,,, the observed coordinate vector X of the

4

point V is represented by Leung et al. (2004) as a positional ME model like 2.18:

X=fM)=xz0+L-1r(0),

(2.43)
M = pim + €m, €m ~ (07 Ym)s
where
o i = (1, g)T are the true value vector of I
e 0, M = (L,0)" measured value vector in the presence of ME ¢,
o X, = cov(en)
Then Leung et al. (2004) define displacement on the line as follows:
dz = df(m) = (dl) - r(0) + 1 - dr(0) = r(0)(e31dm) + I-
(—sin(@ 4 ¢p), cos(f + ¢o)) T db (2.44)

= [r(G)ezTJ +1 - (—sin(0 + ¢o), cos( + qﬁo))Te;F,Z}(dm),

By, = [T(Q)eQTJ + 1 (—sin(0 + ¢o), cos( + ¢o))Te£2]m:um

(COS(Me + ¢o) —pusin(pg + ¢o)> (2.45)

sin(ue + ¢o) g cos(ue + ¢o)
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X = f(M) is nonlinear in M. Therefore, Leung et al. (2004) obtain the approxi-

mate law of error propagation for the point V" as:

%, = B, SmBL | (2.46)

¥ is the the covariance matrix which gives the ME of coordinates of the position V.
The Equation 2.46 enlarges with the addition of ¥y, which represents the random
ME that exists at the known point V4. This error is independent of the measurements

of [ and 6. Then, from Equation 2.43, Equation 2.46 becomes (Leung et al., 2004);

~

Se = %o+ By, SmB, | (2.47)
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CHAPTER 3

METHODOLOGY

To explain the subject studied throughout this thesis, methodology section is divided

into three parts. The first part, explains the data collection methods:
e Network Digitized by User (NDU), and
e Network Created by User (NCU)

The second part covers data analysis and defines the derived statistics and used band
models to vizualize the uncertainty which propagates through the network feature.

Uncertainty band models used during data analysis part are;
e G-Band with line segments
e Propagated Error Band

- Line Segment-Based implementation

- Network-Based implementation
e G-Band with Functional Geometries

Last part of the methodology compares the results of applied models according

to:
e Band areas
e Intersection of band geometries
e Sample geometry coverage

The overall methodology followed in this thesis is given in Figure 3.1.
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METHODOLOGY

Data Colection

*  Network Digitized by User (ND1T)
¢ Network Created by User (NCU)

Data Analvsis

¢ ForNDU :
Oy.0p.0 . Uyandll; are
derived for each node of
the line which constructs
the network feature

s Involves onlv

* Involves

o Line
o Arc by three coordinates

¢ ForNCU:0g,;.0, of NDU are
used for Monte Carlo Sampling
and O y. Oy . Oy . Uyandil; are
derived for each node of the line

o Line o Cubic Spline
geometry .
geometries
| I !
G-Band with Propagated Error G-Band with
line segments Band functional geometries
Line-Based Network-Based
Implementation Implementation
v ' '

Comparison of Results

Generated band geometries are compared according to;

* Band areas
o Intersection of band geometries
*  Sample Geometry coverage

!

Visualization of Results

Figure 3.1: Methodology of the thesis
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3.1 Data Collection Methods

The main reason for using different data collection methods is to reveal the difference
between generated bands in cases of human digitized lines and simulated lines of

network.

3.1.1 Explanation of the Selected Line Network

Selected linear network is a part of the road network in Middle East Technical Univer-
sity (METU). Figure 3.2 illustrates the selected linear network and its location within

the METU campus.

Figure 3.2: Selected Linear Network

As seen in Figure 3.3, specified line network has a start and an end node. Each
node is defined by numbers which clarify the direction of the network. Start node
is represented by number 1 and end node is represented by number 57. Some shar-
ing nodes are represented by more than one numbers, because these nodes are used
by two or more lines. To clarify the direction of the network within the data, each
node is represented by different node number. Nodes which are shared by other line

segments save the node id of these segments as reference node. To ensure the conti-
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nuity of the network, sharing nodes are matched by the digitizing software which is
explained in Section 4.2. Developed software compares the new coming coordinate

with the previously entered one and if there exists a match within the data set then

new node is replaced with the matching one.

22 F B 52 51
21, 41 <730
' 49 46
45
20 48 44
40 M a2 47
14 43
18 ek
17 5
- 2.42 1
15 :
a3 1 1‘

14 g

13 i, 34 Start

- a7

6
7,35
g
a,11
10

Figure 3.3: Selected Linear Network with Node Ids

As defined by Rodrigue (2007), network topology is the study of the arrangement
or mapping of nodes and links in a network. They are the representations of location,
direction and connectivity. If there is a break in the topology, entire network shuts
down. In summary, selected network must have a starting point and an ending point.
Selected line pieces which construct the network must be solidly connected to each

other to secure the continuity.

3.1.2 Network Digitized By User (NDU)

Selected network that is described in Section 3.1.1 is asked to be digitized by the staff
of both Geodetic and Geographic Information Technologies Department of Middle
East Technical University and the firm Bilgi Geographic Information Conversion and

Management Systems. Samples from 15 people are used during the analysis. Devel-
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oped software is designed to generate results independent of the initial sample size;

so if more samples are provided than results can be produced for the given set.

NDU data is collected from people during the digitization process which is sim-
ulated by application seen in Section 4.2. Sample Collection Applet is developed to
serve an environment for digitizing process. Collected samples are then exported as

text formatted file which are used by PBM Drawer Application

NDU aims to realize the real world digitization and try to find out which uncer-
tainty model handles the personal error condition best. The second aim is to mark

the contribution of errors related to the digitized line length and curvature.

3.1.3 Network Created By User (NCU)

In NCU case, user can define a network which can both be composed of linear and
curvilinear geometries like; line, arc by three coordinate and cubic spline. Monte
Carlo sampling is then used to generate a sample data for defined geometries within
the network feature. Calculated variances on x and y directional components for
NDU case is used during Monte Carlo sampling process and generated sample set is

an input to PBM Drawer Application.

The coordinates which construct the supported geometry types, are sampled by

method public double nextGaussian()

which generates a random number having mean of 0.0 and standard deviation of
1.0. It is the method of class java.util. Random which is in Java SDK(Standard Devel-
opment Kit). Seed which is used during random number generation is produced by
class java.security.SecureRandom (see Appendix C.4).The sampled lines are based on

normal distribution.

ID application is developed to serve an environment for user to define a network
interactively. It also visualizes the sampled lines or curves to inform user about the
process. Detailed explanation of the application can be found in Chapter 5. Finally,
generated sample set and calculated statistics are written to a file named statistics file.

Types and organization of the statistics files are explained in Section 4.4.1.2 in detail.
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3.2 Data Analysis Methods

Three different models are actively being used during the study held for the thesis
and therefore in the developed applications. First one is G-Band model which is
proposed by Shi and Liu (2000), and is a generic model which describes the positional
error of line segments with an assumption that end point errors of the line segment

follow two-dimensional error distribution.

The second model is also a covariance-based error band model which is pro-
posed by Leung et al. (2004). Main difference between this error band model and
the G-band model appears at the point of error propagation modeling. The model
of, Leung et al. (2004), models the propagation of error at the start node of the line
segment by defining a function based approach. The idea is defining a function for
end point of the line segment by using start point related attributes. This functional
representation is based on approximate law of error propagation and functional de-
pendency can be presented by using distance and direction approach which is ex-
plained in Section 2.4.2. In this thesis, functional dependency for line segments are
created using distance and a direction approach. The implementation of the algo-
rithm is divided into two sub-parts. In the first part, algorithm is applied to each
line segment constructing the network, separately to induce line based behaviour of
the model. Another aim is to compare the results with G-band approach, which is
also a line segment based model implementation. In the second part, a new method
is defined to implement the uncertainty propagation model of Leung et al. (2004) to
whole network. This method derive the end point of the line again from the provided
statistics of start point of the line segment. This new end coordinate is used as the
start node of the following line and the same process is repeated for the remaining

lines of the network.

The third model is proposed by Kurtar (2006) to model uncertainty of functional
curves like; arc by three coordinates, arc string and cubic spline. This model is an ex-
tension of G-Band model for functional curves which are defined with more than one
coordinates. Although results of this model is not compared with previously men-
tioned ones, functionality of generating an uncertainty band for curved geometries

is also implemented.
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3.3 Comparison of Results

This is the last part of the methodology, which comments on the outcomes of the

explained methodology. Comparison is applied between;

e G-Band with line segment and Line Segment-Based approach of Propagated

Error Band,

e G-Band with line segment and Network-Based approach of the Propagated Er-

ror Band.

This comparison is made by using band area, band geometry intersections and sam-
ple geometry coverage. Chapter 6 includes the outcomes and stated conclusion
for the comparison methods. The basic aim of these approaches and comparison
methodology is to visualize the difference between error propagation for line seg-

ment based implementation and for the whole network feature.

3.4 Visualization of Results

The methodology explained is implemented in the base application called PBM Drawer
System. It is a wizard implementation which can be used to visualize uncertainty
and propagation of uncertainty in a line network. It works on a file based structure
and can import files of specified type and organization in Section 4.4.1. Detailed in-
formation about system organization and interaction with other developed software
applications, coding specifications and user manuals are given in Chapter 4.

ID application is developed to implement an environment to produce randomly
created data for PBM system. It is a simulation for digitizing process and is explained
in Chapter 5.

During the implementation of these applications Java is used. Also a commercial
GIS toolkit named GeoKIT is used to ensure GIS capability. Finally, U-Bag API which
was written by Kurtar (2006), is used during band generation process of functional

curves.
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CHAPTER 4

UNCERTAINTY BAND DRAWER SOFTWARE

In this chapter, details about the developed Propagated Uncertainty Band Model
Drawer Software (PBM), which is written as a plug-in to a commercial GIS toolkit
GeoKIT Explorer, is given in detail. Also some other cooperative software implemen-
tations are explained, like "Data Collection Applet’ and "Measured and True Value
Comparator Plug-in’. General requirements, inputs and outputs, and structure of

the system are presented in details included with the code samples.

4.1 Implementation Overview

GeoKIT Explorer is a commercial software developed by Bilgi Geographic Informa-
tion Conversion and Management Systems. It is a Java API (Application Program-
ming Interface) for GIS and can be used for manipulating, visualizing, and ana-
lyzing 2D /3D raster and vector spatial data. It is written completely in Java pro-
gramming language and provides a comprehensive set of components to embed GIS
functionality into applications. GeoKIT is a platform independent product and im-
plements the necessary functionality via separate modules. Each developed mod-
ule serves different functionality to the overall system. Data access mechanism is
served by Accessor architecture. OGC compliant web services, WFS(Web Feature
Service) and WMS(Web Map Service), implement client and server side functional-
ity. GeoKIT MTG Overlay Editor is an overlay and symbology editor application
which can be used to manipulate C2 Tactical Graphics objects as specified by MIL-
STD-2525B (Bilgi_-GeoKIT, 2007).

GeoKIT Core and GeoKIT Explorer modules are used in the implementation of
the thesis and supply necessary GIS components and GIS functionality. GeoKIT Ex-
plorer’s Plugable API architecture which serves a high level plug-in API, facilitates
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the integration of the developed application piece to GeoKIT. Additionally, GeoKIT
Explorer Desktop Application’s easy to use and friendly user interface smartens up
the representation of the thesis results.

U-Bag is another API which is used during implementation of the PBM applica-
tion. This API serves uncertainty band generation functionality for line, arc by three
coordinates, arc string and cubic spline using G-Band model described in Chapter
2. And for arc by center point and clothoid, it uses epsilon band model. This API is
either developed by using Java and GeoKIT Explorer.

Architectural relation between used and implemented modules can be seen in
Figure 4.1. As seen, JVM (Java Virtual Machine) is the base and GeoKIT API, U-Bag
API, PBM API and the PBM application runs over this substructure.

PBM Application
PBM API

U-BAG API
GeoKIT

JVM

Figure 4.1: System Architecture

Implementation of the PBM Uncertainty Band Drawer Software can be divided

as:

e PBM Propagated Uncertainty Band Generator API,

e PBM Propagated Uncertainty Band Generator Plug-in Application.

The sample data collection applet, Interactive Drawer(ID) Plug-in and sample (mea-
sured) and true value comparator plug-ins are explained in the following Section 4.2,
Chapter 5 and Section 4.3, respectively.

Interaction between these plug-ins and the end user can be seen in Figure 4.2.
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Figure 4.2: Interaction of user with implemented systems

4.2 Sample File Construction Software

Input data introduced to the system is provided from people who are asked to digi-
tize the selected road network explained in Chapter 3. Data Collector is a java applet
which is written to create sample files by using the digitizing data input. Data Col-

lector applet can be seen in Figure 4.3. Data Collector applet has three separate parts;
1. Drawing Area,
2. Control Panel, and
3. Output Area.

Drawing area displays the vector data (lines and vertices) which form the se-
lected network, standing over the image representation of the interest area. User can
digitize over the presented vector data by using mouse events. During digitization
process a guide line, as shown in Figure 4.3 with red color, orients the user. Each
pointed coordinate is displayed on the ‘Coordinate (x,y)” label of the control panel
and defined line is also listed in the output area of the applet. During the drawing

process Java Graphics2D class and its functionality is used.
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I
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Applet started.

Figure 4.3: Sample Data Collection Applet

Control panel serves user some control parameters like, image on/off choice,
pointed coordinate label and finally functionality served to save data into file. In
output area, start and end coordinates of digitized line segment are listed. Finally
the generated digitizing samples are saved with specified file name to a predefined

location. Internal structure of the sample files are explained in subsection 4.4.1.1.

4.3 Sample Comparator Plugin

Main aim of this plug-in is to visualize the content of the sample files separately for
being aware of the differences between provided assumed true value or mean of the
samples and digitized sample lines of the network. This tool is also used during the
comparison of the results generated by PMB Plugin Application. Graphical repre-
sentation of plug-in can be seen in Figures 4.4 and 4.5.

Comparator plug-in’s data selection dialog is used to introduce the directory of
digitized samples and file is assumed to contain true values for the selected line net-
work, if exists. Name of the file for provided assumed true values is, base.txt and

data inside is organized with the specified file format given in section 4.4.1.1.
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Figure 4.4: Dialog to introduce measured and true network file

After pressing the Start button, all files are visualized on the mapview of GeoKIT
Explorer and user can select and compare each sample file with true geometries

diplayed in blue color. See Figure 6.3.
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Figure 4.5: Measured and true data comparison plug-in

4.4 Uncertainty Band Generator Wizard

Nearly for 20 years researchers and acedemicians have been working for modelling
uncertainty in GIS features and operations. Depending on these researches, several
different algorithms are developed for point, line and polygon objects which are used

to simulate real world entities in GIS. The algorithms which are frequently used in
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the determination, derivation and visualization of uncertainty, are broadly explained
in Chapter 1. Although, effective uncertainty modelling algorithms have been run-
ning in the literature, most of the GIS software developers do not give necessary
importance on error and uncertainty modelling.

In this part of the thesis, algorithm defined by Leung et al. (2004) is implemented
to model uncertainty and its propagation through a line network. Formulation and
specifications are addressed in Chapter 2. This chapter focuses on the implemen-
tation of this algorithm considering two main selective cases. In the first selection,
both covariance-based error band and G-band model algorithms are applied on sam-
ple data input. In the second selection, band generation process is handled from a
tile, called statistics file for its statistical data content. This file is generated by either
Propagated Band Generation (PBM) Software by applying computations over sam-
ple data, or by Interactive Drawer (ID) Software which is explained in Chapter 5.

In the following sections, structure of the files which are used within the system,

graphical user interfaces and workflow of the system are elucidated.

4.4.1 File Structure

PBM Drawer and other co-operating plug-ins are based on a file dependent I/O (in-
put and output). PBM System accepts punctuation separated files as an input and
also generate output files in the same format. Files hold the line network geometry
data without using topological relationships. Each line of the file represents only one
geometry. The internal structure and stored attributes vary according to the type of
the file. Organization of sample and statistics files are clarified in the following sub

sections.

44.1.1 Sample File Structure

Sample files are generated by Sample Collector Applet, explained in Section 4.2. Gen-

erated sample files include fields;

e Group ID: If the network is divided into subgroups which are representing a
common property, then group id is assigned an integer value. For example,

roads of the same district may have the same group id.
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Feature ID: Feature id is used to represent the feature uniquely within the

whole network.

Feature Type: Represents the type of the feature. Three different geometries are
supported by PBM System; line, arc by three coordinates and cubic spline, but
as the sample collector applet is designed to handle only line geometry, feature

type of files generated from sample collector applet is equal to "LINE’.

Start Node ID: Line is defined by using two coordinates, first one represents
the line’s start and other represents the end. In this field, id of the start node is

given.

Start Node X: X directional component of the coordinate representing the line

start.

Start Node Y: Y directional component of the coordinate representing the line

start.

Reference Node IDs for Start Node: If this coordinate is shared by another
line(s) then id representing the start or end node of the shared line is stored

as referenced node id within the content of this field.
End Node ID: Id of the end node which finalizes the line segment.

End Node X: X directional component of the coordinate representing the end

of line.

End Node Y: Y directional component of the coordinate representing the end of

line.

Reference Node IDs for End Node: Referenced node id(s) which is/are sharing

this end node.

All these fields are written to a file in a punctuation separated format by handling

each line separately . Differing from the others, reference node ids are represented

with enclosed paranthesis ” (“and ) " and separated by semi colon ”; ’. An example

for sample data file format can be seen in Appendix A.1. Sample files are written into

a text document which has an extension of "*.txt’.

54



Sample file reader handles reading operation and represents the file content as a
collection of Java objects which implement the interface IPBMNetworkFeature. This
interface is implemented by all supported geometries like; line, arc by three coordi-
nates and cubic spline. Hence each member of this interface presents three methods
given in Appendix B.1:

int getGroupID(): returns the group id of the geometry, if exists.

int getFeatureID(): returns the id of the geometry.

String getFeatureTypeStr(): returns the string representation of geometry type.
Possible selections are defined as static final attributes within the IPBMNetworkFea-
ture class by considering the supported geometries. For line geometry it is 'LINE’;
for arc by three coordinates, it is "ARC” and finally for cubic spline it is defined as
"SPLINE".

PBMSampleFileReader class is constructed by a directory information and collec-
tion of selected sample file names. Then PBMSampleFileReader’s readSampleFiles()
method connect to given directory path, select and read the given sample file. Finally,
PBMSampleFileReader class contains a vector of imported sample file’s content vector
called sampleFilesVector, in which each line is represented by a IPBMNetworkFeature
class implement, (i.e. PBMSampleLine, PBMSampleArc and PBMSampleSpline). Also
according to the incoming sample file content, file is categorized as simple or com-
plex. Simple geometry files has only line geometry inside but complex geometry files
involves other supported geometries. A boolean variable simpleFileGeometry of Sam-
pleFileReader class represent the content type of the sample files. If it is TRUE then it

indicates that the content of the sample file is simple, otherwise it is complex.

4.4.1.2 Statistics File Structure

Another file format, accepted by PBM Drawer and generated by its co-operating
plug-ins, is statistics file. This file is also represented in a punctuation separated

way but it is categorized and named as;
o Simple Geometry File, SGF or
o Complex Geometry File, CGF.

Statistics files are generated either by PBM Drawer or Interactive Drawer which

is explained in Chapter 5.
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Simple Geometry File (SGF) Organization
SGF file contains only line geometry features and internal organization of the file and

its fields are as follows;

e Group ID: If the network is divided into subgroups which are representing a
common property, then group id is assigned an integer value. For example,

roads of the same district.

e Feature ID: Feature id is used to represent the feature uniquely within the

whole network.

e Feature Type: Represents the type of the feature. Three different geometries are
supported by PBM System; line, arc by three coordinates and cubic spline, but

SGF file contains only line geometry so feature type is equal to "LINE’.
e Point Count: Number of points that construct this geometry. For SGF it is 2.

e Pointl ID: Line is defined by using two coordinates, first one is named as Point1

and other is Point2. Here Id of start node or Point1 is given.
e Pointl X: X directional component of the coordinate representing the line start.
e Pointl Y: Y directional component of the coordinate representing the line start.

e Reference Node IDs for Pointl: If this coordinate is shared by another line(s)
then id representing the start or end node of that line is stored as referenced

node id in this field.

e Pointl Mean X: Mean calculated from the sample files which represents the X

directional component of the coordinate.

e Pointl Mean Y: Mean calculated from the sample files which represents the Y

directional component of the coordinate.

e Pointl Variance X: Variance calculated from the sample files which represents

the X directional component of the coordinate.

e Pointl Variance Y: Variance calculated from the sample files which represents

the Y directional component of the coordinate.
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Point2 ID: Id of end node or Point2 is given.

Point2 X: X directional component of the coordinate representing the end of

line.

Point2 Y: Y directional component of the coordinate representing the end of

line.

Reference Node IDs for Point2: If this coordinate is shared by another line(s)
then id representing the start or end node of that line is stored as referenced

node id in this field.

Point2 Mean X: Mean calculated from the sample files which represents the X

directional component of the coordinate.

Point2 Mean Y: Mean calculated from the sample files which represents the Y

directional component of the coordinate.

Point2 Variance X: Variance calculated from the sample files which represents

the X directional component of the coordinate.

Point2 Variance Y: Variance calculated from the sample files which represents

the Y directional component of the coordinate.

Variance-covariance matrix members are given separately for each band model

supported by PBM System. These are respectively;

- G-Band Model
- Line Based Propagated Error Band Model

— Network Based Propagated Error Band Model

All these fields are written to a file considering each line separately. A sample

SGF file content can be viewed in Appendix A.2. SGF files are having an extension

of *.SGF'.

SGEF file reader handles reading operation and represents the file content as a col-

lection of Java objects which implement the interface ICGFFileObject. This interface is

implemented by SGF and CGF file objects, SGFLineFeature, CGFLineFeature, CGFAr-

cFeature, and CGFSplineFeature. Hence, each of them present nineteen methods which
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exist in the interface. Eighteen of these methods include getter and setter methods

for attributes which can also be viewed in Appendix B.2;

e Feature Type is an integer value which is defined to represent the geometry.
Possible selections are defined as static final attributes within the ICGFFileOb-
ject class by considering the supported geometries. For line geometry it is 0; for

arc by three coordinates, it is 1 and finally for cubic spline it is defined as 2.
e Array of means for coordinate pair X
e Array of means for coordinate pair Y
e Array of variances for coordinate pair X
e Array of variances for coordinate pair Y
e Array of standard deviations for coordinate pair X
e Array of standard deviations for coordinate pair Y
e Confidence value which controls the width of constructed band

e Array of CovarianceHolder (see Kurtar (2006)) instances used to hold the val-

ues of variance covariance matrix
And last method is;

¢ GKLinearRing getConstructedGBand(): which returns constructed G-band
geometry as GeoKIT class GKLinearRing.

SGFFileReader class is constructed by a directory information and selected file
name as seen in the code block given in Appendix B.3. Then SGFFileReader’s read-
FileContent() method connect to given directory path, read the selected file. Source
code of the method can be seen in Appendix B.3. Finally, SGFFileReader class contains
a vector of SGFLineFeature objects which are implementing the interface ICGFFileOb-
ject.

Complex Geometry File (CGF) Organization
CGF file contains line, arc by three coordinates and cubic spline geometry features

and internal organization of the file and its fields for each geometry type is explained
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below. Although attributes within the file are common for every supported geom-
etry, number of occurences are varying according to number of points defining the
geometry. For example; for a line feature coordinate based variables are repeating 2
times, for arc 3 times and for cubic spline 4 times. Common fields presented in the

file organization are;

e Feature ID: Feature id is used to represent the feature uniquely within the

whole network.

e Feature Type: Represents the type of the feature. Three different geometries
are supported by PBM System; line, arc by three coordinates and cubic spline.

Feature type indicators are 'LINE’, "ARC” and "SPLINE’, respectively.

e Point Count: Number of points which construct the geometry. For line features

this value is set to 2, for arc 3 and for spline 4.
e Point ID: Id of the geometries” control point
e Point X: X directional component of geometries” control point
e Point Y: Y directional component of geometries” control point

e Point Mean X: Calculated mean value for the X directional component of ge-

ometries” control point

e Point Mean Y: Calculated mean value for the Y directional component of ge-

ometries” control point

e Point Variance X: Calculated variance value for the X directional component of

geometries’ control point

e Point Variance Y: Calculated variance value for the Y directional component of

geometries’ control point

e Variance-covariance matrix members are given separately for G-band model

supported by PBM System.

All these fields are written to a file considering each geometry separately. Fields

defined above are repeated according to the number of control points. A sample CGF
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file content can be viewed in Appendix A.3. CGF files are having an extension of ’
*CGF".

CGF file reader class CGFFileReader handles reading operation and represents the
file content as a collection of Java objects which implement the interface ICGFFileOb-
ject. This interface is implemented by CGF file objects, CGFLineFeature, CGFArcFea-
ture, and CGFSplineFeature. Hence, each of them present nineteen methods defined
in CGF file organization part. See Appendix B.2.

CGFFileReader class is also constructed by a directory information and selected
tile name. Then CGFFileReader’s readFileContent() method connect to given directory
path, read the selected file. See Appendix B.4 for Java code. Finally, CGFFileReader
class contains a vector of CGFLineFeature, CGFArcFeature, and CGFSplineFeature ob-

jects which are implementing the interface ICGFFileObject.

4.4.2 Band Generation

PBM Band Generation Software is designed as a wizard to guide the user step by step
(See Figure 4.6). Process workflow diagram of network band generation software is

visualized in Figure 4.7.

Network Error Band Construction Wizard 1

Propagated Error Band Model for METUMRoad Network

| Previous || met || skip |I| Finish | [  Cancel

Figure 4.6: PBM Band Generation Wizard
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Figure 4.7: PBM Software System Flowchart
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As seen in workflow diagram of the system (Figure 4.7), band generation process
is handled in two different ways. In the first one, band generation process runs over
sample data created by Sample Collector Applet (Section 4.2). In the second one, it
is done by using selected statistics file. Process flow and wizard pages are broadly

explained in the following sections.

4.4.2.1 Band Generation from Sample Data

Band generation process starts with selecting the input type. If user selects ”Con-
struct network file from samples” option as seen in Figure 4.8, band generation process
is handled using the sample files which exist under the given directory path. User
has to select the directory of sample files and press next button to reach latter wizard
page. At the moment of pressing the next button of the wizard, PBM Band Genera-
tion Software’s responsible class, named PBMStartingPage, passes selected directory
path and selected input operation type to next wizard page, PBMFileSelectionPage.
This transfer is done via public Wizard GraphPage getNext() function of PBMStart-
ingPage. In this function, next wizard page is constructed and necessary parameters

are passed. This new page is visualized when "Next” is pressed.

= -~

Network Error Band Construction Wizard
Select Start Mode

(@ Construct Metwark File Fram Samples

) Use Previously Constructed Metwoark Files

| Select Directory ||Jp1\feri‘u:|rganizedDataIMetth

| Frevious ” Mext | | Cancel |

Figure 4.8: Input Type Selection Wizard Page - Starting with Sample Files

PBMFileSelectionPage connects to the specified directory and gets all files with

extension of "*.txt”. After that, it initializes the GUI(Graphical User Interface) and
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displays name of sample files in a list as seen in Figure 4.9. User has to select some
sample files from the ”Available Sample Files” list for band generation process and
move them to ”“Selected Sample Files” list. Minimum number of selection is set to
5 and if number of selected sample files is less than 5, wizard would not allow to
continue. If user wants to create a statistics file from the sample inputs, he/she has
to change the state of “Create Statistics File” to ON, and then define a file name and
a path. Statistics file is created during band generation process, and saved to the
specified directory with the given name. After all, user can press “"Next” button to

proceed.

<
Network Error Band Construction Wizard E

Select Sample Files

Available Sample Files Selected Sample Files
abdulvahitTarun td | == asliozdarici bt H_
fatihlrirm bt |:] esraPolat bd
sehnembDuzgun.td gulcanSarp.td
serEanErdem.t:t | = Ewanctiﬂagaz&m
serkankemec, ursatkurar.
walinvesiltas bt | == leventlcuzal b

ook tet =

[/] Create Statistics File

File Mame |deneme |
Save to Directory : || Select Directony |] |Jl<‘LDesktnpltestData|
| Previous ” Mext “ Skip || Finish || Cancel ]

Figure 4.9: Sample File Selection Wizard Page

Incoming page is PBMMethodSelectionPage which can be viewed in Figure 4.10.

User can change confidence level and select one of the methods listed in the wizard

page;

G-Band Model,

Line Based Propagated Error Band Model,

Network Based Propagated Error Band Model, and

Both Defined Models.
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After selecting the band type, "Next” button has to be pressed to proceed. This
action activates sample data reading process and calculates the necessary statistics
which are used during band generation. SGF file content explained in Section 4.4.1.2,
contains these statistics which are derived during band generation process. Band
generation model which is implemented in the application, is explained in Chapter

2.

etwor rror Band Construction Wizard 1

Uncertainty Band Method Selaction
Select model(s) to create the uncertainty hand

@ G-Band Model

(0 Line Segment Based Propagated Error Band Model
() MWetwark Eased Propagated Error Band Model

() Both Band Models

Confidence : %

| Frevious ” Mext I | Cancel

Figure 4.10: Uncertainty Band Method Selection Wizard Page

Sample data reading process is handled by PBMSampleFileReader class which is
in package metu.ggit.thesis.pbm.reader.samplefile. This class is constructed by se-
lected directory path info and a collection of selected sample file names. Within the
constructor void readSampleFiles() method is called and at the end of reading, sam-
ple files” content is represented as a collection of PBMSampleLine class instances.
Remaining parts of the procedure use this collection. SGFFileWriter controls the
flow of data export, calculation of band statistics and creation of SGF statistics file.
SGFFileWriter initializes PBMBandStatisticsCalculator class and handle each line

in a routine which calls

e PBMNetworkLine calculateStatistics(GKCoordinateArray arrayStartNode, GK-

CoordinateArray arrayEndNode, int index, PBMSampleLine originalLine,

boolean baseGiven)
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method of PBMBandStatisticsCalculator. See Appendix B.5 for java code of speci-
fied function. This method accepts coordinate array of start and end points, index
of processed line, original line information and a boolean variable representing the
existence of true values (assumed to be true). This variable is important because if
true values are not provided then calculated means from sample files are used in-
stead of true value. Generated PBMNetworkLine class instance is returned back to
the SGFFileWriter. In the same manner, for line based propagated error band model,

PBMBandStatisticsCalculator’s

e void calculatePropagatedStats4Line(PBMNetworkLine nLine, GKCoordinate-
Array arrayAngleLength, GKCoordinateArray arrayNewEnd)

method is called. See Appendix B.5 for java code of specified function. This method
accepts the generated PBMNetworkLine instance, array of calculated angle and length
values for each line, array of generated new end points using the angle and length
values of original data to reveal the error between sample coordinates and original
coordinates.

Similar calculation is handled for network based propagated error band model

and PBMBandStatisticsCalculator’s

e void calculatePropagatedNetworkStats(PBMNetworkLine previousLine, PBM-

NetworkLine currentLine)

method is called for each line during the process. See Appendix B.5 for java code
of specified function. This method gets two PBMNetworkLine objects. Second
parameter of function is the currently processed line segment. First parameter of
the function represents the previous line which is strictly connected to the current
line segment. Current line’s internal error propagation calculation is similar to the
method explained in the previous paragraph. But, this time propagated error which
is present at the end point of the previous line is used. And finally statictics and band

generation is done in function;

e void calculatePropagatedStats4Network(PBMNetworkLine nLine, GKCoor-
dinateArray arrayAngleLength, GKCoordinateArray arrayAngle, GKCoor-
dinateArray arrayLength)
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of PBMBandStatisticsCalculator. See Appendix B.5 for java code of specified func-
tion.

New coming page is PBMParameterSelectionPage and included parameters are
analyzed in three subgroups. These groups can be seen in Figures 4.11, 4.12 and 4.13.
In the first group, parameters which are related with true and sample geometries are
given. In the second group, band geometry related parameters are served. Finally
in the third group, comparison parameters are analyzed. Activation of last group is
controlled by “Both Band Models” representation given in Figure 4.10, otherwise this

tab may not be visualized.

-

Network Error Band Construction Wizard
METHOQD : G-Band and Propagated Errar Band Model
Base Geometry [ Band Geometry | Comparative Ahalysis

Base Geometry Control Parametars

W [Show Sample Geametries

Select Sample Geometry Calar _

¥ Show Base Geometry

Select Base Geometry Calor: -

| Previous | Finish ]| Cancel I

Figure 4.11: PBM Base Geometry Parameters Selection Wizard Page

Visualization of true and measured data for selected network can be controlled
by the help of wizard page in Figure 4.11. If band generation process starts by statis-
tics file, control parameter “Show Sample Geometries” and its color setting option is
removed from the GUI content, otherwise it is completely same as Figure 4.11.

Uncertainty band parameters are controlled by the help of user interface seen in
Figure 4.12. User can either edit display color of band or can turn display option
on for labels used to give extra information about control points of lines and statis-
tics calculated for that points. ”Apply Overlay(UNION)” option applies a union
operation for created band geometries and displays a single polygon for the whole

network.
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. . —
(Network Error Band Construction Wizard
METHOLD : G-Band and Prapagated Error Band Model
Base Geornetry | Band Geometry [ Comparative Analysis

Band Geometry Contral Parameters
¥ |Shaw Statistical Parameters Label|

[¥] Show Coordinate Lahels

(1 Apply Overlay (UNION) Operation for Bands

G-Band : Set Color
Fropadgated Errar Band : -
Fropadgated Errar Band far Metwark _

| Frevious “ [t || Skip || Finish I| Cancel

Figure 4.12: PBM Band Geometry Parameters Selection Wizard Page

As defined in the previous paragraphs, comparison parameters’ control panel
is visible, if user selects the method of applying both band models because these
parameters are used during the comparison of G-band and propagated error band
model. Provided comparison parameter types are; areal comparison, sample geome-
try coverage and intersections. Comparison control parameters can be seen in Figure

4.13.

(Network Error Band Construction Wizard
METHOD : G-Band and Fropagated Error Band Maodel
Base Geometry ] Band Geometry | Comparative Analysis

Comparative Analysis Farameters

[¥] Compare Using Areas

[ |[Compare Using Intersections|

G-Band and Propagated Error Band © | Set Colar

G-Band and Propagated Error Band for Metwaork _
Fropagated Error Band for Line and Metwork Based ; Set Colar

[] Compare Base Geometry Coverage

| Previous “ et || Skip || Finish ]| Cancel ]

Figure 4.13: PBM Comparison Parameters Selection Wizard Page
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Areal comparison parameter diplays all generated band areas in a table consid-
ering each line separately. It also visualizes the total which is generated by each
method. The comments on results take place in Chapter 6.

Sample geometry coverage gives number of lines that lie inside and outside of
the generated uncertainty band. Tables D.4, D.5 and D.6 show the outcomes of the
sofware. These results are also commented in Chapter 6.

Last comparison parameter is visualization of intersections. Applied band mod-
els listed in Figure 4.10 are coupled and for each pair intersection and difference
operations are applied. And finally the results are visualized by GeoKIT. These out-
comes are also commented in Chapter 6.

After all, user can press “Finish” button to finalize the wizard. At that moment
all control parameters are passed to PBMInteractiveLayer class which is responsible
of rendering. Rendering is control by using the predefined color and display param-
eters. Finally results of band generation process are diplayed in GeoKIT Explorer’s
mapview window and created legends and tables are also displayed at the bottom

tab of GeoKIT.

4.4.2.2 Band Generation from Statistics File

Band generation using previously created statistics file is the other way to enter PBM
Band Generation System. File organization (in Section 4.4.1.2) and process flow (Fig-
ure 4.7) are explained in previous sections.

User can start band generation process by selecting option ” Use Previously Con-
structed Network Files " and defining a suitable directory path for existing files with
extension of "*.SGF” or ”*.CGF”. When "Next” button of user interface given in Fig-
ure 4.14 is pressed, files with specified extensions are extracted and passed to the

constructor of the class PBMStatFileSelectionPage by PBMStartingPage.

PBMStatFileSelectionPage initializes the user interface which can be seen in Fig-
ure 4.15. User has to select one of these listed files and press “Next” button to
proceed. At that moment, selected file content is parsed and represented by Java
objects. If file with an extension of "*.SGF” is selected, reading operation is han-
dled by SGFFileReader(see Appendix B.3), otherwise it is handled by class CGF-

FileReader(see Appendix B.4). Source code of the project can be found in pack-
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Metwork Error Band Construction Wizard

Select Start mMode

() Construct Metwark File Fram Samples

(@ Use Previously Constructed Metwark Files

|| Select Directory "|nGucuMDesktuplveriltestData

l Previous ]l

net ||

Skip

Finish

| |

Cancel

Figure 4.14: Input Type Selection Wizard Page - Starting with Statistics File

ages “metu.ggit.thesis.pbm.reader.sgf” and “metu.ggit.thesis.pbm.reader.cgf”. Af-

ter parsing the selected file, vector is constructed from SGFLineFeature, CGFLine-

Feature, CGFArcFeature and CGFSplineFeature instances by the specified file parser.

These classes implements the interface ICGFFileObject. Hence, each of them presents

nineteen methods defined in SGF file organization part of this thesis.

—

Network Error Band Construction Wizard

.,

Select Map

Available Files

deneme.sgf
netwarkband.sgf
ref.sgf

sd.sgf

estogf

Selected mMetwork File |test.cgf

|

Frevious ” Mext ]| Skip

Finish

K

Cancel ]

Figure 4.15: Statistics File Selection Wizard Page

Following wizard page changes according to the performed selection type. If
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CGeF statistics file is selected, state of the process is directed to parameter selection
wizard page seen in Figure 4.11 because for CGF objects, only the proposed G-band
model introduced by Kurtar (2006) is used. If SGF file is selected, next state of the
wizard is method selection page as seen in Figure 4.10. Following states are same as

the ones explained in band construction using sample files (Section 4.4.2.1).

4.5 Technical Specifications

The PBM System module and its application are created by Java using commercial
GIS API, GeoKIT 2.6. Developed applications can easily be plugged-in to GeoKIT Ex-
plorer. Platform independency provided by Java is admitting the run of the software
at any platform.

The performance of the system is mostly affected from the complexity of the se-
lected line network and used geometries. For this reason for same line network,
computation time needed for geometries introduced in CGF content requires higher

rates than line geometry introduced in SGF content.

70



CHAPTER 5

INTERACTIVE NETWORK DESIGN SOFTWARE

Interactive Drawer (ID) plug-in application is used by PBM System as a source which
generates simulated data. This application lets the user to define a network which
is composed of either linear or curvilinear geometric features including line, arc by
three points and cubic spline. Figure 4.2 visualizes the interaction of the applica-
tion both with the user and the PBM system architecture. Any supported geometric
feature can be defined by user for a given standard deviation. Specified data is sim-
ulated using Monte Carlo method and then generated network statistics are written
to a file which is later used by PBM Drawer during band generation. ID application
is also coded as a plug-in to GeoKIT Explorer. Explanation of system work flow, gen-
erated user interfaces and process organization of ID plug-in are the subjects men-

tioned in this chapter.

5.1 Interactive Drawer Plugin Application

Interactive drawer work flow diagram can be seen in Figure 5.1. As seen from the

figure, four main actions are controlling the process flow. These are;
e Activate Handler Action
e Clear All Action
e Approve Geometries Action

e Save Work Action
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Save Work Action

. listen mouse and
| Activate keyboard events

I —_——¥P | IDGeometryHandler
- .

Gl InteractiveLayer

define geometry f

Approve Action o
Temporary
¢ A Storage
Simulate
> Stored > Maonte Carlo
. Geometries Simulator
Get simulated
sample

) . Mo AT
Is there any » SGF statistics SGF Data File
arc or spline manipulator and ———»=
File writer write SGF file

Yes

CGF statistics efp—— CGF Data File
manipulator and —————J " B

File writer write SGF file

Figure 5.1: Interactive Drawer Work Flow Diagram
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Activate Handler action activates the specified geometry handler which is explained
in Section 5.1.3. This handler is activated by making a selection for the needed ge-
ometry. Handler activation process and its interaction with the user interface are
explained in Section 5.1.1. After the activation of geometry handler, user can define
geometries using mouse actions i.e. Specify points over the map view of GeoKIT
Explorer.

Clear All action cleans all geometries, which exist in the temporary geometry stor-
age component of the previously defined handler action. An important point to be
considered here is that Clear All action deletes only not approved geometries, which
are on the fly .

Approve action accepts geometries which are defined up to that time, into a stable
storage area. From now on these approved geometries can not be removed from the
system unless the whole application is closed. Approve action involves simulation
process inside and this mechanism is broadly expressed under Section 5.1.4.

Finally the Save Work action calculates the necessary statistics for approved ge-
ometries and writes either a SGF or a CGF file by considering the defined geometry
types. Internal structure and organization of statistics files are explained in Chap-
ter 4 under the titles of * Simple Geometry File (SGF) Organization " and * Complex
Geometry File (CGF) Organization ’ in Section 4.4.1.2.

Following sections focus on the specified actions considering the GUI connections

and applied methods.

5.1.1 ID Graphical User Interface (GUI)

General overview of the developed user interface for ID application can be seen in

Figure 5.2. ID application GUI is composed of three main panels which are;
1. Action Controller Buttons Panel, located at the top,
2. Geometry Control Panel, located on the left,

3. Statistical Calculations Control Panel, located on the right.
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Interactive Drawer

Interactive Drawer Control Parameters

|[sPPrROVE || ([cLEAR ALL || llcREATE FILE

Select Geometry Type:  [Select Geometry Type Iz‘

LINE | ARC | SPLINE |
Geometry Type LIME

Geometry ID .0 o o
Geometr.| Point_ID | Point X | Point ¥ |Ref Nod.] | Standard Deviation X Standard Deviation ¥
|~

Foint Statistics

Geometry Control Parameters T orr | -
Statistics | Defined Geometries |

confidence Level : %
Simulate for times

Figure 5.2: Interactive Drawer General Overview

Geometry Control Panel visualizes the defined geometries separately for each sup-
ported feature type. User defined geometries are listed under the related feature type
list. Created lists for line, arc and spline geometries can be viewed in Figures 5.3, 5.4
and 5.5, respectively. Defined geometries are represented based on points construct-
ing the geometry. For this reason, in line list seen in Figure 5.3, a line segment covers
two rows of the list. Geometry id given in the first column of the list helps to decom-
pose the content of the list. Same condition is available for arc and spline geometries.
This time for three rows within the list define a single arc, similarly four rows define
a single spline feature.

Statistical Calculations Control Panel visualizes the initially set statistical variables
and control parameters for Monte Carlo simulation method. User can edit any of
these parameters. Defined Geometries tab of the panel is used to display APPROVED
geometries included with the results of Monte Carlo Simulation method. Details are

given in Section 5.1.4.
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Geometry Control Parameters
Select Geometry Type: ||LINE ||E]|
LINE | ARC | SPLINE |
Geometry Type LIME
Geometry D 14
Geometr..| Point_ID | Point X | Point ¥ |Ref Nod..)
1 0 -611.33.. |137.651 .. -
1 1 -204.45.. |319.838..
4 g 133.603... 206477 ...
4 10 279.352.117.408...
5 11 279.352.117.408...
5 12 617.408... 506072
f 13 G17.408... |50.6072..
6 14 T71.266. 161821 ..
7 15 T71.255...1561.821...
7 16 995 951 .. |271.266.
8 17 985 951 ... |271.264..
8 18 103441374493
EI a7 4273 £N2 aANE ATT IBE

Figure 5.3: Interactive Drawer Line Geometry Definition Panel

Geometry Control Parameters
Select Geometry Type: ||AFEC ||E]|
LINE | ARC | SPLIME
Geometry Type ARC
Geometry 1D 148
Geometry 10| Point ID | Point 3 | Paoint ¥ |
2 3 -204 45344 315983804 El
2 4 -B9.068825. 398 78542
2 L 13260323, 20647773,
] 20 T71.25506... |1581.82186...
9 21 H06.882559. . 10526315,
] 22 1133.6032... |BR.825910...
14 33 13360323, 20647773,
14 KL 107.28744 . 1127 53036...
14 35 -133.60323. 161 94331 .
(] EB

Figure 5.4: Interactive Drawer Arc By Three Coordinates Geometry Definition Panel
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Geometry Control Parameters

Select Geometry Type: |SPLINE |E||

LNE | ARC | SPLINE |

Geometry Type SFPLIME
Geametry 1D 3
Geometry D] Point 1D | Point ¥ | Point v |

3 6 13360323, |206.47773..
3 7 311.74089.. |301.615843...
3 8 542851012 17611336
3 g 688.25910... |327.93522

Figure 5.5: Interactive Drawer Cubic Spline Geometry Definition Panel

5.1.2 Supported Geometries
ID application supports three geometries;

¢ Line Segment
e Arc By Three Coordinates

e Cubic Spline

A line is a straight one-dimensional extending infinitely in both directions (Figure
5.6(a)). A line is uniquely determined by two points, and the line passing through
points A and B is denoted AB. Similarly, the finite line segment terminating at these
points is denoted AB (Figure 5.6(b)). Line segment is defined as a closed interval
corresponding to a finite portion of an infinite line (WolframMathWorld_Line, 2007).

Arc is any smooth curve joining two points. Arc is any portion of the circumfer-
ence of a circle (Figure 5.7).

Arc is a functional curve and arc by three coordinates is a type of arc which is
contructed from three coordinates, seen in Figure 5.8. Types of arc and functions

which create an arc can be found in Kurtar (2006).
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AB

® ®
A A B
(a) Line (Adapted from WolframMath- (b) Line Segment (Adapted from Wol-
World_Line (2007)) framMathWorld _Line (2007))

Figure 5.6: Difference between (a) Line, and (b) Line Segment

Figure 5.7: Arc as a portion of circle circumference

®i2), yi2)

=(0), y(0)

Figure 5.8: Arc by three coordinates (Adapted from Kurtar (2006))
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Cubic splines are a sequence of segments each with its own defining function. A
cubic spline uses four control points and these four control points are used to solve a
3rd degree polynomial interpolation (Figure 5.9). 3rd degree polynomial interpolation

formula can be found in Kurtar (2006).

P(2) P(3)

Figure 5.9: Cubic spline (Adapted from Kurtar (2006))

5.1.3 ID Geometry Handler

Drawing utility of the application uses interactive layer properties and functionality
of GeoKIT API. GKlInteractiveLayer is a base class for layers that needs user interac-
tion and it inherits necessary methods from interfaces to control keyboard and mouse
events in addition to view specific methods from implemented handlers.

IDGeometryHandler class of the ID software extends GKInteractiveLayer to cap-
ture the events of the user who uses the software.

public class IDGeometryHandler extends GKlnteractiveLayer implements GKI-
MakeUpLayer, GKIViewHandler

IDGeometryHandler is constructed when the GUI is initialized but for IDGeometry-
Handler to capture mouse events, user has to select the interested geometry type from

the combo box seen in Figure 5.10.
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Geometry Control Farameters

Select Geometry Type: |Select Geometry Type E

LINE [ ARC ] SPLINE fliljeEctGenmethype

Geometry TARC

Geometr..| Point 1D | Poinf ¥ | Point ¥ |Ref Mod.| |

Figure 5.10: Supported geometry type selection combo box

After selecting the feature type, user has to define control points for the selected
geometry over the mapview screen of GeoKIT Explorer. Figure 5.11 shows the visu-

alization of three supported geometries in GeoKIT Explorer’s map view window.

¥ Geokit Explorer - Untitied * - [C:\Documents and Settngs\0YA YARKINOGLU GUCUKIDesktop\geokitiexplorer]

File  Workbench Layer Yiew Analysiz  Tools Window Help

OBt DEE B2l ¢$fiEQQaaqa qa amd StartInteractive Drawer Start FBM Demo

>
[Factive Layers a5 [ workspacs 1 X N
5] B]%]

e Layers
& & Lacal Resources

Inferactive Drawer X

Interactive Drawer Control Parameters

|laPPROVE || [[cLEARALL || ([CREATE FILE]|

Geometry Control Parameters

Select Gaometry Type: [SPLINE -]

LINE | ARC | SPLINE
Geometry Type  SPLINE

Fl
} 1608067 || 300.5181 | Map Scale: 14,896 || User

| statistics | Defined Geometries

Point Statisties H‘

Figure 5.11: Defining line, arc and spline geometries on GeoKIT MapView Screen

IDGeometryHandler matches pre-located points of the defined geometries. This
utility is important to provide the continuity of the network. In Figure 5.12 it can be

seen that matched coordinate is displayed as a large green point. Handler displays
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this green point when the mouse comes two pixels near to a predefined geometry
control points. This process mainly listens all mouse events during the drawing pro-

cess and runs over the vector of predefined geometries to find a matching one.

Figure 5.12: Matching point in geometry connections to ensure continuity

User can control geometry drawing process by the help of a pop-up menu which
appears over the map view frame when mouse is right clicked. Figure 5.13 repre-
sents the popup items. User can clear last geometry or all defined geometries. Finish

Geometry item finalizes the construction of geometry.

Finish Geometry

Remove Last Geometry
Clear All

Figure 5.13: Controlling drawing process via popup menu

Finally, when the user finishes defining his network, Approve button has to be
pressed to change the state and also the storage place of the features. Related code

block for Approve action can be found in Appendix C.1. During Approve action pro-
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cess, Monte Carlo simulation method is used to generate simulated sample data for
the user defined network structure. Following section focuses on this method and its

application through the software.

5.1.4 Monte Carlo Simulator

As mentioned in Chapter 1, Choi (2005) classifies probabilistic methods as statistical
and non-statistical methods. Monte Carlo method is a classical method which is
widely used in GIS during the analysis of uncertainty. Choi (2005) named Monte
Carlo Methods as “statistical simulation methods”. Monte Carlo method procedure

involves:

1. Generating a set of values by random sampling the known or assumed proba-

bility density function for each input variable,

2. Executing an experiment and collecting the data for each of the generated sam-

ples, and

3. Employing statistics for the output data set to define its probability density

function.

In thesis application, Monte Carlo is used to generate a sample space for given prob-
ability distributions. Code block which handles the procedure can be viewed in Ap-
pendix C.4. PBMMonteCarloSimulator is constructed during Approve action (Ap-
pendix C.1) by parameters; standard deviation for both directional pairs of coordi-

nate and simulation count.

simulator = new PBMMonteCarloSimulator(stdevX, stdevY, simulationCount);

Simulation results are then filled into a list separately for geometries. Figures
5.14, 5.15 and 5.16 represent the content of the Defined Geometries panel for line, arc
and spline geometries respectively.

Up to now, network geometries are constructed and appropriate sample space is
created via Monte Carlo simulation method. Now all this work has to be organized
and to be written to a file for PBM system to recognize both geometries constructing

the network structure and derived statistics needed for band generation. This con-
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Figure 5.14: Simulation results for line geometry
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Figure 5.15: Simulation results for arc geometry
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Figure 5.16: Simulation results for spline geometry
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nection is built by the help of statistics file either SGF or CGFE. Next section expresses

the statistics file generation procedure.

5.1.5 Statistics File Writer

Generation of SGF or CGF file is accomplished under the action Save Work. System
decides on the extension of file by considering the types of defined geometries. If
network structure contains arc and spline rather than line geometry, file with an ex-
tension of "*.CGF” is created and derived statistics are written into it. Otherwise,
SGEF file is constructed.

Responsible class for statistics file generation process is IDStatisticsFileGenera-
tor. This class is informed about the content of the defined geometries by a boolean

parameter passed through constructor.

public IDStatisticsFileGenerator(boolean cgfFileContent)
this.cgfFileContent = cgfFileContent;

After deciding the extension of the file, system displays a dialog for user to enter file
name and file save path. When user enters and presses the “Ok” button of the dia-
log which can be viewed in Figure 5.17, IDStatisticsFileGenerator calls either method
calculate SGF Statistics_write2File(. . .) or method calculateCGF Statistics write2—

File(...) according to the decided file extension.
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Figure 5.17: Save accomplished work into statistics file

Finally this is the end of interactive drawer’s network constructor application.

Constructed file(s) can be used to generate band geometries through PBM system.

5.2 Interactive Drawer API Explanation

GeoKIT Core and GeoKIT Explorer modules are used in the implementation of the
application and supplies necessary GIS components and GIS functionality to the ap-
plication. GeoKIT Explorer’s Plugable API architecture which serves a high level
plug-in AP], facilitates the integration of the developed application piece to GeoKIT.
Additionally, the practical and friendly user interface of GeoKIT Explorer Desktop
Application smarten up the representation of the results.

PBM is another API used during the implementation of the ID application. This
API serves uncertainty band generation functionality for line, arc by three coordi-
nates, and cubic spline using U-Bag API to describe a G-Band model explained in
Chapter 2. These APIs are developed by using Java and GeoKIT Explorer.

Architectural relation between used and implemented modules can be seen on
Figure 5.18. As seen, JVM (Java Virtual Machine) is the base and respectively GeoKIT
API, U-Bag API, PBM API and finally the PBM application run over this substructure.
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ID Application
ID API
PBM API

U-BAG API

GeoKIT
JVM

Figure 5.18: System Architecture of Interactive Drawer

5.3 Technical Specifications

The ID System module and its application are created by Java using commercial GIS
API, GeoKIT 2.6. Developed applications can easily be plugged-in to GeoKIT Ex-
plorer. Platform independency provided by Java is admitting the run of the software
at any platform.

The performance of the system is mostly affected from the complexity of the
defined network structure, used geometries and selected simulation count values.
Computation time needed for generation of the sample space and calculation of the

statistics are dependent to this reason.

85



CHAPTER 6

COMPARISON OF G-BAND AND PROPAGATED ERROR
BAND

To explain the pros and cons of the studied propagated uncertainty band models for
a linear network and to compare the model to the previously defined G-Band model,
this chapter is divided into two parts. In the first part, error measures derived for the
sample network data are explained. In the second part, the analysis and the results
are compared for implemented uncertainty band models; G-Band Model, Line Based
Propagated Error Band Model(LPBM) and Network Based Propagated Error Band
Model(NPBM). All these comparative analysis are based on the sample data gained
from the users whom digitized the selected line network expressed in Section 3.1.1.
Implemented comparative analysis can be grouped into three titles; comparison of
band geometry area, comparison of intersection of band geometries and comparison

of sample geometry coverage.

6.1 Error Measures of Samples

For the whole network, to compare the variation of sample coordinate population
including x and y, coefficient of variations are calculated. For each node, coefficient
of variation on x and y are separately calculated and shown in a diagram to visualize
the variation on the nodes of the network. The node id versus coefficient of variation
on x and y can be seen in Figure 6.1.

It can be easily recognized that variation peaks especially on coordinates with
short line length. Network with numbered node ids in Figure 6.2 should be viewed

to understand graphical explanations below.

86



Coefficient of Variation

Node Ids versus Coefficient of Variation on Xand Y
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Figure 6.1: Node Id versus Coefficient of Variation on X and Y
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Figure 6.2: Selected Linear Network with Node Ids
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In Figure 6.1 coefficient of variation on the coordinates shows an increasing man-
ner starting from node id 10 and makes a peak near node id 20. This increasing
manner loses its effect after node id 25 and decreases up to node id 30. If Figure 6.2 is
examined to explore the properties of the lines within the given range, it can be no-
ticed that topology of the network is twisted. So the lines that constitute this twisted
or curved nature of the topology have short line lengths. These short lines which
are constructed by near coordinate pairs, need extra attention during the digitizing
process, and consequently they bring about the digitizing error.

Although coefficient of variation around node id 41 seems to make a peak, this is
deceptive. As the digitizing software that is used during sample collection process
matches the nearest previously entered coordinate value to ensure the continuity of
the network; this deceptive peaks occur. These elusive peaks can be distinguished
by looking at the conjunctions of the network for shared nodes. For example, the co-
ordinate having node id 41 is also shared by node id 21. Hence increasing coefficient
of variation on node 41 is prospective. Another increase at the end of the network
in spite of long line length can be explained as the exhaustion and inattentiveness of

the people.
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Another plug-in application named Sample Comparator is used to verify the re-
sults of the graph in Figure 6.1. Variation of each coordinate can be checked over

using Sample Comparator Plug-in as seen in Figure 6.3.

Geokit Explorer - Untitled * - [C-\Documents and Settings\OYA YARKINOGLU GUCUK\Desktop\geokitiexplorer]

Dosya GaligmaQrami Katman Gorlintd Analizler Apaclar Pgncere  Yardim
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4 tatilrim.bt
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- . verel Kaynaklar

S
i

JINER

[ irrroee|[v. 37,7024 [Harita Clgedi 1:152|[User: i
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Figure 6.3: Sample Comparator Software Snapshot

6.1.1 G-Band Implementation

G-Band model is introduced by Shi and Liu (2000). The model describes the posi-
tional error of line segments in geographical information systems (GIS), like some
other models described in Chapter 2. The model is based on a stochastic process the-
ory and models the error of line segment for both independent and correlated cases
of the two end points. If stochastic process is directionally independent, G-Band
model degenerates to error-band models. If line is homogeneous and directionally
independent, G-Band degenerates to a parallel band along line (Shi and Liu, 2000).
If the end points are correlated and dependent on each other, G-Band models a
band with larger band width at the end points and it becomes smaller through the
inner parts of the line segment. Band width toward the end points are considered
separately according to the distribution of the end points. Distribution at the end

points can be either equal or unequal to each other. This will effect the shape of the
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generated G-Band. G-Band views the error of each point along the line segment and
models the quantity and direction of the error at each point to indicate an error ellipse
of the point. Finally composition of these error ellipses construct the G-Band. Sample
band geometry constructed for a line segment can be seen in Figure 6.4 to distinguish
the geometric differences between G-Band and other models which are explained in

the following sections.

Figure 6.4: G-Band geometry constructed for a line segment

Developed software serves the implementation of G-Band model for the given

sample dataset and visualizes the results by the help of GeoKIT Explorer.

6.1.2 Line Based Propagated Error Band (LPBM) Implementation

Detailed formulation and explanation of the model is given on Chapter 2. This model
is mainly based on basic measurement error model with the law of error propagation.
Over the knowledge of measurement error and error propagation, model formulate
a simple, unified and effective treatment of error bands for a line segment, under the
name of covariance-based error model which is similar to G-Band model (Leung et al.,
2004).

Additional to G-Band model this model tries to model the error propagation
through the nodes of the line segment. Propagation of the error from start node
to the end node can be derived using a function which represents the positional rela-

tion between these nodes. In this thesis, propagation of error from start node to end
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node of the network is modelled by a distance and a direction formula explained in
Section 2.4.2, which helps to functionate the positional relation between end points
of the line segment. Error which propagates through line segment, increases the end
point’s uncertainty. For this reason, differing from G-Band, in this model generated
band expands at the end point of the line segment. A stand alone band generated
for a line segment can be seen in Figure 6.5 to realize the band geometry changes

between G-Band and LPBM.

Figure 6.5: LPBM band geometry constructed for a line segment

In this alternative, each line segment that forms the network is handled separately
and constructed band for each line segment is visualized by the help of GeoKIT Ex-

plorer. .

6.1.3 Network Based Propagated Error Band (NPBM) Implementation

In this alternative, although the line based calculation is the same as in Section 6.1.2,
this time error propagation is brought to the ongoing line of the network. To realize
this propagation for each line, end coordinates are recalculated by using the true
length (1) and angle(#) values which are derived from the true location of the line.
Following this, using the formulas expressed in objective part of the thesis are
used to calculate new end coordinates sample set. The uncertainty of the start node
for the following line is expressed using the sample set of recalculated end coordi-

nates and process repeats until the end of the network is reached. Proposed method
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considers the error which propagates from the start node of the previous line by ap-
plying this operation continuously for each line of the network. Finally this new
method models the propagation of uncertainty for the whole network feature.
Figure 6.6 represents the band generated by NPBM. As NPBM model is not a
segment based approach, Figure 6.6 is a visualization for an extracted segment from

the network feature.

Figure 6.6: NPBM band geometry sample

NPBM band generally constructs bands with wider width than G-band for both
start and end nodes of the line. But for some parts of the network at which the user
selects closer points to the true value, band width of the NPBM band is narrower than
G-Band. Both of these conditions can be viewed in Figures 6.7(a) and 6.7(b). Finally
constructed bands for the network are visualized by the help of GeoKIT Explorer.
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G-Band
Propagated Error Band for Network

(a) G-Band over NPBM

G-Band
Propagated Error Band for Netwark

(b) G-Band under NPBM

Figure 6.7: Difference between G-Band and NPBM in case of G-band is over NPBM(a)
and G-Band is under NPBM (b)
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6.1.4 Comparison of Implementations

In order to see the similarities and differences between stated models, developed
software offers some alternatives for comperative analysis . User can select the alter-
native for the needed analysis from the wizard page as seen in Figure 6.8. Results are

then displayed in GeoKIT Explorer.

Network Error Band Construction Wizard
METHOD : G-Band and Propagated Error Band Model

Base Geaometry Band Geometry Comparative Anakrsis

Comparative Analysis Parameters

[¥] Compare Using Areas

W] Compare Using Intersections

G-Band and Propagated Error Band : Set Colar |

G-Band and Propagated Error Band for Metwarl; ; _
Propagated Error Band for Line and Metwork Based : | Set Color

[licompare Base Geometry Coverage|

Frevious “ [+ et || Skip || Finish ‘| Cancel ‘

Figure 6.8: Comperative Analysis Parameter Selection Wizard Page of PBM Plug-in

6.1.41 Comparison of Band Geometry Area

Area values which are calculated for line segments separately for each implemented
band model can be seen in Tables D.1 and D.2. Also totals are illustrated in Table D.3.
Here the total difference between G-Band and NPBM can easily be distinguished but
if the band areas are examined line by line, it can be realized that generated band
areas of NPBM for some line segments are less than the band area of G-band. Main
reason for this is the implementation of the algorithm (explained in Section 2.4.2)
which is used to model the error propagation. While sample data is collected from
the user, neither angle nor distance parameters which are used in error propagation

algorithm in Section 2.4.2, is assumed to be fixed. For this reason, user can con-
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sciously or unconsciously correct the error at any node of the network. To examine
how error propagates through the network, user should not be allowed to correct the
error during the digitizing process. For this reason, either angle or distance parame-
ter has to be fixed to force the user to transmit the error of start node to ongoing nodes
of the network during digitizing. But under normal conditions, in digitizing process
this kind of limitations are not present and do not reflect the realism of digitizing.
During digitizing process, user is not limited and allused to correct the starting error
on the continuing nodes of the network. Although the uncertainty which propagates
from start node and the generated band is expected to expand at the ongoing nodes
of the network during uncertainty propagation modelling, dependent to user correc-
tions explained above, for some nodes of the network generated NPBM bands are
narrower than G-Band. This narrowing parts of the propagated error band can be
noticed from sample data by using Sample Comparator Plug-in (see Section 4.3) to
examine the convergence to true values.

Working principles of the algorithm that models the error propagation can be
viewed in line based implementation of the propagated error band. For each line,
error at the start node of the line segment is carried to the end. This propagation
increases the error of the end point and cause the generated band to expand at the
end of the line segment. This expansion can be noticed from the calculated area
values illustrated in Tables D.1 and D.2. Also graphical difference between G-Band

and line based Propagated Error can be seen in Figure 6.9.
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| | G-Band

- Fropagated Error Band

Figure 6.9: Difference between G-Band and Line Based Propagated Error Band

To conclude, the overall band area generated by NPBM approach is larger than
both G-Band and LPBM models and if the sample coverage and band areas are com-
pared in line based approach, it can be realized that NPBM generates better results
than G-band approach for most of the lines of the network. For the condition ex-
plained in the paragraphs of this section above, if the user is forced to propagate the
error through the nodes of the network, outcomes may seriously differ. This subject

can be examined as future works.

6.1.4.2 Comparison of Intersection of Band Geometries

To reveal the difference between G-Band, Line Based and Network Based implemen-
tation of Propagated Error Band, generated band geometries are overlaid and in-
tersection and difference operations are applied. Results are colored and displayed
by GeoKIT Explorer. G-Band and Line Based Propagated Error Band, G-Band and
Network Based Propagated Error Band, and finally Line Based and Network Based
Propagated Error Band are overlaid respectively. Outcomes are not different from

the results in Section 6.1.4.1.
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¢ G-Band and Line Based Propagated Error Band

- In Figure 6.10 G-Band geometry is represented by color yellow and color
blue is used to represent LPBM. These two band geometries are overlaid
and intersecting areas are colored with white. Yellow colored areas rep-
resent the G-Band residuals of difference operation, which is handled be-
tween G-Band and LPBM. Similiar to this, LPBM residuals are represented
by color blue.

In Figure 6.10, after the difference operation which is handled between
LPBM and G-Band, it is found that LPBM residual area is larger at the
end point of the line segment. This is expected because LPBM band has
a larger band width at the end point of the line segment. Reason for this

expansion is explained in Section 6.1.2.

| | 6-Band
Fropagated Error Band
| Intersection(G-Band & Propagated Error Band)

Figure 6.10: Intersection of G-Band and Line Based Propagated Error Band Geome-
tries
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e G-Band and Network Based Propagated Error Band (NPBM)

— In Figure 6.11 G-Band geometry is represented by color yellow and color
green is used to represent Network Based Propagated Error Band. These
two band geometries are overlaid and intersecting areas are colored with
gray. Yellow colored areas represent the G-Band residuals of difference

operation which is handled between G-Band and NPBM. Similiar to this

NPBM residuals are represented by color green.

G-Band

Propagated Errar Band for Network

Intersection(G-Band & Propagated Error Band for Metwork)

Figure 6.11: Intersection of G-Band and Network Based Propagated Error Band Ge-
ometries

In Figure 6.11, after the difference operation which is handled between
NPBM and G-Band, it is found that NPBM residual areas are larger for
both the start and end nodes of the line segment of the network. Also
for some line segments there exists G-Band residuals after the difference
operation of G-Band and NPBM. These residuals are sometimes so small
to be noticed but sometimes clearly detected. Generated band geometries
fully intersect for most of the network. Although the applied algorithm is
different for both G-Band and NPBM, similarities are expected for some

parts of the network. Introduced corrections of the user during digitizing
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affect the generated band area of NPBM, so for some line segments of the

network, G-Band area is larger than NPBM band area.

e Line Based Propagated Error Band(LPBM) and Network Based Propagated
Error Band(NPBM)

- In Figure 6.12 LPBM geometry is represented by color blue and color green
is used to represent (NPBM). These two band geometries are overlaid and
intersecting areas are colored with white. Blue colored areas represent the
LPBM residuals of difference operation which is handled between LPBM
and NPBM. Similiar to this NPBM residuals are represented by color green.

- Propagated Error Band
[:] Propagated Error Band for Metwaork

| | Intersection(Propagated Errar Band
& Propagated Error Band for Metwork)

Figure 6.12: Intersection of Line and Network Based Propagated Error Band Geome-
tries

LPBM and NPBM are different implementations of Measurement Error
Model which is explained in Chapter 2. Here LPBM applies the error
propagation algorithm explained in Section 2.4.2, for line segment based
approach. For each line of the network this algorithm is run seperately
and results are visualized. NPBM applies the algorithm in a generic way.

It transfers the propagated error from line to line and try to model the error
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propagation for the whole network. Differences between these two imple-
mentations are illustrated in Figure 6.12. For most of the network LPBM
resudials (blue colored areas) are more visible on the segment ends but for
line segments of shorter length and line segments which are elements of
3 or more line connections, NPBM residuals are more visible. Digitizing
error on these line segments are greater (explained in Section 6.1.4.1) and

adding propagated error makes the NPBM band to expand.

6.1.4.3 Comparison of Base and Digitized Geometry Coverage

Sample geometry coverage of each band model is illustrated separately for line seg-
ments in Tables D.4 and D.5. Also totals are illustrated in Table D.6. In Figure 6.13

numerical values given in Tables D.4 and D.5 are visualized.

Sample Geometry Coverage Layer Legend
| Color  |G-Band covers greater than others
Propagated Error Band covers greater than others
Propagated Error Band for Network covers greater than others
| Colar |.AH bands cover equal amount of sample geometry

-G-Band & Propagated Error Band cover equal amount of sample geometry

G-Band & Propagated Error Band for Netwark cover equal amount of sample geometry

_Prupagated Error Band & Propagated Error Band for Metwork cover equal amount of sample geometry

Figure 6.13: Visualization of Sample Geometry Coverage
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Legend of Figure 6.13;

e G-Band covers greater than others : YELLOW

Line Based Propagated Error Band(PBM) covers greater than others : BLUE

Network Based PBM covers greater than others : GREEN

All bands cover equal amount of sample geometry : WHITE

G-Band and LPBM cover equal amount of sample geometry : RED

G-Band and NPBM cover equal amount of sample geometry : CYAN

LPBM and NPBM cover equal amount of sample geometry : GRAY

Finally, it is clear that NPBM approach covers most of the sample geometries. If
the sample coverage and band areas are compared line by line, it can be noticed that
NPBM generates better results than G-band approach for most of the segments of the

network, as it has more coverage with smaller band area.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORKS

The basic aim of this thesis is to model uncertainty and its propagation in a network
feature which is made up of line segments. G-Band model of Shi and Liu (2000)
and Propagated Error Band Model of Leung et al. (2004) are applied band models
which are used to analyze the uncertainty of the data. Model of Leung et al. (2004) is
implemented in two different ways; line based implementation and network based
implementation. For network based implementation, a new method is proposed for
the implementation of the algorithm defined by Leung et al. (2004). In this method,
rather than applying the algorithm in segment by segment, uncertainty which prop-
agates from the previous line connected to the line of interest is considered. After
applying these three different approaches to the selected network defined in Section
3.1.1, results are compared.

The comparisons are made by using band area, band geometry intersections and
sample data coverage parameters for each band model applied to the network. Re-

sults are as follows;

e Comparison of G-Band and Line-Based Propagated Error Band (LPBM) ap-
proaches
As mentioned before, error which propagates through line segment, cause an
increase in end point’s uncertainty. For this reason, different from G-Band, in
LPBM, generated band expands at the end point of the line segment. This in-
crease in the band geometry at the end point of the line affects both the band
area and sample geometry coverage parameters. LPBM generates an area of
6137.05 unit squares for the whole network, however G-Band model has to-
tal band area of 5745.33 unit squares. LPBM generates nearly 6.4% greater

band area than G-Band. For this reason, sample geometry covered by LPBM
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is greater than G-Band. LPBM covers 543 of 780 sample lines, which is indicat-
ing a coverage of 69.9%. G-Band covers 535 of 780 sample lines which means

68.6% coverage for the sample data.

Finally, it is clear that for line segment based modeling of uncertainty, LPBM

generates better results than G-Band model.

Comparison of G-Band and Network-Based Propagated Error Band (NPBM)
approaches

As mentioned in the objective part of the thesis in Chapter 1, uncertainty prop-
agation modeled with NPBM method may have varying shapes which are un-
predictable. NPBM band generally constructs bands with wider width than
G-band for both start and end nodes of the line. But for some parts of the net-
work at which the user selects closer points to the assumed true value, band
width of the NPBM band is narrower than G-Band. NPBM generates an area of
6692.14 unit squares for the whole network, however G-Band model has total
band area of 5745.33 unit squares. NPBM generates nearly 14.1% greater band
area than G-Band for the whole network. For this reason sample geometry cov-
ered by NPBM is greater than G-Band. NPBM covers 556 of 780 sample lines,
which is indicating a coverage of 71.3%. G-Band covers 535 of 780 sample lines

which means 68.6% coverage for the sample data.

NPBM method’s uncertainty modeling for some line segments of the network is
better than G-Band approach because for some lines, although generated band
area is less than G-Band, number of sample geometry coverage by NPBM is
greater than G-Band model. Band areas generated for mentioned line segments
with line IDs 3, 43 and sample geometry coverage can be viewed in Tables D.1,
D.2, D.4 and D.5. For most of the line segments of the network, both generated
band area and covered sample geometry is larger for NPBM than G-Band.

Comparison of Line-Based and Network-Based Propagated Error Band
approaches

These two approaches are different implementations of the algorithm proposed
by Leung et al. (2004). LPBM is a segment based approach which derives un-
certainty propagation for each line segment of the network separately. How-

ever NPBM considers the uncertainty which is originated from the previous
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line connected to the line of interest. When LPBM and NPBM is compared
according to constructed band shapes, it can be seen that generated bands of
LPBM has larger band width at the end node of the line segment. Although
generated band geometry of NPBM has varying shapes for most of the line
segments, generated band near to start point of the line have larger band width
than LPBM. This increase in the band geometry affects both the band area and
sample geometry coverage. LPBM generates an area of 6137.05 unit squares for
the whole network, however NPBM model has total band area of 6692.14 unit
squares. NPBM generates nearly 8.3% greater band area than LPBM. For this
reason sample geometry covered by NPBM is greater than LPBM. LPBM covers
543 of 780 sample lines, which is indicating a coverage of 69.9%. NPBM covers

556 of 780 sample lines which means 71.3% coverage for the sample data.

LPBM and NPBM can both be used to model uncertainty propagation in a net-
work feature. When line segment based approach is needed, LPBM can be preferred.
When segment based uncertainty modeling techniques are compared. LPBM offers
better results than G-Band. In case of uncertainty propagation modeling for the
whole network feature, NPBM offers the best results for modeling the uncertainty
which is related to human digitizing error.

Proposed method which models the uncertainty propagation in a network of line
segments is important since modeling of uncertainty propagation in a network fea-
ture will form the basis of uncertainty prediction in network based analysis tech-
niques in GIS such as route optimization, connectivity analysis, etc. Modeling uncer-
tainty propagation for network analysis techniques should be the future work.

For instance, when shortest path is analyzed through a network of line segments,
line length of the each segment requires a great importance. Derived results for route
optimization is strictly related to the length of the line segments of interest and de-
pending on this, the defined uncertainty region for that line segment. If a confidence
region can be determined for the line segments of the whole network, then a certain

confidence interval can be expressed for the length of the optimized route.
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APPENDIX A

FILE FORMAT EXAMPLES

A.1 Sample File Format

Group ID,Feature ID, Feature Type, Start Node ID, Start X, Start Y, Reference Node
ID(s) of Start, End Node ID, End X, End Y, Reference Node ID(s) of End

1,1,LINE, 1,664,215,(),2,596,213,(42)
1,2,LINE,2,596,213,(42),3,539,235,()
1,3,LINE,3,539,235,(),4,503,246,()

1,4, LINE,4,503,246,(),5,487,258,()
1,5,LINE,5,487,258,(),6,470,274,(34)
1,6,LINE, 6,470,274,(34),7,429,333,(35)
1,7,LINE,7,429,333,(35),8,431,399,()
1,8,LINE,8,431,399,(),9,444,423 (11)
1,9,LINE, 9,444,423 (11),10,463,433,()
2,10,LINE, 11,444,423 (9),12,214,295()
3,11,LINE,12,214,295,(),13,212,272,()
3,12,LINE,13,212,272,(),14,205,261,()
3,13,LINE,14,205,261,(),15,166,242,()
3,14,LINE,15,166,242,(),16,140,223,()
3,15,LINE,16,140,223,(),17,110,200,()
3,16,LINE,17,110,200,(),18,101,191,()
3,17,LINE,18,101,191,(),19,99,175,()
3,18,LINE,19,99,175,(),20,108,156,()
3,19,LINE,20,108,156,(),21,118,121,(41)
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A.2 Simple Geometry File (SGF) Format

confidence=95.0

Group_lId: Feature_ID: Feature_Type(LINE):Point_Number(2 for LINE features):
{Point1_ID, Pointl_X, Pointl1_Y, Ref_Node_Ids, Pointl MeanX, Pointl_ MeanY,
Point1_VarX, Point1_VarY, Point2_ID, Point2_X, Point2_Y, (Ref_ Node_Ids),
Point2_MeanX, Point2_MeanY, Point2_VarX, Point2_VarY,

{GBAND-

[covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1];
PROPAGATED BAND_LINE-

[covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1];
PROPAGATED_BAND_NETWORK-

[covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y1]}}

Here is an example for SGF:

1:1:LINE:2:

{1, 663.0, 214.0, (), 663.0666666666667,213.86666666666667, 0.961150104723255,
1.0600988273786194, 2, 598.0, 214.0, (),597.7333333333333, 213.73333333333332,
0.9611501047232548, 0.5936168397046637,{

GBAND-

[0.01904761904761901 | 0.22380952380952382 | 0.019047619047619067

| 0.10476190476190472 | 0.280952380952381 | —0.038095238095238064];
PROPAGATED _BAND_LINE-

[0.01904761904761901 | 0.22380952380952382 | 0.019047619047619067

| 0.10476190476190472 | 4.017772351148417 | —0.038095238095238064];
PROPAGATED _BAND_NETWORK-

[0.01904761904761901 | 0.22380952380952382 | 0.019047619047619067

| 0.10476190476190472 | 4.017772351148417 | —0.038095238095238064] } }
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A.3 Complex Geometry File (CGF) Format

Organization of the file can be seen below. Here attributes of each geometric feature
are represented.

confidence=95.0

LINE Feature

Feature_ID: Feature_Type(LINE):PointNumber(2 for LINE feature):

{Point1_ID, Point1_X, Point1.Y, Pointl_MeanX, Pointl _Meany,

Pointl_VarX, Pointl_VarY, Point2_ID, Point2_X, Point2_Y,

Point2_MeanX, Point2_MeanY, Point2_VarX, Point2_VarY,

{[Variance-Covariance Matrix_Point12:

covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1]}}

ARC Feature

Feature_ID: Feature_Type(ARC): PointNumber(3 for ARC feature):
{Point1_ID, Pointl_X, Point1_Y, Pointl MeanX, Pointl_MeanY,
Pointl_VarX, Pointl_VarY, Point2_ID, Point2_X, Point2_Y,
Point2_MeanX, Point2_MeanY, Point2_VarX, Point2_VarY,
Point3_ID, Point3_X, Point3_Y, Point3_MeanX, Point3_MeanY,
Point3_VarX, Point3_VarY,

{[Variance-Covariance Matrix_Point12:

covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1];
[Variance-Covariance Matrix_Point23:

covX0X1 | covX0YO0 | covX0Y1 | covX1Y0 | covX1Y'1 | covY0Y1]}}

SPLINE Feature

Feature_ID: Feature_Type(SPLINE): PointNumber(4 for SPLINE feature):
{Point1_ID, Point1_X, Point1.Y, Pointl_MeanX, Pointl _Meany,
Pointl_VarX, Pointl_VarY, Point2_ID, Point2_X, Point2_Y,

Point2_MeanX, Point2_MeanY, Point2_VarX, Point2_VarY,

Point3_1ID, Point3_X, Point3_Y, Point3_MeanX, Point3_Meany,
Point3_VarX, Point3_VarY, Point4_ID, Point4_X, Point4_Y,

Point4_MeanX, Point4d_MeanY, Point4_VarX, Point4_VarY,
{[Variance-Covariance Matrix_Point12:

covX0X1 | covX0Y0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1];
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[Variance-Covariance Matrix_Point23:

covX0X1 | covX0Y0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1];

[Variance-Covariance Matrix_Point34:

covX0X1 | covX0YO0 | covX0Y1 | covX1YO0 | covX1Y1 | covY0Y'1]}}
Here is a sample CGF file named test.cgf;

confidence=95.0

1:LINE:2:

{1,108,102,107.56,102.05,0.916,0.928,2,99,191,98.77,190.84,0.864,

0.851,{

[02]0.2]0.2]0.2]0.2]0.2]}}

2:SPLINE:4:

{3,596,129,595.77,128.84,0.864,0.851,4,588,158,587.87,158.24,0.854,

0.861,5,601,182,601.52,181.94,0.884,0.867,6,598,213,597.87,213.34,

0.844,0.873,{

[0.2]0.2]0.2]0.2]|0.3]0.3];

[0.3]04]0.1]0.1]0.2]0.3];

[0.1]0.2]0.3]0.1]0.2]0.2]}}

3:ARC:3:

{7,119,122,118.87,122.34,0.854,0.867,8,110,177,110.87,107.34,0.874,

0.851,9,112,96,112.52,95.94,0.824,0.867,{

[0.1]0.2]0.1]0.2]0.1]0.2];

[0.2]0.1]0.1]0.2]0.2]0.1]}}
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APPENDIX B

PROPAGATED BAND MODEL DRAWER SYSTEM CODE
SAMPLES

B.1 IPBMNetworkFeature Interface

IPBMNetworkFeature interface which is implemented by supported geometries repre-
sented by PBMSampleLine, PBMSampleArc, PBMSampleSpline and for network based
feature objects PBMNetworkLine, PBMNetworkArc and PBMNetworkSpline.

* Created on 03-Mar-2007[]

package metu.ggit.thesis.phm.network.model;
= OY¥YR YRRETINOGLDT GUCUE]]

public interface IFEMNetworkFeature {
f/Possible feature type identifiers:
puoblic static final S5tring LINE = "LIMNE";
puoblic static final S5tring ARC = "ARC";
public static final S5tring SPLINE = "SFLINE"™:
public int getGroupID()

public int getFeatureID|() ;

puoblic S5tring getFeatureTvpeS3tr ()
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B.2 ICGFFileObject Interface

ICGFFileObject interface which is implemented by supported geometries represented
by CGFLineFeature, CGFArcFeature, CGFSplineFeature and SGFLineFeature.

package metu.gglit.thesis.pbm.reader.cgf.model;

import com.bilgi.geokit.kernel.feature.geom.GELinearRing;
import com.metu.ggitZ006.kursat.thesis.statistics.CovarianceHolder;

puklic interface ICGFFileChkject

public
pubklic
public

public
public
public
public
pubklic
public
public
public
public
public
public
pubklic
public
public
public
public
public
public
pubklic

=]

I3

static int LINE
statiec int ARC T¥FE = 1
YPE

E TYPE =

o=

3%
.

PLINE

|

Ly

static int

int getFeatureType():
vold setFeaturelvpe (int featurelvpe):

double[] getMeansX():;

dooble[] getMeansY():

double[] getVarianceX():

donble[] getVarianceY¥():

double[] getStDeviationX():

donble[] getStDeviationY ()

void setMeansX (dooble[] meansX):

void setMeansY (dounkle[] meansY):

vold setVarianceX (dooble[] wariancesX):
void setVarianceY (douoble[] wvariancesY):
wvold setStDeviationd (donble[] stDevsX) ;!
void setStDeviationY (double[] stDevsY):
donble getConfidence ()

vold setConfidence (donble confidence):

CovarianceHolder|[] getCovarianceHolderArrav():

vold setCovarianceHolderArray (CovarianceHolder|[]

GELinearRing getConstructedGBand() ;
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B.3 SGFFileReader Class

SGFFileReader parses the content of the files having an extension of *.SGF. SGFFil-
eReader constructor and responsible function for parsing the content can be seen in

the below figures respectively.

package metu.ggit.thesis.pbm.reader.=sgf;
import java.io.BufferedReader;[]

public class S5GFFileReader
BufferedReader reader;
private Vector<ICGFFileObject> sgfFileContent:

public 5GFFileBReader (5tring selectedDirectory, S5tring selectedMapMName)
String filePath = selectedDirectorv + "/" + selectedMaplame;
//create the file and open a stream to read it
try {
File =sgfFile = new File(filePath):;
reader = new BufferedBReader (new FileReader (=gfFile)):
readFileContent ()}
} catch (FileNotFoundException e)
e.printStackTrace ()

public Vector<ICGFFileObject> getFileContent ()
retorn sgfFileContent;
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Code block which parses the file content. Function readFileContent() :

private void readFileContent ()

try {
sgfFileContent = new Vector<ICGFFileCbhbiject>():
f/Read confidence walue that will be used during band construction
String confidenceS3tr = reader.readLine():
donble confidence = Double.parssDouble|(
confidenceStr.substring(ll, confidenceStr.lengthi())):
ffread the data
Btring lineRead = reader.readLine ()
while(lineRead '= nmll) {
fftokenizer the read line
StringTokenizer tokenizer = new StringTokenizer (lineRead,™:"):
while (tokenizer.hasMoreTokens()){
int groupId = Integer.parselInt(tokenizer.nextToken()):
int featureld = Integer.parseint(tokenizer.nextToken()):
String featureIype = tokenizer.nextToken():
int numCoords = Integer.parseint(tokenizer.nextToken()):
String coordinate Stats_Str = tokenizer.nextToken():
S5GFLineFeature sgflineFeature = new SGFLineFeature():;
sgflineFeature.setFeatureType (ICGFFileCbject.LINE TYFE);
sgflineFeature.setConfidence (confidence) ;
fill5GFChjectContent (groupld, featureld, numCoords,
coordinate Stats_Str, sgflineFeature):;
sgfFileContent.addElement (sgfLineFeature) ;
lineBead = reader.readLine();
}
}
} catch (Exception e)
System.2rr.println ("ERRCE reading 5GF file content..."):

e.printStackTrace () :
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B.4 CGFFileReader Class

CGFFileReader parses the content of the files having an extension of *.CGF. CGFFil-
eReader constructor and responsible function for parsing the content can be seen in

the below figures respectively.

public class CGFFileReader

BufferedReader reader;
private Vector<ICGFFileObject> cgfFileContent:

public CGFFileReader (String selectedDirectory, String selectedMapName)
String filePath = selectedDirectory + "/" + selectedMaplame;

ffereate the file and open a stream to read it
try {
File cgfFile = new File (fileFath):
reader = new BufferedReader (new FileReader (cgfFile)):

readFileContent () :
} catch (FileNotFoundException e)
e.printStackTracel() ;

public Vector<ICGFFileCbject>» getFileContent ()
retorn cgfFileContent;
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private void readFileContent ()
try |
cgfFileContent = new Vector<ICGFFileObiject>();
/fRead confidence walue that will be used during band construction
String confidenceStr = reader.readLine () ;
dooble confidence = Double.parsseDoubls |
confidenceStr.substring(ll, confidenceStr.length())):
//read the data
S5tring lineRead = reader.readLine();
while (lineRead '= null){
//tokenizer the read line
StringTokenizer tokenizer = new StringTokenizer (lineRead,":"):
while (tokenizer.hasMoreTokens()){
int featurelId = Integer.parselnt(tokenizer.nextToken()):
String featureType = tokenizer.nextTokeni):;
int numCoords = Integer.parselnt(tokenizer.nextToken()):
String coordinate_Stats_S5Str = tokenizer.nextToken():
/S /HANDLE THE FEATURES
if (featureType.equals (IPBMNetworkFeature.LINE) ) {
CGFLineFeature cgflineFeature = new CGFLineFeature():
cgflineFeature.setFeatureType (ICGFFileCbject.LINE TYFE);
cgflineFeature.setConfidence (confidence) ;
fillCGFCbhbijectContent (featureld, numCoords,
coordinate 3tats Str, cgflineFeature):
cgfFileContent. addElement (cgflineFeature) ;
lelsze
if (featureType.equals (IPEMNetworkFeature. ARC) ) {
CGFArcFeature cgflircFeature = new CGFArcFeature();
cgfhrcFeature.setFeatureType (ICGFFileCbject.LINE TYPE):
cgfArcFeature.setConfidence (confidence) ;
fillCGFObjectContent (featureld, numCoords,
coordinate_S5Stats_5Str, cgfhrcFeature):
cgfFileContent.addElement (cgfArcFeature) ;

relse
if (featureType.equals (IPBMNetworkFeature. SFLINE) ) {
CGFSplineFeature cgfSplineFeature = new CGFSplineFeature ()

cgfSplineFeature.setFeatureType (ICGFFileCbject.LINE TYFPE) !
cgfSplineFeature.setConfidence (confidence) ;
fill1CGFObjectContent (featureld, numCoords,
coordinate_S5tats_5tr, cgfSplineFeature):
cgfFileContent.addElement (cgfSplineFeature) ;
relse{
new Exception ("UNENCWH FEARTURE TYPE!!!™):
}
¥}/ /fend of line tokenizer WHILE
lineRead = reader.readLine():

loop

}

} catch (Exception &)
System.srr.println ("ERRCR reading CGF file content..."):
e.printStackTrace ()
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B.5 PBMBandStatCalculator Class

PBMBandStatCalculator calculates the necessary statistic used during band genera-
tion.
G-BAND

G-band statistics and band generation are activated by function

public PBMNetworkLine calculateStatistics(GKCoordinateArray arrayStartNode, GKCo-

ordinateArray arrayEndNode, int index, PBMSampleLine originalLine, boolean baseGiven)

Java code of the method can be seen in Figure B.1;
LINE-BASED PROPAGATED ERROR BAND
Line-based propagated error band statistics and band generation are activated by

function

public void calculatePropagatedStats4Line(PBMNetworkLine nLine, GKCoordinateAr-
ray arrayAngleLength, GKCoordinateArray arrayNewEnd)

Java code of the method can be seen in Figure B.2;
NETWORK-BASED PROPAGATED ERROR BAND
Network-based propagated error band statistics and band generation are activated

by function

private void calculatePropagatedStats4Network(PBMNetworkLine nLine, GKCoordinateAr-

ray arrayAngleLength,GKCoordinateArray arrayAngle, GKCoordinateArray arrayLength)

Java code of the method can be seen in Figure B.3;
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public PBMHetworkLine calculateStatistics (GECoordinateArray arrayStartNHode,

GECoordinatelrray arrayvEndNode, int index, PBMSampleline originalline,
boolean kbaseGiven)

//Calculate point statistics

Sampler sS5tart = new Sampler (arrayStartHode) ;

Sampler sEnd = new Sampler (arrayEndiode) ;

double =startStdevX = sStart.getStandardDeviationXi():;

douoble startS5tdevY = s5tart.getStandardDeviation¥ ()

double =startCVH = startStdev¥ / sStart.getMeanx():

double startCVY = startStdevY / sStart.getMeany():

double endStdevX = sEnd.getStandardDeviationX():
double endStdevY = gEnd.getStandardDeviation¥ ()
double endCV¥ = endStdevX / sEnd.getMeanx():
dooble endCVY = endStdevY¥ / sEnd.getMeany():

PEMSampleNode startNode = originalline.getStart():
PEMSampleMode endHode = originalline.getEnd():

0

/fcalculate covariance of start and end points

CovarianceFinder covarianceFinder = new CovarianceFinder (=5tart, =sEnd);

UncertainPoint uStart:

UncertainPoint uEnd;

if (baseGiven) {

uStart = new UncertainPoint (originalline.getStart().x, originalline.getStartc() .y,
s5tart.getStandardDeviationX (), s3tart.get3tandardDeviation¥ (),
covarianceFinder.getCovarianceHolder () .getCovariancex0v0())

uEnd = new UncertainPoint(originalline.getEnd().x, originalline.getEnd() .y,
sEnd.getStandardDeviationX (), sEnd.getStandardDeviation¥ (),

covarianceFinder.getCovarianceHolder () .getCovariancexlyl()):
relse{
uStart = new UncertainPoint (=Start.getMeanx(), sS5tarc.getHeanvi(),
=z5tart.getStandardDeviationX (), s3tart.getStandardDeviationY (),
covarianceFinder.getCovarianceHolder () .getCovariancex0v0())

uEnd = new UncertainPoint (sEnd.getMeanx (), sEnd.getMeanvi().,
sEnd.getStandardDeviationX (), =sEnd.getStandardDeviation¥(),

covarianceFinder.getCovarianceHolder () .getCovariancexlyl())
}
//Construct network line
double z = ConfidenceFinder.findZ(confidence/100.0):;
FEBMNetworkLine nLine = new PBMNetworkLine (uStart, uEnd, z):

nLine.confidence = confidence:
nLine.originalline = originalLine;
nLine.grouplID = originalline.getGroupID():
nLine.lineIl) = originalline.getFeaturelD{();
nLine.=startNodeld = originalline.getS5tart () .getNodeId():
nLine.endodeId = originalline.getEnd() .getNodeIdi():
nLine.startRefHodes = originalline.getStart () .getReflodes=s():
nLine.endRefNodes = originalline.getS3tartc () .gecRefNodes();
nlLine.startSampler = s3tart:
nLine.endSampler = sEnd;
nLine.covarianceFinder = covarianceFinder;
//generate gBand
try{
LineGBand gBand = new LineGBand (nLine,nline.covarianceFinder.getCovarianceHolder()):
nLine.gBand = gBand;
retorn nLine;
lecatch (Exception e){
return noll;

Figure B.1: G-Band statistics calculator and band generator method
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public wvoid calculatePropagatedStats4line (PEMNecworkLine nlLine,
GECoordinatelrray arrayinglelength, GECoordinatelrray arraylNewEnd) {
GECoordinatefrray arravAngle = new GECoordinatefArray():
GECoordinatelrray arravlength = new GECoordinatelrrayl():

ffdivide the content of arrayafnglelLength. This is necessary for

//seperate samplers for angle and length to calculate covariance
for(int j = 0; j < arrayinglelLength.numCoordinates; j++)1{
GECoordinate alCoord = (GECoordinate)arravAnglelLength.getCoordinate(j):
arravhingle.add(alCooxd.x, 0.0);
arravLength.add (0.0, alCoord.¥):}

GECoordinatelrray arrayStartNode = nLine.startSampler.getCoordinates():;

Sampler samplerStart = new Sampler (arrayStartNode);

Sampler sampleringlelength = new Sampler (arrayAngleLength);

Sampler samplerNewEndCoord = new Sampler (arraylewEnd)

nLine.samplerNewEndCoord = samplerNewEndCoord:

Sampler sampleringle = new Sampler (arrayingle) ;

Sampler samplerlength = new Sampler (arrayLength) ;

CovarianceFinder finderAnglen = new CovarianceFinder (samplerAngle, samplerLength):;
CovarianceHolder holderAnglen = finderAngLen.getCovarianceHolder():

ffcalculate propagated error statistics for line
CovarianceFinder finder = new CovarianceFinder (zamplerStart, =samplerNewEndCoord) :
CovarianceHolder holderPropagated = finder.getCovarianceHolder();

GEMatrix jacobian = new GEMatrix(2,2):
jacobian.setValuelt (Math.cos(sampleringlelength.getMeany()),0,0);
jacobian.setValuelt ( (-samplerAnglelength.getMeanx ()} *
HMath.sin(samplerhAnglelength.getMeany())),0,1):
jacobian.zetValuelht (Math. sin(fampleringlelength.getMeany () ), 1,0)
jacobian.setValuelt ( (sanmplerAnglelength.getMeanx () *
Math.cos (sampleringlelength.getMeany () ) ) ,1,1);

GEMatrix Eml = new GEMatrix(2,2);

Eml.=setValuelAt (samplerfAngle.getVariancex(),0,0):
Eml.setValuelAt (holderAnglen.getCovariancex0y0(),0,1):
Eml.=zetValuelAt (holderAnglen.getCovariancex0v0(),1,0):
Eml.setValuelAt (samplerLength.getVariancex(),1,1):
GEMatrix matrixl = jacobian.multiply (Eml) ;

GEMatrix propMatrixl = matrixl.multiply(jacobian.transpose()):

CovarianceHolder holderPropagatedOriginall = new CovarianceHolder |
holderPropagated.getCovariancex0xl () ,holderPropagated.getCovariancex0vy0(),
holderPropagated.getCovariancex0vl (), holderPropagated.getCovariancexly0(),
propMatrixl.getValueit (0,1) ,holderPropagated.getCovariancey0yl(});

nlLine.gBandPropagated = new LianBand[nLine, holderPropagatedOriginall) ;

nLine.holderPropagated = holderPropagatedCriginall;

Figure B.2: Line-based propagated error band statistics calculator and band genera-
tor method
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private void caleulatePropagatedStatsdNetwork (PEMNetworkLine nLine,
GECoordinatelrray arrayviangleLength,GECoordinatelArray arrayingle,
GECoordinatelArray arravLength) {
Sampler samplerStart = nline.samplerNewStartCoord4Network:
Sampler samplerNewEndCoord = nLine.samplerNewEndCoord4Network:
Sampler samplerAnglelength = new Sampler (arrayhAnglelength);
Sampler samplerfAngle = new Sampler (arravAngle) ;
Sampler samplerlLength = new Sampler(arraylLength):
CovarianceFinder finderAngLen = new CovarianceFinder(zampleriAngle, =samplerlLength)
CovarianceHolder holderAnglen = finderAngLen.getCovarianceHolder():
CovarianceFinder finder = new CovarianceFinder (samplerStart, samplerNewEndCoord);
CovarianceHolder holderPropagated = finder.getCovarianceHolder ()

GEMatrix jacobian = new GEMatrix(2,2):;
jacobkian.setValuelkt (Math.cos (sampleringlelength.getMeany () ) ,0,0);
jacokian.setValuelt ( (—sampleringlelength.getMeanx () *
Math.sin(=zamplerAnglelength.getMeany () )),0,1);
jacobian.setValuelht (Math.sin(samplerAinglelength.getMeany()),1,0);
jacobian.setValuelt ( (samplerAnglelength.getMeanx () *
Math.cos (samplerAnglelLength.getMeany () ) ),1,1);
GEMatrix Eml = new GEMatrix(2,2):
Eml.=setValuelt (samplerfingle.getVariancex(),0,0):
Eml.=zetValuelt (holderAnglen.getCovariancex0v0(),0,1)
Eml.=zetValuelAt (holderAnglen.getCovariancex0yv0(),1,0):
Eml.=setValuelAt (samplerlength.getVariancex(),1,1):

GEMatrix matrixl = jacobian.multiply (Eml);
GEMatrix propMatrix]l = matrixl.multiply(jacobian.transpose());

CovarianceHolder holderPropagatedOriginall = new CovarianceHolder (
holderPropagated.getCovariancex0xl (), holderPropagated.getCovariancex0y0 (),
holderPropagated.getCovariancex0vl (), holderPropagated.getCovariancexlvy0(),

propMatrixl.getValueht (0,1), holderPropagated.getCovariancey0vyl());

nLine.gBandPropagatedd4Network = new LineGEand (nLine, holderPropagatedOriginall);
nLine.holderPropagated4letwork = holderPropagatedOriginall;

Figure B.3: Network-based propagated error band statistics calculator and band gen-
erator method

123



APPENDIX C

INTERACTIVE DRAWER CODE SAMPLES

C.1 Approve Action

if({e.getSource () .equals (approve) ) {
pressed get al
defined geometries panel

the drawn

geometries apply

donble stdevX = Double.parssDouble (stdevXField.getText()):
donble stdevY¥ = Double.parssDouble (stdevYField.getText()):
int zimulationCount = Integer.parsslnt(simulationMumField.getText()):
confidence = Double.parseDouble (confidenceField.getText()):
zimulator = new PBMMonteCarloSimulator (stdevX, stdevY, simulationCount):
} catch (Exception ex)
ex.printStackTrace|);
JOptionPane. showMessageDizlog(this, "Enter walid numarical walues for statistics.",
"Onaccepted Statistics", JOptionPane.WARNING MESSAGE) ;
}
constructGeometryidataline, LINE):
constructGeometry (datalrc, ARC);
constructGeometry (dataSpline, SPLINE) ;
statTaks,. secComponentit (1, getDefinedGeometriesPanel()) !
statTabs.repaint () ;
sztatTaks.zetSelectedIndex (1) ;
dataline = new Vector():
datalrc = new Vector():
dataSpline = new Vector():
lastGeomId = geomID;
repainthAllGeomTables= () ;
if (featureVector.=size () !'=0)
zavelWork.sectEnakbled (trne) ;
else
saveWork.setEnabled (false) ;
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C.2 Clear All Action

if (e.getSource () .eqgquals (clearhll) ) {
geomHandler.removeGivenFeatures (dataline, datalrc, dataSpline);
datalLine = new Vector():
datalrc = new Vector():
dataSpline = new Vector():
if (featureVector.size() '= 0){
IDFeatureHolder holder = featureVector.get (featureVector.size()-1);
IPEMNetworkFeature f = holder.getOriginalFeature():
geomID = f.getFeatureID()
relse
geomID = lastGeomnTd;
repaintAllGeonTables () ;
geomHandler. setGeomCounter (geomID) ;
geomHandler.refresh ()

C.3 Save Work Action

if(e.getlSource () .equals (buttonlK) ) {
dialog.dispose()
IDStatisticsFileGenerator fileGenerator = new
IDStatisticsFileGenerator (cgfFileContent) ;
String directory = fileSaveDirField.getText():
String fileName = fileNameText.getText ()

if ([directory.egquals("") || directory == numll){
JOoptionPane. showMessageDialog(dialog,
"Select a suitakle director to save the file."™,
"Warning-Missing Directory", JOptionPane.WARNING MESSAGE) ;

telse{
if(fileName.equal=("") || f£ileName == null)
JoptionPane.shovMessageDialog(dialog,
"Enter a suitakle file name to save already done work.",
"Warning-Missing File Name", JOptionPane.WARNING MESSAGE) ;
else{
fileGenerator.createFile (directory, fileName):
fileGenerator.calculateStatistics (featureVector,
geombDataDefinedHash, confidence):
H
}
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C.4 Monte Carlo Simulation

Approve action constructs Monte Carlo Simulator class PBMMonteCarloSimulator

and given code block is used to simulate the given coordinate.

public GECoordinate simulate (GECoordinate baseCoord) {
try {
long seedLony = sRand.nextLong () :
Random random = new Random(seedLong):
double randX = random.nextGaussian():

zeedLony = sRand.nextLong():;
random = new Random(=seedLong):
double rand¥ = random.nextGaussian():;

double newX = rand¥X * stdevX + baseCoord.x;
double newy randY¥ * =stdevY¥ + baseCoord.y:;

retorn new GECoordinate (newX, newY);
} catch (Exception e)

e.printStackTrace();

retorn baseCoord;

Figure C.1: PBMMonteCarloSimulator simulate function for a given coordinate
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APPENDIX D

COMPARISON OF G-BAND AND PROPAGATED ERROR
BAND

D.1 Comparison of Band Areas

Tables D.1 and D.2 give the calculated area of the generated band geometry for each

line separately.

Table D.1: Generated Band Areas for Each Line

Line ID  G-Band Area  Propagated Error Band  Propagated Error Band
Area (Line Based) Area (Network Based)

1 185.31 184.36 184.03
2 127.23 160.09 148.49
3 117.2 96.4 105.36
4 66.98 73.35 72.83
5 45.74 56.11 60.8
6 132.14 137.31 155.54
7 174.58 176.76 176.81
8 63.16 78.18 86.13
9 68.95 73.87 90.08
10 730.8 759.3 901.05
11 80.62 84.31 84.76
12 35.22 43.95 45.31
13 116.81 143.47 161.78
14 85.58 101.08 128.92
15 80.87 101.63 118.42
16 41.45 43.82 48.84
17 44.1 47.84 48.65
18 74.3 73.91 76.13
19 114.2 112.96 115.32
20 4411 55.94 61.05
21 49.17 45.54 44.25

127



Table D.2: Generated Band Areas for Each Line Continue

Line ID  G-Band Area  Propagated Error Band ~ Propagated Error Band
Area (Line Based) Area (Network Based)

22 54.26 49.46 47.26
23 78.59 85.4 93.8
24 108.33 120.79 132.84
25 48.52 52.19 58.81
26 50.57 55.93 51.41
27 41.69 41.46 42.63
28 60.13 66.7 67.43
29 186.26 219.36 228.38
30 75.01 79.2 82.8
31 61.13 79.7 84.71
32 304.43 288.15 389.9
33 95.88 109.96 110.53
34 81.05 100.49 108.55
35 228.25 229.92 255.25
36 122.95 141.65 167.77
37 170.95 243.6 268.94
38 190.46 208.86 257.44
39 96.6 90.19 88.34
40 58.1 58.87 72.65
41 29.2 31.13 31.53
42 48.14 48.96 48.96
43 95.71 84.89 80.57
44 67.72 58.66 54.49
45 90.55 87.07 87.68
46 34.4 43.43 48.46
47 60.46 54.19 61.71
48 39.48 42.84 48.81
49 213.11 207.77 213.15
50 82.84 78.92 72.18
51 73.17 74.94 75.07
52 318.59 351.9 345.29
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Table D.3 gives the sum of the generated band areas. This sum is a line based
sum. After overlaying the generated band geometry on the connection points of the

network, this sum will decrease.

Table D.3: Generated Band Areas Total (Line Based Sum)

Band Type Total Area(Line Based Sum)
G-Band 5745.33
Propagated Error Band(Line Based) 6137.05
Propagated Error Band(Network Based) 6692.14

D.2 Comparison of Base and Sample Geometry Coverage

Tables D.4 and D.5 give the number of sample lines covered by the band geome-
try. G-Band IN, Propagated Error Band Model (PBM)(Line) IN and PBM(Network)
IN columns involve the number of sample lines which lie inside the generated G-
Band, Propagated Error Band (Line Based) and Propagated Error Band (Network
Based) geometries, respectively. Also G-Band OUT, Propagated Error Band Model
(PBM)(Line) OUT and PBM(Network) OUT columns involve the number of sample
lines which lie outside of G-Band, Propagated Error Band (Line Based) and Propa-

gated Error Band (Network Based) geometries, respectively.

Table D.4: Base and Sample Geometry Coverage (Line Based)

Line G-Band PBM(Line) PBM(Network) G-Band PBM(Line) PBM(Network)

IN IN IN our our our
1 12 11 11 3 4 4
2 9 12 11 6 3 4
3 10 10 11 5 5 4
4 12 12 12 3 3 3
5 8 10 11 7 5 4
6 12 12 9 3 3 6
7 9 9 9 6 6 6
8 10 11 12 5 4 3
9 12 13 13 3 2 2
10 10 10 12 5 5 3
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Table D.5: Base and Sample Geometry Coverage (Line Based) Continue

Line G-Band PBM(Line) PBM(Network) G-Band PBM(Line) PBM(Network)

IN IN IN our our our
11 12 13 13 3 2 2
12 11 12 14 4 3 1
13 11 12 13 4 3 2
14 10 10 11 5 5 4
15 10 12 13 5 3 2
16 9 9 12 6 6 3
17 11 12 12 4 3 3
18 9 9 10 6 6 5
19 11 10 10 4 5 5
20 9 10 10 6 5 5
21 10 9 10 5 6 5
22 11 9 7 4 6 8
23 10 10 9 5 5 6
24 11 12 12 4 3 3
25 11 11 11 4 4 4
26 8 9 9 7 6 6
27 10 10 11 5 5 4
28 11 13 13 4 2 2
29 10 10 10 5 5 5
30 8 9 7 7 6 8
31 11 12 13 4 3 2
32 10 7 7 5 8 8
33 7 7 7 8 8 8
34 11 12 12 4 3 3
35 12 12 12 3 3 3
36 11 11 12 4 4 3
37 9 11 11 6 4 4
38 9 8 11 6 7 4
39 11 11 11 4 4 4
40 11 6 7 4 9 8
41 8 8 8 7 7 7
42 8 8 8 7 7 7
43 7 12 12 8 3 3
44 11 9 8 4 6 7
45 11 11 10 4 4 5
46 10 10 11 5 5 4
47 11 11 12 4 4 3
48 14 12 13 1 3 2
49 13 11 11 2 4 4
50 11 11 11 4 4 4
51 10 10 10 5 5 5
52 12 12 11 3 3 4
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Table D.6 involves total number of lines which is inside and outside the imple-

mented band model geometry.

Table D.6: Base and Sample Geometry Coverage Total

Band Type Total Inside Band  Total Outside Band — Total Lines
G-Band 535 245 780
PBM (Line Based) 543 237 780
PBM (Network Based) 556 224 780
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