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Coordinate System and Warp for Drosophila Brain

Student: Chia-Sheng Liu Advisor: Dr. Yu-Tai Ching

Institute of Multimedia Engineering

National Chiao Tung University

ABSTRACT

We study the problem of warping Drosophila brains to a normalized fly brain. In this
thesis, we define a coordinate system for the Drosophila brain. Based on the coordinate
system, we define a size-normalized brain. Every fly brain is normalized before warping. The
warping is based on the feature points determined by the neuropils in the brain. Experimental
results show that a brain can be warped to the target brain with the internal structures and the

hull of the brain almost aligned.



AT AW IR S LR g R RRATF R BieR E P J R Sk
e NUE- L RN FRE R I A e SO BT S S U E TR
Pre RAIT RA BT A K BB MREEMALKRIFZY Pk fae T
FoRREFIRL PR RAGBY AL iR

E#HOAFEL T BAF 7 o i A RF L LFE2 2 s HROA
T8 EF o B HE L AP pTa e P > B0 i < F & )R P Ken >
85 vmog * 4 2R BRELF CAEL S EHE PR E P B HTT RS R
FHAOP A ZF R F AR - R FE O RHFERGR Rz 2R

RN F S B E o 2R gt 3o

F_L
i
pat)

BRERREHANDTA R FHE P ASRENREN R FE A EAE
FohR I ADE L A RERIERO- 9% BT R AR RNET RAR

MRA R 2R SALE Y 0 B 0 L EH o



B2 B & i
B T A R i
S PR iii
PR PR iV
e L OO PP PO TP PUPPP O vi
=R RPRPPPPPT vii
- x K PR 1
IO IO, N T 1
12 3% s ses et 2
E FoBiEZ é)]?%‘}"ﬁéﬁ ........................................................................... 3
21 #Hg B Rl TS LB 3
2.2  MEURE TS . e mtueeeaaagg | L. L B e 3
2.3 Smallest enclosing anNUIUS ............ueiiiiiiiiiii e 5
2.4  Feature-Based MetamorphoSiS........cccoooviieemcmcee e 6
R D o T s 7
31 A e e R WY s 7
3.2  Principal axes Transformation and Bounding BoX.............ccceeeee...... 8
3.2.1 Principal axes and Transformation............ccccceceeeiiiieeeeeeeeee, 8
3.2.2 BOUNAING BOX ..ccvviiiiiiiiiiiiiiie e 11
3.3 Find ellipsoid body CENLET..........covvveiiiceeeeecee e e 15
3.4  Averaged Standard Brain .........cccooooi oo 19
3.5  Shiftand SCaling ........couuuiuiuiiiiiiee e 22
3.6  Set feature points for Morphing ... 25
3.6.1 PRSP PPTSPPPTRUPI 26



3.6.3 LAY = U o T PO OPPT PRSPPI 30

KO A - i -] SO EPR 32

EN B B e it e e 33
B T B R B T e, 49



D

D

1 134 % i v s 2

2 averaged standard brafm- B /22 Z % 34.

Vi



H OH 3 5 H 3 OH F HE 5 5§ F 5 H F F H F F

H 5 =H

2-1 B F B TR R R 5
-1 P BB B e e e e e e e e e e e e e 8
32 ZRZEAIFRIIE BN s 10
3-3 12 Principal axes transformatiai #7 & & % 527 i, 10
3-4 5% principal axe B5 B BIFRE R e 11
3-5 - ¥ principal axe 25 & RIEE B i 12
3-6 = # bounding planet »* 8 i# 78 2k(bounding point) ..........cccceeeviiiinnns 12
3-7 bounding bo¥ G volume data ...........coevviieiiiiiiiii s 13
3-8 bounding bo¥: volume data- 4= i® transformation.................cccevveeeee. 13
3-9 e BL2*512%65 A FF B b PGB e viieiee e 14
3-10 5 Principal axes transformatici s 5 ... 14

3-11 ﬁ%] 41 centroid~ transformation matrix: bounding box transformet

{8 eEL(BOUNAING POINL)...ccii e e e 15
3-12 G0 ellipsoid DOdYTe 32 .oovviieieiieieeee e 16
3-13 B A B TR R R 16
3-14 =4 =5 EP-ehfe [f] 2 17 the smallest enclosing annulus .............. 18
3-15 iz d [ BE S annUIUSERI S oo 18
3-16 P~ bounding box5 B3 gL BP1 = F % \BP2+ T {4 i, 19
3-17 ellipsoid body cente#- bounding boxa & = ~ B 7 B .ooovviiiiiiineee. 20

3-18 ellipsoid body centet] bounding box= £ iE&Ebound distances..21

3-19 ellipsoid body center = i = @ ..o 22

3-20 T A:iE S 1 boUNAING DOX cevvviiiiiieeeiiiii e 23
3-21 - =% #s7 3D B iz Shift 22 Scalinge s 1 1 B, 25
3-22 H Z_E AT LS B HTEE o 26

Vii



H OH 3 5 ¥ FH H F F F H F F H F F F H F F H F F

H 5 =H

3-23

3-25

3-27

3-29

3-30

3-31

3-32

4-1

4-2

4-3

4-4

4-5

4-6

4-7

4-8

4-9

4-10

4-11

4-12

4-13

4-14

4-15

4-16

4-17

4-18

4-19

Bl 3-24 . e 27
Bl 3-26 e 27
Bl 3-28 . 28
................................................................................................................... 28
Delaunay Triangulatiof s Cell.............ooooiiiiie e, 29
voxel Pie Cell 2 e/ 5 % S8h 3 oo 30
F R IRALT oot 32
ER N - AR 35
% 03 %% B 4o Bl i e 36
B O - USSR 36
5 LOBRBT: Baite corrpriotil SRR, ... S .o veeeveveeeenenenanene 37
i B 4 Al e N R R 37
5 12007 B 5T e svrererereereresesoseesesenesesesesaseseesesesmnoee et et enenenenereeeenenes 38
% 120010760 R 452 e voiiir it 38
017% Shift and Scaling'| averaged standard brain ......................39
03*% Shift and Scaling'| averaged standard brain ........................40
06%% Shift and Scaling'] averaged standard brain ....................o 40.
107, Shift and Scaling'| averaged standard brain....................ce. 41
11%% Shift and Scaling'] averaged standard brain....................o 41
1200 Shift and Scaling'| averaged standard brain ..................... 2.4
12001ey Shift and Scaling'] averaged standard brain....................... 42

Combine 0% 03 *& 7 averaged standard brain .................... v
Combine 0% 11 "4 averaged standard brain .................... o
Combine 0% 1200%%+: averaged standard brain ..............
Combine 062 10 *;= averaged standard brain .................... o

Combine 120@ 1200e%% 7 averaged standard brain.........................

43

44

........... 44.

45



Bl 4-20 Morphing Brain 01 t0 03 ...........uuummmmeeeeeennnnnnnaeaaeeeeeeeeseereeeeesesnnnnnn 46

Bl 4-21 Morphing Brain 0L t0 11 ........uueuuummeeeerennnninnaaesaeeeeeeeeseeeeeeeeenennnens 47
Bl 4-22 Morphing Brain 01 t0 1200 ......cccoiei oo 47
Bl 4-23 Morphing Brain 06 t0 10 .............u.mmmeeerrenennnaaanaeeeeeeeeeeeeeeeeeeeeennnen 48
Bl 4-24 Morphing Brain 1200 t0 12001 ........ummmmmmreeeeeeeeeeeeeeeeeeeeeieeeeinenns 48

xR 2-1 %k p[5 P. K. Agarwal, B. Aronov, S. Har-Peled, M. Shari
“Approximation and Exact Algorithms for Minimum-Width Annuli and Shells”,
Annual Symposium on Computational Geometry. Proceedings of the fifteenth
annual symposium on Computational geometry, pp. 380-389, Miami Beach, Florida,

United States, 1999



LA ik =} >
- % M@

1.1

o SRR Ry ?"“ﬁi‘ MR E LR R BIE R R AARE > ARG
Fi2 G Aot g £ BRAAFROER R AIFERF R A i 4 B
BEH RGBS - Spi 7 e A g Bend BoAfga— N4 o
LR *rsi; poo T RBA S dogt S ORAT R R L AN ERE
SERELREMRPEAE PE A KB T ES - BT R A
FIER Vb ok - RV S C AP

RS B hd P BB R £ KA § et 4ot £ B % s (Drosophila)
MG ABREE R URBE R LAV Fl i RisE TR

Hogn R ek BRAAE e R A e A - B BB T Y Sl AR

S

Ao GG RS GEPRAE BL ALFHNS P A A

WRE S RE R FNE - F P RBREL b R %

Ly
o
o
=
N
-l
N
SN
>~

B G0 R AR AT A R L T I bl WA BOR - SFRATT Pl
% Fas ko § FRVA SR AR HIER A G RRaEH GHF 5 E4p
¥ ehip g o

B L2 5 W cPgAY

.J.

AF EBEBLABAS o N A RBRNT R oI

FAF PRy SR BB 2A GNP EF LG R G mT

-

Heto BRIBYGL Y LB HELE . R LF G Rt [ 50 LR F

|

bo b RFCAR B o r L b B ] B SR T R e R ik s A T Tk
Bl - E2Ep2 ¢ > § - B EEA S Warping F AL o A B3R A - B Ry

warpingsn= jx o



RSN

Feature-based Metamorphosis™ /2 ¢ SR * &2 BAp+ 5 & >  E T3
I ¥R snad? o & F_3D agIng A E EARMRERCE VIR s rk R A A/

EtRen- BN EL P FFRGISL Y o F LRI TRR G BURE N IR

= R OBl > & as g e ellipsoid body 5 L # gk o 4 - BT IR E

T\4

(averaged standard brain) - @& ATer Ak 5L o @ R MSIGR g P IR E

oy

eIl o i R AU L] TS R TS BB K R -

)
ARhwmT A A GIBRE - F-FRHHm TN RN RN A

PR PR F - R A LB RS B P A IS S R e



¥R REEEE CRVE

2.1 =

s RGN AT R R ARG EL R R AR RER D

‘\:I\\,

PRz ¢ RIESV2Z BRI RF AT AT o5 F0 0 AP R -
I 18 g i T 3oL Mg R i > LAt B UL AR preh 2 1T 3D B i
2 e S FHEBRGRES PR EDAEL S U R DA B
<ol R E RGP B RS s A P RERTD E AR

Atk SR o 17 itk R 1 (normalize) {8 e ik K RS 0 A R R A, il

TLiE 5 DR .
ARG AES KD E 0 Bt GE B TSR G ) -
SEP T Y - 5Emv)}§kﬁ‘*)%ﬁ o A B A= BIRGC
1. Central Momentst % 15 & 4282 th 7 Principal axeg? Transformation
2. Smallest enclosing annulus k 35 % & 74 22 if=h ellipsoid body center

3. Feature-Based Metamorphogisk # 5& % i1 Morphing

2.2 Moments

Moments® - R E+ WAL TR E b A G AZHFE Y T ¥ 54
RE 25k e i > Bl B URE T B4 2D 3 B EUR R # ¢ pixels A o
3D Z R E_p|# © voxelsA & ki ik 4 4 erh A [A)[2][3] o i s B Y B - B
EAFER PN S BABFMDI AR AR FE PR RIS FPEE Y @D
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Pyl principal axestipl £ * % oy i e et A L 3B AR T AL

(i,j, k) — moment %~ i 3D elic 2§ o i T H >

mgi = 3 iy,
X,¥,Z

2.

A+ f(x,y,2)E~ &4 e function, d & %

1, if (x,y,z) € - #foreground voxel
0, otherwise

fx,y,2) = {

Order of moment myj, pizs+ sum (i+j+k)

sepzew 1% (0,0,0) — moment i i e

Mpoo = Z f(x,y,2)

X,¥,Z
B e momentspF o ¢ FIAFMOT BRI RA G A R0 5T W

AR £ AR & © o Centroid 3 ¥ o B st -
Centroid g = (gx,gy,gz) T & 4o 5 eafirst — order moments:
Jx = Migo/Mooo
gy = Mo10/Mogo
9z = Mgo1/Mooo

7l 3D i g i | - Centroid g = (g, gy, gz) s * o -

central (i,j, k) — moment Mj, of I w24+ :

Mie = ) (= g0'(y = 9,) 2 = 920" F (6,3, 2)

X,¥,Z

hoit 3+ 8 Central momentsin= 38 > R E P BT (TR R R E



2.3 Smallest enclosing annulus

Smallest enclosing annuli. - 41 5 5k 48 ) ie - & enp AL 8 5 % 7 i 7 3
1991# d Der-Tsai Lee® Van-Ban Left 2! £ |1 8 e o X j22 = 2 R >
o Flo enfdsg[4] > 8 ¥ - BHEE > u PR 0(nlogn + k) aig
B R3IE 7 R Rl ado) S fedc ) @ f (minimum radial and area difference
center)e 2_{s & 1999# ¢ Pankaj K. Agarwals 4 #% &' & 35— B 5] B & gk k

HH[5] » 4o B 2-1 90

B 2-1 B 3B sk g

Bk SE-BnBEOELedBPARDES TR SRR PP ]
(roundness) ¥ r 4t B & > RO Gk 5 %"’(E\ b5 3 "ﬁ«LRZ)_‘? ¢ za S
TBHEE ,T*u{;fw KSEELEMEG B~ - BEDPIF <R CIEESH Rifcd |

= R EVE Rl A S

-t

min max|d(p,c) —r
ceRd reR PES' (p, ) |

for ceR%andr,R € Rwith0 <r <R > T_& it B Ik, 3k 5 A(c, 7, R)
- BHPFEFAI BRoRRscEE L randRazk M2 Fem A(c, 1, R)
RRERD - BRE SEHERKBM | PR FF P E - BABOAN(S)
&5 SEE P TR oW 2-197F o

f is Bernd Gartner% 4 # 2000 # ! £ 3 Smallest enclosing annulus %
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Smallest enclosing annulug #* 32 % - i# linear programming » # 1A% 4R 5
i it ¢h quadratic programmingx”Dx + ¢Tx, #D = 0) - &iz— % papers ¢ - #
Eip BRI E S 0 LR EP APk ik 2 T 30 shquadratic programming
Horegot B & * linear programmingsh= 2453 5 o i¥ K2 3-8 0 Rt b

CGAL(Computational geometry algorithms library) + # &+ Rk @ * o

2.4 Feature-Based Metamorphosis

Morphing # * X a2 6@ & 3 ApRAcnkjis > 7 U * L5 B2 w1 o b
deet B Y 4 Tk{:t&av — SR P b i o @ % 2 SR E TR et E B
B Ao TR B2 A R P AT A R A o AP e Bk
* Morphing=nWarp > i & & % ¥ 4= Source imagez % = Target image %]yt 7
% & 3 Targetimagenf i3 &> F|t Warps=> 2 ¢ oz £ & o

Warp Z & ;i 3 mapping:=h= ;2 J2:E B~ p B - AP * reverse mapping
" %{iﬁﬁ Target imaget % - &8 > &4 7 & Source imaget 4p ik i
¥ ehij gk oiz— B2 ¢ #-Target imager3 hijg % > 4p #3° forward mapping
WY B PR R o

& AF 5 o Morphing § wshdjirgs = 52 » 3 & §5% Po-Chung Yangs

2007 & HFf 4 % < 1295 45 ek % %25[7] [8] [9] £ -
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1. 43D % 1% Principal axest Transformation? H = % #& it {5 593D
2% T ¥ 3] bounding box
2. Find ellipsoid body center’ 12 }* centery i Scaling# Morphing

3. IS sy e bounding box2 3t & 4] % - B averaged standard

brain 7 bounding box

4. 12 ellipsoid body center: z # 2L Shift and Scalings — & % ¥ 7 0

bounding boxz| averaged standard braif bounding box

5. Z T #EclePFacgky ¢ 7 bounding boxx ellipsoid body centetidd i 2k

% # Morphing -



3.2 Principal axe ~ Transformatiorand Bounding Bc

3.2.1 Principal axesnd Transformatic

At iR A Morphing % s P fic = 82 thoze o o d Y R & 9wk 5 4B B ep
Bo & AU EA RB 45 R 0 Fla At ) i Morphing € 7 & 2R

Ko F)ptigm A EE ] F Momentse 2k farotation @ EE B 4 k8 ST g T
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5
4

A eniEi: £& B4 8 chcentroid 1T AR Fh i R 8L iR dhen S K- £ AR

B e )
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7\ 1™
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[ 1 P2 ]
I 1 1 H 1
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Bl 3-1 42 ph

HeY PLESE S P2E A Eih @ PIR|E A3 - ¥ £ & ehdh > 2L = $hod
B 3 4P R o A 4] * seconorder central moments[1][2] #-4t #FF S 4 - B

e (inertia matrix) K % 7 > T&{xACT -

B = Mipe = ) (=g (v - 9,) (2 = 90" (5,3, 2)

X, ¥,Z
Hoz0 T Uoo2 —HU110 —HU101
I = —H110 U200 T Hoo2 —HUo11
—H101 —HUo11 U200 T Ho20

W,
477
@t
B



Ly = Wo20 T Mooz

Iyy = Hz00 + Hooz

I,; = Uz00 + Ho20
T

Ixy = Iyx = H110
L, = Ix = M1

Iyz 3 Izy = Ho11

Al
Ixx Ixy _Ixz
I = lyx Ly =y

_sz _Izy Izz
$ inertia matrixZ_- # & 3 symmetrici: 5 cnsEL > i o eigenvaluess € E T
F o @7 RO H H kg eigenvector 7 ¥ ¥ 1 - B Rd # dheigenvectors

% eigenvalues(dgy, A1, A,) # e = T 7] ¢

g 0 O
RTIR=1| 0 A 0
0 0 A,

# ¢ - B eigenvector¥ & B + ih eigenvalue iz gt P 4 hk < A F 7
(% - 24h) s % -~ iheigenvaluegd| ot e % = < A 4c » (% = 4 h)>
PP EE R o 4ot A F 2 4] % inertia matrix k 7_# B) 3-1 e0A fh 4R % Ao inertia
matrix =» eigenvectorﬁf‘uf,i' Pt 7 48 en i sh(principal axes) °

preb o d A TR A D AT AR kA AR SR T RA YT R
it e z’fﬁljifw{v} eigenvectorgitie = > (& {F 4 fh¥ e R iRk A

¢ oo B 325i- BHRHAIAETF@* second-order central momentss| ez
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3.2.2 Bounding Box

2 o>

hiz- ] @4 235 - B 3D volume datasif B BERE o SN F-
seconderder central momens$ ¥ {6 ¢h47 1 fh(4- @ 3 — 2 420 P1,P2,P3) » £ 4
UL FZ B AP MAPE T e g o ¥ 2T 5 3 2 ¥ volume date? B
{6 — B3 Ao voxel valuetev® » 4r@) 3-4 75 ¥ Plihiz B 2|45 - BT o 75

voxel valuer t >  I|&fé - B3 een™ i Plihenad RIER T 5 > & ez o

B 3-4 ;% principal axe 15 & R eif B
4o 3-5iFF P2ghix B 2|45 - BT 5 £ FF voxel values & v & FlE{s - B
T AL P2ihend RER T o 0 T bk o P3ghe L ApRIEE > (B F] P3
Pocnd PR TR c REEF 6BIAPE LT G AP 8 BTEEL A -

b i B £ (bounding box) » 4o B 3-6 #7 o
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bounding
plane

bounding
plane

Bl 3-5 ;¥ principal axe 25 & i R

bounding
plane 22 %

bounding
JELERE T

Bl 3-6 = i bounding plane: »*+ 8 # "8 2:(bounding point

# 7] bounding box# 8 i# "8 gk(bounding point)s - £ ¥ volume date- 4= i®

transformatiorue™ = ] #% (# 3-7,3-8) -
12



Bl 3-7 bounding box¥ i volume data

B 3-8 bounding bo>#: volume data- 4= i* transformatio

BT RAG- ML OFTHRELAEEE o 5 A I - % R4 512512%65-
1-channelt F§ eh% s %5 8 i5.( ] 3-9) » 548 seconderder central momeni5 | =
i# A7 g transformatior s s % (W] 3-10 = ¢ ¢ =3 bounding box) - #i o ¥
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< 2L centroidtransformation matrix.bounding box transformet {4 ngk(bounding

point)(®l 3-11) -

Bl 3-9 4> 512*512*65 4 F 5 8 P B2 i

Bl 3-10 ‘5:& Principal axes transformaticié .5 %
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¥ Principal Axes

Centroid: (Original)

254 _4B80000008 257 .72800080888 13.77390008080

Centroid: {(Transformed)

253 _.7589890682 256.6178149748 13.7707863521
Transformatiom Matrix:

+08.8416200844 -0.5400673088 -0.0017133681 +0.00000000A0
+B8.5400658918 +0.8416218197 -0.00124306442 +0.0000000000
+0.0021133288 +0.0001208436 +0.9999977596 +0.0000000000
+0.0000000000 +0.0000000000 -+H.000000BAAA +1.0000000000
Inverse Transformatiom Matrix:

+0.841620084,4 +0.5400658918 +0.0021133288 +0.0000000000
-0.5488673088 +0.8416218197 +0.0001208436 +0.0000000000
-8.8817133601 -0.8012430442 +0.9990077506 +0.0000A000A0
+0.0000000008 +0.00000000GD +0.00000000B0 +1.0000000000
Bounding Box (0Original, 8 Points)

¥ y z
+6.5 +384.3 +2.5

+3908.3 +58.1 +1.7

+587.8 +239.9 +1.5

+123.2 +486 .1 +2.3
+6.7 +384.3 +62.5

+398.5 +58.1 +61.7

+587 .1 +239.9 +61.5%

+123.3 +486.1 +652.3

Bounding Box (Transformed, 2 Points)

%1:20 ®2:476 y1:162 p2:378 z1:2 =z2:62

B 3-11 ﬁ%] 41 centroid~ transformation matrix: bounding box transformed

P

is en2k(bounding point)

3.3 Find ellipsoid body center
hit— &3 B4 2 H IS % s g enellipsoid body centetis £ o ARG &
B G n%k sy 3D B 0 5 A g3 T %g)i&{wmﬁng};@g;gm ?
Second-order Central momeritsts $| ¢ < 8LF B i3 3D B2 ifmn i & ¢ B0 $
WP RV RAFU R VRS BEBG LR TBEINEAAR o AT
AT E AR R - B B A AT REARNET 2 BT HA
LBl LB T EIE A 2 SAR B B Y BB L § B RnAE
B o B AP LR AR > %o ellipsoid bodys B ogt R 0 F]pt o Skt

B #H B K M4 k & 45 ellipsoid body® «w gk i H = 5 &5k 3D i



center> 1 {f 2_ {5 i¥ Scalings? Morphing { & & i@ } h3 % o

B 3-12 % wsrgenellipsoid body &

Bl 3-12 = ¢ {2tz » & % umigenellipsoid bodyF 3 » # chvh 4 it - B
B e > 7w AP B ARG F @ AR R P AR S
vs gl o infE - BRAL 0 4 Pankaj K. Agarwalks 4 4 1999 % J1[5] » R4 ¢

%
¢ e
o
° °
°
r(c)
°
c
°
°
R(c) °
o ®
[ ] [} L4
® .

B 3-13 & ] 45 ok kAl
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He %d R X Er-ff ¢ @5+ Flen2 L R 24 gk 5 input ek ik 1
iFEEEH P (r<R) #FEI - BE] £ F kK 4 (Smallest enclosing annulus) >
BlEZrangdt<® Ricg ] lme

Bernd Gartner and Svend Schonh@r2000-# # 1 & 35 & | 41 B 3k & £ 4p
FrBRE =125 o] (6] o T A I Y (FK A CGAL 1o ¥k i in
clas§CGAL: : Min_annulus_d < Traits >) k& § #3* & ] 3B sk k48 -

CGAL:Min_annulus_d<Traits® 12§ tid B @& st 5 B RER? —r2en
ABES B g AT BREPEY mP) A | BRWT 2 2975 PhgEi o
» ,T&{fé;ma(P) =@ if P=0 and ma(P) ={p} if P={p}-S&# 2 P
B+ E 0 2 Y ma(S) =ma(P)# S 5 £ # § (support set) » Sie 75 B4 2
$B 0 T AT ma(S) g R o0 FlA SE AR - o B ado ] TRk 4 i 2

¥
*

-

® minannulus ¢ 7 73 L& TEEP

® minannulus ¥ & | annulus & 7 # &7 supportsetS

® supportsetS s # -] i.e.no support point is redundant
& f1* class#Z0 function # 45 3l & -] &8 0k < [f] > T 5 ellipsoid body
centere

% w7515 ellipsoid body cente® % % % 4o~ = B] » B 3-14 5 E P et &
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