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Edgesin imagesincludeusefulinformationandconsequently they play an importantrole in com-

putervision (e.g., segmentation,feature-extraction). Particularly, cornerpointswheresomeedges

intersectincludeusefulinformation,andthereforedetectingthecornerin imagesis a importantrole.

However, stableandaccuratecornerdetectionis dis cult, becauseedgesbreakeasilyaroundacorner.

For this reason,many cornerdetectionmethodshave beenproposed.Theexisting methodscanbe

divided into two approaches:oneis region-basedapproach;and the other is edge-basedapproach.

In the region-basedapproach,an imageis segmentedinto regionsby usingedgedetection method

andsegmentationmethod,andcornersaredetectedby extractingthepixelsthathave localmaximum

curvaturesin region boundaries.However, becauseof therounding et ect of boundary, it is di s cult

for theregion-basedapproachto detectcornersat theexact position (pixel). To avoid this problem,

mostof therecentattemptsin cornerdetectionusetheedge-basedapproach,whichworksdirectlyon

the image. In the edge-basedapproach,edgesin the imageareextracted,andcornersaredetected

by analyzingedge-connectivity on thebasisof cornermodel. Nevertheless,it is dis cult for this ap-

proachto detectcornersstably, becausea corneris composedof intersection of edgesandextracted

edgesbreakeasilyarounda corner. For thesedi s culties,a cornerdetectionmethodusingslit rota-

tionaledge-featuredetector(SRED)hasbeenproposed.By evaluating thecertaintiesof edgesfor all

directionsateachpixel, thismethodcandetectcornersstably. However, in thismethod,theaccuracy

of cornerdetectionvarieswith the directionsof edges,andthecornersin theregion of low contrast

cannotbe detected.In this paper, I proposea new stableandaccuratecornerdetectionmethodby

adjusting thesetwo problems.

To solve the first type problem,we proposea new cornerdetectionmethodusingweighted and

interpolatedSRED(WI-SRED).To acquiretheaccurateedge-featurefor all directionsat eachpixel,

WI-SREDis modifiedfrom theoriginalSREDin two points: thefirst oneis to interpolatethepixels
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in a slit, and the other is to weight the pixels in a slit. To computethe accurateedge-featureand

preventits accuracy from dependingon theedgedirection, it is necessaryfor every directionof a slit

to completethe apparentnumberof pixels containedin the slit. For this purpose,in the proposed

method,thepixelsin theslit areinterpolatedwith theneighboring pixelsby thebilinearinterpolation

method.For acquiringaccurate(i.e.,high-resolution)directionsof edges,it is profitableto usea long

slit. Therefore,to extendtheapparentlength of theslit, thepixelsin aslit areweightedby theweight

functionwhoseweightis madeproportionalto thedistancefrom thecenterof slit rotation.

The next stepis to determinethe edgedirections at eachpixel, the direction-featureis computed

from edge-featureby using. direction-featuredetector(DFD). In original cornerdetectionmethod

usingSRED,whenedgedirectionsaredetermined,thevalueof threshold for direction-featureis setto

a largevalueto avoid thenoise on images.However theaccurateposion of edgescannotbedecided,

becausethedirection-featuresis few in theregion of low contrast.As theresult,thecornerscannot

be detected.In fact, thereis own propertiesfor the valueof parameterin DFD: Whenthe valueof

paramaterof DFD is large,its detectionaccuracy is robustfor noiseon images,however its direction

is lackof accuracy. Adversely, whenthevalueof paramaterof DFD is small,its directionaccuracy is

improved,however its detectionaccuracy dependon thenoiseon images.To avoid thesecondmajor

problemsfrom theseproperties,DFD is appliedto edge-featureby changingthemasksizeof DFD.

Firstly, theparameterof DFD issettoalargevalue,thentheedgedirectionsareextracted.Secondly,

theparamaterof DFD is setthevalueof smallerthanthevalueof thefirst step,thentheedgedirections

are extracted. Then, the edgedirections are extractedby combiningthesetwo values. The edge

directionsareimprovedby continuingthisprocess.

However, thesedirectionsaredeterminedon the basisof the derivativesof intensities, therefore,

they include many falseedgedirections causedby thenoisein images.In theproposedmethod,to

reducethe falseedgedirections,the edgecertaintiesbasedon region separabilities are used. This

region separabilitiesarecomputedby using thepixelsaroundsuchextractededge.By detecting the

directionswhosetheseparabilityis greaterthana thresholdvalue,edgedirectionsfor eachpixel can

bedetermined.

After the decidingof the edgedirections, when the following two conditions are satisfied,the

respective pixels are regardedas detectedcorners. (theseconditions are (1) let an anglebetween

the adjacentedges,at leastone angleis not equalto u , (2) for eachedgeat the pixels, the edge

certaintyis computed,themeanof theseparabilityat thesuchpixel is greaterthanathreshold value.)

Finally, we carriedoutseveralcornerdetectionexperimentsfor synthetic imagesandreal images.In

theseexperiments,originalcornerdetectionmethodusingSREDandcornerdetectionmethodusing

SUSAN operatorareusedto comparewith the proposedmethod. It wasappearto be theproposed

methodusingWI-SRED achievesstablecornerdetectioncomparedto the cornerdetectionresults

from the othermethods.Futhermore,stablecornerdetections for the region of low contrastcanbe

achieved.
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2.1 \^]
@�A :�_�� % ï*��a � ��K #�? ^�% � / F8¥ c�Ê����8a�Ë Í�.8Ï�c ã�] ?�# _8� % ï���a�� þ
# � H p�� ��`� Mî ^�o  :�/�ï % ?�� /-F�P H p  "2 # � �"Á�a+w 4�5*� %6 o M � ��� 2
# H p �Ob ñ o  CB YH? %m4�5*� %H o M � ;�<�� %:é �  �2 # :�, ù�. ( c
d ) û FL¥ ��²*� FB�D�E w � ^�%�, ù�. : 2

1�> � è ñ ã ��` � 3 ð , ù�úÒ� ë-/ %H7 F � ��e k }�Ð émº ^�o  B /�ï�^�%�o � H p :�F3f L @�A �
{ @ ã:=�g 2 $  ë %�î o  CB /�ï�^�% � 2 # F�o � { @ ã=�g 2 # é F3h9i � d ^C���+� d � êkj ! % ? % � � é�l ! w�É FC����R6:�m�-*/�ï�^-$�â�F�¥
c�Ê����8a ã  K # { @ :�n ?1û î ?�ïL�"a / d ^�% 2 $ B K # , ù�. ::Ú � [10][11][12][13]:�P H p  82 # Å } %�H p  �2 # D�E ^�o  :B /�ï8^�%L¥ ��²T� :-, ù�. �����#o�s 2 # ] ê F@�A
H p ã�] ?�# Å } % ����� Ý
p4î ^�% � 2 # FH¥ ��²�� ��è*n î ^�o  ãVè ê F�N�OL� %@�A ó�ô B�q ¾  �% ^�%-Ó65"��F @�A Á1��
�ý ö��"F�×�O �6� F�r Z"[�s�[ % _(t�n�uBv�:�w
?  vu 5*^�% �Tw�x�y*? o  x F-����Rz:-,|{ . Ú ��� �  ,} Q�#��Tw�x m�-T/9~�^B��5�FKhi � d ^����+� d �|� j ! % ? %6o � $=�1FH¥ ��²T� Ú �
� P H p  82 # :�Å } %�H p  �2 #DHE ^8o  �B /G~8^�%
,9{ .  ¥ ��²��1�
��0�� 4�5  "2 #�A ^ � B I�J x =�>B�"^Cr��L/ d ^�o  CB�D6E wú� ^�%A ^ � � I�J x =z5�^ �=�Gx :�F=��� � =�>"F�×�O�< ® ���
�&�z� =�>�F�×�O�� £6x�� ^:=�>�F� õ
x
� ^:=�> % _vÜ Y 7 � }�Ð B 'B5 w�� ^�% 2 a 2 F�¥ ��²*� /
:�o �iw�� }�Ð ���=� �
4x��9��� � ?�� o � :�¥ ��²*�=� Â�Ã x ] ?���� Ü � ,�{ . B 0 � /����LK ��? ^K�K� x F��6�}�Ð B �
�|x��
���O��� 2md K �"? ^
�=��/ d ^ � � � �&�L¥ ��²��B� Ú � �*^"o� �:-,6{ .� Ú � �L^"o�  �¡����¢�£ / d ^ � 2 a 2 FH¥ ��²T� 4�5 � | } ' aiw F�Û¥¤�/�Ü Y 7 � ¥ �

²�� Ú ��¦
§ B�Ý�Þ �m��� ~
� � o�o�/
:�F�Û|¤�/ Ý�Þ ����� ~��*¥ ��²*� Ú ��¦�§|x Ñ ?K�¨
© �*^ �
2.2 ª¬«®­¯«±° ²´³¶µ� / ¤�/ Ý�Þ ���G��? ^"¥ ��²T� Ú ��¦
§6� â�ãG· ��ä :"¥ ��²��6w 2 �=� ò
¸ x�¹ Ä�~��~ 7
º�Ñ ��¦�§ F&� % �*x�F�»
¼��
½ x�¹ Ä¥¾ ¦
§ F&¿z{�À:�
½ x�¹ ÄÁ¾ ¦&§ F � ��Âz��¦
§ Fx�Ãz� ^"o�  B
Ä ~8^ �
(1) Å9Æ�Ç9È|É�ÊzËÍÌÏÎ
Ð
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- Deriche-Faugeras[3]

(2) Ó6Ô�Õ�ÇGÈÁÉOÊ|ËÖÌ×ÎKÐ
- Kitchen-Rosenfeld[5], Chen[6]

- Beaudet[7]

- Harris[8]

(2) Ø
Ù�Ú¡Ù=Î
Ð
- Smith-Brady[14]

- Û�Ü [9]»�¼
Ý
½|Þ�ßáà
â�� ¦
§ Ä9ã�ä
å�æ
ç�è �Oé9ê
ë
ì »�¼|Þ Ã
í â�î�ï ä�ð|ñ�òzó�ô�õáö�÷(øù âOú ô�õ�û9õ Ú|ü�ý�þ�ÿ�� Ä�� þ��9¿��	� ÷#ø ù â�î�ÿ�� Ä9ã
ô�õ�ûzõ�

��� ë���� �
� �â�� ÷���� ý�þ�����Þ���� ô�õ�ûBõz÷ ÚzüKý�þ3ÿ��! � þ��#"�î ä �%$ ��ì ôKõ�û9õ Ú¡ü ì�&ò(' � ã%) Þ ä+*�, Ý�-.� � �/�OÝ
- ì10 Ý�- ÷32�415�6�7 î SRED
÷ ù�8 î ô�õ�û9õ Ú|ü%9 ä

:�;
<�= Þ���þ <�>�÷3?�@ �GâBA 8
SUSAN CEDGF õ & ÷�H ù â�î ô�õ�û9õ Ú|ü�I � þ��� ìKJ  ã�ä|ôKõ�û9õ Ú¡ü�ÿ�� ÷ML�N ì 3 ê ä/*�, Ý�-|Þ%O!PRQ1S 'ET�õ�ð�ä � �
�OÝ�-¡ÞO�PGQUS '(TKõ�ð Þ%V
W â3ú�XGY ì S '(TKõ�ð�ä�Z ìK[�ì S 'ET�õ�ð ì1\�] Þ ê 8 ú N
^ ì ÿ� ì�éBê
ë ÷3_�` Þ%a
báâ�ú ä J 2.2.4
ÞE"E�1c
ú�d�eBý�þK�

2.2.1 (1) f�g�hGikj/lnmpoBq�rå�s!t Þ ä�*�, Ý�-zÞ1O�P.Q ÿ��� ã "�u � �
� ÷ Úzü|â�î�ï ä(vxw î *�,Í÷�y�z ý9þ%� ê"�� ä éBê
ë&ì *�, Þ ç&èÍ÷ V í âOú äEZ ì ï ä Ú|ü|â�î � �
�KÞ�{ â�úE|%} ì	~!� AK��� ÷ô�õ�û9õ �Gâ3ú�Ú¡ü�ý�þ ì�� å
s!t  � þK� *�, Ý�-¡Þ�O�P 8 î�ÿ�� [3][4]
ã ézê
ë%��� �%$ú 8 þ � �
�% ã%*
, Ý
-|Þ�O(P 8 î���� t A�ÿ
� ì��kê  � þ Deriche � [3] ì ôKõ�û9õ Ú|üÿ��zÞ ê 8 ú _�` Þ%���zþ��

Deriche � ã�ä "Ku ä � ���:Úzü ÷3� 8 ä
Z ì ï � ��� ÷M�
� â�ú vxw î *�, ì�� ��� ÷ Ú|üý�þ1���1$GÞ��!� ä � �K�%�/� N Þ��
��ý�þ ô�õ�û�õ9÷#ç�è
��� ë���� �+�%�(��� �  � þ1� Zì ï ä	v�w � $Gî � �%� N ì ç
� Þ+{�âOú � �K� ì��(� ä ê "�� äU�
�
`
�(���G� �|÷M¡ c ä/Zì |�} ÷�¢
£ â3ú ä |�} ì	~�� 8 ��� ÷�ôKõ�û9õ ��â�ú�Ú|üKý�þ1��|1} ì�~�� 8 �
� ÷U¡ cGþ
� � ã�ä x ¤�¥ � y ¤�¥ Þ%{ â3ú I(x ¦ y) ìK§�¨ V ÷ ù�8 ú ����`��!���©�ª�¥÷�«E¬ ý9þE���+ �G­ î%�
2.2.2 (2) ®°¯�±
h.i²j/lnmpoUq#r
� �	��Ý�-zÞ1O�P.Q ÿ��� ã�äKç
è�N  	³ �|ô�õ�ûzõ9÷ Ú¡ü�ý�þ�S '(T�õ�ð  � þ��	´�µ! ã�ä � ì S '�TKõ�ð ��¶	· �%A ­ ú 8 þ1� å
s(t ÞE� ì S 'ET�õ�ð  ã�ä�Z $�¸�$ ì ôKõ�ûBõ
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�
� ëG��� �	��Þ ê 8 ú ì �
�Í÷M� 8 ôKõ�û9õ � â�� ÷M¿�À âOú ôKõ�û9õz÷U¡ c
þ�� L�Á  ã � �	��Ý�-zÞ1O�P.Q ÿ�� ì#Â%Ã�Ä QÆÅ � $Bî 3 ê�ì ÿ
� ÷M_�` Þ1Ç�È
ý�þK�
Kitchen

�
Rosenfeld

ã9ôKõ�û9õ � â�� ÷ÊÉ � t A1Ë æ
Ì
Í � � ���BÎ N Þ�Ï
Ð�þUË æ ì����Ñ�Ò
Ó � ì�Ô  �� 7 þ(��â�î�� ôKõ�ûzõ�Õ ü ã Ë æ�Ì�Í ì	~!� � ÷Oø ù â�î%Ö�× ~�Ø �EÙ ÿ��÷MH Â ����Þ(�#� ä|ôKõ�ûBõ ì/Ú
Û
] �1A9þ Ø Þ1{ â�úE|�} ÷MÜ Ð 5(6
7 ú ä�É � t Þ1× ~ �A9þ Ø ÷+Ý ê Ð
ü�ý�����Þ���� ä�ôKõ�û9õ ì Õ ü ÷�� Â ��"�î ä�ôKõ�ûzõ � â%�#Þ kitchen
ã%ß
à

ì � Â Þ ¿�À â3ú 8 þ1� Þ
kitchen á IxxI2

y â 2IxyIxIy ã IyyI2
x

I2
x ã I2

y
(2.1)

Beaudet
ãGô�õ�ûzõ � â%� ÷ Gauss

|1}� ���äáâ�ú ä�ç
è �
å|Þ�Ï�Ð&þ
2
ß ì Taylors’s æ!ç÷Mè Ã 8 ú�é%ê¡Þ%ë § A DET C(DGF õ & ÷ ��� â�î��

DET á IxxIyy â I2
xy (2.2)ô�õ�ûBõ%Õ ü�Þ ã � ì�CED°F õ &�ì ×
ì DET ì�í {�ì¡Þ��Kþ�î�ì�ï
ð|Þ(�#� � Â ������ ä 2ß(ñ »�òBì X Ø Þ�Ï
Ð�þ	| � �ªó 5¥÷ �9ý%ô æ ��â�ú ä |1} ÷ �
äzý�þ
î/c ì�»%òzì 2

ß ¨ V äê "�� ä Hessian
�
õ � � þ�� Hessian

�
õzã ý�A 6 Ã ä	ö 2.1 ì � Â Þ ç�èÖ÷3¹ 1
ß�ñ�ä1¹

2
ß

ñ
ä Ë æ ì	~!� � ÷M¹ 3
ß(ñ Þ�ý�þ�� ô�õ�ûzõ1÷ ´( ì |%å �Kø�ù Þ Ñ�Ò ý�þ \�ú ÷Oø ù â�îI ì  

H á Ixx Ixy

Ixy Iyy
(2.3)

 %���1$9þ1�
Hessian

�/õ ì ��õ
àüûH û ã |+å ì X Ø Þ
Ï
Ð&þ
|�} ÷ �9ý�I ì �
âOú ù(8 � $9þK�"�î ä |%å ì X Ø Þ�Ï
Ð
þ1ý ~ |1}þ��ý
ÿ#|%} ì�Ô�� �Gâ�ú ¿�À �K$9þ�������|1} ã
� á

û
H
û

(1 ã I2
x ã I2

y )2
(2.4)

 ¢�£ �K$9þ1��� ì � �=ì ß�àOý
� � ��� ã�ä V	� ã�

�  � þKî�c�������|�}þ� DET
ã
��å

ì���� ÷Mè ê �(��Þ�A
þ����1 � þ������Gú 8 þ��
Harris

ã���� æ(ç (analyticexpansion)
÷ �x­ ú

Plessey
ô�õ�û9õ�Õ ü�� ÷ �
� â�î%���
� ���ò	�Gã

W á (n � n)
�
â3ú ä "�u §�¨ V¡Þ��#� Ix, Iy

÷�¡ c ä(Z ì ï ä I2
x , I2

y , Ixy
÷ XGY ¡ c9þK�

� � Þ ä I2
x , I2

y , Ixy
Þ

Gauss»�ò ÷MÜ Ð 5E6
7 ú
Î2

x á I2
x � Gauss Î2

y á I2
y � Gauss ˆIyIx á (Ix İy) � Gauss (2.5)

;�4 ê��&ì <�= ì Î2
x , Î2

y , ˆIyIx
÷B¡ c ä	��õ

A ì���� ì � 1
���

2
÷�«
¬ â ä�
 Þ ~�� A�ì ÷ ��þ� � ÷Kô�õ�û9õ Ø �Gâ�î��

A á Î2
x ˆIyIx

ˆIyIx Î2
y

(2.6)
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2.1:
ô�õ�ûzõz÷"! ��# ç
è

( $ )
ä�ç
èÍ÷M¹

1
� ¹

2 ì ß(ñ ��â�ú ä�ç
è ì È�þ�� ÷�¹ 3
ßEñ

�GâOú�% ��t Þ Ý î�& 5 ì ô�õ�ûBõ Ø ( ' )

(�) Þ ã
Plessey ì ôKõ�û9õ%Õ ü�ÿ
�� ã�ôKõ�ûBõ � â�� ì�* }þ��â�ú Cp

÷
Cp á T raceC

DetC

á Î2
x ã Î2

y

Î2
x Î2

x â ˆIyIx

á
�

1 ã � 2�
1
�

2
(2.7)

� «
¬ â ä
Cp � ÿG� 8 � �&ì 4Gô�õ�ûBõ Ø �Gâ3ú Õ ü|â3ú 8 þ��

2.2.3 (3) +-,	./,!q#r
���K ã
ô�õ�û�õ9÷3Õ ü�ýGþ )�ä � �K�#Ý�-.� *
, Ý�- ì10 Ý
- ÷"0 ù â�î�ÿ
��9 ä "�î ä ¶Þ ô�õ�ûzõ � â�� ÷ |�}! ���ä9ý9þ�ÿ��.� ã%� Q21�A9þ3ÿ��¡Þ ê 8 ú _�` Þ%a�bzý�þ��
Smith � ã&ô�õ�û9õ � â%��Þ�{ÖâOú�|�} ì a�3 ÷54 �56 8 î�7Öâ 8 
��/�|÷ d � â,ú ä SUSAN

C�DGF õ & ÷ �
� â�î%� SUSAN C�DGF õ & ã+:
;
<
= Þ���þ <�>
Ò � ë @ A
î/c ä%Õ ü �	8 �u�$EA 8 �
SUSAN CED°F õ &  ã�9�: �;� �G÷<0 ù â ä-=�> ì ç�� ì Ë æ �Ê´ 8 Ë æ�÷ I ê��� ��?�@ ì ç�� ì�ò N(r0)

÷
÷ òBA þ��
N(r0) á

r C M

D
1 âFE ( û û I(r) â I(r0)

û û â t) G (2.8)

r
ã Øzì�¤�¥ ä r0

ã ��� � ì =�> ì�¤
¥ ä M
ã ��� � ìIHKJ I

ã�
-L
��T3ç�è ì & 5|ã	Z ìIMN ì ä	O�P�õ�ç&è ì & 5zã R, G, B ì XRY ì ì ÷%�(�©� � Þ/A � �9î�I ì ä t
ã î%ì� � þK� Lò	� Þ��Kþ�Ë æ ì Ñ�Ò � t

�#� ÿ��
Ð/$KQ ä�R	S Þ�T	U ã A 8 î
c <�>�Ò ì ?�@ ]!� A 8 � => � ô=õ�ûBõ Þ�Vzî�� � Þ ä N � I ­ ��I�ÿ���QMA
þ1� Z � ëR� ã u�$9þ(� N ì ì ã�W
: ý�þ1�ê "#� ä N ì ×�ÿ�ì ìIX	Y Þ���� ô�õ�û9õz÷MÕ ü�ý�þ��Íâ ë â ä�(
ç�è Þ ã�L�ò	� ��Z Q ! �
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a b

c

d

e

Resion1

ö
2.2: SUSAN C�DGF õ & �I�[� � ì =�> �
� �K� N Þ � $;Q ä �	� � ì =�> � ��w Ë æ ì ÷ Iê ç
� ì�ò�� �;� � å Ô!� 1\ 2(b)

ä � �
� ëR�2] $�ú � Q
�Êå Ô ã�W�: ý9þ (c)(d)(e).
"Kî ôKõûzõ
^ ��� � ì =�> ��� î�� � ã ��� � å Ô6ì 1\ 2 _	` ^ A
þ��

î�c ä �	a õ � ó�b�÷��G­ î � � ä
N
÷B¡ c
ú ô�õ�û9õB÷MÕ üKý�þ1� ö

?? c SUSAN C�D°F õ
&=ì 0 ù�d ÷<egf î�I ì  � þ�� ö ??

^ Ï 8 ú 9h: ��� � ì =�> � (a)
 c ôKõ�ûBõ ì �	8  ; Ax�ji

(b)
 c	� �	� N  ; A ­ î
I ì  � þ�� SUSAN CED°F õ &�c =�> � ��w Ë	k ì�l �

ò ÷ ò�A þ ì  ö ??
^ Ï 8 ú���� � ì å Ô ^ { f ú (a) c 1\ 4i (b) c 1\ 2 �%A
þ��m
n ��c X l �o^ Ï 8 ú � ú ì/���  � �
� ì�pBqG� f � ÷�¡ c�i Z ì ï�i � ��� ì/��� ÷¡ cKú � �
��r ì A
ý�s�k ÷�ô�õ�ûzõ � f ��� ¿�Àgf î%�
X ���  ì�� ��� ìK\�ú ÷

f (x ¦ y ¦ut ) á 1
k

k

r v 0 I(x ã r cost ¦ y ã r sin t ) (2.9)

 ¡ cGþ%�(���% 
I(u ¦ v) c�l � P(u ¦ v)

^ Ï
Ð�þ�È9þ��� � þ1� Zwf ú�i � �/� ì�p�q�� f � c
g(x ¦ y ¦utyx ) á maxz û f (x ¦ y ¦ut ) â f (x ¦ y ¦ut ã"{ ) û (2.10)

| ¡ c[}�~o��}�i��o����� ���
c f q��

h(x ¦ y ¦�t ) á
R

n v 0 f (x ¦ y ¦ theta ã n) â
R

n v 0 f (x ¦ y ¦ut â n) (2.11)

| «
¬gf }�~�����|
R(0 � R � { ) c��[�B���	�	� |[�	��~;� f�� i
���;}
������r��	����s
k� {<��� |�����s
k��<���[��|��� B¡�i��	��¢£�
¤�¥�¦�¥�¢�§ f¨��©oª �K�I~��	��| c �K� � ����-�
����«B¬ c ������� p�q�� f�­�� �o�
�I�I®	¯[  ��°£±"² �;³�¤�¥�¦B¥�´
µ ^�¶ ³ �·�¸ k���¹K� ­�ºK» �<¼ º �K�	�[�K§ � |;½[��}���i
¾
¿ fh� ¤�¥�¦B¥�� ©oª |�½���~
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n�o �[�4p-¬ � �� ï � Î ¸ þ�ô4g-hÃô é ½
³�k G ôFq%r�� Ô'sìÎ ¤
¥�¦B¥�´	µ ú ô����	��Ñ :<; �>=�? � Ò �³ Î ¤�¥�¦�¥�ÿ Ò ­ ô�ý�þoÑ @	A �B¤
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ö Ò � Ò �Ô ¢ ² .-Å ºP3 Ò � 
PÆ �ÈÇ º ��� ï � Î ¤-­ Ç¢É��ÈÇ ô'Ê-³�k G�ú ôB¤�¥�¦B¥ ©�ª
��Ë#ÌBú��� J'K � · ��ó
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3 � � � � �	� 
 � � � 
 � � � � � � � �� � � � � � � � � � �
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3.2 {}| ~���������"�k� </� M(Nkj(�"� 9p�(�=<��(�A�=g I8�?�dE/�A�&^&�(� 7d9 e 7 L [$� G �A�8� < TkUV g/�&� E;�$� < 2 D </�A� 4&�&DWe SRED 4Xu8nA),+W-&.8-�032*o(qkj(�An"F8+W-1.8-3aA�� g G?T3U"V < �8� < j,� 9��"� E?�XG8+W-&.,- g��, i< �i¡&j '(¢ �*F(n 9 e
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P(x § y) j('dU3Ù6�pb P 4 �*ã j 0) ¸ é # Ú1Ü3� \=9 eWf <"* G�ædç 9 T8U�V*Þ"ß f (x § y §©Ñ )g1�( ,<"+8#,!-# ��b 9 e
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h(x § y §©Ñ ) ¦ R

n . 0 f (x § y §©Ñ4/ n) Ó R

n . 0 f (x § y §ªÑ Ó n) (3.3)]"]/# G R(0 M"ÑON ¸ ) g&P ×RQTSVU$W #(r,9 e ]H< P jQ�A� 9 �8�1ÞAß g J(S,K,j ò IÒE�L9
h
< Ñ �,�=E [ É 9 e,f3�*FWG"à32?��bd)"T3U&V/^&¶=L®w"E�� 2 ¥ r ³ G ²R³ Z ¡1TkUHV õ< L 7/�(� ^1¶8L´w"E�� 1 D g$¸p# LindE/�&G �A± P

g +&-&.8-�î"ï(ð Pc Ei�*F/à=2?��b 9 eý í j&TdU1Vcï"ð"î Pe E1+&-1.,-*ïQð"î Pc
<

2 D < ï"ð"î´4 ÿ Z,7i9A] E�ji� ³ G"+&-1.,-g 082(��b 9 e�5 * j g G �"± P ^ Pc EA�;F�082?��bAF?nHF&Gdé&)/G�JASdK(j ò I #(ri9 h
<

�k�(j Pe ^LX$Y �/)WT8U"V8E?�;FW�(� 789 É[ZQ¡/É34hö$÷(G(T3UWV8E?�*F/�?� 7,9 E/� �?±
P(x § y) 4"+&-&.$-1îÒE?�;F&082 7,9 e
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(A) \^]-_:`
y

θ
P

x
k

 
 [S1] acb-dfehgLi:jlkmd-n>o:p:qmr6s

(B) t^uwv:x6ylzR{8kmd-n>o:p

 (C) t^uwv:x6ylzR{�uwv6o:p

[S2] uwv6o:p:qmr6s

(D) kmd-n>|:}:~
Pe Pc

(E) �-���w�6|:}:~

(F) �-���w�6�mr6�:�:_:`

1θ

1θ

22π−θ

22π−θ

x

y

P’
R2

R1

1θ

2θ

µ �
µ �

θ

�
µ �

µ �

θ

�

À 3.1: SRED 4;udnA),+W-&.8-�032*o(q </½A¾=</¿ b :(A)
Â?Ã �(� G (B)SRED j,� 9 ( T=UWVÞ(ß < 2 Ã ) f G (C)DFD jd� 9 ( �8��Þ(ß < 2 Ã ) hG (D) T3UWVcïAð(î Pe G (E) +&-&.$-1ü(ðAî

Pc G (S1)SREDG (S2)DFD
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3.5 � ��� �8��	A��
������ ��� ��� ��� ��� �������
� ������������
SRED 4Xudn")(+&-1.d-*082 #(gp½ F < �"± j*êR�XF&G ½ �,� # TdU�V <�ì É¹a"�1�(4 SRED# � ° F"æiçHGQf <�í G DFD

# TdU"V < �$�,4X082 7i9 e ] b g G6�kn,�dÅ 9 E JQS$KQL/Þ"ß�,#Qri9 TdU1VcÞ&ßÒ4J�(u´�*)6�R� @w  -þÙ P U6C¡�(¢ #Qr(9 e ] b?ji� ³ G %"' �*)i+&-1.,-< 082W^(£(¤ÒE�L 9 e´�;É´�XG ]&< o(q g��, i< I$�QL 2 D <-¥,¦ î8^&§3�1b?F(n 9 e
£ T8UWV1�8� < à32,¨ � ^ �"� j,� ³ª© L 9 eÇ V$« È �Q� g<¬$­ F3�pb?) �"± #�»"¼ ��bAF(n 9 eQf < )Hç/G Ç V(« È �"�(® #&¯(° 4±(²$7?9 EHV6³(´Q-$4Jµ·¶ 9A] Ep^,¸fZ #(ri9 edV,³8´A-dE g"¯&°8°A� ^¹´"ºV´6º,j"L °F(n 96»$¼=<d] E #ir,9 ( À 3.2).

¯(°8<"°A�=< %®�"j"½A� \R¾ j,VL³$´"-k4�µ^¶iL?n/�� g G ú 1 ¿VÀ?j"D,nWF g 0,
¸ÂÁ

4,
¸ÂÁ

2
< �8� <:ÃA#(r,9 e 7 L [8� G 0,

¸ÂÁ
4,
¸ÂÁ

2
�$Ä8<

�,� gH7 ÷(F8V,³�´(-,4JµR¶ 9A] E/jHL 9 eié")1G ]�< V6³(´"-<Å$Æ g ¬i�$�"jQ�"� 9"¯°"�$#6±(²,7d9T* G �(± <TÇ ^"E(È 7i9 e 7 L [8� GH×´Ø�U=Ù;4 »Q¼$7i9 �"± <,Ç ^,E [9 e?f < )"çWGW¬,�8� # æ8ç 9 T3UWVXÞ(ß f
g �8�Ajd� ° F,¨ � ^"E$F �;F´�/é"n&GL¨�d< �Wn"T8UWV*Þ(ß´4;ædç 9?] E�^ # �"L?n1e£ +(� ÙJÉ"× Ù <"Ê n<ËAS #Q< +W-&.,- < 032 g$ÌTÍT,UHV <�ì É3a(�1� g TdU&V;ÞQß f

<W�&� jpê 7i9<ÎA�"� G"D8é ³ G h
<LÏ&�(Ð(Ñ=<(ÃA#

!(# ��b 9 ep5 * j g G �(�8� jp�"� 7d9ÓÒ(Ôd<"Õ(Ö 4�×8�&F&GWT8U�V/^��"�ë�;LAn1�8�j"��JQS,KQL ò I � h 46ø � GTØ ° )1�$�Qj"�&T8U�V&^&æiç®a b 9 eTY-Æ,Kij/G ]H< o(q#(gTÒ8Ôd<6Õ8Ö 4JÙ=� 9 )WçHG h j*ê 7i9"Ï&�(Ð$Ñd<LÏ&�d<�� 4XI,�¹w 7i9?] E/ji� ³ÛÚ
G´4�À ° Fin 9 e$�*É3�XG �A�=� < +8�´ÙÜÉH× Ù g&Ì&',#(g,Ý n")Hç?j1G?+(� ÙhÉ&× Ù <Ê n �k#,g h

<��3g =-Þ3j � �"n&eLY$Æ$K,j Ò-Ôcß Ù3� 9¹à ç?j Ï&�=<��cß Ik�¹wA� à] Ep^"Gwá(� ÙJÉ"× Ù <"Ê n,â-ãRä8å^áLæ&çVæ,èlé ß,Ì,Ílê ��ë[ì6í
î>ïñð å ¥&¦ îdÉ ð SRED

ê ��ì¹á(æ,çRæ<èlé,Y(Æwò:á8� ÙÛÉ"× Ùóå Ê¡ô â$ãVäVò:á&æ&çVæõ èRé?� ï ¾>ö é à,ö á(æ"çVæ(ä¹÷ ô Ë$øRä?�$á(æ&ç^æ ß èwé8�Óù´�&é(¡úí

À 3.2:
¬$­ �(� ä ±-² � ï ì ¯&°
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3.6
���

SRED
ß<ÿ^ô$à á�æ"çRæTèwé����wò	�Rù$å�

� ê���� ù ö ýlü(þ6å��
� ð ���Vß���� ì î��ê��
�óö á(æ,çRæ ß �"!$# ì&%"'¡å8ýRü(þ�å(
��8å�)�*"+ h ,.-�/�0 ê(1:ô ù �2� ì î�� õ ä3 ìTí24¹å�5"6 ö87�9;:=<">?: åA@CB !D�=E�#$ô�7 æ&çVæ�F�G ê"H$ô ù�I&ýwüLþ�å�
$�
, ���

ì î�� õ�J 3 ì6í8K"L ö
M"NVê ýlü(þ�å&�
� ð ���Lê��O� ù�P$ø�Q ê&R�S � ÷:ì&T;,,ýlü(þ TU�V � � ù�Wlé # ì î�� ê��$�ªö�S P$Q$÷�X�Y � � ù�Z8ýRü(þ�[�\8, ��� ì î�� õ�J 3 ì,í24� ù ö�S P$Q8÷8ýwü(þ�[�\�Z�X"Y � ýwü&þ�Z�
��"� ð ��� ð�ï ì 7"] ç ] T U�V ,_^�` #2a�b��c �d�fe�g�� L 7"]�h�] Z�ikj�l"m"n c(o a�pq� � � rkb Z�s�t c�u S 3 B 2
1 Z�v�w�l�x�Ay�z�{�a�p v�wdZ 1

18| � �	z u r�}8~"��� /��
lA� !$#�a���� u ~(����] ,.�
� z�� K2�L ��r��"� Z�� 3 , � #�>;�"�8: Z�
$� c ����z">��"�;: ,�� !�#�a /�0"' ok� Z&���
���=�� Q o�� �"~ )�*O, ���2a2b � l J 3 o {2b � l��k�8� y$aAp I��;� 1 � �	z�r /"�8� c�� Ky$a���  c �O��z$¡�¢�>£: c #�a L � c r � ��~ Z(
��
, ¤ g�#�a�¥ c r 
$�&)�* h
c �¦��z§ �&¨�©�ª��dZ�¨�©dZ�©q, S 3 B � o2« y
¬�{ «�o { L � c r h lA­ � B o a27�9O:=<">?: Z@ {	®�¯$J u 7�]�h$] ,�i8j #�a�b � l J 3 o { v�w$l�° aAp



17

±
4 ² WI-SRED - ³ ´ µ ¶ · ¸ ¹ º¼» ½ ¾ ¿ ¹À Á Â Ã Ä Å

4.1 Æ �
SRED , Ç { L 7�]�h�] i$j	s"t J u S 3 o 2

1 Z�v�w"T�l�x ��y�z�{ L p � 18| � � z�r�>�"��: Z�
$� c ����z � �"~ )2*dZAW8j&È�É$l�Ê o a2b � r 2
1;| � �	z�r87�9q:_<�>?: ZA@{�Ë"Ì�J u 7�]�h$] Z&i8j�l�Í	Î J ° a2b � lA�k� y�z2{�a�b � ,.Ï"Ð J � � L p�Ñ Ð J u r 11;| Z�vAw"T J ° a�>����8: Z�
�� c �
#2a � ��~ )"*�Z�W$j�È"É�Z�Ò"Ó�ÔÕ,_Ö�× #�a L � c r}8~"�&� /�������Ø h$¡�Ù /�� c G�Ú � z�r G"ÚO, §;� L	/���Û J � �"~ )�*q, ����a�Ü
Ý�13 >8�A�8:ßÞAà"á � ��~ )�*"Wdj&â (WI-SRED) ,�ã�ä #�a�p K"L r(>;�A�8: Z�å >�æ	�"ç c 1{"z I&è�éO, § � p

4.2 êìëîíïëñð£òôó
ã"ä�s�t J���õ � #�a�7"]�h�] u�ö�÷ Z g�ø c�ù ��I(Z � #�a&p
ú /"�q, û 1 ��Z�ü�ý c	þ8« aA¥ c ü�ýq, ¤ g$#�a N(N ÿ 1)

Ñ Z � �(~ ln(n � 1� 2��������� N)l�- ���
	 ��z�{�a ° a /"0 J ° a&pú�� � `O� � ��~ ln
�

ln 
 1 Z o #�� É;, wn
� #�a � r�� o B � I wn(n � 1� 2��������� N) Z
��

1
1 u�� J o {�p L�� �_r wN

u
lN
�

l1
J � !8�Ay$a�� É J ° a&p

K�L rk7(]�hk] Z g�ø c&ù {�r87"]�h$] Z�� }���� , § � p
� 4.1
c � # � }2� u 7"]�h
]

� }�� Z���� (
þ
� T )

J ° a�p � 4.1
c H�{"z�r /�0 P Z"!�#dZ�ü�ý u R1

r
R2
r

R3
c�þ
$ �y�r - � Z&ü�ý�Z&%"É u�' 1

r '
2
r '

3
r�J ��( J ° � r KAL r&)�* þ�+dc	ù ��,.-0/21 >��" 43 1

r
3

2
r�3

3 , �25 I�Z J ° a&p K�L r R1
r

R2
r

R3
u 4 y76�y /�0 P ��� ��� � ��~�J þ�$ �Ay�zH;� r - � Z&ü�ý$Z o #�� É u98 1 r 8 2 r 8 3 J ° a�p L
� � r 8 1 r 8 2 r 8 3 Z {;:�y � 1

1 Z � Éu�� J o { I�Z � #�a�p

4.3
<>= ?4@BADC4E

Ñ�F�G Z&H Ñ Q o è�I(
 u SRED ,�Ç { L 7�]�h$] i8j&s�t c�JLK a I(Z J ° � r � z Z&/0 c �¦� z � z Z�
�� J � �(~ )"*;, �2��z�r 4�Z&M r � ��~ Z(
���,_W$j #�a�p 4�Z"M r � �
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P

R1

R2

R3

µ1

µ3

µ2

σ1

σ2

σ3 θ1

θ2

θ3

�
4.1:

7�]�h
] � }��
~ Z o #�� É$l � J o { � � ���k,.O2P a�p I � � �"~ Z o #Q� ÉdZ
� � 1

1�J I � J o {R�ÉO,TS 1 o � ¬�rk7"]�h$] � �	z i8j #2aAp L�� � r SRED Z�v�w�T c �
U
#�a L � c r � zZ�
�� c �$#�a � �"~ )�*O, ���2a�¥�r"}k~��	� /��$�8��Ø h8¡"Ù /��2V�G�Úq, §8� L&/���ÛJ�>8���;: Z Þ�à c ��#�a&W �"Éq, ÜdÝ � � L � ��~ )"*O, ����a�p K"L r87�9O:f<">£: ZA@{�Ë"Ì�J$7�]�h�] Z&i$j�l J 3 o { v�w c �O� z u r å �
X�>�Y�]�� o DFD ,TZ�Ç #�a�p�b Z
2
1;| Z�@ 7�9O:=<">?: Z�v�w�T c;[ ��z u N 5 Ð J�\^]�#�aAp�_ M c r ¤ gD� L�

� c ���z ü"ý$Z e�g Ôq, ��aa` É ��o a ü�ýdZ&b�c�É J I ��z�7"]�h$] , Wkj #�a�p�Ñ s"tdZA�ed$Zf�y , � 4.2

c � #�p�
4.2
c H"{"z�g

(A)
u�h i /�� J�7�]�h$] � }�� , � � z2{�a&p8b Z;� }�� uL8 1 � 2

�kj.8
2Z�
�� c 4 y�6�y � ��~ ,lS � r 4 y � Z � �A~ c ����z þd« � y�a R1

r
R2 ü�ý �
� � !8�Ayz�{�aAp 4 y 6(y ZAü"ý J uRm�n ©$l ' 1

r '
2
J ° � r 4 y76�y�r þ�o l 3 2

1

r�3
2
2

J ° a�)
* þ+8c&p ��,q-^/r1 >���  ,�I 1"p (A) Z h i /�� c �D��z"r (S 1)
ÜdÝ�1 3 >;�"��:fÞ�à�á � �~ )"*�Wdj&â (4.5)

c �k�
(B) -�
$� c ��#�a � ��~ )�*Õ, ����a&p 4�ZQM r å ��X�>;Y�]���J

DFD ,lZ2Ç � z -�

� c �$#�a (C) 

�	)�*O,�I � �2a�p$� � c r���� LA

��)"*$l�P Ì Q cR�S �	o a 

� c �D� z (D) P Ì Q oAþ
$ Éq, ��� � �"~ Z�

�$,�¤ g$#�a&p�_ M c r ¤ g��y L � ��~ c ����z þ�s ��y$a ! #�ü�ý c �D��z�r (E) ü2ý^t�Z þ
$ É�, ����r�_ u Q c 7�]h$] ,�i8j #�aAp

4.4 vxwzy|{x}�~ ����� í����x}�~�� ð4���
SRED ,�Ç { L 7�]�h�] i$j�s"t J u"� �(~ )�*;, ���2a�¥ c ~(�"��] Z&�
�;,�� « a L ��r>;����: Z�
�� c ����z W8j�È"É
l�� 	 a v�w"T$l�° � L pkb Z�v�wq, Ö"× #�a L � c r�}k~��� /"�O,�Ø h8¡"Ù /�� c G�Ú #�a�p /���ZA�e�"s�t c H�{(z u <(>�� /���ZAûe�"����l r CGE /"��ª�� c � B�Ç { � y2z�{�a&p$<">
� /��dZAû����
� u S 3 B 	 « z ö2÷ Z 3

1 c&þe� J3 a&p
ú7��� �
�
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(A) �r��� �

 [S1]  ���7�^�e�L�� �¡£¢;¤ ¥
                ¦§ �¨�© ª «§¬Q­

(B) ®r¯�° ±Q²´³^µe¦§ �¨�© ª

 (C) ®r¯�° ±Q²´³^µ�¯�°Q© ª

[S2] ¶ · ¸r��¹�º�·�±r»�µ
           ¯�°Q© ª «§¬Q­

(F) ¼�º�½�ºQ¾§¬Q¿ À � �

1θ

1θ

22π−θ

22π−θ

x

y

P’

R2

R1

1θ

2θ

µ Á

µ Â

θ

Ã
µ Á

µ Â

θ

Ä

x
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1σ2σ

θ
k

P

(k+1)
2

 

(D) Å Æ Ç È§± É Ê ËQÌ Í Î

x

y

P’

1θ

2θ

(E) Ï9Ð£Ñ9ÒkÇ È�Ó�Ì Í Î

P’
x

y

Resion1

Resion2
1θ

2θ

Ô
4.2: Õ�Ö
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ôeõ÷ö Ý ø�ù�ú�û
ü�ý^þRÿ��2ä�������ù�ú0Ù"ù�ú	��

��ò���ù�ú0Ù&ù
ú	�	
�þ����	� {	�
ò��;ù
ú�Ù&ù�ú���

������ù
ú^Ù"ù�ú���
�þRû
ü������

� ù�ú^Ù����	�
��
eû�ü	�0Ù�ò���ùeú0Ù��	 	!	�	�0þ�"�#��$��%�&�þ��'����ù�ú0Ù�ù�ú�($)�*��,+$-�.$���

� ù�ú/(0)�*QÙ$1�2
�	
 û�ü���ÙQù ú�(�)�*�3�465�þ � �� �!´þ�+87	9/:eÙ�;��	������þ�<�=>9?�� �@�ÙQù
ú�(�)�*���1�2�þ�%�ACB�D����

E	E ; � ��F;å0*Rù�ú^Ù�G�H�û�ü�þ�ï	I09�J	K0;����aù
ú^Ù��	���MLTù�ú�Ù$1�2^þ�ã/:ON�PQ �$�?� SRED þ	R
S'N
Ù���
�û�ü
û�ü � é�ë^þ�%6��T�Ù
Ù7ø�D�U0V������

4.4.1 WOXZY�[>\^] (resampling)

�	
�û
ü��0Ù7ò���ù�ú^Ù��� 	!�����þ�"�#0�$��%$&�þ��	�/��ù�ú�ÙQù
ú�(0)/*��,+�-�.$��J
K0;��/���	�	����þ � �/��ù
ú0Ù?_
ù�`
�"ò���ù
ú�a�þ�b�c����ed
û�ü�Ù�f õ þ�ÿ��hgji�ØML
ò��;ù
ú^Ù�_
ù�`�þ�"�#0�����/��ù
ú�a0;
Ù�k�lm��n6o0���qp
û�ü�Ù�f õ irþ�ÿ0�
g�i;Ø�Ù 2

ã7Ù�i;Ø03$���?�0F�å�*aù
ú�Ù�G�H
û
ü�; � ��p
û�ü�Ù�f õ þ�ÿ��hgr���	��ÙOi�3�4	5�s�;��
At� SRED ��u0:�øR×
Ø�þ�v	:	N�T��
å§æ�ç÷è Ù�w�!
��x�y0�$��L"ä
þ�z/uMS�N�:����
{$|�}�~������
���>�8�����

���;ù
ú�Ù�_�ù�`�þ;ã�:	N	�6�	

û
ü���Ù�ò��;ù
ú	��
��0;
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���>�8�����
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�aù�`�(0)�*/��B�D��?i�Ø

4.4.2 WOXM�m���^Y��O� (interpolation)

F�å�*Rù
ú0Ù?G�H
û�ü�; � ��û�ü���Ù�ò���ù�ú���
��	a�þ���i��� m�'�	yZS�� � Ù��� �@´þ
"�#����&ù
ú�(�)�*�Ù�����þ����/��ù
ú
�Tû
ü����?�MS'�
S��	����ù�ú�Ù�_
ù�`�Ù&ù
ú/(�)/*
��ò��;ù
ú�a^þ�b�c0�$�qd
û
ü0Ù?f õ i2þ&ÿ0��gC������;�T��^ò���ù�ú�Ù�_
ù�`�Ù����;ùeú�;
Ù�"	#����&ù�ú/(0)�*��eB�D��ep�û
ü�Ù�f õ i2þ�ÿ��hg������0;�T��6���Z����"�#	k�l^Ù���
� 4�5�s2þ��	����L � 9 ö 9/:�� E Ù øODO��B$D ø�:�@0Ù"ù�ú�(�)�*/���� �¡´þ�¢	£0���Rù�ú
(0)�*�� ö 1�2´þ�%�¤�N6B�D��e<�=03$���?�0F�å0*aù
ú0Ù�G�H
û�ü0;6¥^þ�u0: ö Ý���1�2e×�Ø
þ � �	¦�§0¨�1�2��6© 1 ª01�2�� 3 ª�«^â�¬�â$1�2^Ù 3 ã�3$�/���	­/®^þ E Ý ö Ù/1�2
Ø�þ;ã
:	N�P Q �$���0¯�ø���­$®2Ù�P Q ; � �01�2ZS&ø�:�@0Ù�����ù�ú��	
M� (u ° v), ù
ú/(�)�*�� P �
¯�ø�����ù�ú�;�ù	`	±�² i ��FO³�´'±$² j Ù��� 	@ (i ° j) ÙQù�ú$(�)�*$� Piµ j Le�����69/v�� []

�
¶0· å�¸�²�;�¹���@�ºZA�»0N7Ù������M�,¼�½��$���
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¾�¿$À>ÁeÂ
Ô

4.3(a) þ�Ã0��%�&Qþ�1�2�SRø�:q@ P þ�¦0Tq§Ä:��� 	@0Ù"ù�ú�(�)�* Piµ j �Å�?B�D��e@�Ùù�ú/(0)�*$Lq�����
P Æ Piµ j (4.1)

ø	ÇÄS'� i Æ [u È 0É 5] � j Æ [v È 0É 5] ;$�/��� E Ù"×�Ø0; � k�l�Ê�Ë � 1Ì 2 ù�`�ÍMÎ��636�
J	KÄÏ�Ð>Ñ2æeÒ�Ó�3�Ô�Õ0;����?�

Ö
1 × ÁeÂÔ

4.3(b) þ�Ã���%/&�þ���1�2MSRø�:�@0Ù�ù�ú�(�)�*/�Å� � Ù�@0Ù� �Ø7Ù 4 @0ÙQùeú�(�)�*
�'u�:	N	��ª�ý0;	B$D/���

P Æ Ù (i È 1) Ú u ÛÜÙ ( j È 1) Ú v Û Piµ j È�Ù (i È 1) Ú u ÛÜÙ v Ú j Û Piµ j Ý 1 (4.2)

È Ù u Ú i ÛÜÙ ( j È 1) Ú v Û Pi Ý 1µ j È?Ù u Ú j ÛÜÙ v Ú j Û Pi Ý 1µ j Ý 1
ø	ÇÄS'� i Æ [u] � j Æ [v] ;$����� E Ù6i�Ø � �	Þ	ß�à�Ù�á�þ�Þ�â	à�Ù?ã�ä�3�å ö Ý����

3 ×$æ�ç�èÄç ÁeÂÔ
4.3(c) þ�Ã0�0%/&�þ���1q2�S�ø�:q@^Ù"ù�ú$(�)�*/�Å� � Ù�@�Ù? 0ØeÙ��� �@ 16 @rÙQù

ú�(�)�*��'u�:	N	��ª�ý0;�Ã
é�Ý0� 3 ª�«�â�¬^â�R��
�eu0:�N	B�D����

P Æ f (y1) f (y2) f (y3) f (y4)

P1µ 1 P2µ 1 P3µ 1 P4µ 1
P1µ 2 P2µ 2 P3µ 2 P4µ 2
P1µ 3 P2µ 3 P3µ 3 P4µ 3
P1µ 4 P2µ 4 P3µ 4 P4µ 4

f (x1)

f (x2)

f (x3)

f (x4)

(4.3)

ø	ÇÄS'�
f (t) Æ sinê t

ê t ë
1 Ú 2ì t ì 2 È�ì t ì 2 (0 í�ì t ìïî 1)

4 Ú 8ì t ìðÈ 5ì t ì 2 Úeì t ì 3 (1 í�ì t ìïî 2)

0 otherwise

Û (4.4)

x1 Æ 1È (u Ú [u]) y1 Æ 1È (v Ú [v])

x2 Æ (u Ú [u]) y2 Æ (v Ú [v])

x3 Æ 1Ú (u Ú [u]) y3 Æ 1Ú (v Ú [v])

x4 Æ 2Ú (u Ú [u]) y3 Æ 2Ú (v Ú [v])

(4.5)

E ÙOi�Ø�þ � ù
ú�Ù�Þ�â�àhL�ñ6ò2þ�í�ç;î�3�¢�£����eó�ô�; ��õ�ö àrÙ?ã�ä�3?å ö Ý����

4.5 ÷ùøûú üþý ÿ�� �������
	��
�����������
SRED ; � _�i��eþ�v����;å§æ;ç§è Ù�� å�� � ��� ��;�P Q S�øRù
ú^Ù�������Ù^&"!eÙ�p�û
ü�þRÿ��hg�i�Ø´þ0��u�:6N�b�c���� E L&þ�%ÄA�u0: ö Ý�N�:�ø��
S��8S'��p
û�ü�þRÿ0�
g,i;Ø
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#%$ &(' )+*
# #

##

, - . ,0/213- .

,0/213- .4/21, - .5/21

(a) 687�9;:�<

#=$ &>' )+*
# #

##

, - . ,0/?15- .

,0/?15- .4/?1, - .4/21

&
)

(b) @ 1 AB:�<

CED F3G?HJI
K

L
MON3P N
M NJP Q
MON3P R
M N3P S MOQJP S

M QJP R
MOQJP Q
MTQ3P N

MORJP S
M RJP R
M RJP Q
M RJP N

M SJP S
MOSJP R
M SJP Q
M SJP N

(c)3 AVU�WYX�W;:�<Ô
4.3:

� Ý[Z�Ý
Ù/1�2�Ø�� (a)� (b)� (c)
� � Ý\Z�Ý	�q¦�§�¨/1q2�Ø/��© 1 ª01�2�Ø�� 3 ª�«0â�¬â/1�2�ØM�'ÃMSeN�:$���

; � å�æ�ç§è Ù�i��
þ�%ÄA]�2å����Y^B_�����ù�`	�03a`^9mA �cb[d0Ùae>:;í�ç;îkï�ðM�eB/D/�E Le3�;7ä	96��¤�ø�� � E ;	��å§æQç�è£ÙOif�
þ$%6¤?N��2åf���g^c_0�$��ù�`^Ù�������9ih�!��
å§æ�ç÷è��g^c_����&ù	`^Ù�é�ë^þ�"0���eb�c�@
�'�m�gjMS$gÅ���;ø�D7þ���ù
ú/(0)�*�Ù$1q2m�k u�������ï´þVl
×
Ø�; � ��ù�ú�(0)�*�Ù�1�2
Ø^Ù�&i!�© 1 ª^1�2
Øm� k uMSeNO(´î�*�Ð�ù�ú
� ö Ï"mon paù
ú q0Ù?§ rm�tsm&j�0¯�ø���ù�` � �� �!´þ����
é�Ý/N�:$�eø�DO�7å÷æ�ç÷èêÙeé
ë�þ�"ZS'N	� å§æ;ç§è a�Ù?k�l�þ�%�¤�N�ù�ú u[v w�3ixm&j�2ã�¯>A �2å�æ�ç÷è���é"ë>éVy��;z
Ùa{�|�@�Ù� �¡0; � ��u vcw03�¹
é0gt� å§æ�ç�è Ùa{�|�@�� ö�} Ý�Ý�7 } Ý0��~ u[v w �;� ä
g�9��?� E ÝÄ%0A �;u vcwM�Tá0â>L�S�øRá�â;ã ä�å÷æQç§èêé�ë
ì^í2ç�î&ï�ð�ñ�ò&ó (WI-SRED)

�qÕ�Ö������
1�2mé�Ý�ø"ù ú/aÄ;2Ù�ù/` P(x ° y) þ/v/���Qá^â���� õ ø�í�ç;î&ï ð fwi

� ª ýÄ;6y��Ä�0�
WI-SRED ;/T�¤�NOn6o
é�Ý��?�

fwi Æ 1
k

k

r � 0 Q(x È r cos� ° y È r sin � )w(r) (4.6)

E	E ;	� k
� å§æQç÷è£Ùa�>é�;��/����ù	` P(x ° y) þ�v	�$�61�2��0Ùa�cdf�id Q(u ° v)

� © 1 ª
1�2�R���þ�%�At�6§�¨7Ù"ù�`�� ö n6o>éQÝ0�?�0¯�ø�á^â6R�� w(r)

� ª�ý0;�y �>éQÝ����
w(r) Æ r

k(k È 1)ê (4.7)

4.6 ���
E ÙQà0; � (´î�*�Ð�ù�ú0� ö Ïamon pqù�úfq7Ù�§[r
Ø^þ�ã/:	N"� ��S�ø�� � S�N��0F;å�*aù

ú�Ù�G�H
û
ü^Ù 1 ã�;$����1�20R��M� k u���� E LQþ/%^A�Ïam�n[pRù�ú\q6§ r�S�ø��	§[r�S&ø
ù
ú	a�;
å§æ�ç÷è���é�ë8éVy�ø"z��2å§æ�ç÷è£Ù�i���þ�%6¤�N�í�ç�îRï�ð�Ù�ò��;ï �0Ù"û�kh�Y�� égy>� WI-SRED �TÕeÖ�SRø��$¯�ø�� WI-SRED ; � å§æQç�è.þ�"��/��ucv w
�.á�â0L/S'Ni�
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õ ø�� E Ù�Ï"m�ncpaùeú q7Ù�§crmLlá0âeÙ8�	�^þ$%ÄAt� WI-SRED
���c� Ù SRED þV��-�Ni�hg

9/¤�øq@�3 3 @[��� ö Ý���� 1 ã�|&þ��;í^ç�îRï�ð
��B$D��az2þ��eå�æ�ç�è ÙOi���þ�"��$��í0ç
îqï�ðrÙ�ò���ïc�0Ù&û�k�3"� � é�Ý ø E LÅ� 2 ão|Rþ���© 1 ª01�2
� k umSRø E L&þ�%�At��ù�ú� þV��¯�Ý�����³�Ò
þ�"MS'NO�\n� 
å9è þ�9�¤Qø�@��e¦	�^þ?�q_�if��;eÙ�í2ç�îqï�ð � å�æ�ç�è
Ù�é"ë^þ�"0���8ucv w´þ"�[¡�S&ø"¢�£Ä��¤ ����� E LQþ�%ÄA �\¥§¦c¨o©«ª?_�if�	; ª[¬­¨c®g¯° 36if�
þ�"�S�N ö ± þ�9/� E Lq;������ E ª�%�&"þ WI-SRED ² � � ª SRED ³o´[µ�¶f·abd�ªa��¸c¬o¨�®g¯ °º¹g»f¼f½�¾\¿�ÀcÁ w�³cÂ ½8ÃºÄ�ÅÆÄ�ÇcÈ[Éo� ªaÊ[Ëo²VÌ�·�ÍoÎ ��Ï�Ð\¹YÑÒ hfÓ�Ô\²�Â\¸BÕ ¼aÇ ¥Æ¦;¨o©]ªa� Ð"Ç ÒfÖ­×«Ø ¥fÙaª �fÏfÐ ³"ÚcÛfÜ ½[¾�¿ ²8ÝBÞfÔ Ï Â\¸ Ã
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ß
5 à á â ã ä å æ ç è é ê ë ì ë í î

5.1 ï�ðñcò Ôf²"ó 3
ò Ôaôf¶�Õ 2

Ò§õ�ö[÷"ø ³"ù Ä ·"ú û ¹8ü�½8Ãcý[ò Ô »�¼ Õcþ­ÿ������ ¹�� ³þoÿ�� ö�	�
 ¹
���oÄ · Ç�������� ö�� �f¹��������������o¹��� Ü ½8Ã��!���"�"� ² 2 # ×$ × Ç�%�&!'�& ³ Ò ¸i·"ô ¶ ½"Ã 1
Òoõ ² ÈBÉ�( ö Ê Ë À Üi¶\·")"*fÔ $ ½�+�, ¹
- Þ Ä · �"�����¹ � � Ü ½/.�0 Ô $ ½;Ã 3 1 � 1
Ò\ö .!0 ²32 È É ³"ù Ä · 1 �  5476�Â ���"�8� � ��¹

2�9�Ü ½3.�0 Ô $ ½aÃ­¾/& µ ö .�0º¹��8 ÆÄ Õ;: Ç :�< ö ��������� Ô;=�> ö .!0 ¿ Smith µ³@? ½ SUSAN A�BDC ��Ef¹�F ¸ Õ .!0 ³"ù Ä · ���"��� � � 2 � ¹����«Ã
5.2 GIHKJML NPORQPSUT VXWMY[Z\YM] ^
þfÿ��_����³"ù Ä · DFD

¹a`�F Ü ½[¾�¿ ³@? × Ç 	�
 �b�­²_c µ &f½aÃ�ÄgÅÆÄ�Ç SRED
¹_F

¸ Õ ���"��� � �;.�0 Ô�²��;d�e�³"ù Ä · Ç��  �4M6]Ô;fo¸[Õ ¼aÇ 	8
 ���o³8ù�Ü ½�g�h ¹ai´ Ä Â[Ó &8j Â§µ�k Ç5% ö Õ ¼�Ç���l 6nm�476 öpo ¸;q!r ö �������iÀ � � Ô Ï Â Å�s Õ Ã5%¾ Ô Ç�ñ�t�u Ô�² ¾ ö�÷aø�v ³Vù Ä · Ç 2
Ò\ö�	 0º¹�w�x Ü ½aÃ

y�z5{;|�}�~����_�������p�����/��{����/�
��l 6
m"476 ö�o ¸_q�ro³��[¸�· 1 Ç��"�"�8��¹ � ��¹���� Õ ¼ ³ Ç =�> ö DFD

¹�`�F
:�³ »f¼ Õ 	8
 ��� ö�� r���³;�5� ¿ Â ½/��� ³8ù Ä · Ç8% ö ��� öp��� Ê[Ë�Ô ö�� �ö�� )"� ¹�»\¼ ½[¾�¿ ³�? ×�	�
 ��� ö3� � ¿ ²_�!� Ä Õ � � Ô 1 s ·cþ�ÿp� 	�
 ¹ ûcÞÜ ½;Ã�% ö : Ç þ�ÿ"� ö"	8
 ³5? s ·� 3¡ µ & Õ"ÊcË ö3� � ö3¢�£ ³_¤ Ä Õ8ÊcË ö3¥ Þ��¹g»f¼f½�¾\¿ ³@? × ���"����¹ � � Ü ½;Ã

y�z@¦�{5§�¨�©�¦3~��������D�;�;���!����{����3�Ø�ª � 4"« � ª Ô DFD
¹�`�FºÄ · »�¼ Õ 	�
 �!��³"ù Ä · Ç ¢�¬ �º¹
­�FÆÄ ·­�_d�e ¹® ×a¯ Ï"Ç/°�� ö i ¸ 	�
 ��� ¹
±�²c»\¼aÇ þ�ÿ"� 	�
 ¹ û ÞfÜ ½aÃ/³�´cÇ/µ�¶ ³ Ò ¸c··ºÄ ´ �� oÄ ·f¸�´ Ã

µ�¶ ö .�0 ³ Ò ¸c· ³8´"·�Ä ´ �� Ü ½;Ã

3 ¸º¹¼»¼½�¾À¿�ÁÃÂ�Ä�Å�Æ¼ÇnÈ
É�Æ¼ÊnÉ�ÆÌË
Í¼ÎnÏ�ÐÌÑºÒ�Ó 2001 Ô¼Õ×ÖnØ�Ù
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5.2.1 Ú�Û�Ü�Ý�Þàß�á7â�ãåäçæ5è�é�ê8é!ëìÜ@íMîbïÈcÉ!ð�ñ�ò �[¸c· Ø 4�Ù ö � Ï�Ð�¿YÈcÉ�(�ò � Ö &�½ �;d!e�ó_ô�õ�Â ÷"ø Ô $ ½8Ão¾ öc÷aøv ó SRED
¹_F ¸BÕ �"�"��� � ��ò � ¸�· 1 Í;*fÔ $ ½;Ã�%�¾ Ô Ç þoÿ�� ö�	�
 ¹ ûcÞ�Ü ½3öò Ø 4�Ù ö � Ï�Ð�¿ �_d!e ò ù�÷ Ä Õ 	 0 ¹gñ�ø Ô5ó �� Ü ½aÃ þoÿ�� 	�
Bö û Þ ö � ª�ù8ú

e�û�ó ³�ü ö ¿ � × Ô $ ½aÃ
step1 þ�ÿ��_��� ò =�> ö DFD ý `5Fÿþ�� 	8
 �!��ý�����Ü����
step2

ü
5.1
ò = � þoÿ�� ö
	�� � ý�
����fþ�ÿ�� ö���� ò ù�÷�ý ü �
�

step3 � õnv��a��������ö3¢!£ ý ­�FDþ����"����� v ý � � Ü����
³�ü�� ó�� ö � ª�ù�ú e�û ò ��! �;· þ#"¼�� Ü$�
��%�& þ � Step1

ö�	�
 ��� ö � ��ó SREDò ? � .�0 �
')( � $ �#%#��*�+[Ü�� (3.4 ,�- ) �

(step2) .0/21 35456�7 ��829 /�1 3
:<; {�=#>
DFD

ò ?@? cBA & % 	�
 ��� ò ù þ�� � � r@� ò ��� ��C ��DFEHG�I�6 ªKJln (n L 1M 2MONPNONQM N)

ý ��� Ü���� % ö :�� µ ln
ò ù þ�� ��4 ú ÿ�6 ö��R� ò ?F��S�T òF�U!���V�W ��� ü 5.1

ö ?�"ò � li
	@
 ò ���

Ri
�

Ri X 1 ò ¢�Y Ü���þ­ÿ��[Z \�]�Ü�� � - Þ�Ü�� ( %�& þ � µ�¶ ö
��� ó^ � h�_
1 � _ 2 � ¢�£ 0

ö )"* ������` � ). ��� � � a�b ö ����ýdc�e����
eli(s1 M s2 M ri M ri X 1) L I(s1

Jri) f I(s1
Jri X 1)

I(s2
Jri) f I(s2

Jri X 1) (5.1)

%F& þ s1 (s1 g 0) h s2 (s2 g 0)
�i` ���)�F� � � ri � ri X 1 ó %�&5'�& � Jln 	�
 � ¢)j A & � 2� ö
�#�

Ri
�

Ri X 1 k�l ö EFm � $ �[� Ö % I( Jn) óon�p ( ö Jn ö EFm ò � j � � ��h�� $ ���$�
� � � 0 q s1

Jr q s2
Jr q k ýsrH% `2��t �"�p��� �iC � v ò � ! � b 5.1 ó eli L 1 ýsr2% ` � � Ö

?u��4 ú ÿ�6vZ ' ) �#� k � þfÿ������ÿý�
$� �U! � +�,�ò�w ? el ó 1
��C �
�$� & ó s1

�
s2òFx�y Z C ! %#����4 ú ÿ�6 ö��z� ò[{ \ þ C ! � � Z�|2e���� % � � ��� & ý ­5F�þ�� þ­ÿ

� ln
ö�¥F} ��ý�~ `�� � ��C � Redge ý�a�b ö ? ��ò }��H` �[�

Redge( ��M x M y MO����M k) L
k

r � 0 Q(x M y MP���i��� )w(k f t)dt f k

r � 0 Q(x M y MP��fd��� )w(k f t)dt

k

r � 0 Q(x M y MP���i��� )w(t)dt f k

r � 0 Q(x M y MP��fd��� )w(t)dt

(5.2)

�F� � � k ó�4 ú ÿ�6 ö
�z� � Q ó[nF� I(x � r cos��M y � r sin � ) ý k
� þ % ö ö3� ��h@� $ �
�Ö % w ó3ô@� x[� ( b 4.7 ýs,�- )
� $ �
� Ö %[�5���Àó[��� ò[� ��C h �i` ����� &8ò ?)?�� Erö � t !;h 	�
cö �[þ�ÿ�� Z ¥F} þ�� � � � & � � c2e��fþ­ÿ�� ö�	8
2� þ�� û }�` ���
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P
x

y

R1

R2

µ1

µ2 δθ
δθ

θ

���

�
5.1: �H�F���F�F�

(step3) ���$�5�#45���U� 829 �i�����# i¡R¢
£F¤)¥[¦ }��[§ %F�H�5��¨5©�ª ln(n L 1M 2MONPNON«M N)

¥�¬ ?u�z­ Ö " ��� Z[® Yz�
§ ��! � ¯�ýV�W ��� � ¥$¬ ?���° ± ²�±�ý�³H´ ` �
�$��¨ ��t � li µ � i ¨�©Hª ¥ �H���[Z�¶R?�� Ö % � li
�

li X 1 ¥�¬ ·[� ¸F¹ ��§ � ��� ý Resioni
�
` ���#%�& þ � ResionN µ lN

�
l1
¥�¬F·�� ¸�¹ �i§ �º ¨ � ¶»? ResionN ¨ C5`[¼�½ µ 2¾u�d� 1 f¿� N � ¶�À�Á5Â j ¨ C !FÃ Ä � � ����� �[¸�¹ �i§ À

°F±�²�±HÅ�Æ � Ç�È�É ° ±�²H±[Ê µ ��� k
l ¨�Ê �[C À�ÁUË�Ì�Í É °F±[²H±
Ê µ �)�F�$Î
�)�
��¨�ÏFÐ�ÊHÍ�¶»? É °5±�²@± µ
ÑHÒ ¥ ¶UÀU°F±[²@±[Ê2¨�Ó È Í$¶UÀHÎÔc2eUÀHÎ Ã<Õ �RÖ×¨�Ø
Ù
n���¨�Ú ½�Û µ °F± ²�±@Å ¸�¹ ` À
Ü�Ý�¨�Ú ½FÛ ÎßÞ�à ¥#á À�ÁHâFã
Ü�Ý�¨�ä }�å ¨�æ ½ Î$çè éFê�ë�ì ¥Fí�î è µ[ï5ðHñ ¥ Ú ½�Û ¨
®�òHó[ô�õ § À
Á�Ë@Ì Í É °5± ²�±HÅ�ö�÷�À
øH¨[Ü�Ý
¨�äFù å ¨�æ ½ ÎUç è É ö�÷zú § ãF��� � ¨5©�ªFÍUû[üýú § ã[ÜFÝ�þ
ÿ2¨
®�ò ¥FÃ�Õ �zÖv¨$Ø
Ù é�� Å����ýç
ã R�region Ådù��	��À�Á

R�region 
 max
0� i� N

�
i 
 1�

i
Rr(x � y ��� )d �
� i � 1 � � i (5.3)

Rmax 
 max
0� � � 2�

k

t � 0
�
Q(x � y ��� )w(t) � I(x0 � y0) � 2 (5.4)

Rr(x � y ��� ) 
 1 � 1
Rmax

k

t � 0
�
Q(x � y ��� )w(t) � I(x0 � y0) � 2 (5.5)

ÌFÌ�Í É k µ Ã<Õ ��Ö¿¨���� É Q µ é�� I(x � r cos��� y � r sin � ) Å�þ��ýç[ã ��¨
Ú ½FÛ Í�¶UÀ
Á
âFã w µ"!$#&%(' ( ) 4.7 Å+*-, ) Í�¶�À É Rr µ . ©@ª ¥�í�/ À ÃRÕ ��Ö¿¨�Ø[ÙFÊ ¥10 �$À
Ú ½Û ¨
®�òHÍ#¶32 É R�regioni µ . Ü#ÝH¨

Ã�Õ �zÖu¨UØ�Ù�Ê ¥ 0 ��ÀiÚ ½�Û ¨
®�òH¨�4 ' ¥ Þ�àHÍ#¶
2 É R�regioni

µ é�� I(x0 � y0)) ÅF°F±[²�±2Î�ç
ãiÜ�Ý Î+576)ú § À
Á#ËRç è É R�regioni

¥ 0 ç è�8 Ûë�ì Å:9 î É R�regioni
ó<;5® ¥<=	>�î Î > Á)°F± ²�±
Ê�ÎUç è I(x0 � y0)) Åd³H´���À�Á
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5.2.2 A�BDC7E�FHG�IJC�KMLONQPHRTS�U�V�WXV-YZE	[]\-^
_�`-a ¨ Ã�Õ �RÖ¿¨�����Å�5�b ¥ c § ã5���F��©@ª#¨ ¦ ù-d�Î�°F±�²H±�³�´5Í µ ���5��¨�©
ª µ DFD ¨(e	fhgF±�i R

¥$¬ · è =	>$jlk�m �$À
Á DFD e	f�g#±�i R Å =	>$j ç�ã ÇFÈ�É ���
�"n�oH¨(p�q m ó<9�õ § É ��� �
©Hª#¨
³)´ µ ä�ùr��À�ó É ��� ��¨�©Hª ¥�s § ó<tvu[À[Á&4¥ É

R ¨ Û Å ` � j ��ÀHÎhw1x-y$¨{z î[Ç�È µ �2�5��¨�©Hª#¨{| ½ µ<} î ~-� Å���À�Ì�Î
ó�Í> À�ó É w�x�yFó#¶�À Ç�È µ w"x�y$¨��-� Å�� / è | ½ ¨ } î ©�ª n�oHó ö�÷$À�Ì�Î�ó�Í >�siÉ
ä�ùýç
ã | ½ ¨ ¬5î �H�5�[©Hª�Å ¦ ùHÍ >FáUî Á�Ì ¨@Ì$Î
¯zú É<��`-a Í µ w�x�y#¨(�-� Å:�� ç è É °��RÖ�f Ã Öu¨{� î ���)¥�í�/ À$°F±[²H±
³�´ ó��&� á�� d»Å����7��À�Á<���r�UÀ �
d2¨�� § Å���� ¥ � �iÁ
step1 �F�-� Ã�� ±�� ¥ 0 �r��À DFD Å:�	���UÀ$Ì�Î ¥U¬ 2��)���
©HªF¨ �-�ýÅ+��´&��À
Á
step2 . �)�F�[©�ªF¨(��� ¥�0 ��À ` Ü�ÝHÍ#¨�®�� ½ ¥�¬ 2s���5�[©�ªHÅ ¦ ù	��À�Á
step3 ö$÷<ú § ãF��� ��©�ª ¥"0 ç è ÜFÝ2¨���  ½ Å:���	�$ÀUÌ$Î ¥$¬ 2i°5±[²H±�Å�³H´���À
Á
���UÍ µ Ì�¨¢¡ �¤£ Õ y�¥ ¥<¦Uî è<§ ç j�¨	© ��À�Á

(Step1) ª¬«[�	­�®¢¯F�#�@�:°-±³²µ´ DFD

�����
©�ªHÅ�ö$÷�À��$¨ DFD ¨(erfhgF±�i R
¥�íFî è É

R Å =¶>$j ç[ã�Î > µ w"x�y#¨����
Å�� � ç[ã[äFùBç[ã ©�ª�n�oýÅ+��ÀUÌ�Î�ó�Í > À5ó É ©�ª n-o2¨�· � ñ ¥"¸	= Î á À�©@ª µ s§ è ç�â�­ßÁ<4 ¥[É e7f�g�±�i R Å ` � j ç
ã{� ¥ µ ©Hª�n�o2¨(· � ñ ¥ ¸�= Î á À�©@ª ¥<s§ µ t3u á$î ó É w"x�y#¨(���ýÅ =r>¹j � / è ç[âU­ÔÁHÌ�¨UÌ�Î�¯zú É .¤º ¨ } î Ê Éh¦ â¤2 É
R Å =r>¹j ç
ã2Î > µ w�x�y�¨(���»Å"� /�¥¹jiî Ê É R Å ` � j ç[ãHÎ > µ ©Hª ¥�s § ó�t3uáUî ÊRÅ�»��»ç è É �����
©�ª#¨����RÅ+��´<�$À�Á1�	��Í µ â s�É1¼�½ ¨ DFD Å����7�$À � d¥ ���r��À ¬ ­ ¥<¾ } ��À�Á¼�½ ¨ DFD µ ¥$¬ À
©Hª"n�o µ�¿�' ¨ # Å�Î�2µ�<À�ó É ����� ÃQ� ±[�$ÍF�H��� ¨ ©�ª�Å��
´��$À{� É �H�5�<À$¨ á � ¼�½ ó ` � î�Ç�È�É Ë § úi¨5���5� µ"Á È � § èÃÂ ¦�¥�á@· è ç�â
­ ã�÷ É Ì�¨&Ä<ÅRÅ+Æ / À5ã�÷ ¥�É�Ç�È ÅÉ5�býç[ã DFD Å+��� � dHÍ µ �¢���$À[Á Ç	È Å+5�b
ç[ã DFD µ Ê )2¨ ¬ ­ ¥#á À�Á

hË (x � y ��� ) 

R

n � 0
f (x � y ���Ì� n) �

R

n � 0
f (x � y ��� � n) (5.6)

Ì�¨ Ç	È Å+ÍrÎRç[ã DFD Å����U¨¢¡ �X£ Õ y�¥ ¥ ���ýç è �)�F�
©�ªF¨(���ýÅ:��´<��À�Á
step1.1 Ï-ÐXÑ7ÒQÓ�Ô¹ÕF {Ö<¢

DFD ¨(erfhgF±�i$Å Rinit
¥ × ùBç è É fwi

¥ 0 ç è DFD Í º · è ©Hª"n�o hËinit Å�ö�÷�À
ÁÌFÌ�Í hËinit

¥ 0 ç è-8 Û ëFì Å+9 î[É 8 Û ¬ 2 º =	>�î hËinit

¥�0 ç è É � range ¨{Ø	Ù�Í ·
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� ñ ¥ ¸ Û Å$Î�À�©Hª@Å�Ú-ÛH�z� �[©@ªD� 1Ü j( j 
 1� 2��Ý�Ý�ÝÞ� MË ) Î$ç è ��´���À�Á&�7ß$¨ ÃÄ �(àFÍ µ hËinit

É
Rinit µ Ë §¢á#§ hË1

É µ R1 ÎUç è<â ­ßÁ
step1.2 Ñ$ÒQÓ1Ô$Õ# QÖ�¢

DFD ¨&erf�g�±¢iUÅ (Ri ã Riä 1) Å�å�ã&� Ri(i 
 2��Ý�Ý�Ý�� N)
¥ × ù ç è É fwi

¥ 0 ç è DFD

Í º · è ©)ª n-o hËi(i 
 2��Ý�Ý�Ý�� N) Å�öH÷UÀ�Á�Ë�¨ ¤�É hËi
¥(0 ç è � range ¨QØrÙUÍ<· � ñ¥"¸ Û Å�Î À�©HªD� iÜ j(i 
 2��Ý�Ý�ÝÞ� N)( j 
 1� 2��Ý�Ý�ÝÞ� MË Ë ) Åoö�÷@À�ÁUË<ç è É ö$÷UãD� iÜ j Å¤� iÜ j

Å[Ø
Ù»Î$ç è � range ¨{Ø	Ù�þ ¥ ¶�ÀM� iä 1Ü j ¨¢æ Ç¢È ¨ ¸ Û Å�ç���´Hç
ãQè7é<ê�¨�©@ª@Î$ç É
Ì�¨{ë�ìýÅ Ri ó 0

¥ Ñ7í j â�Í j 2ïîBç è £�ð ñ ¥ ç���´)ç�ã�è¤é&ê�¨�©Hª@Å èXé�ê�©
ª"�-��Î��$À�Á

(Step2) ªñÑ¶ÒQÓ�Ô¤Õ�ò¢ó¹ôhõQÑ$ÒQÓ�Ô¤Õ# <öQ÷�ø
ö$÷$ã�è¤é&ê�©Hª#¨��-� µ Ã�Õ éRÖ¿¨�����¨����»Å"� / è(ù · ã ©@ªFÍ ��´�� § è î À º ¨
Å�ú	ûUã#÷ É Ë § úFÅ"ü&ý	��À�þ-ÿHó$¶�À�Á�Ì�¨-èXé�ê�©HªF¨ ù 2�ü&ý�©<d�Î$ç è É �)´¢� §
ã�èXé<ê[©Hª����H¨ ' (N � 2) Å:å�ã�� N ln(n 
 1� 2��Ý�Ý�ÝÞ� N)

��� èXé�ê�� ¦Uî è .�º ����� Í��` Ü#Ý�� í�/ À
	�����Í
��� è���� Å
�M2 É���ð ñ �Qè	é{ê ����� ù 2 Å"ü<ýRçiã ��� Å"è¶é
ê ��� ÎUç è�� ù7��À
Á
è¢é{ê ��� �h� � .$º ����� � í�/ À
	����RÅ ��� d�Í
�<è¶é{ê ����� úFç �UÎÔù��	���
���Õ ézÖ � Ø[Ù é-� I(x � y) � í-/ �M� ����� èXé�ê ����� úFç<� Ec � Ê )HÍ�ù��M�! ��"�

Ec(x � y ��� ) 
 1 �
# 2� ( � e) � # 2ä ( � e)

2# 2
0( � e)

(5.7)

# 2ä ( � e) 


k

0

�
� ä%$ � Q(x � r cos��� y � r sin � )2

k &�� �

k

0

�
� ä'$ � Q(x � r cos��� y � r sin � )

k & �

2

# 2� ( � e) 


k

0

�
� �($ � Q(x � r cos��� y � r sin � )2

k &�� �

k

0

�
� �)$ � Q(x � r cos��� y � r sin � )

k & �

2

# 2
0( � e) 


k

0

� ä%$ �
� �($ � Q(x � r cos��� y � r sin � )2

2k & � �

k

0

� ä'$ �
� �)$ � Q(x � r cos��� y � r sin � )

2k & �

2

ÌFÌ�Í�* Q(u � v) ��þ��¤�! @ã"+�, I Ë (u � v)
� Ú�� Û Í
-��"��Ëzç è *�Ì � En � 0 ç è-8 Û ëì/. 9 î * 8 Û10 2
� =r>�î è7é&ê �2����� # . �43������
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(Step3) ª;:
<�=!>@?7ACB
DFE ´�:�<@=�G�HIA
5.2.1@�J
��� Õ é<Ö � �M� . 5�b î  �ã�526�8�6"9�3 � d . ���ýç
ã�ó2*�KL ��<è7é<ê � �M
N&m�� ���"	Fò . 0 O$ç è 5$6$ã�ã�÷2*5Ü�Ý � ÚI�
	�ò�ó 0

��P ���[ä�ù ç�ã�52678�6 � 9
3Fó<�&��J�-
��ó�*�Q é�ê J�� 0 ��J >�á$î�R ÅHó�ST�"�UK� ��
V
Q � éFê Ø � ÜFÝHó ï�W Já�î ã5÷2J�-
�"�¶�$ú
��*{) 5.4 � íFî è � Õ é2Ö � Ø�Ù é�� �
X�Y�ó<ú�âL Uã�O > ��ä�ùýç�ã
5�6�8�6"9U3
�
QIV�J á$î �4K �(� d�J�ä�ù ç
ã�526!8�6�943 . 9CZ7�I� smith ú�ó<9F��ã 0
Z á ��¥�6�ê��
[ � ëFì [14] ó{þ-ÿ�� á �"�)ç � ç\* 2.2.4@�J�]�^�ã 0 Z��2�h¥
6�ê���[ ë�ì. 9CZ7K�O�� 0 2_*
`Ca{ê"8 NIM 6�i ó�bM�! 2* ¿ �2á +I,�J�526�8�6 . 9U37J >FáUî K@Oióc K72�Z����
d � ã#÷�*5ä�ù ç�ã@5�678�6"9U3 � d/O��
e$6 áUî �UKIK7J7*�fIg � 	
h � |I�.ji ��æ
�kO�ç è *�f�g ��l ��m4� 0 ����n�o7��À�	�ò . ôF��p
	��I�Hó�-��!��d�K7J2*q526
8�6 . 9�3&�@�����
K � 	���� . »��¢���"�!	���� . �-�ýçLp
f�g � �� �� En � Ê ) � 0 Z��
ù��	�����

En 
 1 �
r � n � � nä 1

r # 2
nä 1Ü n � r � n � 1 � � n r # 2

nÜ n � 1r � n � 1 � � nä 1
r # 2

nä 1Ü n � 1
(5.8)

s p�*&) 5.8 ��t
u è *�è¤é&ê ln O�è7é�ê ln � 1 JIv s  �� .¹º � 	Iwq�

# 2
nÜ n � 1 


�
n 
 1
�

n

k

r � 0
Q(x � r cos� � y � r sin � )2d �

k
r � n � 1 � � n r (5.9)

�

�
n 
 1
�

n

k

r � 0
Q(x � r cos��� y � r sin � )d �

k
r � n � 1 � � n r

2

� 0 Z!� i �! ��"��K
K�J�* Q(u � v) ��þ"�M�L �p
+I, I Ë (u � v)
��l �
m�J�-
�"��dFx è *�K �

En
� m4� 0 x è *��	� � 2

¦
�"y
z . å4p��TO > *U5�6�8�6[ÊkOIx è 9U3<�����
{�| è � En } P~e �
t�u è-8 m 0 2�� =	> u
{ · ����� f�g � Ø�v�þ
ÿ�J En

� p
��m } � � =7> u

5.3 ��������� ���������
K�K�J��7*2�1� é
� O�V
Q � é
� � WI-SRED

.\��� x"p�52678�6"9U3"�
� .���� x è *2��q�
SRED

.�� u
p�526�8�6�943
�
�kO SUSAN `
�/��6�� .��@� x"p�52678�6L943��I�q "¡
x è�¢I£/.j¤ Z�¥
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5.1: µ
�I��¶ � u
·�¸�o
¹I±
�

º�»7¼"½
¾
¿UÀ
Á�ÂIÃ�Ä
ÅFÆIÇ!È�É
k ÊTË2©1ÌÍ­�ÎFÏÐTÑ ½
¾
¿TÀIÁ
Â2Ã�Ä�ÅCÆ2Ç�È
É

Rinit «�¬"Ò
Ó�­�ÔIÕ�¸�Ö
¹I±�� ( ×IØqÙ 15degree)

Tinit «�¬"Ò
Ó�­ hÚinit  "¡�Û�·2Ü�Ý ( ×
Ø�Ù 10degree)

Ec ¨q©2ª�­�«�¬"®
¯�­2Þ�­IÜ�Ýß È
àIÈ"áqâ�ã�ä�å
æIå2ÅFÆIÇ!È�É
En ¡�çIè1é"êkëj­�ì�íq­!î
ï�ðU "¡�Û�·2Ü�Ýñ å!òqå2ÅFÆIÇ!È�É
k °�±�²�±�ó�³4´7Þ�­�ôIõ
ì�íq­!öq­�÷�ø@Ïù

range ú�ûIü Ê2ý�± û DFD  
þ � Û�·�öq­2÷�ø
Ï ( ×
ØUÙ 15degree)

5.3.1 ÿ��������	��
���
��������������
é����7µ
�I��¶<�-��Û�· WI-SRED ó ���! °2±7²�±"³U´"�
�U !" �$#���%$�&%�' «�¬
 )(

·2¨�©�ª7¶�*!+1Ï-,  °�±�²�±�ó\³U´�.  Þ�­
´0/)1�ðq­ ¢I£ ó ¤32 ¥�4 5.2 Ù-5@«�6/ó 10 ð��7)809TÏ;:  -<�� ¶!(@·"¥�é  (a)� (b) Ù�=),�>),��@? <�� ¶ (a) ÙBA�Ö�C�±�D&E�F!­0G)H�I'3J � (b) Ù&A7Ö�C�±�D�E�F
óLK�M�.  .  )N ­2¶�(�·"¥�4 5.2  �" ��#0O3P ­ <���Q  )(�·SR# ­"è 36 è�­0T!U�¶�°�±�²�±�I�VI¯W. # 1Ið�X J ³4´
ÏY, #B� ·BZ�[-I7ê&\�·"¥
5.3.2 ]3^W��_�`ba�c	dYe3fhgjik�&lnmo�np�qnrsqs���kt��������0���
µ)uBv�¶<�-��Û�· WI-SRED ó ���! °2±7²�±"³U´"����­0w!x�y/ó{z�Û  @|  �}��-�
�
�W[

� � ­ SRED ó ���� °7±7²�±"³�´��
�W[ SUSAN ~��C�
±@��ó ���! °2±7²�±L³4´��I� ó�4
5.3(a) ­���? <�� (255 � 255 � 256 ��� )   �
� .  ��)� ó�4 5.3(b)� (c)� (d)  �z�Û!¥-�����
�
¶ ���� �
��¶ ���� ¸�Ö
¹I±��2Ù k � 5� Ec � 0� 4� En � 0� 6  ��I¯b.  ¥Ué  � Rinit � Tinit �ù

range Ù$=j,�>),�×�Ø�­!Ý ó\þ � .L�L� � ­ SRED ó ���) ����[ SUSAN ~@� �j±@��ó �&�� 
�
��­ ��� Ù�=),B>@,$�$�&X�­ �!� ó;z�Û!¥4 5.3 �Të���µ!u�v�¶�����.  WI-SRED ó ���! °I±7²�±�³U´ �B� Ù�� � ­�°2±2²�±�³F´���   ¢&�&# �që�5��� @°�±7²�±�ój³U´7¶@ø #�� ·�Z�[SI�êB\�·"¥)���B���b�{7�­"ì
í4 Lî!�. #�� ·$���)6�­B����­�°�±7²�±�ó�� #�N ��� � �I��¶
Ù�°2±7²�±��!�U ����n�  T�U�¶Y�!�
­�°7±�²�±)I�³4´�ÏY, #B� ·�­I "¡b. # �$�����
��¶�Ù
°�±�²�±�­0T!U�¶�5��4 �°7±7²�±jI�³
´�Ï-, #&� ·"¥4é  ��°!F/Ì\Ö7Ê�Ì ­0  � T�U1ó�� #&N 5��4 �°7±7²�±)I�³U´@ÏY, # ·2­)I�î\�·"¥ (a) ­"��? <
�  !" ��# Ù SUSAN ~��1�
±
�2 ��7·"��� N �-���I��[0¡�¢&�Y1Ið�­0£ �
°�±�²�±�³U´�II¶�ø #�� ·BZ�[SI�î�\�·"¥
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4 5.2: 5@«�6/ó 10 ¥���7!8Y9FÏ�:  -<I�  
¡�Û�·I´�/ �!�

5.3.3 ¦s���ogji��&l�mo�np�qnrsq@�	t��������Y���§  0¨!©q­ <I�  !" �)# ��ª4¶ 'B��<I� ( 4 5.4(a)) [{��ª '0<I� ( 4 5.5(a))  "¡b. # �)�-�
�
��[�� � ­ SRED ó �&�� °2±�²�±�³4´
�
�¤[ SUSAN ~@� ��±��@ó ���� °�±�²�±"³q´"�
��¶�©I³/ó ¤�� � O3P ­ �!� ó�4 5.4(b)� (c)� (d)  �zb.L����ª ' ¨!©q­ <
� ( 4 5.5(a))  �¡W.# ©�³Có ¤ �  ���� ó 5.5(b)� (c)� (d)  )=),�>),$z�Û"¥�<������¶ �&�@ ¸�Ö�¹�±���Ù-«�¬�­�[�"Të\¶@(
·"¥ Rinit � Tinit � ù range Ù�=j,!>0,�×�Ø�­"Ý1ó
þ � .  ¥Ué  ��� � ­ SRED ó ���� °7±7²�±"³�´ ��� [ SUSAN ~��C�
±@��ó ���! °2±
²�±
³4´ ��� Ù��&X�­ �!� ó;­)®�Û�·�¥

¯
5.2: ¨!©q­ <
�  �¡�Û�·!¸�Ö�¹
±@�!­0�
¯IÝ
°$±�² Áj³�´�Ä{µ�ÅFÆIÇ!È�É7å)¶7ä�·
¸�Ö
¹I±�� 4 5.4(a) 4 5.5(a)

k 5 5

Ec 0.63 0.62

En 0.53 0.45

4 5.4  )" ��# Ù 3 7�­"���q­ 2�¸ µ@u�v@¶Y���W.  WI-SRED ó �&�@ °7±7²�±
³�´
�
�� ��· �)� I N ��[ N VI¯W. # 1Ið�­$X ����� I�¹�º  Z�[-I�êB\@·!¥&4 5.4(b) ¶�Ù@°�±�²�±�«» ­�[0Z % ¶�³�´�Ï-,  �¼ õ ( ½@«j¾�­Y��­��)�&�S½@«�¾q­�¿)��¨�©7ª7 �À 2L¼ õ��j���)Á�­05Â ­�Ã ) ÄU°7±7²�±�ó�³U´7¶�ø #��@'!��¼ õ ( � N �)ÅU )(
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