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CHAPTER 1
INTRODUCTION

1.1 Motivation and Background

Image registration is the process of geometrically aligning two or more images
of same scene taken different times, different viewpoints and/or different sensors and
finding the correspondence between them [16]. Image registration is used in many
medical fields such as multi-modality fusion, image segmentation, deformable atlas
registration, functional brain mapping, image guided surgery, and measuring growth
and modeling motion.

Various attempts have been made to study image registration algorithms, but
in practice obtaining perfect image registration is impossible due to lack of informa-
tion, discretized approximation of the continuous transformation, limited degree of
freedom of the deformation model, etc [6]. Rigid and affine algorithm is used widely.
Non-rigid image registration algorithms are more general but require more complex
methodology and computational effort to implement.

Evaluating non-image registration performance is a difficult task since there is
no Gold Standard to evaluate image registration algorithm|3], so increasing number of
research is developing evaluation database and statistics for image registration algo-
rithms. One of the research groups for image registration evaluation is Retrospective
Image Registration and Evaluation Project ( http://www.insight-journal.org/rire/ )

led by J. Michael Fitzpatrick of Vanderbilt University for evaluating multi-modality
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rigid registration accuracy [7, 20]. This project involved 11 groups applying 15 differ-
ent rigid image registration algorithms to selected registration tasks. The registration
algorithms were evaluated using the target registration error which is the Euclidean
distance of each registration point.

Another non-rigid registration evaluation project is Retrospective Evaluation
of inter-subject brain registration led by Christian Barillot of IRISA /INRIA-CNRS
Rennes, France evaluate 6 registration algorithms (1 rigid algorithm and 5 non rigid
algorithms) using 18 brain image volumes. The evaluation statistics used were divided
to global measures and local measures. Global measures are average volume which
is mean volume by averaging the 17 deformed subjects, overlap of gray and white
matter, correlation of L, and consistency of the deformation field using Jacobian.
Local measurement is distance between sulci and statistical study of deformed shape.
People around the world participated in this projects by registering the images with
their own registration algorithms and sending the resulting transformations back to
the home site for analysis [9].

In 2009, Klein et al. evaluated 14 non-rigid and one rigid image registration
algorithms on 80 brain MRIs. The project measures eight different error to evaluate
algorithms: target, mean and union volume overlap measures, target, mean and union
surface overlap measures, volume similarity and distance error. The authors noted
the average runtime, degrees of freedom and year developed for each algorithm.

The recent study is empirel0 ( http://empirel0.isi.uu.nl/ ) organised by Keelin

Murphy et al. [12, 18, 17, 11]. This website is to validate and evaluate image regis-
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tration algorithms. Every participants for this study use their own image registration
algorithm using 20 scan pair of lung CT image and submit their results, then empire
study team evaluate each algorithms and show in the website. In this study 4 kinds
of evaluation are used: (1) Alignment of lung boundaries. Statistic of this measure-
ment is how well lung boundary agree to scan pairs after registration using points
around lung boundary. Alignment of lung boundary is calculated as the percentage of
checked points for disagreed; (2) Alignment of major fissures. This statistic measures
how well major fissures of lung align using checked points around lung fissures; (3)
Correspondence of annotated landmark pairs. The statistic measures the Fuclidean
distance between defined landmark points in fixed image and in deformed image and
target image [11, 13]; (4) Singularities in the deformation field. This statistic mea-
sures the determinant of the Jacobian of the deformation field. Using landmark points
in lung volume, the determinant of the Jacobian of the deformation field is calculated
at each points.

Besides these image registration website, there are important validation /evaluation
projects. First, the VALMET software tool for assessing and improving 2D and 3D ob-
ject segmentation was developed by Guido Gerig et al. (www.ia.unc.edu/public/valmet/).
The VALMET software was the first publicly available software tool for measuring
and visualizing the differences between multiple corresponding medical image seg-
mentations. It includes four algorithms for comparing segmentations: overlap ratio,
Haussdorf distance, surface distance, and probabilistic overlap. Another project is the

ANTs software tool which consists of a suite of state-of-the-art image registration,
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segmentation and template building tools for quantitative morphometric analysis de-
veloped by Brian B. Avants et al. (www.picsl.upenn.edu/ANTS/) [3].

The Non-rigid Image Registration Evaluation Project (NIREP) was started to
develop a standardized set of common databases, evaluation statistics and software
tool for evaluating non-rigid image registration algorithms [6]. The central NIREP
website (www.nirep.org) provides a place for image registration evaluations and rea-
sonably fair comparison of available registration algorithms for its application and
also place to download NIREP evaluation database and NIREP software.

With NIREP software, users can evaluate the performance of different non-
rigid registration algorithms on NIREP evaluation database, so they can make an
informed decision regarding the best algorithm for their specific application. it will
incorporate both qualitative and quantitative methods to evaluation registration per-
formance. The goal of the work in this paper is to build evaluation result database for
both saving the results to analyze their results, and comparing algorithms to know the
best algorithm. The results and analysis will be disseminated through publications

and a NIREP website.

1.2 Outline
This thesis consists the following parts. Chapter 2 describes the NIREP frame-
work and the result data flow, the evaluation methods and the way database are
created and the way results are statistically summarized, and Chapter 3 describes
evaluation results with database and the visualization on the NIREP website. Chap-

ter 4 discusses and analyzed the evaluation results obtained from this work. Chapter
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5 summarizes this thesis work. Finally, chapter 6 states some problems encountered

and explores future extensions.
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CHAPTER 2
METHODS

2.1 NIREP
Framework for the Non rigid Image Registration Evaluation Project (NIREP)
is shown in Figure 2.1. By following steps below, users can process evaluating the per-
formance of different non-rigid registration algorithms using their evaluation database,

then users can compare their own algorithm to other registration algorithms|6]. Before

START END

Registration
Algorithm
To Evaluate,

Transformation
Database rﬁ
Deformed Deformed

Image Segmentation

TR ‘r T I Statistic Result
L %‘ﬁgﬁ diREFR 20TCWare ) Of Algorithm To Evaluate

Figure 2.1: NIREP flow chart

users perform evaluation for non-rigid image registration algorithm, first users need to
acquire evaluation database either their own database or NIREP evaluation database,

and need to download NIREP software from the NIREP website. Optionally users can
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download STARD (Standards for Reporting of Diagnostic Accuracy which is initia-
tive to disclose all relevant information for each non-rigid registration validation test)
documentation, and precomputed of other registration algorithms from the NIREP
website [19)].

Second, users register evaluation database using their non-rigid image reg-
istration algorithm. After performing registration, it creates transformations for all
combination of images pairs. To evaluate algorithm using NIREP, user needs to create
Resource Description List (RDL) for both evaluation database and transformations
and NIREP Display descrition Document (ND3) file. RDL file is configuration XML
file for NIREP software, and describes how the data to be read from the system. ND3
file is user readable file and describes how to display in NIREP software. Following
is one example of evaluation database and transformation RDL, and ND3 file which
shows overlap result table.

Database RDL: Following example is part of NAO evaluation database RDL
file. First part of RDL file contains clinical demographic characteristics of MRI and
give coordinate system ID. Next part shows type of image such as Image file and object
map file, so it contains file name, data type and descriptions. First image of NAO eval-
uation database which is described in [19] has those information: label=na0, age=43,
gender=male, race=white, ethnic category=non Hispanic, and handedness=+95, and

it has both image file and object map file.

<?xml version="1.0" 7>
<ResourceDescriptionlList namespace="na0" rdlIdentifier="na0">
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<namespace_description id="na0" ns="na0">
<description>First NIREP Neuroanatomy Evaluation Database</description>
</namespace_description>
<cs_description id="001">
<name>na01</name>
<identifier>hnnl008</identifier>
<race>White</race>
<gender>Male</gender>
<age>43</age>
<handedness>+95</handedness>
<hand>Right</hand>
<ethnicity>Non Hispanic</ethnicity>
</cs_description>
<label_description id="MRI">
<modality>T1 Weighted MR</modality>
<scanner>1.5T General Electric Signa scanner</scanner>
<protocol>SPGR/50, TR 24, TE 7, NEX 1 matrix 256x192,
FOV 24 cm, 124 contiguous coronal slices,
interpixel distance 0.94</protocol>
</label_description>
<label_description id="0BJMAP">
<description>Gray matter segmentations</description>
</label_description>
<!-- Start of MRI Data Descriptions -->
<data_description label="MRI">
<coordinate_system id="001"/>
<filename index="0">nall.img</filename>
<datatype>IMAGE</datatype>
</data_description>
<!-- Start of Object Map Data Descriptions -->
<data_description label="0BJMAP">
<coordinate_system id="001" />
<filename>na01l.obj</filename>
<datatype>0BJECTMAP</datatype>
<attributes>
<name>brain object map</name>
<description>0Object map of subject 1</description>
</attributes>
</data_description>
</ResourceDescriptionList>

Transformation RDL: When registration is performed, transformation file is
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created. Transformation RDL file includes information about source coordinate sys-
tem, target coordinate system, and its transformation. Following example is part of
SICLE RDL file when the source image is NA0|001, target image is NA0|002 and its

transformation is na01_To_na02_res10000_iter00020.coefTs.

<?xml version="1.0" 7>
<ResourceDescriptionlist namespace="na0" rdlIdentifier="sicle">
<algorithm_description id="SICLE">
<description>SICLE algorithm</description>
</algorithm_description>
<transform_description>
<coordinate_system index = "O" ns = "na0" id="001"/>
<coordinate_system index = "1" ns = "na0" id="002"/>
<algorithm>SICLE</algorithm>
<filename>na0l_To_na02_res10000_iter00020.coeffs</filename>
<datatype>TRANSFORMATION</datatype>
<format>SICLE_COEFF</format>
<transformation_units>IMAGE_SPACE</transformation_units>
</transform_description>
</ResourceDescriptionList>

ND3 file: The example is showing overlap table in the display ( overlap between

image that register NA0|001 to NA0|002 with SICLE and NA0|002).

Begin ResourceDescriptionList
Databases/NAO/resources.rdl
Transformations/NAO/SICLE/sicle.rdl

End ResourceDescriptionlList

Begin DisplayAttributes
columnsize(1)
rowsize (1)

End DisplayAttribute

Begin Variablelist
imagel = na0|001
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image2 = na0|002
algorithm = SICLE
modality = OBJMAP
End VariablelList

Begin WidgetList
Wi,1 = text(table,0verlap)
End WidgetList

Begin EvaluatorList

A1 = Transformation(imagel,image2,algorithm)
A2 = SpatialData(imagel,modality)

A3 = SpatialData(image2,modality)

A4 = TransformImage(A2,A1)

table = OverlapTable(A4,A3)

End EvaluatorLis

Next setp, users can evaluate registration algorithm with multiple evaluation
methods using NIREP software. Users can save the evaluation results to database
in NIREP. There are 3 different ways to performing evaluation with images and
transformation.

First ways is performing evaluations with images and transformation. and
following is the steps:

1. Open NIREP software

2. Using ” Add image” and ”Add Transform”, add two images and transformation
3. Choose View — subvolumes — Overlap.

4. Generate Overlap images and tables.

5. For other evaluation such as ICE, Jaccobian, SSD, repeat 2-3 steps.

Second, performing evaluations with RDL

1. Open NIREP software
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2. Load reference evaluation database RDL file (or create RDL file from NIREP),
and Load transformaion RDL file.

3. Choose View — subvolumes — Overlap.

4. Generate Overlap images and tables.

5. For other evaluation such as ICE, Jaccobian, SSD, repeat 2-3 steps.

Last, performing with ND3 file (evaluating two image or more, and working for Batch-
mode)

1. Open NIREP software

2. Load Display (ND3 file which includes evaluation database RDL file, and transfor-
mation RDL file. RDL file includes every images and every pairewise transformations.
Also ND3 file has evaluaton method )

While performing evaluations all result data are automatically saved into the
evaluation tables in NIREPresultdatabase which is created with SQLite in the NIREP
software. Each evaluation calculates all different statistic values, so each evaluation
method has its database table. From data in evaluation result table we creates new
table for its statistical summary, called evaluation statistic table. Using average values
in evaluation table, statical vaues are calculated for each ROI for algorithm.

Rank is one of element in this table and is calculated to compare values with
different algorithms in the database for each ROI. From this table, users can see which
algorithm gives better result than other algorithms.

To compare multiple algorithms with multiple evaluations, NIREP SQLite

database has table, called result table. This table contains statically summarized re-
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sult of each evaluation statistic table. From this result user can compare algorithms.
With their evaluation data and precomputed other registration algorithms data that
are downloaded from the NIREP website, users can compare their algorithm perfor-

mance. Figure 2.2 illustrates evaluation result data flow. If users want to join NIREP

| Algorithm }—»

|Evaluati0n database ‘—r

Transformations

NIREP |

Evaluations
IOverIap”Jamhian | | Inverse Consistency Error |

iTransitithy Error | |Intensity Diﬁerence]

ILandmark | | ... Other evaluation methods |

T
} results

SQLite l Visulization
Overall b 4

Evaluation | Images

Result

-

'ﬂ.'vg' \I.'aiuas
in evaluation result table
¥

Statistically p
summarized Y Tables
Result

A\nalag;[! Rank
Averaged Score
¥

Qverall T Graphs
Evaluation
Result

Figure 2.2: Evaluation result data flow-chart

to share their result and compete with other investigators, users needs to submit their
result to NIREP website. NIREP website collects all submissions, and shows over-

all results of image registration evaluations and its ranking result using tables, and
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graphs.

2.2 Database design
2.2.1 NIREP result database

Database gives a large space for saving data (such as numerical values) with
single database file. Using database gives some benefits such as it is easy to save
data, easy to look for data in database, easy to take or use values in database, and
easy to marge tables with other same tables in different database.

SQLite is used to implement the NIREP evaluation result database. SQLite
which uses structured query language (SQL) to query database is an open source
embedded relational database, and symbiotically coexists inside the application. Ad-
vantage of using SQLite inside the application is that no network configuration or
administration is required, also SQLite is small, fast and reliable [15, 14]. Everything
user need is complied right into the program. Therefore, using SQLite is suitable for
NIREP software.

SQLite is used to collect and manage all evaluation results calculated from the
evaluation task in NIREP software. Tables in SQLite database were used to store
these corresponding information. Every evaluation has single table, so each table
represents one evaluation in the database. Figure 2.5 gives an example in the table
format. This example illustrate what is the overlap evaluation result table looks like
in the database. When user perform overlap evaluation, the results are saved into
overlap_t (the letter ¢ is short for table).

All teams to participate NIREP study must submit their results. The SQLite
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database files are collected for comparing with image registration algorithms perfor-
mance in the NIREP website.

SQLite database for NIREP has following advantages. SQLite database is
single .db file which contains all results for the project, so it is simple to submit.
Each SQLite database from participants has same tables with same columns, so it
can be merged easily into single database file. When users want to use their results,
users can easily approach their results and see their result tables with SQLite, and .db

file can be converted to .csv file, so users also can use database with other applications.

2.2.2 Database Query Language
A database query language is a computer language used to make a requests to
a database. The structured query language is the query language that used to build
evaluation result database and make queries. The main SQLite queries which is used
in evaluation database is CREATE, INSERT, and SELECT query.
Because table will be created when users perform the evaluation, table must
be created without duplications. We used CREATE TABLE IF NOT EXIST

query, and following is the SQLite query of creating overlap table:

CREATE TABLE IF NOT EXISTS overlap_t(name_spacel CHAR, maskl CHAR,
maskl_alg CHAR, maskl_scs VARCHAR(5), maskl_tcs VARCHAR(5),
name_space2 CHAR, mask2 CHAR, mask2_alg CHAR,
mask2_scs VARCHAR(5), mask2_tcs VARCHAR(5), ROI VARCHAR(5),
RelativeOverlap FLOAT, DiceCoeff FLOAT, Sensitivity FLOAT,
date DATE)

Once table is created, the evaluation result values are inserted to correspond-
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ing column in evaluation table . However, there is a possibility that user perform with
same values (same images with same transformation) several times). In this case we
also dont want to have many same values in the table. The structure of SQLite
queries contains 3 clauses: INSERT INTO, SELECT, and WHERE NOT EX-
ISTS. The INSERT INTO clause is used to insert a new row and following is
specified table name and table column names where the data will be inserted and the
SELECT clause is used to the values to be inserted in the table. From the WHERE
NOT EXISTS() clause is to avoid saving duplicated values, and in the WHERE
NOT EXISTS() 3 clauses of SQLite queries are contained: SELECT, FROM and
WHERE. The SELECT clause is used to select the output attributes in the table,
and following the asterisk(*) is a way of selecting all columns. The FROM clause is
used to specify the table name and in this case it will call same table used for insert
data. The WHERE clause is used to list the predicates involving attributes of the
relations that classify the values for duplications and it is all inputs, images, for the
evaluation result. For example, suppose we want to perform overlap evaluation with
two images, NAO—001 and NA0O—002, with SICLE registration algorithm. The eval-
uation task in NIREP software will calculate relative overlap, dice coefficient, and
sensitivity for every ROIs and for ROI=1 the result is relative overlap =0.388228,
dice coefficient =0.559314, and sensitivity =0.521594. Each information is saved into

corresponding column in table. The SQLite query can be expressed as:

INSERT INTO overlap_t (name_spacel, maskl, maskl_alg,
maskl_scs, maskl_tcs, name_space2, mask2, mask2_alg,
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mask2_scs, mask2_tcs, ROI, RelativeOverlap, DiceCoeff,
Sensitivity, date )

SELECT ’NAO’, ’0OBJMAP’, ’SICLE’, ’001’, ’002’, ’NAO’, ’OBJMAP’,
"N/A’, ’002°, 002°, ’1’, ’0.388228°, ’0.559314’, ’0.521594°,
DATETIME(’now’)

WHERE NOT EXISTS (

SELECT

FROM overlap_t

WHERE name_spacel=’"NAO’ AND maskl=’0BJMAP’

AND maskl_alg=SICLE’ AND maskl_scs=001"’

AND maskl_tcs=’002’ AND name_space2=’NAQO’

AND mask2=0BJMAP AND mask2_alg='N/A’

AND mask2_scs=’002’ AND mask2_tcs=’002’ AND ROI=’1’ )

The result of inserting example evaluation values is shown in Figure 2.3. The

evaluation result are saved for all ROIs without duplications.

Figure 2.3: Overlap between image NA0|001 registered to image NA0|002 with SICLE
algorithm and image NA0|002

To convert SQLite database file to MySQL, we used csv file. The csv file is
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useful because when the database file can be convert into csv file, it can be used for
another database engine, spreadsheet, or some programming software. Using SQLite,
we can use SELECT commend so that we can have any tables we want from database.

Below is the commend that create csv file from SQLite database.

sqlite> .mode list

sqlite> .separator ,

sqlite> .output tablename.csv
sqlite> SELECT * FROM tablename;

Another import commend for NIREP project is merging tables. Since many
users will join this project and submit their result to us, we need to merge database

to calculate Rank for algorithms. Below is the merging table command.

sqlite> attach ./otherdatabasefile.db as toMerge;
sqlite> INSERT INTO test select * from toMerge.test
sqlite> detach database toMerge

2.3 Image Registration Evaluation
2.3.1 Overlap
The alignment of of subvolumes such as object, structures, organs, and regions
of interest(ROI) are one way of evaluating how well individual anatomical regions
registered one another [8, 19]. The source image S refers to registered image to be
compare with its registration target image T. This measures assume the segmentations
are correct. Ideally all overalp should be 1.0 which means two segmentations are

perfectly agreed.
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SUT

Figure 2.4: Overlap table

In Figure 2.4, S and T are two corresponding segmentations. S corresponds
to a segmentation transformed from image i to j compared to the corresponding T
defined in image j.

NIREP measures 3 kinds of overlap. The first overlap agreement measure is
the Relative Overlap, the intersection between two regions in S and T divided by the

volume of the region in union of S and T.

Volume(SNT)
Volume(SUT)

RelativeOverlap = (2.1)

Dice coefficient, also called mean overlap, is second overlap agreement mea-

surement. It is the intersection divided by the mean volume of the two regions.

2% Volume(SNT)
Volume(S) + Volume(T)

DiceCoef ficient = (2.2)

The third overlap agreement measure is the Sensitivity which measures the
proportion of actual positives which are correctly identified, and it is the intersection

between two regions in S and T divided by the volume of the region in T. Sensitivity
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is a measure of target overlap.

Volume(SNT)
Volume(T)

Sensitivity = (2.3)

Specificity, is the next overlap agreement measurement. It measures the pro-
portion of negatives which are correctly identified. It is the complement of union of

S and T divided by the volume of T complement.

Volume((S UT)Y)
Volume(TC)

Specificity = (2.4)

name spacel =T
mask1
Images | | maski_alg

maskl_scs
maskl tcs -T
Name sSpace2 =
mask2
mask2 alg
mask2 scs
mask2 tcs -
— |ROI
RelativeOverlap
DiceCosft
TargetOverlap
date

Figure 2.5: Overlap table

To save overlap evaluation, first we need to identify what images are used in

the table. Two images used for evaluation can be represented in 3 different cases:
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1) Applying evaluation methods between image 001 and image 002, 2) Applying
evaluation methods between image 001 register to image 002 using algorithm A and
image 002, 3) Applying evaluation methods between image 001 register to image 002
using algorithm A and image 003 register to image 002 using algorithm B.

Every evaluation methods in NIREP software has its corresponding database
table. Figure 2.5 shows structure of overlap result table. NIREP calculate 3 different
kind of overlap (relative overlap, dice coefficient, target overlap) and Specificity will
be added soon in the NIREP. Each item in Table overlap_t represents an attribute
(column name) in the table and the underline elements are used for key.

First part of table is image identifier, each column of the table represents im-
age information.

name _spacel is corresponding Namespace in NIREP software and it identifies the

type of evaluation database association of each image data. For example, if names-
pace consist of brain MR scan, then it could be NAO or NA1 in NIREP evaluation
database.

mask1 is image mask which used for image localization. Mostly object map (OB-
JMAP) is used in NIREP

mask1 _alg is the algorithm that used in image registration. If image is registered(case
2 and 3), it is the element for algorithm name such as SICLE but the algorithm name
must be different when users use different parameters. For case 1 since there is no
transformation it is N/A.

mask1 _scs is source coordinate system which is the coordinate system for reference
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image to be registered. Coordinate system is a system of using coordinates measured
in some specified way to uniquely determine the position of a geometric element such
as a point. Every data belonging to a namespace must be identified with at least one
coordinate system.

mask1 tcs is target coordinate system.

name_space2 , mask2, mask2_ alg, maskl scs, maskl tcs is for second image

and it is identical to for first image.
ROI is Region Of Interests.

Second part is for saving evaluation data result corresponding images used for
evaluation. For overlap evaluation NIREP gets Relative Overlap, Dice coefficient and

Target Overlap.

2.3.2 Inverse Consistency Error

Inverse consistency evaluation method evaluates registration performance based
on desired transformation properties and measures the error between forward and re-
verse transformation between two images [4, 5, 10].

Ideally the forward transformation equals the inverse of the reverse trans-
formation implying a consistent definition of correspondence between two images.
Comparing the forward and reverse transformations together produces the identity
map when there is no inverse consistency error [8].

Inverse consistency error (ICE) provides accurate correspondence between two
images compared to independently estimating the forward and reverse transformation.

Figure 2.6 illustrates two ways of calculating inverse consistency error: (a) shows the
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Forward transformation

Y= h{j (x)

x:hﬁ(}’)

Reverse transtormation = (a)

Forward transformation

y=hx)

-1
y=h\(x)
Inverse of forward
transformation (b)

Figure 2.6: Illustration of Inverse Consistency Error (a) ICE1 (b) ICE2

inverse consistency error with respect to source image i is computed as:

1CE;(x) = [|hji(hij () — | (2.5)

, and (b) shows the inverse consistency error that is mapped in target coordinate

system and it is calculated as:

ICE;(x) = ||hij(x) = hy' ()] (2.6)

ji

where h;; it the transformation from image i to image j, and || - || is the standard
Euclidean norm. ICE has 2 different way to calculate has two different tables, called

1cel t, and ice2_t. Transformation based evaluation such as inverse consistency error,
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name spacel name_spaceil
mask1 mask1
Images | [mask1_alg mask1_alg

maskl scs maskl scs
mask1 tcs mask1 tcs
name_space name_space2
mask?2 mask?
mask2_alg mask2_alg
mask2 scs mask? scs
mask2 tcs mask2 tcs

— |ROL ROL

— | 1M min
min_location min_location
max max
max_location max_location

[Results | |avg avg

st std
median median

| total total
date date

Figure 2.7: ICE table

transitivity error, and jaccobian calculates minimum, minimum location, maximum,
maximum location, average, standard deviation, median, and sum for all voxels in
each ROI. Figure 2.7 shows structure of ICE table, and it has two parts: image part

is identical to overlap_t, and result part is for saving inverse consistency error result.

2.3.3 Transitivity Error
The transitivity property is to minimize correspondence error when two trans-
formations are composed together [4, 5, 10].
The transitivity error(TE) evaluates the difference between a point and a point
that transformed from image A to B to C and return to A. In other words difference
between starting point and ending point is defined as the transitivity error.

Transitivity error provides accurate correspondence between three images and
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z= h, (x) - (b)

Figure 2.8: Illustration of Transitivity Error (a) TE1 (b) TE2

the identity map. Figure 2.8 (a) shows the voxel wise transitivity error with respect

to source image i is computed as:
TEy(x) = [[hxi(hij (hje(x))) — ]]. (2.7)

, and (b) shows the transitivity error that is mapped in target coordinate system and

it is defined as:

TEx(z) = [[(hij(hjp()) = ha(2)]]. (2.8)

where i is the source image, j is the second image, and k is target image shown in
Figure 2.8 and ||-|| is the standard Euclidean norm. TE has 2 different way to calculate
has two different tables, called tel,, and te2,. Figure 2.9 shows structure of TE table
First part, image part, is image identifier, each column of the table represents image
information.

name_space is name space for reference which is first image in Figure 2.8 (a) or (b)
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r— name §EHCE name dCEe
ref_mask ref _mask
Images | | refCS refCS
alg_ref cs1 alg_ref cs1
cs1 cst
alg cs1 cs2 alg cs1 cs2
CE2 CE2
alg cs2 ref alg ref cs2
ROI ROl
min min
min_location min_location
max max
max_location max_location
avg avg
std std
median median
total total
date date

Figure 2.9: TE table
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and identifies the type of evaluation database association of each image data such as
NAO and NAT.

ref mask is image mask for reference image

ref CS is coordinate system for reference image.

alg ref _csl is the algorithm that transforms reference image to second image which
is h;; in Figure 2.8 (a)

CS1 is coordinate system for second image.

alg_csl_cs2 is the algorithm that transforms second image to third image which is
h;i, in Figure 2.8 (a)

CS2 is coordinate system for third image.

alg_cs2 _ref is the algorithm that transforms third image to reference image which is

hi; in Figure 2.8 (a)

www.manharaa.com




26

ROI is Region Of Interests.
Second part, result part, is for saving transitivity error result which are mini-
mum, minimum location, maximum, maximum location, average, standard deviation,

median, and sum .

2.3.4 Jacobian
Jacobian evaluate how physically appropriate the registration deformation is
[12]. The determinant of the Jacobian of the deformation field, J, is calculated at
every voxel. This specifies for each point whether local expansion or contraction has
taken place. Where J <1 local contraction is implied, J=1 implies no change and j >1
implies local expansion. All values are bigger than 0 but if the values are negative, it

implies folding or tearing.

Ohi(x) Oha(x) Ohs(x)

o1 o1 Oz
T3(h(x) = | Pl dae) Ot |, (2.9)

Ohi(z) Oha(z) Ohs(x)
oxs3 Ors Ox3

where hi, hy and hg are three components of the transformation at location z =

[131,.'172,373].

The structure of jacobian_t is identical to icel_t
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2.4 Statistical summary of Evaluation result
2.4.1 Structure of statistic tables for evaluation result

After save all data in evaluation result table in NIREP result database, NIREP
software create population statistic table for each evaluation. Each population statis-
tic table is table for statistically summarizing each evaluation result. Each evaluation
result table has corresponding population statistic table, but tables like overlap_t
which includes more than one information such as relative overlap, dice coefficient,
and target overlap’ have multiple population statistic tables, so overlap_t has corre-
sponding 3 tables: RelativeQuverlap_ps_t, DiceCoef f ps_t, and TargetOverlap_ps_t.
Otherwise, one evaluation result tables has one corresponding population statistic

table, e.g., ice_t corresponds to ice_ps_t.

From the values in evaluation result table, population statistic is calculated
and automatically saved into corresponding population statistic table. Mostly average
in evaluation result table is used for calculate minimum, maximum, average, standard
deviation, and percentiles (5%, 25" median(50*"), 752 and 95%1).

As you can see in Table 2.1, population statistic table has those attributes
(columns). Bold and under line elements are used as key for searching or using val-
ues.

refCS_name _space is the type of evaluation database association of reference coor-

dinate system image data

refCS is reference coordinate system. It tells the population statistic is calculted with
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Table 2.1: Overlap population statistic tables

RelativeOverlap_ps_t| DiceCoeff_ps_t
refCS_name_space |refCS_name_space
refCS refCS
alg alg
ROI ROI
descriptionID descriptionID
description description
min min
max max
avg avg
std std
Rank Rank
P05 P05
P25 P25
P50 P50
P75 P75
P95 P95

evaluation results that is from registered from coordinate systems to this reference
coordinate system. in batch mode, all

alg is algorithm used for evaluation

ROI is Region Of Interest

descriptionID indicates what elements are used to calculate population statistic, in

batch mode, All
description describes descriptionID in word, in batch mode, AlltoAll

For selected one image which is name_spacel and mask1 tcs and mask2 tcs

in evaluation result table corresponds to refCS_name_space and refCS, respec-

tively. Also, alg in population statistic table match to mask1 _alg, and descriptionID
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in population statistic table corresponds to many maskl scs. Using selected ele-
ments, population statistic tables are created. Therefore, we can get a values in
evaluation result table. From those values, for each ROI we can calculate mini-
mum, maximum, average, standard deviation and percentiles. For example, suppose
we want relative overlap population statistic for NA0|001 with SICLE algorithm. In

RelativeOuverlap_ps_t, following values are inserted: refCS_name_space is NAQ and

refCS is 001, alg is SICLE and descriptionID is 002:016 since NAO has 001 to 016,

total 16 images.
For each ROI which is 1 to 32, using those conditions in overlap_t, we can

find RelativeOverlap values where maskl_name_space = NAO, mask1 _tcs = 001,

and mask1_alg = SICLE . When ROI is 1, 15 different values are in relative over-
lap column, and using those we calculate minimum, maximum, average, standard
deviation, and percentiles (5%, 25" median(50*"), 75", and 95') and insert into
RelativeOverlap_ps_t database. Therefore, min is the smallest relative overlap val-
ues which means the worst relative overlap result in the ROI, max is the biggest value
meaning the best result, avg is average, and std is standard deviation of 15 relative
overlap result. Percentiles also calculated which is the value that denotes boundary
values in frequency distributions. The 5% percentile is that value which marks off
the lowest 5% of observations from the rest, the 25", first quartile, is the value that
cuts off 25% of data, 50", second quartile or median, cuts data set in half, the 75",
third quartile, cuts off hight 25% of the data or lowest 75%, and the 95" percentile

exceeds all but 5% of values.
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2.4.2 Ranking population statistic

Ranking algorithms for each population statistic table is important to know
one algorithm is better than other algorithms. Therefore, we need to give ranks to
every algorithms for each ROI in population statistic table. If the number of algorithm
is one, the rank will be 1, but if the table contains N algorithms, then the rank will
be 1 to N. Avg values in population statistic table are used to calculate rank. Mostly,
low avg value is better than high avg value, but only for overlap high avg values is
better. Therefore, expect overlap population statistic tables (RelativeOverlap_ps_t,
DiceCoef f_ps_t, and Sensitivity_ps_t) the lowest avg value will be ranked 1, next
will be ranked 2, and so on. However, there are possibility to have some equal avg
value, and in this case, rankings are averaged. For example, we have 6 algorithms:
Demons, SICLE, SLE, AIR, Affine, and Rigid, and its avg in RelativeQuverlap_ps_t
for ROI=1 is 0.50, 0.38, 038, 0.35, 0.32, and 0.26 respectively. From those values, avg
of Demons is ahead of any other algorithms,meaning the highest value, then Demons
gets ranking number 1. SICLE and SLE (which compare equal) both have higher
value than AIR, Affine and Rigid, so both gets ranking number 2.5 ( which is average
of 2°¢ and 3™ place of rank). AIR, Affine, and Rigid get ranking number 4, 5, 6

respectively.

2.4.3 Ranking algorithms
To give ranks to all algorithms for overall evaluations, NIREP software creates
another table ,result_t, which summarize all evaluation result population statistic

tables. From population statistic table, evaluation results are computed for every
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ROIs. However to summarize overall evaluation statistics, each evaluation method
need representative values which are "Avg Score’ and ’Avg Rank’. Avg Score is
computed by averaging avg values for all ROIs, and Avg Rank also is computed by
averaging rank values. For example, Avg Score for relative overlap are computed
averaging avg values in RelativeOverlap_ps_t shown in Figure 2.10, as a result the

Avg Score is 0.381434 and Avg Rank is 2.15625 for SICLE. From Avg Rank in each

ROI Minimum Maximum Average ‘Standard deviation 5th percentile 25th percentile Median 75th percentile 95th percentile Rank
1 0.165232 0.478234 0.355827 0.057454 0.256404 0.319987 0.360543 0.395324 0.44805 3
2 0.205216 0.492725 037145 0.047611 0.285015 0.347493 0.37485 0.401964 0.441808 3
3 0.275035 0.524153 0404709 0.047488 0.324037 0.388184. 0.408135 0.441401 0.485782 2
4 0.323317 0.515857 0417372 0.037518 0.356752 0.389418 0.420021 0.44583 0.478068 2
5 0.379587 0.599719 0.503875 0.047518 0.416916 0.47476 0.50492 0.536716 0.583898 2
8 0.425078 0.625684 0.521572 0.03816 0.450028 0.496935 0.524082 0.546911 0.584668 2
7 0.326712 0.640146 0482565 0.06328 0368057 0.454398 0.502278 0.537385 0.584003 2
8 0.38982 0.628065 0.530296 0.046068 0.45614 0.496367 0.53445 0.566354 0.598866 2
9 0.248033 0.426096 0.335533 0.038968 0.271235 0.311441 0.332178 0.360073 0.408414 2
10 0.20716 0.4481 0.316254 0.046401 0.242172 0.283876 0.31412 0.348828 0.383385 2
" 0317754 0.50818 0432796 0035506 0.372222 0.412189 0.433323 0.457854 0.491588 2
12 0.353128 0.546255 0.422657 0.031616 0.372081 0.400314. 0.418404 0.445728 0.472633 2
13 0385807 0.602358 0488118 0.042802 0.417426 0.454111 0.488356 0.516503 0.561082 2
14 0.409343 0.641612 0.532328 0.044357 0.451969 0.50709 0.535333 0.558645 0.606527 2
15 0.330295 0.549804. 0.453501 0.047487 0.353183 0.423896 0.453371 0.48841 0.522685 2
18 0.277813 0.53247 0439415 0.048721 0.347565 0.401845 0.447965 0.478948 0.51482 2
17 0.308483 0437133 0.364056 0.028401 0.323045 0.340053 0.36155 0.386278 0.413115 2
18 0.273818 0.440328 0.354925 0.031876 0.209949 0.32997 0.35244 0.382207 0.403737 2
19 0.264716 0.440237 0.35188 0.035985 0.284745 0.325099 0.35202 0.377566 0.407258 2

20 0.221808 0.411051 0.323542 0.038475 0.245022 0.300838 0.328088 0.354403 0.383468 2
21 0.109838 0.45289 0.28452 0.088577 0.168668 0.242423 0.278813 0.328107 0.412223 2
22 0.471131 0.411567 0.304131 0.045308 0.229095 0.2724 0.304308 0.333563 0.381285 2
2 0.357453 0.557284. 0476958 0.037178 0.396689 0.460376 0.483148 0.503055 0.526633 2
24 0.39115 0.565187 0472708 0.034778 0.417683 0.446292 0.471372 0.493845 0542073 2
25 0.185485 0.419644. 0.294065 0.046435 0.206147 0.262116 0.208479 0.323916 0.367953 2
26 0.141054 0.382474. 0.260778 0.044404 0.179866 0.230223 0.263558 0.283281 0.327053 2
27 0164942 0.400324 0.283842 0.050548 0.184432 0.252311 0.285692 0.316434 0.362084 3
28 0.186218. 0.354808 0.279803 0.043435 0.202041 0.248604. 0.201882 0.312448 0.339181 3
29 0.248915 0.4307 0.347534 0.038788 0.279174. 0.319744. 0.348382 0.376145 0.401845 2
30 0.178327 0.428435 0.319756 0.04675 0.246865 0.288786 0.315837 0.350478 0.410558 3
31 0.080283 0.356213 0.256928 0.047922 0.170437 0.22747 0.264544 0.288771 0.332348 2
32 0.005348. 0.32143 02118 0.048879 0.111884. 0188569 0.215713 0.245234 0.201824 2
Avg 0. 0.04418175 2.15625

Figure 2.10: RelativeOverlap_ps_t in website when evaluation database is NAO and
the non-rigid registration algorithm is SICLE.

evaluations, total average rank is calculated by averaging all evaluation Avg Rank.
The default calculation is averaging with same weight 1, but users can choose weight
in each evaluations. From total average rank, we give total rank, then it will calculate
different ranking result according to weight of average rank. The way to give a rank

is in Section 2.4.2. Table 2.2 shows one example structure of result_t.
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Table 2.2: Result table

result_t

name_space
Alg
alg_link
refCS
DescriptionID
RelativeOverlap_avg
RelativeOverlap_avg_rank
DiceCoeff_avg
DiceCoeff avg rank
TargetOverlap_avg
TargetOverlap_avg rank Sn_avg
ICE_avg
ICE_avg_rank
TE_avg
TE_avg_rank
submit_date
method_type
avg_rank
total _rank
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2.5 NIREP results and Visualization
2.5.1 Requirements of submission
NIREP requires to submit STARD (Standards for Reporting of Diagnostic

Accuracy) documentation, and SQLite database file.

2.5.1.1 STARD documentation

NIREP follows STARD documentation to improve the accuracy and complete-
ness of reporting of the study of diagnostic accuracy, to help investigators understand
diagnostic and assess the potential for bias in the study, and to evaluate generalization
of the study [1, 2].

Investigators can download STARD documentation from NIREP website. The
STARD initiative includes a checklist of 25 items. This checklist gives guidelines to
investigators for reporting the necessary elements of a diagnostic accuracy study and

helps them better to understand diagnostic reports and to assess their quality.

2.5.1.2 NIREP result Database file

NIREP software creates SQLite database file, NIREPresult.db in NIREP build
folder. This database file contains all results in evaluation result tables that user
performed their registration algorithms for several evaluations.

NIREPresult.db file has not only evaluation results tables, but algorithm infor-
mation table called algorithm_info_t. To have specific information about algorithm
that participants evaluated, they need to give following information: (1) the name of

algorithm, (2) affiliation of the team, (3) url (optional), (4) data name space which
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is used for evaluate algorithm, (5) deformation model of algorithm, (6) degrees of
freedom of algorithm, (7) algorithm parameters used for evaluation, (8) similarity
measure, (9) regularization method, (10) algorithm programming code, (11) com-
puter specifications, (12) image input to algorithm, (13) image requirements to use
algorithm, (14) average running time and its standard deviation, (15) method type
- either fully automatic or semi automatic. if user use same parameters on all pairs
with no user interaction method type is Fully Automatic, if parameter were changed
manually for different image pair, method type is Semi-Automatic and it should be re-
ported in parameter column and (16) submit date. The example of algorithm_info_t
shown in Table 2.3.

The name of algorithm must match with algorithm name that users used for
their evaluation RDL file, and if users use same algorithm but different parameters,

then users must use different algorithm name.

2.5.2 NIREP Website
Researchers have worked to find the best non-rigid image registration algo-
rithm. Many papers and journals about performance of non-rigid image registration
algorithms are published, and algorithms are available to public. Comparing their
behavior is important task. However, Investigator uses different data sets and dif-
ferent evaluation methods when they publish their algorithm performance, so proper

comparison between algorithms is virtually impossible.
The NIREP website provides a place for image registration evaluations and

reasonably fair comparison of available registration algorithms for its application be-
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Table 2.3: Example of algorithm_info_t

Columns in table|Example
algorithm SICLE
affiliation The University of lowa
data_name_space |[NAO
deformation |3-D Fourier series (diffeomorphic)
dof 7,986 for 10 harmonics
parameters |similarity: 1.0, regularization: 0.00125,
and ICC: 2500
similarity SSD
regularization |Small-deformation linear elasticity, in-
verse consistency; MRess: number of
basis components
code CH++
computer Intel(R) Xeon(R) CPU 5140 @
2.33GHz quad core 16GB RAM

input Analyze (7.5) 8-bit

setup Dimensions divisible by 16 Intensity
correction Isotropic Individual param-
eter files

running time |60 min/registration
method type |fully automatic
submit date
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cause all participants apply their algorithms to same evaluation database such as NAQ
and NA1 and participants apply several evaluation methods to their algorithms using
NIREP software, so resulting registration will be evaluated using same criteria.
Participants download evaluation database from the NIREP website, register
them, and return the results for independent evaluation. Algorithms are ranked
according to their performance in each evaluation method. All results are published

on the NIREP website.

8nNno Non-Rigid Image Registration Evaluation Project (NIREP)
@ = ¢ Q- Google

‘ INTRODUCTION | REGISTRATION METHODS ‘ REGISTRATION METRICS | 'DOWNLOADS ‘ RESULTS | SUBMIT ‘ LINKS ‘

Home

other Links  NON-Rigid Image Registration Evaluation Project (NIREP)

Univarsity of |
FveeRily, i lowa, Image registration is important for many applications, including longitudinal

?Hége ‘?f evaluations in individuals, comparison between individuals, creation of

ngineering

Electrical & population atlases, use of atlas-linked information in individual cases, delivery

Computer of precision therapies, and many others. Non-rigid image registration is a more

Engineering general approach than the widely used affine and rigid methods, but requires
more complex methodology and computational effort to implement. Evaluating
the performance of non-rigid image registration algorithms is a difficult task
since point-wise correspondence from one image to another is not unique. That

Major is there is rarely if ever a ground truth correspondence map to judge the

Project performance of a registration algorithm.

Sponsors We have started the Non-rigid Image Registration Evaluation Project (NIREP)
to develop software tools and provide shared image validation databases for
rigorous testing of non-rigid image registration algorithms. NIREP will extend

NIBIB the scope of prior validation projects by developing evaluation criteria and
metrics using large image por i using richly tated image

databases, using computer simulated data, and increasing the number and |
types of evaluation criteria.

_ " The goal of this project is to establish, maintain, and endorse a standardized

of Biomedical set of relevant benchmarks and metrics for performance evaluation of nonrigid
Imaging and image registration algorithms. Furthermore, these standards will be incorporated into an rtable computer to automatically evaluate

National Institute

N

Figure 2.11: NIREP website.

When investigators want to join non-rigid image registration evaluation project

(NIREP), they must follow rules below.
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- NIREP software can be downloaded from NIREP website, so anyone who is inter-
ested in image registration evaluation can obtain this software.

- NIREP evaluation database are provided to participants who uses database only for
NIREP purpose, so participants who download this evaluation database must submit
their result to the website. In other words, NIREP evaluation database is not allowed
to anonymous, and will not be used for any other purpose than NIREP.

- Result of evaluating registration performance uploaded to this website will be pub-
licly available on this website.

- By submitting result, participant allow us to publish our evaluation.

- Participant maintain full ownership and rights to their methods.

- Participants who want to use the result of algorithms associated with the NIREP
project in publications must make an appropriate citation, and notify to NIREP

about their publication.

2.5.2.1 Download

For legitimate comparisons between registration algorithms, NIREP provides
to investigator same evaluation data sets and same evaluation criteria through the
NIREP software. Therefore, NIREP website provides a place to download NIREP
software, STARD documentation, and NIREP evaluation databases. NIREP software
is open source, so anonymous can obtain easily. However, NIREP evaluation data

sets will be used for only NIREP purpose, so investigators need to register to website

first.
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2.5.2.2  Submission

Investigators who download NIREP evaluation data sets and evaluate their al-
gorithms needs to submit their results to NIREP website in order to join this project.
After log-in to NIREP website, they can see submission session. Session 2.5.1 de-
scribed the items users needs to submit to NIREP. we will collect those data and

show on the website.

2.5.2.3 Result Visualization

NIREP website display same result data as the SQLite database in the NIREP
software, i.e., SQLite database is converted to MySQL database just for website
purpose. In the main result session on the NIREP website represent result table
which is described in Session 2.4.3.

The result table is sorted in ascending order based on the average rank which
is computed by averaging ranks from each evaluation with default weight 1. Users
also choose the weight on the evaluation and it computes average rank with different
weight that users select. Then users can find the best algorithm for their purpose.

In the result table, each algorithm has their linked pages, so by clicking the
algorithm name, users can go to the algorithm page. In the each algorithm page, all

detail of evaluation results are shown with tables.
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CHAPTER 3
RESULTS

Three non-rigid image registration algorithms were evaluated using common
evaluation databases (NAO and NA1). All 16 data sets of NAO and 18 data sets of
NAT1 were used for this study. This is to show an example to evaluate performance
of registration algorithms.

Four evaluation methods are applied to evaluate algorithm performances. When
evaluations were performed, the results data automatically were saved into the NIREP
result database using SQLite in NIREP software. After collecting all evaluation re-
sult data, all evaluations were statistically summarized for each region of interest (32
ROIs of NAO and 57 ROIs of NA1). From statistically summarized result for each
evaluation method, algorithm performances evaluated using ranking on the algorithm
for each ROI and all results were saved into the NIREP result database. Fianally
to evaluate algorithms based on all evaluation methods, averaged score(average) and
rank in 32 ROIs for NAO and 57 for NA1 were calculated for all statistically summa-
rized result for every evaluations. Using averaged scores and ranks, the best algorithm

among three algorithm was chosen.
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3.1 Evaluation Result for NAO database
3.1.1 Overlap Evaluation Result
The overlap performance for three non-rigid image registration algorithms with
respect to NAO database was saved in Figure 3.1. Overlap evaluation task computed
relative overlap, dice coefficient, and sensitivity for each of the 32 ROI and all over-
lap evaluation results were saved in overlap_t with corresponding image information.
From relative overlap, dice coefficient, and sensitivity values in overlap_t, population
statistic values of all pair-wise evaluation results for each ROI were computed and
saved in RelativeOverlap_ps_t, DiceCoef f_ps_t, and Sensitivity_ps_t respectively.

In RelativeOuverlap_ps_t, DiceCoef f_ps_t, and Sensitivity_ps_t, minimum, maxi-

name_spacel mask1 maski alg maskl sce maskl tcs name space2 mask2 mask2 alg mask2 scs mask2 tcs ROI RelativeOverlap DiceCoeff Sensitivity date

0 # X nan objectmap  SICLE 001 002 nad objectmap  NiA 002 ooz 0 0841268 0963746 0871626 2011-
06-23

# % a0 cbjectmap  SICLE 001 002 nad objectmap  NiA 00z ooz 1 0388228 0559314  0.521594 21213

3 # ¥ na0 cbjectmap  SICLE 001 002 nad objectmap  N/A 002 ooz 2 0354390 0523331 0508512 3121:1
O 24 [3% nad objectmap  SICLE 001 002 nad objectmap  N/A 002 ooz 3 0354402 0523334 0.567B15 223
D # X nao objectmap  SICLE 001 002 nag objectmap  N/A 002 002 4 0402314 0573786 0614773 2121a
O & X nao objectmap  SICLE 001 002 nad objectmap  NIA 002 002 5 0555556 0714286  0.708843 20;1'
06-23

# X nao objectmap  SICLE 001 002 nad objectmap  NiA [ ooz & 0499223 0665976 0673 2011
06-23

0O 2 X a0 cbjectmap  SICLE 001 o002 nad objectmap  NiA [ ooz 7 0369535  0.53885  0.706001 31213
0O # X nao objectmap  SICLE 001 002 nad objectmap  N/A 002 o2 8 0479624  0.848305  0.576047 ggﬂ
O 2% na0 cbjectmap  SICLE 001 002 nad objectmap  N/A 00z [ ) 0327764 0483708  0.521058 21213
# ¥ nao ebjectmap  SICLE 001 002 nad objoctmap  N/A 002 002 10 0303884 0466121 042177 2011-
06-23

# ¥ nad objectmap  SICLE 001 002 nad objectmap  NiA 002 002 11 0438016 0610064 0587513 2011-
06-23

# ¥ na objectmap  SICLE 001 002 nad objectmap  NiA 00z ooz 12 0453738 0624203  0.61406 2011-
06-23

O & ¥ na0 abjectmap  SICLE 001 002 nad objectmap  NiA 00z 00z 13 0496084 0663158  0.626412 3121:
# ¥ nao abjectmap  SICLE 001 002 nad objectmap  N/A 002 o2 14 0.560873 0718748  0.685401 ﬁgﬂ

0 2 X nao cbjectmap  SICLE 001 002 nad objectmap  N/A 002 (] 15 0414345 0585818  0.6B4357 ig}
# X nao objectmap  SICLE 001 002 nag objectmap  N/A 002 002 16 0405380 0576907  0.649919 29'11'
06-23

O #|[% nao objectmap  SICLE 001 002 nag objoctmap  NIA 002 002 17 0376392 0546926 0522608 2011-
06-23

Figure 3.1: Overlap evaluation results for NAO database are saved in overlap_t. This
shows overlap evaluation results between NA0|002 image with NA0|001 registered to
NAO0|002 with SICLE algorithm for all ROIs
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mum, average, standard deviation, and percentiles (5, 25" median(50*), 75, and

95') were calculated for each ROL.

3.1.1.1 Result for Relative Overlap

Relative overlap evaluation performance for three non-rigid registration al-
gorithms with respect to NAO database are shown in Table 3.1 and Figure 3.2.
From the overlap evaluation task, each pair-wise registration (16 NAO data sets
with 240 transformaions) computed relative overlap values, and using them for each
of 32 ROIs, all statistic values(minimum, maximum, average, standard deviation,
and percentiles (5", 25" median, 75, and 95'")) were computed and saved into
RelativeOverlap_ps_t in NIREP result database. Using average values, avg column
in population statistic table RelativeOuverlap_ps_t, algorithms were ranked for each
of 32 ROIs. As shown in Figure 3.2 Demons got 15 place for all ROIs, SICLE got 2°¢
palce for 27 out of 32 ROIs, and AIR5 got 3™ place.

Demons provides significantly different average values for all the 32 regions
than all the other registration algorithms. To compute representative values for al-
gorithm, average score which is averaging all ROIs average value, average rank were

calculated, and the result is shown in Table 3.1.

3.1.1.2 Result for Dice Coefficient

Dice coefficient evaluation performance for three non-rigid registration algo-
rithms with respect to NAO database are shown in Table 3.2 and Figure 3.3. From

the overlap evaluation task, each pair-wise registration (16 NAO data sets with 240
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Figure 3.2: Graph of Average Relative Overlap for 32 ROIs which was computed by
averaging relative overlap values for 16 NAO datasets, computed for 240 transforma-
tions from three registration algorithms and one without transformations

Table 3.1: Table for statistically summarizing Relative Overlap results using NAO

data sets
Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 | 0.211229 | 0.48581 |0.357664 2 3 2.84375
Demons | 0.346537 | 0.65334 | 0.502887 1 1 1
SICLE 0.2119 | 0.532328 | 0.381434 2 3 2.15625
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transformaions) computed dice coefficient values, and using them for each of 32 ROIs,
all statistic values(minimum, maximum, average, standard deviation, and percentiles
(5%, 25t median, 75", and 95'")) were computed and saved into DiceCoef f_ps_t
in NIREP result database. Using values of avg column in population statistic table,
DiceCoef f_ps_t, algorithms were ranked for each of 32 ROIs. As shown in Figure 3.3
Demons got 1%t place for all ROIs, SICLE got 2" palce for 26 out of 32 ROIs, and

AIRS5 got 3t

09
0.8
07

06 - [l Demons
B ARs
W SiCLE

- A

05

03

0.2

01

1 2 3 4 5 6 7 8 9% 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32

Figure 3.3: Graph of Average Dice Coefficient for 32 ROIs which was computed by av-
eraging relative overlap values for 16 NAO datasets, computed for 240 transformations
from three registration algorithms and one without transformations

Demons provides significantly different average values for all the 32 regions
than all the other registration algorithms. To compute representative values for al-
gorithm, average score which is averaging all ROIs average value, average rank were

calculated, and the result is shown in Table 3.2.
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Table 3.2: Table for statistically summarizing Dice Coefficient results using NAO data

sets
Algorithm|Score min|Score max|Score avg|Rank min|Rank max|Rank avg
ATR5 ] 0.347451 | 0.652564 | 0.520799 2 3 2.84375
Demons | 0.511333 | 0.789754 | 0.663179 1 1 1
SICLE | 0.346836 | 0.693693 | 0.54458 2 3 2.1875

3.1.1.3 Result for Sensitivity

Sensitivity(target overlap) evaluation performance for three non-rigid registra-
tion algorithms with respect to NAO database are shown in Table 3.3 and Figure 3.4.
From the overlap evaluation task, each pair-wise registration (16 NAQO data sets with
240 transformaions) computed sensitivity(target overlap) values, and using them for
each of 32 ROIs, all statistic values(minimum, maximum, average, standard devia-
tion, and percentiles (5%, 25% median, 75", and 95")) were computed and saved
into Sensitivity_ps_t in NIREP result database. Using values of avg column in pop-
ulation statistic table, Sensitivity_ps_t, algorithms were ranked for each of 32 ROlIs.
As shown in Figure 3.4 Demons got 1% place for all ROIs, SICLE got 2" palce for
29 out of 32 ROIs, and AIR5 got 3.

Demons provides significantly different average values for all the 32 regions
than all the other registration algorithms. To compute representative values for al-
gorithm, average score which is averaging all ROIs average value, average rank were

calculated, and the result is shown in Table 3.3.
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Figure 3.4: Graph of Average Sensitivity for 32 ROIs which was computed by aver-
aging relative overlap values for 16 NAO datasets, computed for 240 transformations
from three registration algorithms and one without transformations

Table 3.3: Table for statistically summarizing Sensitivity results using NAQO data sets

Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 | 0.347451 | 0.652564 | 0.520799 2 3 2.8125
Demons | 0.519316 | 0.785856 | 0.670351 1 1 1
SICLE | 0.353424 | 0.696998 | 0.551091 2 3 2.09375
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3.1.2 Jacobian Evaluation Result
The determinant of the Jacobian of the deformation field, j, is calculated at
every point. For every 32 regions, the determinant of Jacobian evaluation computes
avg, minimum, minimum location(for 3D image : min_x, min_y, min_z), maximum,
maximum location, standard deviation and percentiles. However, now NIREP evalu-
ator calculates avg, min, min_loc, max, max_loc. All of statistic values are computed
and saved in to jacobian_t in NIREP result database, and the table is shown below

in Figure 3.5.

i
1
i
i

name_spacel maskl maskl_alg maskl_scs maskl _tcs name_space! mas| mask2 alg mask2 scs mask2 tcs avg min min_x min_y min_z
1 kil k1_al k k1 2 k2 k2_al k2 k2 ROI i i i i
O & X na0 objmap SICLE 001 002 nal objectmap N/A 002 002 1] 0.968104 0.51386 135 39 122
O na0 objmay 1 002 nal objectmay 002 i 0.89685 0.511594 134 124
e bjimap SICLE 00 bj p NA 002 968! 38
O # ¥ na0 objmap SICLE 001 002 nal objectmap MN/A 002 002 2 1.13865 0.755924 104 87 185
O % 'na0 objmap SICLE 001 002 nad objectmap N/A 002 002 3 1.13867 0.987356 128 194 164
0O & X na0 objmap SICLE 001 002 nal objectmap N/A 002 002 4 1.11448 0.985214 123 196 162
8] . na0 objmap 1 002 nal objectmap 002 & 1.07487 0.971 1680 1 104
"l bj SICLE 00 bj NiA 002 971099 86
= na0 objmay 001 na0 objectmay 002 002 (-] 1.06879 0.996198 88 181 135
E [ bjmap SICLE 002 bj p NA
O # ¥ na0 objmap SICLE 001 002 nal objectmap  N/A 002 002 7 1.09987 0.956993 157 180 101
O & ¥ na0 objmap SICLE 001 002 nad objectmap N/A 002 002 8 1.06338 0.848644 91 192 93
O 2 ¥ inad objmap SICLE 001 002 na0 objectmap N/A 002 002 9 1.16078 0.978951 171 121 157
O # ¥ nad objmap SICLE 001 002 nal objectmap N/A 002 002 10 1.07205 0.857814 48 108 165
O # ¥ na0 objmap SICLE 001 002 nal objectmap  N/A 002 002 1 1.10303 0.870576 194 70 121
O # X no objmap SICLE 001 002 nad objectmap N/A 002 002 12 1.10745 0.838829 50 100 167
O # ¥ na0 objmap SICLE 001 002 nal objectmap N/A 002 002 13 1.02163 0.923257 162 132 108
O # X no objmap SICLE 001 002 nal objectmap  N/A 002 002 14 1.03073 0.894544 85 149 109
O # X na0 objmap SICLE 001 002 nal objectmap N/A 002 002 15 1.06204 0.945747 138 244 101
O & X no objmap SICLE 001 002 nad objectmap  N/A 002 002 16 1.07201 0.973348 93 260 115
O &% na0 objmap SICLE 001 002 nad objectmap  N/A 002 002 17 114966 00945851 160 249 169

Figure 3.5: Jacobian evaluation results for NAO data sets are saved in jacobian_t.
This shows the jacobian values for SICLE transformation that NA0|001 registered to
NAO0|002 for all ROIs

Different from other evaluations, calculating Jacobian population statistic

doesnt have important information. The average is equal to 1 or near 1 doesnt
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imply the evaluation is good because when using the complex image contraction and
expansion is not important. In Jacobian evaluation, the negative values is impor-
tant because it means singularities folding or tearing in the image, so Jacobian result
was used for the reference to consideration of choosing better transformation. In the
overlap evaluations, Demons got better results than SICLE or AIR5 performance,
but Demon has negative values in Jacobian evaluation. This implied that Demon
transformation makes folding or tearing in part of image, so Demon has worst results
in Jacobian evaluation than SICLE and AIR5. Figure 3.6 shows the Jacobian de-
formation for three non-rigid registration algorithms. The Jacobian is shown for the

transformation from data set NAO of coordinate system 008 to 014.

3.1.3 Inverse Consistency Error Evaluation Result

The inverse consistency error (ICE) evaluation performance for three non-rigid
image registration algorithms with respect to NAO database was saved in Figure 3.7.
ICE evaluation task computed average, minimum, minimum location(for 3D image:
min_x, min_y, min_z), maximum, maximum location, standard deviation and per-
centiles. for each of the 32 ROIs and all ICE evaluation results were saved in icel t.
From the ICE evaluation task, each pair-wise registration (16 NAO data sets with
240 transformaions) computed inverse consistency error values, and using them for
each of 32 ROIs, all statistic values(minimum, maximum, average, standard devia-
tion, and percentiles (5%, 25" median, 75", and 95')) were computed and saved
into ICE1 ps_t in NIREP result database. Using average values, avg column in pop-

ulation statistic table IC'E1_ps_t, algorithms were ranked for each of 32 ROIs. As
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Figure 3.6: An example showing Jacobian of transformations. (a)Jacobian for AIR5
(b)Jacobain for Demons (c)Jacobian for SICLE.
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name_spacel maski maski_alg maskl_scs maskl tes name_space2 mask2 mask2 alg mask2 scs mask2 tes ROl avg min min_x min_y
O # X na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 0 0.00119888 1 16()81&1 200 29
O # X na0 objecimap SICLE 001 002 nal objectmap SICLE 002 001 1 0.00553229 62921ﬁ 166 59
O # ¥ na0 objecimap SICLE 001 002 nal objectmap SICLE 002 001 2 0.00583791 2.01963; 78 49
O # ¥ na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 3 0.00151955 2.207526&6 133 189
g # X na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 4 0.00148359 ”"2ﬁ 111 223
O # ¥ na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 5 0.00059179 219431‘; 168 199
O # X na0 objecimap SICLE 001 002 nal objectmap SICLE 002 001 6 0.000923985 579992(; 81 134
O # ¥ na0 objecimap SICLE 001 002 nal objectmap SICLE 002 001 7 0.00201427 &42053; 164 193
O # ¥ na0 objectimap SICLE 001 002 nal cbjectmap SICLE 002 001 8 0.00665877 5.4395% 95 177
0O & X nao objectmap SICLE 001 002 nad objectmap SICLE 002 001 9 0.00145605 1.59841 02 200 139
O # X na0 objectmap SICLE 001 002 nad objectmap SICLE 002 001 10 0.00185023 6.09599; 63 125
O # ¥ n20 objectmap SICLE 001 002 na0 objectmap SICLE 002 001 1 0.00188571 828829;7 161 109
O # X na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 12 0.002545 3.9811 2(;&7 43 98
O # X na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 13 0.00218157 1 62792; 151 165
O # ¥ na0 objecimap SICLE 001 002 nal objectmap SICLE 002 001 14 0.00284811 4.50006; 89 119
O # ¥ na0 objectmap SICLE 001 002 nad objectmap SICLE 002 001 15 0.00215219 2.0660% 145 264
g # X na0 objectmap SICLE 001 002 nal objectmap SICLE 002 001 16  0.00379725 9‘2303:6 100 280

Figure 3.7: ICE1 evaluation results for NAO data sets are saved in icel_t. This
shows the ICE evaluation results which is computed from NA0|001 and NA0|002 and
SICLE transformation NA0|001 to NA0|002 concatenated with SICLE transformation
NA0|002 to NA0|001

shown in Figure 3.8 SICLE got 1st place for all ROIs, Demon got 2nd palce 29 out
of 32 ROIs, and AIR5 got 3rd place.

SICLE provides significantly different average values for all the 32 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.4

ICE Images are also computed from ICE evaluation task, besides computing
statistic summaries, those images are important to visualize the error. Figure 3.9
shows the inverse consistency error (ICE) for three non-rigid registration algorithms
using color scales and using Overlay Image which is superimpose ICE on the top of

NAO0|008 image. Those ICE images were computed from data set NAO coordinate
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Figure 3.8: Graph of Inverse Consistency Error for 32 ROIs which was computed by
averaging ICE average values for 16 NAQ datasets, computed for 240 transformations
from three registration algorithms.

Table 3.4: Table for statistically summarizing ICE1 results using NAO data sets

Algorithm |Score min|Score max| Score avg |Rank min|Rank max|Rank avg
AIRH 1.30857 | 30.7369 | 14.5427 2 3 2.90625
Demons | 2.42469 | 10.4308 | 6.18824 2 3 2.09375
SICLE | 0.001379 | 0.017749 {0.00423797 1 1 1
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system 008 and coordinate system 014 and transformations 008 to 014 concatenated

with the transformation from 014 to 014.

Figure 3.9: An example showing ICE1 superimposed on MRI image of NAO. The
Target MRI image here is NA0|014. (a)ICE1 for AIR5 (b)ICEL for Demons (¢)ICE1
for SICLE.
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3.1.4 Transitivity Error Evaluation Result
3.1.4.1 Result for Transitivity Errorl
The first method of transitivity error (TE1) evaluation performance for three
non-rigid image registration algorithms with respect to NAO database was saved in
Figure 3.10. TE evaluation task computed average, minimum, minimum location(for
3D image: min_x, min_y, min_z), maximum, maximum location, standard deviation
and percentiles. for each of the 32 ROIs and all TE evaluation results were saved

in tel_t. TE1 evaluation task was performed with 5 NAO data sets (from coordinate

name_space ref_mask refCS alg ref cs1 CS1 alg_csl cs2 CS2 alg cs2 ref ROI avg min min_x min.y min_z max max_x maxy maxz ¢

O # ¥ nad objectmap 001  SICLE 002 SICLE 003 SICLE 0  0.693798 0.000931359 14 298 15 11.2535 100 114 202 3
e

O # ¥ nao objectmap 001 SICLE 002 SICLE 003 SICLE 1 1.44918 0.0334936 151 28 126 7.65509 118 43 12 2
a

0O # ¥ na0 objectmap 001 SICLE 002 SICLE 003 SICLE ar 1.93071 0.0246032 88 51 126 7.85894 117 46 1222
e

O # X nad objectmap 001 SICLE 002 SICLE 003 SICLE ) 1.19533 0.0496257 129 188 160 4.18101 134 196 178 2
a

O & ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE 4 0.95924 0.023042 109 144 178 3.39266 120 205 175 2
Q

0O & ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE 5 1.34324 0.218435 176 189 138 3.05394 187 169 124 2
a

O # X nad objectmap 001 SICLE 002 SICLE 003 SICLE B 1.05196 0.0202437 81 202 135 3.05591 70 194 116 2
Y

O & X nad objectmap 001 SICLE 002 SICLE 003 SICLE Eig 1.01113  0.00890142 157 179 82 26446 187 199 822
o

O # ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE B 1.14806 0.048092 82 187 82 3.19589 67 194 114 2
]

O # ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE L 1.61831 0.0370137 203 166 96 3.85354 198 163 125 2
a

0O # X nao objectmap 001 SICLE 002 SICLE 003 SICLE 10 1.20096 0.237473 439 168 130 3.7722 35 133 alr o]
e

O # X nad objectmap 001 SICLE 002 SICLE 003 SICLE 11 1.43845 0.017186 204 a7 139 5.52143 180 128 80 2
a

O & ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE 12 1.14108 0.0126776 48 134 121 3.58089 54 a7 149 2
Q

0O & ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE 13 1.36751 0.0380004 151 160 95 3.60362 164 131 822
a

O # X nad objectmap 001 SICLE 002 SICLE 003 SICLE 14  0.589726  0.00808287 95 164 114 1.85683 B7 103 137 2
Y

O & X nad objectmap 001 SICLE 002 SICLE 003 SICLE 15 1.0023 0.0395328 129 250 99 2.39796 147 260 136 2
o

O # ¥ nad objectmap 001 SICLE 002 SICLE 003 SICLE 16 1.52415 0.0428363 112 258 110 3.72168 97 258 133 2
a

Figure 3.10: TE first method evaluation results for NAO data sets are saved in tel _t.
This show TE1 was computed data set NA0|001, NA0|002, NA0|003 and SICLE
transformations NA0J|001 to NA0|002, NA0|002 to NA0|003, and NA0|003 to NA0|001

system 001 to coordinate system 005) and its all combination of transformations (60

transformations). From the average values in tel_t for each of 32 ROIs, all statistic
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values(minimum, maximum, average, standard deviation, and percentiles (5", 25,
median, 75%, and 95")) were computed and saved into TE1_ps_t in NIREP result
database. Using average values, avg column in population statistic table T'E1_ps_t,
algorithms were ranked for each of 32 ROIs. As shown in Figure 3.11 SICLE got 1st

place for all ROIs, Demon got 2nd palce 21 out of 32 ROIs, and AIR5 got 3rd place.

i N “_.Dumons
SN T T S T T T s T e el AIRS
{:}m’g:::::::::::::.,'\:\::X/‘flﬁf\::::::::':::::':::::::_:_::::::_:j.k‘.\'\::::: I':::_:_::::::_:_:::::::_::_:_:_ISICLE

=

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 2B 25 30 31 32

Figure 3.11: Graph of Transitivity Error using first method for 32 ROIs which was
computed by averaging TE1 average values for 16 NAO datasets, computed for 240
transformations from three registration algorithms.

SICLE provides significantly different average values for all the 32 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.5

TE1 Images are also computed from TE1 evaluation task, besides computing

statistic summaries, those images are important to visualize the error. Figure 3.12
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Table 3.5: Table for statistically summarizing TE1 results using NAO data sets

Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIRH 1.72527 | 9.79989 | 5.86089 2 3 2.65625
Demons | 2.34562 | 6.08765 | 4.37859 2 3 2.34375
SICLE | 0.799301 | 2.08753 | 1.50208 1 1 1
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shows the transitivity error (TE1) for three non-rigid registration algorithms using
color scales and using Overlay Image which is superimpose TE on the top of NA0|003
image. Those TE images were computed from data set NAO coordinate system 001,
002 and 003 and transformations 001 to 002 concatenated with the transformation

from 002 to 003 concatenated with the transformation from 003 to 001.

3.1.4.2 Result for Transitivity Error2

The second method of transitivity error (TE2) evaluation performance for
three non-rigid image registration algorithms with respect to NAO database was
saved in Figure 3.13. TE evaluation task computed average, minimum, minimum

location(for 3D image: min_x, min_y, min_z), maximum, maximum location, stan-

dard deviation and percentiles. for each of the 32 ROIs and all TE evaluation results
were saved in te2_t.

TE2 evaluation task was performed with 5 NAO data sets (from coordinate
system 001 to coordinate system 005) and its all combination of transformations (60
transformations). From the average values in te2_t for each of 32 ROIs, all statistic

values(minimum, maximum, average, standard deviation, and percentiles (5%, 25,
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Figure 3.12: An example showing TE1 superimposed on MRI image of NAO. The
Target MRI image here is NA0|003. (a)TE1 for AIR5 (b)TE1 for Demons (c¢)TE1 for
SICLE.
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name_space ref mask refCS alg ref cs1 CS1 alg cs1 cs2 CS2 alg ref cs2 ROI avg min min_x min_y min_z max max X maxy max.z
O # ¥ na0 objectmap 001  SICLE 002 SICLE 003 SICLE 0 0700808 O0.000652606 22 16 133 11.3459 a7 118 221
O & X nad objectmap 001 SICLE 002 SICLE 003 SICLE 1 1.42896  0.0252671 152 28 124 7.20422 118 43 122
0 # X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 2 2.03421 0.0326487 B4 51 137 7.75962 108 56 194
L ) p
O # X na0 objectmap 001  SICLE 002 SICLE 003 SICLE 3 1.21944 0.019439 130 153 178 4.13112 135 194 178
a # X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 4 0.987751 0.0264829 109 145 178 3.68017 117 206 175
Loty o ) p
O Z# X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 5 1.4145 0.20364 176 188 138 3.61822 187 169 124
] # X na0 objectmap 001 SICLE 002 SICLE 003 SICLE B8 1.13728 0.016838 82 203 134 3.23389 70 184 116
B ) p
O # X na0 objectmap 001  SICLE 002 SICLE 003 SICLE 7 1.09627  0.0223602 161 174 87 2.99042 186 199 93
O #& X n=0 objectmap 001 SICLE 002 SICLE 003 SICLE 8 1.2372 0.0561957 92 187 82 3.39859 87 184 114
O # X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 9 1.77378 0.0535425 188 127 132 4.9078 203 162 124
O & X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 10 1.19816 0.228964 35 109 151 3.59237 36 137 171
O # ¥ na0 objectmap 001 SICLE 002 SICLE 003 SICLE 11 1.44609 0.0280813 167 160 81 6.09176 188 126 o
g & X nao objectmap 001 SICLE 002 SICLE 003 SICLE 12 1.17092 0.012212 58 136 128 3.72427 54 98 150
0 & ¥ na0 objectmap 001 SICLE 002 SICLE 003 SICLE 13 1.38154  0.0401255 149 159 94 4.21503 164 131 92
U # ) il
O & X nao objectmap 001 SICLE 002 SICLE 003 SICLE 14 0.838379 0.0171127 107 120 127 253921 87 103 137
1 # X nad objectmap 001  SICLE 002 SICLE 003 SICLE 15 1.12921 0.0481324 129 250 98 2.94776 146 257 136
Ul ) p
g & X na0 objectmap 001 SICLE 002 SICLE 003 SICLE 16 1.71878 0.0435307 113 259 110 4.33343 a7 258 133
0O # ¥ na0 objectmap 001 SICLE 002 SICLE 003 SICLE 17 1.87832  0.0464429 146 235 181 7.03898 155 167 214
L e T e s e e s o e e e e e S aae e ~

Figure 3.13: TE second method evaluation results for NAO data sets are saved in
tel t. This show TE1 was computed data set NA0|001, NA0|002, NA0J|003 and
SICLE transformations NA0|001 to NA0|002, NA0|002 to NA0|003, and NA0|001
to NA0|003

median, 75", and 95")) were computed and saved into TFE2_ps_t in NIREP result
database. Using average values, avg column in population statistic table TE2_ps_t,
algorithms were ranked for each of 32 ROIs. As shown in Figure 3.14 SICLE got 1st
place for all ROIs, Demon got 2nd palce 20 out of 32 ROIs, and AIR5 got 3rd place.

SICLE provides significantly different average values for all the 32 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.6

TE2 Images are also computed from TE2 evaluation task, besides computing

statistic summaries, those images are important to visualize the error. Figure 3.15
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Figure 3.14: Graph of Transitivity Error using second method for 32 ROIs which was
computed by averaging TE2 average values for 16 NAO datasets, computed for 240
transformations from three registration algorithms.

Table 3.6: Table for statistically summarizing TE2 results using NAO data sets

Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 1.45462 | 8.8586 | 5.03639 2 3 2.625
Demons | 2.16033 | 5.93205 | 4.19089 2 3 2.375
SICLE |0.797241 | 2.09104 | 1.50223 1 1 1
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shows the transitivity error (TE2) for three non-rigid registration algorithms using
color scales and using Overlay Image which is superimpose TE2 on the top of NA0|003
image. Those TE2 images were computed from data set NAO coordinate system 001,
002 and 003 and transformations 001 to 002 concatenated with the transformation

from 002 to 003 concatenated with the transformation from 001 to 003.

Figure 3.15: An example showing TE2 superimposed on MRI image of NAO. The
Target MRI image here is NA0|003. (a)TE2 for AIR5 (b)TE2 for Demons (c)TE2 for
SICLE.
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3.1.5 Overall Evaluation Result
Figure 3.16 shows the overall result of NAO evaluation database. From rep-
resentative values in each evaluation, the average rank was computed with default
weight of 1. By averaging all scores and ranks in result_t, place which is total rank
was computed. From this work, 3 different algorithm performance was evaluated on 3
different evaluation methods. SICLE got 1 place, Demons got 2°¢ palce, and AIR5

got 3™ place.

ICE1 TE2

Algorith RO RO Rank DC DC Rank Sn Sn Rank  ICE1 Rank TE1 TE1 Rank TE2 Rank Average Rank raty
9orM  Score  [113)  Score | [113) Score [ 1]3)  Score om (153)  Score ol "
SICLE | 0.381434 | 215625 | 0.54458 21875 | 0.551081 2.09375 0.00423797 1 1.50208 1 1.50223 1 1.57291666667 1

Demons | 0.502887 1 0663179 1 0.670351 1 6.18824 2.09375 4.37859 234375 4.19089 2375 1.83541666667 2

AIRS 0.357664 | 2.84375 | 0.520799  2.8125  0.523642 2.90625 14.5427 2,90626 | 5.86080 265625 | 5.03639 2625 | 2.79166666667 3

Figure 3.16: Overall Evaluation Result table for NAO database in NIREP website

3.2 Evaluation Result for NA1 database
3.2.1 Overlap Evaluation Result
The overlap performance for three non-rigid image registration algorithms with
respect to NA1 database was saved in Figure 3.17. Overlap evaluation task computed
relative overlap, dice coefficient, and sensitivity for each of the 57 ROI and all overlap
evaluation results were saved in overlap_t with corresponding image information.
From relative overlap, dice coefficient, and sensitivity values in overlap_t, population
statistic values of all pair-wise evaluation results for each ROI were computed and

saved in RelativeOverlap_ps_t, DiceCoef f_ps_t, and Sensitivity_ps_t respectively.
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name_spacel mask1 maskl_alg maskl_scs maskl_tcs name_space2 mask2 mask2 alg mask2 scs mask2 tcs ROl RelativeOverlap DiceCoeff Sensitivity

O & X nat objectmap SICLE o1 002 nal objectmap N/A o2 002 1] 0.961682 0.980467  0.980378 '
O & X nat objectmap SICLE 001 002 nai objectmap N/A 002 002 | 0.207133 0.343181  0.271453 '
0O & X | nat objectmap SICLE 001 002 nat objectmap N/A 002 002 2 0181691  0.30751  0.313707 '
O L2 % e objectmap SICLE 001 002 nat objectmap N/A 002 002 3 0.0835205 0.154335  0.138456 '
O Z X m cbjectmap SICLE 001 002 nat objectmap N/A 002 002 4 0.266159 0.420419  0.444904 '
0O & X nat objectmap SICLE 001 002 nai objectmap N/A 002 002 5 0.228859 0.372474  0.500257 '
0 2 X | nat objectmap SICLE 001 002 nal objectmap N/A 002 002 B 0.249522 0.399388  0.487887 '
O & X nat objectmap SICLE 001 002 nal objectmap N/A 002 002 7 0.274023  0.43017  0.501055 ;
O & X na objectmap SICLE 001 002 nat objectmap N/A 002 002 8 0.142755 0.249844  0.233973 '
O & X nat objectmap SICLE 001 002 nai objectmap N/A 002 002 9 0.137509 0.241911  0.308465 '
0O # X | nat objectmap SICLE 001 002 nat objectmap N/A o002 002 10 0.307764 0.470672 0.434929 ;
O L% 7 et objectmap SICLE 001 002 nat objectmap N/A 002 002 11 0.27851  0.43568 0.46013 '
O Z X m cbjectmap SICLE 001 002 nat objectmap N/A 002 002 12 0.432737 0.604071  0.594738 '
0O & X nat objectmap SICLE 001 002 nai objectmap N/A 002 002 13 0.437089 0.608298  0.608757 '
0 2 X | nat objectmap SICLE 001 002 nal objectmap N/A 002 002 14 0.304779 0.487173  0.422968 '
O & X nat objectmap SICLE 001 002 nal objectmap N/A 002 002 15 0.330379 0.496669  0.454968 ;
O & X na objectmap SICLE o1 002 nal objectmap N/A o2 002 16 0.321332 0.486376  0.504756 '
O & X nat objectmap SICLE 001 002 nai objectmap N/A 002 002 17 03002 0461775  0.430098 :

Figure 3.17: Overlap evaluation results for NA1 database are saved in overlap_t. This
shows overlap evaluation results between NA1|002 image with NA1|001 registered to
NA1|002 with SICLE algorithm for all ROIs

In RelativeOverlap_ps_t, DiceCoef f_ps_t, and Sensitivity_ps_t, minimum,
maximum, average, standard deviation, and percentiles (5, 25" median(50t"), 75,

and 95") were calculated for each ROL.

3.2.1.1 Result for Relative Overlap

Relative overlap evaluation performance for three non-rigid registration al-
gorithms with respect to NA1 database are shown in Table 3.7 and Figure 3.18.
From the overlap evaluation task, each pair-wise registration (18 NA1 data sets
with 306 transformaions) computed relative overlap values, and using them for each
of 57 ROIs, all statistic values(minimum, maximum, average, standard deviation,

and percentiles (5%, 25" median, 75, and 95")) were computed and saved into
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RelativeOverlap_ps_t in NIREP result database. Using average values, avg column
in population statistic table RelativeOverlap_ps_t, algorithms were ranked for each
of 57 ROIs. As shown in Figure 3.18 SICLE got 1% place for 28 out of 57 ROIs,

AIR5 got 2°¢ palce, and Demons got 3" place. SICLE and AIR5 got similar val-
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Figure 3.18: Graph of Average Relative Overlap for 57 ROIs which was computed by
averaging relative overlap values for 18 NA1 datasets, computed for 306 transforma-
tions from three registration algorithms and one without transformations.

ues but Demons provides significantly different, i.e., Demons had smallar RO of 57
regins than all other registration algorithms. To compute representative values for

algorithm, average score which is averaging all ROIs average value, average rank were
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data sets
Algorithm|Score min|Score max|Score avg|Rank min|Rank max|Rank avg
ATR5 ] 0.120695 | 0.708584 | 0.297918 1 3 1.94737
Demons | 0.04995 | 0.627963 | 0.269823 1 3 2.54386
SICLE | 0.116892 | 0.743895 | 0.30764 1 3 1.50877
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Table 3.7: Table for statistically summarizing Relative Overlap results using NAO

calculated, and the result is shown in Table 3.7.

3.2.1.2 Result for Dice Coeflicient

Dice coefficient evaluation performance for three non-rigid registration algo-
rithms with respect to NA1 database are shown in Table 3.8 and Figure 3.19. From
the overlap evaluation task, each pair-wise registration (18 NA1 data sets with 306
transformaions) computed dice coefficient values, and using them for each of 57 ROIs,
all statistic values(minimum, maximum, average, standard deviation, and percentiles
(5%, 25 median, 75", and 95'")) were computed and saved into DiceCoef f_ps_t
in NIREP result database. Using values of avg column in population statistic table,
DiceCoef f_ps_t, algorithms were ranked for each of 57 ROIs. As shown in Figure 3.19
SICLE got 1%t place for 29 out of 57 ROIs, AIR5 got 2°¢ palce, and Demons got 3
place.

SICLE and AIR5 got similar values but Demons provides significantly differ-
ent, i.e., Demons had smallar DC of 57 regins than all other registration algorithms.
To compute representative values for algorithm, average score which is averaging all

ROIs average value, average rank were calculated, and the result is shown in Table 3.8.
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Figure 3.19: Graph of Average Dice Coefficient for 57 ROIs which was computed by
averaging relative overlap values for 18 NA1 datasets, computed for 306 transforma-
tions from three registration algorithms and one without transformations
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Table 3.8: Table for statistically summarizing Dice Coefficient results using NA1 data

sets
Algorithm|Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 ]0.210571 | 0.82836 |0.444193 2 3 1.92982
Demons | 0.087695 | 0.85259 |0.405413 1 3 2.54386
SICLE | 0.087695 | 0.85259 |0.452436 1 3 1.50877

3.2.1.3 Result for Sensitivity

Sensitivity(target overlap) evaluation performance for three non-rigid regis-
tration algorithms with respect to NA1 database are shown in Table 3.9 and Fig-
ure 3.2.1.3. From the overlap evaluation task, each pair-wise registration (18 NA1
data sets with 306 transformaions) computed sensitivity(target overlap) values, and
using them for each of 57 ROIs, all statistic values(minimum, maximum, average,
standard deviation, and percentiles (5%, 25%% median, 75" and 95%%)) were com-
puted and saved into Sensitivity_ps-t in NIREP result database. Using values of
avg column in population statistic table, Sensitivity_ps_t, algorithms were ranked
for each of 57 ROIs. As shown in Figure 3.2.1.3 SICLE got 1% place for 34 out of 57
ROIs, AIR5 got 2™ palce, and Demons got 3™ place.

SICLE and AIR5 got similar values but Demons provides significantly differ-
ent, i.e., Demons had smallar DC of 57 regins than all other registration algorithms.
To compute representative values for algorithm, average score which is averaging all

ROIs average value, average rank were calculated, and the result is shown in Table 3.9.
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Figure 3.20: Graph of Average Sensitivity for 57 ROIs which was computed by aver-
aging relative overlap values for 18 NA1 datasets, computed for 306 transformations
from three registration algorithms and one without transformations.
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Algorithm|Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 | 0.226822 | 0.827113 | 0.445501 1 3 2.01754
Demons | 0.091681 | 0.795753 {0.4100015 1 3 2.52632
SICLE | 0.218849 | 0.856501 | 0.456579 1 3 1.45614

66

Table 3.9: Table for statistically summarizing Sensitivity results using NAO data sets

3.2.2 Jacobian Evaluation Result

The determinant of the Jacobian of the deformation field, j, is calculated at
every point. For every 57 regions, the determinant of Jacobian evaluation computes
avg, minimum, minimum location(for 3D image : min_x, min_y, min_z), maximum,
and maximum location. All of statistic values are computed and saved in to jacobian_t
in NIREP result database, and the table is shown below in Figure 3.21.

In Jacobian evaluation, the negative values is important because it means
singularities folding or tearing in the image, so Jacobian result was used for the
reference to consideration of choosing better transformation. Figure 3.22 shows the

Jacobian deformation for three non-rigid registration algorithms. The Jacobian is

shown for the transformation from data set NA1|008 to NA1|014.

3.2.3 Inverse Consistency Error Evaluation Result
The inverse consistency error (ICE) evaluation performance for three non-rigid
image registration algorithms with respect to NA1 database was saved in Figure 3.23.

ICE evaluation task computed average, minimum, minimum location(for 3D image:
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name_spacel maskl maskl _alg maskl scs maskl tcs name space2 mask2 mask2 alg mask2 scs mask2 tes ROI avg min min_x miny min_z
O 2 ¥ | na objmap SICLE 001 002 nat objectmap  N/A 002 002 0 1.00011 0.627635 164 173 127
O & X nal objmap SICLE 001 002 nai objectmap  N/A 002 002 1 0.907409 0.723597 128 164 124
g # ¥  na objmap SICLE 001 002 nat objectmap N/A 002 002 2 1.10131 0.951766 141 78 134
2 | ¥ nat objmap SICLE 001 002 nal objectmap MN/A 002 002 3 1.03378 0.851246 110 43 121
g # X | na objmap SICLE 001 002 nai objectmap N/A 002 002 4 1.13969 0.930287 168 112
O & X nat cbjmap SICLE 001 002 nal objectmap N/A 002 002 5 0.880776 0.856449 107 48 105
0 XK [pat objmap SICLE 001 002 nal objectmap N/A 002 002 L] 1.04722 0.782099 149 95 120
0 # ¥ nal objmap SICLE 001 002 nat objectmap N/A 002 002 i 1.01125 0.660888 108 48 108
O 2 ¥ | na objmap SICLE 001 002 nat objectmap  N/A 002 002 8 1.17824 0.917494 142 79 128
0O & ¥ nat objmap SICLE 001 002 nat objectmap N/A 002 002 9 1.02298 0.679132 110 47 107
g # ¥ | na objmap SICLE 001 002 nai objectmap N/A 002 002 10 0.905473 0.720206 129 166 123
O 2 ¥ nal objmap SICLE 001 002 nal objectmap N/A 002 002 1 0.931916 0.724931 125 166 124
O # ¥  nal objmap SICLE 001 002 nai objectmap  N/A 002 002 12 0.92107 0.750581 156 161 126
O # %X nat objmap SICLE 001 002 nai objectmap N/A 002 002 13 099689 0.78172 100 101 139
O # ¥ |na objmap SICLE 001 002 nat objectmap N/A 002 002 14  0.993957 0.880569 150 149 111
0O # ¥  pal objmap SICLE 001 002 nat objectmap N/A 002 002 15 1.26024 1.06416 103 159 109
0O # X |nal cbjmap SICLE 001 002 nal objectmap N/A 002 002 16 0.946184 0.805192 176 124 118
&K nat objmap SICLE 001 ooz nal objectmap  N/A 002 002 17 0.992874 0.808384 93 88 144

Figure 3.21: Jacobian evaluation results for NA1 data sets are saved in jacobian_t.
This shows the jacobian values for SICLE transformation that NA1]|001 registered to
NA1|002 for all ROIs

min_x, min_y, min_z), maximum, maximum location, standard deviation and per-

centiles. for each of the 32 ROIs and all ICE evaluation results were saved in icel _t.

From the ICE1 evaluation task, each pair-wise registration (18 NA1 data sets
with 306 transformaions) computed inverse consistency error values, and using them
for each of 57 ROIs, all statistic values(minimum, maximum, average, standard devi-
ation, and percentiles (5%, 25" median, 75", and 95%)) were computed and saved
into ICE1 ps_t in NIREP result database. Using average values, avg column in pop-
ulation statistic table ICE1_ps_t, algorithms were ranked for each of 57 ROIs. As
shown in Figure 3.24 SICLE got 1st place for all ROIs, AIR5 got 2nd palce 35 out of

57 ROIs, and Demons got 3rd place.
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Figure 3.22: An example showing Jacobian of transformations. (a)Jacobian for ATR5
(b)Jacobain for Demons (c)Jacobian for SICLE.
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name spacel  maski  maski_alg masklscs maskitcs name space2 mask2 mask2 alg mask2scs mask2 s ROl avg min  minx miny ¢
0O # X nat objectmap  SICLE 001 002 nal objectmap SICLE 002 001 0  0.000411169 19?87?1(; 14 232
O[] nat objectmap SICLE 001 002 nai objectmap  SICLE 002 001 1 0.00195228 1.71247e- 127 108
g & X |nat objectmap  SICLE 001 002 nat objectmap SICLE 002 001 2 0.00220769 a.maf 129 6 |
0 |4 % [nal objectmap  SICLE 001 002 nat ‘objectmap  SICLE 002 001 3 0.00340381 1-.14042? 113 54
O # X | nat objectmap SICLE 001 002 nat objectmap SICLE 002 001 4 0.0039837 1.5345% 133 32
O # ¥ mat objectmap  SICLE 001 002 nat objectmap  SICLE 002 001 5 0.00859301 1.10403e- 81 50
O # X | ma objectmap  SICLE 001 002 nat objectmap  SICLE 002 001 6 0.00308661 4.93315? 135 69
O | # ¥ nal objectmap SICLE 001 002 nat objectmap SICLE 002 001 7 0.00384201 1-.0467% 113 69
O # X nat objectmap  SICLE 001 002 nat objectmap  SICLE 002 001 8 0.00427307 1.osaaﬁ 130 66
0O 2 % nat objectmap  SICLE 001 002 nat objectmap  SICLE 002 001 9 000800511 5.19828e- 111 73
O # X | na objectmap SICLE 001 002 nat objectmap  SICLE 002 001 10 0.0016078 1.43329? 188 13
0| # ¥ [nal objectmap SICLE 001 002 nat objectmap SICLE 002 001 11 0.00164993 1.791242 123 162
O # ¥ nat objectmap  SICLE 001 002 nat objectmap  SICLE 002 001 12 0.00184023 1.3@95 149 150
O & ¥ nat objectmap SICLE 001 002 nat objectmap SICLE 002 001 13 0.00117911 2.15502e- 97 156
O # ¥ | na objectmap SICLE 001 002 nat objectmap  SICLE 002 001 14 0.00852417 7.3290: 159 164
0| # ¥ [nal objectmap SICLE 001 002 nat objectmap SICLE 002 001 15 0.00430455 1.1134% 100 158
O # ¥ nat objectmap SICLE 001 002 nat objectmap SICLE 002 001 16 0.00211877 s.moe_;' 167 131
O & ¥ nat objectmap SICLE 001 002 nat objectmap  SICLE o002 001 17 0.00186498 2.61752e- A

Figure 3.23: ICE1 evaluation results for NA1 data sets are saved in icel_t. This
shows the ICE evaluation results which is computed from NA1|001 and NA0|002 and
SICLE transformation NA1|001 to NA1|002 concatenated with SICLE transformation
NA1|002 to NA1|001
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Figure 3.24: Graph of Inverse Consistency Error for 57 ROIs which was computed by
averaging ICE average values for 18 NAQ datasets, computed for 306 transformations
from three registration algorithms.
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Table 3.10: Table for statistically summarizing ICE1 results using NA1 data sets

Algorithm |Score min|Score max| Score avg |Rank min|Rank max|Rank avg
AIR5 | 0.869333 | 12.5807 | 5.23083 2 3 2.2807
Demons | 1.09509 | 13.0198 | 5.61892 2 3 2.61404
SICLE | 0.000804 | 0.005722 |0.00289747 1 1 1

SICLE provides significantly different average values for all the 57 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.10

ICE Images are also computed from ICE evaluation task, besides computing
statistic summaries, those images are important to visualize the error. Figure 3.25
shows the inverse consistency error (ICE) for three non-rigid registration algorithms
using color scales and using Overlay Image which is superimpose ICE on the top of
NA1|008 image. Those ICE images were computed from data set NA1 coordinate
system 008 and coordinate system 014 and transformations 008 to 014 concatenated

with the transformation from 014 to 008.

3.2.4 Transitivity Error Evaluation Result
3.2.4.1 Result for Transitivity Errorl
The first method of transitivity error (TE1) evaluation performance for three
non-rigid image registration algorithms with respect to NA1 database was saved in

Figure 3.26. TE evaluation task computed average, minimum, minimum location(for
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Figure 3.25: An example showing ICE1 superimposed on MRI image of NA1. The
Target MRI image here is NA1|014. (a)ICE1 for AIR5 (b)ICEL for Demons (¢)ICE1
for SICLE.
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3D image: min_x, min_y, min_z), maximum, maximum location, standard deviation
and percentiles. for each of the 32 ROIs and all TE evaluation results were saved

in tel_t. TE1 evaluation task was performed with 5 NA1 data sets (from coordinate

name_space ref mask refCS alg ref cs1 CS1 alg cs1 cs2 CS2 alg cs2 ref ROI avg min min_x miny minz max maxx maxy maxz
0O # ¥ |nat objectmap 001 SICLE 002 SICLE 003 SICLE o 0.268854 0.000138102 241 220 21 6.36533 152 9 185
O & %] nat objectmap 001  SICLE 002 SICLE 003 SICLE 1 0506605 0.00418454 155 133 144 1.53177 128 94 140
0 # X m objectmap 001  SICLE 002 SICLE 003 SICLE 2 1.65585  0.0884076 125 151 137 497195 138 62 141
O # ¥ na objectmap 001  SICLE 002 SICLE 003 SICLE 3 1.32378 0.548093 115 66 137 256329 126 50 110
QO 2 % el objectmap 001  SICLE 002 SICLE 003 SICLE 4 1.38434  0.0340802 168 53 104 3.16735 166 64 126
O ¥ nat objectmap 001  SICLE 002 SICLE 003 SICLE 5 1.77547 0.109625 88 65 114 831196 108 59 a1
0 # ¥ nma objectmap 001  SICLE 002 SICLE 003 SICLE & 1.80898 0.267689 129 59 98 2.85091 132 50 108
0|22 ¥ a1 objectmap 001  SICLE 002 SICLE 003 SICLE 7 1.87841  0.0740163 128 68 104 608513 110 60 94
O # ¢ |nal objectmap 001 SICLE 002 SICLE 003 SICLE 8 1.58912 0.251741 139 60 128 274866 132 52 110
0 # X objectmap 001  SICLE 002 SICLE 003 SICLE ] 1.72531 0.37071 129 80 99 5.04885 117 81 96
0 # X nma objectmap 001  SICLE 002 SICLE 003 SICLE 10 0.806343 0.018286 141 138 122 226547 137 B4 121
g # ¥ nat objectmap 001 SICLE 002 SICLE 003 SICLE 1 0.84817 0.0301743 124 129 157 2.28586 103 a1 119
0O 2 % [nal objectmap 001 SICLE 002 SICLE 003 SICLE 12 0.431727 0.0163489 153 137 147 1.00448 166 132 141
O & ¥ objectmap 001 SICLE 002 SICLE 003 SICLE 13 0.851631 0.0243288 101 144 125 234714 89 151 142
O # X | na objectmap 001 SICLE 002 SICLE 003 SICLE 14 0957142 0.0429449 156 158 104 289199 184 162 118
0| ¥ 'nal objectmap 001  SICLE 002 SICLE 003 SICLE 15 1.04747 0.185284 102 148 108 1.61357 101 163 111
= # ¥  nal objectmap 001 SICLE 002 SICLE 003 SICLE 16 1.00851 0.183501 162 115 120 2.70083 165 163 118

Figure 3.26: TE first method evaluation results for NA1 data sets are saved in tel _t.
This show TE1 was computed data set NA1|001, NA1|002, NA1]|003 and SICLE
transformations NA1|001 to NA1|002, NA1|002 to NA1|003, and NA1|003 to NA1|001

system 001 to coordinate system 005) and its all combination of transformations (60
transformations). From the average values in tel_t for each of 57 ROIs, all statistic
values(minimum, maximum, average, standard deviation, and percentiles (5, 25,
median, 75, and 95")) were computed and saved into TFE1_ps_t in NIREP result
database. Using average values, avg column in population statistic table T'E1 _ps_t,
algorithms were ranked for each of 57 ROIs. As shown in Figure 3.27 SICLE got 1st

place for all ROIs, Demon got 2nd palce 39 out of 57 ROIs, and AIR5 got 3rd place.
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Figure 3.27: Graph of Transitivity Error using first method for 57 ROIs which was
computed by averaging TE1 average values for 18 NAO datasets, computed for 306
transformations from three registration algorithms.

Table 3.11: Table for statistically summarizing TE1 results using NAO data sets

Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIR5 1.35221 | 6.03082 | 3.64579 2 3 2.68421
Demons | 1.14596 | 4.62109 | 3.11445 2 3 2.31579
SICLE |0.341811 | 2.60179 | 1.28655 1 1 1

SICLE provides significantly different average values for all the 57 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.11

TE1 Images are also computed from TE1 evaluation task, besides computing
statistic summaries, those images are important to visualize the error. Figure 3.28
shows the transitivity error (TE1) for three non-rigid registration algorithms using
color scales and using Overlay Image which is superimpose TE on the top of NA1|003

image. Those TE images were computed from data set NA1 coordinate system 001,
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002 and 003 and transformations 001 to 002 concatenated with the transformation

from 002 to 003 concatenated with the transformation from 003 to 001.

Figure 3.28: An example showing TE1 superimposed on MRI image of NA1. The
Target MRI image here is NA1|003. (a)TE1 for AIR5 (b)TE1 for Demons (¢)TE1 for
SICLE.
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3.2.4.2 Result for Transitivity Error2

The second method of transitivity error (TE2) evaluation performance for
three non-rigid image registration algorithms with respect to NA1 database was
saved in Figure 3.29. TE evaluation task computed average, minimum, minimum
location(for 3D image: min_x, min_y, min_z), maximum, maximum location, stan-
dard deviation and percentiles. for each of the 57 ROIs and all TE evaluation results

were saved in te2_t.

name _space ref mask refCS alg ref cs1 CS1 alg cs1 cs2 CS2 alg ref cs2 ROl avyg min min_x min_y min_z max max_x maxy max.z
O & X nat objectmap 001  SICLE 002 SICLE 003 SICLE 0  0.272621 0.000109678 241 220 21 6.80354 149 91 187
O X nat objectmap 001 SICLE 002 SICLE 003 SICLE 1 0.516623 0.0151132 142 141 123 1.77823 17 96 122
0 # X nat objectmap 001  SICLE 002 SICLE 003 SICLE 2 1.72638 00932219 125 151 135 4.61601 136 62 141
O | 1% | ral objectmap 001  SICLE 002 SICLE 003 SICLE 3 1.31828 0.597154 116 66 137 248412 126 48 109
O [ XK ot objectmap 001  SICLE 002 SICLE 003 SICLE 4 1.48217  0.0295181 169 54 105 3.50854 166 64 125
|22 X fnat objectmap 001 SICLE 002 SICLE 003 SICLE 5 1.60579 0.0887235 as 65 114 5.20245 107 56 89
0O # X nat objectmap 001  SICLE 002 SICLE 003 SICLE 6 1.8294 0.273075 129 59 98 2.93622 133 50 108
0| X nat objectmap 001  SICLE 002 SICLE 003 SICLE 7 1.83282  0.0582474 128 66 104  4.83466 13 60 92
Q@ X [nat objectmap 001  SICLE 002 SICLE 003 SICLE 8 1.68435 0.233851 139 60 128 2.86948 136 51 105
O # ¥ [nat objectmap 001  SICLE 002 SICLE 003 SICLE 9 1.61269 0.284354 128 58 98 3.96099 117 61 96
O # ¥ nat objectmap 001  SICLE 002 SICLE 003 SICLE 10 0815703 00186919 128 172 127 26015 187 84 121
O # X objectmap 001  SICLE 002 SICLE 003 SICLE 11 0.878531 0.029386 124 129 157 257357 103 88 123
O # X [nat objectmap 001  SICLE 002 SICLE 003 SICLE 12 0.418942 0.019194 153 158 144 0.953619 186 132 141
O ¥ nat objectmap 001 SICLE 002 SICLE 003 SICLE 13 0.651184 0.012082 101 144 126 2.28773 89 151 142
0 # ¥ nal objectmap 001  SICLE 002 SICLE 003 SICLE 14 0.924958 00619498 157 157 104 2.59569 164 164 17
0| 1% | ral objectmap 001  SICLE 002 SICLE 003 SICLE 15 1.09579 0.16367 102 146 108  1.58769 100 164 110
O [ XK ioat objectmap 001  SICLE 002 SICLE 003 SICLE 16 0.993198 0.171768 183 132 117 2.50528 165 165 17

Figure 3.29: TE second method evaluation results for NA1 data sets are saved in
tel_t. This show TEl was computed data set NA1|001, NA1]|002, NA1|003 and
SICLE transformations NA1|001 to NA1]|002, NA1]|002 to NA1|003, and NA1|001
to NA1|003

TE2 evaluation task was performed with 5 NA1 data sets (from coordinate

system 001 to coordinate system 005) and its all combination of transformations (60
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transformations). From the average values in te2_t for each of 57 ROIs, all statistic
values(minimum, maximum, average, standard deviation, and percentiles (5, 25,
median, 75", and 95'")) were computed and saved into TE2_ps_t in NIREP result
database. Using average values, avg column in population statistic table TE2_ps_t,
algorithms were ranked for each of 57 ROIs. As shown in Figure 3.30 SICLE got 1st

place for all ROIs, Demon got 2nd palce 37 out of 57 ROIs, and AIR5 got 3rd place.

W Demons
B AR5
W SicLE

12345678 810111213141516 17 1813 20 21 22 2324 25 2627 2829 30 31 32 3334 35 3637 3830 40 41 42 4344 45 46,47 48 4950 51 52 53 54 55 5657

Figure 3.30: Graph of Transitivity Error using second method for 57 ROIs which was
computed by averaging TE1 average values for 18 NAO datasets, computed for 306
transformations from three registration algorithms.

SICLE provides significantly different average values for all the 57 regions than
all the other registration algorithms. To compute representative values for algorithm,
average score which is averaging all ROIs average value, average rank were calculated,
and the result is shown in Table 3.12

TE2 Images are also computed from TE2 evaluation task, besides computing

statistic summaries, those images are important to visualize the error. Figure 3.31
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Table 3.12: Table for statistically summarizing TE2 results using NA1 data sets

Algorithm |Score min|Score max|Score avg|Rank min|Rank max|Rank avg
AIRH 1.10046 | 5.82382 | 3.3445 2 3 2.64912
Demons | 0.719832 | 4.32759 | 2.81197 2 3 2.35088
SICLE |0.340949 | 2.6044 | 1.28455 1 1 1

7

shows the transitivity error (TE2) for three non-rigid registration algorithms using
color scales and using Overlay Image which is superimpose TE2 on the top of NA1|003
image. Those TE2 images were computed from data set NA1 coordinate system 001,
002 and 003 and transformations 001 to 002 concatenated with the transformation

from 002 to 003 concatenated with the transformation from 001 to 003.

3.2.5 Overall Evaluation Result
Figure 3.32 shows the overall result of NA1 evaluation database. From rep-
resentative values in each evaluation, the average rank was computed with default
weight of 1. By averaging all scores and ranks in result_t, place which is total rank

was computed. From this work, 3 different algorithm performance was evaluated on

3 different evaluation methods. SICLE got 1% place, AIR got 2" palce, and Demon

got 3" place.
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Figure 3.31: An example showing TE2 superimposed on MRI image of NA1. The

Target MRI image here is NA1|003. (a)TE2 for AIR5 (b)TE2 for Demons (¢)TE2 for
SICLE.

. RO RO Rank DC DC Rank Sn Sn Rank ICE1 ICE1 Rank | TE1 TE1 Rank TE2 TE2 Rank  Average Rank
Algodthm | o oore | (1)  Score | (1) |Score |(1B) Score (1) |Score (1) | Score (1)  (Submi) Rank
SICLE 0.30764 1.50877 0.452436  1.52632 | 0.456579 | 1.45614 | 0.00289747 1 1.28855 1 1.28455 1 1.24854 1
AIRS 0.297918  1.94737 0.444193  1.92982 | 0.445501 | 2.01754 6.23083 2.38596 3.64579  2.68421 3.3445 2.64912 2.269 2
Demens | 0.269823 2.54386 0.405413  2.54386 | 0.410015  2.52632 5.61892 2.61404 3.11445 231579 | 2.81197  2.35088 2.48246 3

Figure 3.32: Overall Evaluation Result table for NA1 database in NIREP website
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CHAPTER 4
DISCUSSION

4.1 Discussion of evaluating registration performances

For overlap evaluations which includes relative overlap, dice coefficient and
sensitivity, we know that bigger overlap values implies the better performance of the
registration algorithm. For NAO database as shown in Figure 3.2, Table 3.1, Fig-
ure 3.3, Table 3.2, Figure 3.4, and Table 3.3, the overall best overlap statistic result is
given by Demons algorithm. Also SICLE gives slightly better than AIR5 performance.
For the comparison to other algorithms, overlap evaluation was computed without
transformation, and for all ROIs it has smallest values. For NA1 database as shown in
Figure 3.18, Table 3.7, Figure 3.19,Table 3.8, Figure 3.2.1.3, and Table 3.9, the overall
best overlap statistic result is given by SICLE algorithm but three algorithms doesnt
gives not significantly different results. In most ROIs overlap evaluation results are
low values (nearly 0.2 to 0.6) because of complexity of brain cortex and partly to the
small ROIs that were used and especially ROIs just include graymatter.

For Jacobian evaluation, we didnt use it as computing the population statistic
because Jacobian was used for the reference of the transformation. Having a Jacobian
results values near 1 or equal to 1 doesnt imply the transformation is good, but having
negative values in Jacobian evaluation results means the transformation has folding or
tearing. SICLE and AIR doesnt have negative values but Demons contains negative

values.
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For Inverse Consistency Error (ICE) evaluations, Figure 3.8, Table 3.4, Fig-
ure 3.9, Figure 3.24, Table 3.10, Figure 3.25 shows that the SICLE algorithm has
significantly less ICE than any other algorithms for both NAO and NA1 databases.

For Transitivity Error (TE) evaluations( both TE1l and TE2), Figure 3.11,
Table 3.5, Figure 3.12, Figure 3.14, Table 3.6, Figure 3.15, Figure 3.27, Table 3.11,
Figure 3.28, Figure 3.30, Table 3.12, and Figure 3.31 shows that the SICLE algorithm
has significantly less TE than any other algorithms for both NAO and NA1 databases.

From above all evaluation statistics overall results are computed and it is
shown in Figure 3.16 for NA1 data sets and Figure 3.32 for NA1 data sets. For
the default all evaluation has same weight 1, and the result for NAO are SICLE
got first palce, Demons got second, and AIR5 got third place, and for NA1 are
SICLE got first palce, AIR5 got second, and Demons got third place. The fact that
one registration algorithm produced the best result for one criterion and nearly the
worse for another, illustrates the need to use multiple evaluation criteria. SICLE
has the best performance on ICE and TE statistic evaluation and this shows us the
inverse consistency constraint reduced the TE as well. Moreover, Demon has a good
performance on overlap statistic evaluations. Therefore, by changing weight on the
each evaluation ranks, total rank is changed, so user can choose the weight to get the

best algorithms for their purpose or applications.

4.2 Discussion of using result database
NIREP website shows all evaluation results from every participants who join

this project and submit their results. All result data shown on the website are saved in
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MySQL database which is used for NIREP website. However, all evaluation results are
computed from NIREP software. Therefore, database engine was needed for NIREP
software, and we chose SQLite because it is open source, server-less, and light.
Using database engine has several advantages. It provides convenient way
to save result data from NIREP evaluation tasks, to create several different tables,
and to use data in database. For example, evaluation tasks such as overlap, Jaco-
bian, ICE(inverse consistency error) and TE(transitivity error) evaluation computes
different results shown in Chapter 3, so we created one or more table for each evalu-
ation. Each evaluation task has its table, i.e., each task is connected with its table in
database, so by performing evaluation task, all results data are automatically saved
into its evaluation table in SQLite database. In the future when evaluation methods
will be added more to NIREP software, only adding evaluation tasks to NIREP and
connecting to SQLite. Moreover, using evaluation data in database, we statistically
summarized for all evaluation results and the population statistic values were saved
into evaluation population statistic tables. Using population statistic values in the
database, table and graph can be generated. All evaluation population statistic tables
are shown in the website, and using mean in the table, line graphs are created, and

using percentiles, the candlestick graphs are computed.
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CHAPTER 5
CONCLUSION

The NIREP have been started to develop software tools and provide shared
image evaluation databases for rigorous testing of non-rigid image registration algo-
rithms, and evaluation methods have developed in NIREP software to evaluate all
different non-rigid image registration performances. The NIREP website is developed
to share evaluation results to public.

In this thesis work, the framework for reporting non-rigid image registration
performance was provided from the beginning of using NIREP software to submit the
result to the NIREP website. In the non-rigid image registration evaluation project
to compare many different non-rigid registration algorithm, common data sets which
is NAO and NA1 and common evaluation methods (relative overlap, dice coefficient,
sensitivity, jacobian, inverse consistency error, and two way of transitivity error)
were used. To show the evaluation results, 3 non-rigid registration algorithms(AIRS5,
Demons, SICLE) were used. Every evaluation calculated the its evaluation results,
so to save all evaluation results data, SQLite is connected to NIREP software, i.e.,
all evaluation results were computed through the NIREP software and the results
are saved into NIREP result database in SQLite. Each evaluation has different table
structure in NIREP result database, so each evaluation has own database table. After
all evaluation results were saved into the NIREP result database, each evaluation was

statistically summarized for every ROIs using evaluation results (minimum, maxi-
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mum, average, standard deviation and percentiles was computed). All statistically
summarized values was saved into evaluation population statistic tables. For each
ROI and in same evaluation database (NAO or NA1), algorithms were ranked. By
averaging those ranks and average values in population statistic table, representative
values of each evaluation task for each algorithms was computed. Overall evaluation
of 3 non-rigid image registration was computed by averaging all averaged ranks. Ta-
bles, graphs, and images were produced to help interpret registration performances
and compare registration result. Tables and graphs were produced from database
and shown on the NIREP website to share the evaluation results. Result session on
the website shows overall result table for different evaluation database. The overall
result table has all evaluation results values and ranks, and it also computes overall
rank with weight user choose. All algorithms name has link connected to its page on
the website and this pages contains all different evaluation population statistic tables
and its graphs to show more details.

This work presents that people can download our databases to evaluate their
own registration algorithms through these common databases and common evalua-

tion methods by NIREP and submit their results to the website to share with other

investigators.
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CHAPTER 6
PROBLEMS AND FUTURE WORK

In NIREP software, evaluation task computes image and its corresponding
evaluation results table, and the values shown in the table are saved into the result
database. The evaluation results on the table is from the NIREP software table
widget not from the result database. Also All statistically summarized values are
only computed and saved into the result database. Therefore we need to connect
widget to the SQLite query commend to create tables and graphs that user wants
to see. When table or graph is created from values that is in the result database,
NIREP evaluation doesnt need to perform same evaluation with same data sets that
already did.

Also, after more evaluation methods are added, NIREP will be open to public,
then investigators can join this project to evaluate their algorithms. Following evalu-

ation procedure presented in this thesis, they need to submit their result to compare

with others.
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APPENDIX A
FIGURES FOR NAO EVALUATION RESULT

Table A.1: Relative Overlap results for ’AIR5’ in RelativeOuverlap_ps_t using NAO

data sets
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Figure A.1: Relative Overlap Candlestick graph for AIR5 using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NAO data sets
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Table A.2: Relative Overlap results for 'Demon’ in RelativeQuverlap_ps_t using NAO

data sets
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Figure A.2: Relative Overlap Candlestick graph for Demon using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NAO data sets
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Table A.3: Relative Overlap results for 'SICLE’ in RelativeOverlap_ps_t using NAO

data sets

RrOI Minimum Maximum Median 5th porcontiie | 95th porcentile  Rank
1 0165232 0478236 0.05745¢ 0.256404 0318887 0360543 0385324 044805 3
2 0205216 0492725 0047611 0265015 0347483 037485 0401964 0441808 3
3 0275835 0524153 0.047488 0324087 0366184 0408135 0441401 0485752 2
4 0223317 0515857 0.087518 0356752 0368418 0420021 044683 0478068 2
5 0378597 0509718 0047518 0416916 047478 050402 0536716 0563898 2
B 0425078 0625688 003818 0450028 0486935 0524082 0546911 0584568 2
7 0326712 0640148 008328 0369057 0454309 0502276 0537385 0584003 2
0 038982 0628065 0.046066 045614 0486367 053485 0566354 0598566 2
B 0248033 0426096 0036968 0271235 0311441 0332178 0360073 04014 2
10 020716 04481 0.046401 0242172 0263676 031412 0348829 0393385 2
1 0317754 050818 0.035506 oa72222 0412169 0433323 0457854 0491588 2
12 0353128 0546255 0031616 0372081 0400314 0418404 0445728 0472633 2
13 0385007 0602358 0.042802 0417428 0454111 0488356 0516503 0561082 2
14 0409343 0841612 0.044357 0451969 050708 0535333 0558845 0608527 2
15 0330285 0543806 0.047487 0353163 0473696 0453371 0488841 0522695 2
16 0217813 053247 0049721 0347565 0401845 0447365 0479348 051432 2
17 0308483 0437133 0028401 0323045 0340053 036155 0386278 0413115 2
18 0273818 0440328 0031876 0299849 032987 035284 0362207 0403737 2
18 0264716 0440237 0035985 0264745 0325009 035202 0377566 0407258 2
= 0221808 0411081 0039475 0245022 0300838 0329088 0356403 0383469 2
2 0108838 045269 0.069577 0.166668 0242423 0278613 0478107 0412223 2
z 0171131 0411567 0.045308 0229985 02726 0304306 0333563 0381285 2
) 0357453 0557284 0057178 0396669 0460376 0463148 0503055 0526633 2
2 039115 0565167 0.004778 0417683 0446252 0471372 0483645 0542073 2
2 0185485 0419624 0.046435 0206147 0262116 0288479 0323916 0367953 2
3 0141054 0382478 0.04440¢ 0179865 0230223 0263559 0263291 0327053 2
a7 0164042 0400324 0050549 0184432 0282311 0285692 0316434 0362084 3
= 0166218 0354808 0043435 0.2078¢1 0246604 0781682 0312445 0339161 3
£ 0248915 04307 0036799 0279174 0315744 0345352 0376145 0401846 2
0 0178327 0428435 004675 0246865 02686785 0315837 0350479 0410556 3
£l 0060283 0356213 0.047522 0470437 ozzrar 0264544 0269771 0332348 2
2 0095348 032143 0.049879 0111884 0.188569 0215713 0245234 0291824 2
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Figure A.3: Relative Overlap Candlestick graph for SICLE using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NAO data sets
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Table A.4: Dice Coefficient results for "AIR5’ in DiceCoef f_ps_t using NAO data sets
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Figure A.4: Dice Coefficient Candlestick graph for AIR5 using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NAO data sets
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Table A.5: Dice Coefficient results for 'Demon’ in DiceCoef f_ps_t using NAO data

sets
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Figure A.5: Dice Coefficient Candlestick graph for Demon using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NAO data sets
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Table A.6: Dice Coefficient results for 'SICLE’ in DiceCoef f_ps_t using NAO data

sets
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Figure A.6: Dice Coeffcient Candlestick graph for SICLE using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NAO data sets
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Table A.7: Sensitivity results for "AIR5’ in Sensitivity_ps_t using NAO data sets
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Figure A.7: Sensitivity Candlestick graph for AIR5 using data from P05, P25, P50,
P75, P95 in Sensitivity_ps_t using NAO data sets
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Table A.8: Sensitivity results for 'Demon’ in Sensitivity_ps_t using NAO data sets
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Figure A.8: Candlestick graph for Demon using data from P05, P25, P50, P75, P95
in Sensitivity_ps_t using NAO data sets
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Table A.9: Sensitivity results for 'SICLE’ in Sensitivity_ps_t using NAO data sets
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Figure A.9: Sensitivity Candlestick graph for SICLE using data from P05, P25, P50,
P75, P95 in Sensitivity_ps_t using NAO data sets
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APPENDIX B
FIGURES FOR NA1l EVALUATION RESULT

Table B.1: Relative Overlap results for "AIR5’ in RelativeOuverlap_ps_t using NA1

data sets
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Figure B.1: Relative Overlap Candlestick graph for AIR5 using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NA1 data sets
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Table B.2: Relative Overlap results for 'Demon’ in RelativeOverlap_ps_t using NA1

data sets

—
o 1acem 3
LIy 2
8L 2
D1e0d a
e 3
. Bl
0340024 L
Ot v i
1A a
LETLLE] 2
aawer f
naare 1
L il a
D 2
n210118 3
1 AT 1
T 03w 0
w | nora, nmFTM 0t El
| ] 37 oot 1
o | s wazn 0307088 1
| 0 S 0 Wy 0 343T) 1
@ | LAl LE oL 0 1
B own o3 amEe 1
| ames Lzl 0,068 '
| 0 #nTa 0384133 i 1
L | 037 LE-C T nauz a
7| oawmw namaT D 1
@ | oeemse stz (e E}
EREE [ o R Y
u | [] noam [T 3
» | (] (Ll nateat 1
L LT OFreM D.a1686T 1
B ooma v Gaocars | E
| owar [E omeE | nmimy | owmar ozante amwr | owem e a
R n24se28 B noums | o nee ame | o a8 3
% | e () nar? | o.u2ris 2508 028308 ] naza 226750 1
W e i [ [ & s [E B [y ] ]
W | o DAz omema | 004t [ [ o xmam nwws BaTMM 7
% | awm [ ngEsr | oowns | G E caams | e 398 3
L LB LR ) o148 | OOMERY | Ll 0.0HIEME &13r218 oarreaE S22 1
as
s
N
s i
i 1 . “
et ™
s : 'R ITE !
S -.
EEEEE SRR AT NN EENEN TN R HE T NN

Figure B.2: Relative Overlap Candlestick graph for Demon using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NA1 data sets
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Table B.3: Relative Overlap results for ’SICLE’ in RelativeOverlap_ps_t using NA1

data sets
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Figure B.3: Relative Overlap Candlestick graph for SICLE using data from P05, P25,
P50, P75, P95 in RelativeOverlap_ps_t using NA1 data sets
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Table B.4: Dice Coefficient results for AIR5” in DiceCoef f_ps_t using NA1 data sets
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Figure B.4: Dice Coefficient Candlestick graph for AIR5 using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NA1 data sets
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Table B.5: Dice Coeflicient results for 'Demon’ in DiceCoef f_ps_t using NA1 data

sets
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Figure B.5: Dice Coefficient Candlestick graph for Demon using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NA1 data sets
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Table B.6: Dice Coefficient results for 'SICLE’ in DiceCoef f_ps_t using NA1 data

sets
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Figure B.6: Dice Coeffcient Candlestick graph for SICLE using data from P05, P25,
P50, P75, P95 in DiceCoef f_ps_t using NA1 data sets
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Table B.7: Sensitivity results for ’AIR5’ in Sensitivity_ps_t using NA1 data sets

2 : - . Ravis 1
R Gt | o | oowes [ [0 T [ G 2
T wem | am vwen | o | owms | uwem a3 S S .
v | camam (e oamere | omem | ovea [E amein | gase ] F]
. a4iee nsoiazs Py asrar a4ies ossares aar Dz a0 pl
T oceeew [Ty [ [ [y wanan [ Giamee 1
(003 (T 3 TanE s [ B 0zt B '
v [ [T [ [ T B E Tz .
L[] 0.34890 o80Ty D435 aodiE a:34001 03 DS f.a53a04 250100 k]
Il Tz [y [T (=1 Tz [y ) [T LTI 1
W = [l o s [ G sara [Tl ) [ e 3
W oA (T [T [ T [T omn | nanem [T )
" | o812 o5TET L oseere | LAl 0353457 Bl | L el HETEE 2
" [T [T [T 012814 [T 03088 ne8as0s (T cisesint 2
| o ey waners [y Gama wadin e R SR 3
W oamm [ nmets | ooam [ Tama aamr e B 3
LN B.3TME LT ozsmet | £.3TME [R5 d LITEE | 0338455 36700 3
| sesas izl 0T i naesan T 160304 azsn weiae 2
EREE dakiane [y [ [y [ S aiais [y S b
7| oaems Oasnas narmm | e [T [E) o Atz s 3
El R0 aarde D405 | om0 [T 4108 | faITee ATag 3
B | e AT barsees | oone s30earz [T 2388141 Bt narTEe 1
R aasa (X [T [E T [T GAOME Qs GBS 1
W™ | owres nsated e L] n3smon Oeary Az nas e 3
ERET (=0 omw | ooeee | gamn [T aemiin | omesr .z E]
| s A caa | nos | s nasian P g s E]
ERENTTT [T LEG | nosun ChdG | Gaen B0 Lz [ 1
@ | oaume nanam e aoury ) [ = namm Banam 3
® | omermz [T miems | oomsn | oo now s | o 2. .
El nosow | s naeey | oosm o.100m n208m0 s o1 e 1
2| Gaus [T Gas | owes [ waEaT wasren [y wsaTEa 1
= | pamm nanrE e | omean? A 0 AT =4ansar narom Er) a
| owaw (] wanest | amww | s [ camen | gawn BAmH E]
» 0340583 fazes 037704 | 002818 | 0.340583 LR LT | o3es DA 2
* et e [T owecat | oomen | oxse darst w3088 oamzr [T 1
3| aans Ga Gan ) (o) [ Sz Gt Eawn )
= [E=T) [T namie | oosat | oawwe [ camar | namm B 3
w 0372453 o.an3ETY D8EITY | oonea LRt 0413401 Qs fares ] 2
“ [E- a0 omres | oorioa | ozusem (¥ ware | e Ao '
s
s
a7
- A H
as L L/ \ 4 |/ \ L
Ir,*m gy aE + **+ “ (3 '** [
* [ lﬂ! | \‘L H Ve LA YV'E
[t / § | ‘. '
o | | '
N R R T N I e P E R P E e B P P e B S e T e

Figure B.7: Sensitivity Candlestick graph for AIR5 using data from P05, P25, P50,
P75, P95 in Sensitivity_ps_t using NA1 data sets
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Table B.8: Sensitivity results for 'Demon’ in Sensitivity_ps_t using NA1 data sets
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Figure B.8: Candlestick graph for Demon using data from P05, P25, P50, P75, P95
in Sensitivity_ps_t using NA1 data sets
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Table B.9: Sensitivity results for 'SICLE’ in Sensitivity_ps_t using NA1 data sets
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Figure B.9: Sensitivity Candlestick graph for SICLE using data from P05, P25, P50,
P75, P95 in Sensitivity_ps_t using NA1 data sets
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