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(3) �º��m�¡——º�3Î�?±e��m�¡"'XÊUìL¡�á�hÖ�

¡§uÄÅ����N-�®""�,ü��¡��þé�§�3�m�¡¥Óké�
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�¤d3��³"Ù¥§GEO (Geosynchronous Orbit§/¥ÓÚ;�)´�«�~ûB�]


§�,GEO��¡�Ý��u$;��¡�Ý§�GEOvkaq�í{Zù���¡�

ØÅ�§Ïd§GEO��¡3;�m�§ê8O�¯§é<aÊU¹Ääkd3��x5"

du GEO;�pÝ� (�� 36 000 km)§X��&ÿõÇ�ålP~¯§/ÄX�éJ¢y

ép;�¡�&ÿ§Ïd§/¡1Æ*ÿ´GEO�¡&ÿ�Ì�Ãã
[4]

"

l 20­V 90c�m©§­.þÌ��ÊU�Ik�ò/¡1Æ��A^uGEO�m

�¡�*ÿïÄ
[5–15]

"GEO�m�¡�1Æ*ÿ�)|¢üÑ��½§Ä8Iuÿ�£O§

8I�°�½ �;�(½§±98I�?8?n"Cc5§ò�m8IÀ���:§ÏL

Äu�mS��ÿ1*ÿ±9õÅã�Ó�*ÿ§ïÄ�m8I��'ÔnA5§m©¤�

Ì��ïÄSN��
[16, 17]

"

�©©� 3 �Ì�Ü©"1 2Ù0�
 GEO�m�¡�$ÄA5§±9Äu8I$Ä

A5�*ÿnØ��{¶1 3Ù0�
 GEO�m�¡¢ÿã��?n6§§±9²;��

m8I CCDÿþ�{§¿?1?Ø¶1 4Ù?Ø
 GEO�m�¡°�½ ïÄ��#?

Ð"��?1Ð""

2 GEO�m�¡�$ÄA59*ÿ�{

2.1 GEO�m�¡�$ÄA5

;.� GEO ;�äk;��� i = 0◦
§;�²$Ä±Ï� 1 d �A�§�A�;.

GEO;��nØ��»� 42 164 km
[18]

"̄ ¢þ§du�3õ«�ÄÏ��K�§GEO;�

��m�¡�3ÀÜ��H���¤£
[19–22]

"GEO;��Ì��ÄÏ��/¥��¥/Ú

å�Ä§F��nN�Ä§±91Ø�Ä"Ù¥§�/n²Ý�'�X��Ä¥� J22 �§�

GEO;�u) 1 : 1��§¦GEO «��3À² 75◦ �Ü² 105◦ ü�­½²ï:§Ó�;

���»�)�±Ï�Cz
[23]

¶F��nN�Ä¦GEO;�²¡�3�Ï� 53 a ��Ï

?Ä
[24]

§?Ä��;����3ÌÝ� 15◦ �±ÏCz§Xã 1¤«¶1Ø�Ä¦�;� 

%Ç�3�½���§l
K�GEO;��/%å§¿¦Ù�)� 75 km �Cz
[2]

"Ïd§

½Â GEO;���¥%å/% 42 164 km§�Ý��° 15◦
§»�°Ý� 150 km �«�§X

ã 2¤«"
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ã 1 2006 c 4 �®?8 GEO 8I�;����é,�:²Ý�©Ù'X
[2]

ã 2 GEO �«��½Â
[2]

2.2 GEO �m�¡�*ÿ��

GEO �m�¡��ØUu1§�duÙ����1�U�/¡1Æ��¤�Â§¦�

/Ä1Æ*ÿ¤� GEO�m�¡&ÿ�k�Ãã��"l 20­V 90c�å§�
I[�

|�k�ïE
�1��±;�^uGEO�m�¡�*ÿ§'�;.�k{I�NASA

CCD Debris Telescope (CDT)§the NASA funded Michigan Orbital Debris Survey Telescope

(MODEST)§î³� the TAROT Telescope§ESA 1-m telescope§Campo Catino telescope§



3Ï �Jø§�µGEO�m�¡�1Æ*ÿ�{ 3973Ï �Jø§�µGEO�m�¡�1Æ*ÿ�{ 3973Ï �Jø§�µGEO�m�¡�1Æ*ÿ�{ 397

±9�Ûd� ISON (International Scientific Optical Network)�Sõ���";^u�m

�¡*ÿ�"�ºÏ~���Aª§�à��kp(¯Ý��
�CCD&ÿì§"�ºX

ÚäkÀ|�§1år§vªp�A:"�'���ð(§�m�¡ål/¥éC§Ïd§¦

^���»�"�º§ÒU¢yéGEO�m�¡�*ÿ§X NASA CCD Debris Telescope

(CDT)§�»=� 32 cm§À|� 1.7◦ × 1.7◦
§�±&ÿ�GEO;����� 30 cm ��¡§

¿UéGEO«���m�¡?1F~*ÿÚêâ¥?8
[25]

"

UÅea.©a§�m�¡*ÿ"�ºk»�ª!/²ª�Y²ªn«
[26]

"Ù¥»�ª

Åedu(�E,§Ed[B§�*ÿ�34«�3_«§¦^��¶Ù{ü«Åe��m

�¡*ÿ"�º¤2�æ^"

CCD&ÿì´"�ºXÚ�­�|¤Ü©
[27]

§§ò"�ºÂ8�1f=z¤>f§þ

z¿ÑÑ"~^� CCDUã�ÖÑ�ª�©��vCCD!1m=£ CCD Úv=£ CCD

n«
[28]

"du�m�¡�*ÿI�4p�vª (4��¹e���z¦êv)§&ÿìcà 

 Ø¦^Å�¯�§�vCCDÏd
�)�ö�
[29]

ü$
ã��þ§��à�8I£O½

 �5(J§A��±�Ø
[30]

"Cc5§du¤£×£Vg�JÑ§±9�'Eâ�uÐ§

¤£×£ÖÑ�CCD��^uGEO�m�¡�*ÿ
[31]

"�O¦^ CCD�¤£×£�ª

�vÀ�ª§Ø�~�
*ÿrÝ§
�duâ»
DÚCCDéÍ1�m���§���»

�"�ºÒU¢yéGEO�m�¡�p°Ý*ÿ
[32]

"

GEO�m�¡*ÿ'5�CCDÌ�ëê�Ik
[33, 34]

º�!����±9D(
[35]

�"

31ÆXÚ(½�cJe§�m�¡&ÿ"�ºAÀ�pþf�Ç§$ÖÑD(§pvª�

CCD§Ó��Ao�À|��m©EÇ"À|L�Ø|u8I�|Ï�½ §�m©EÇL

$Úå�jæ�¯K§¬ü$8I�½ °Ý§é8I�&ÿØ|§��ÏLã�­�÷v

°ÝI¦
[36–39]

"

2.3 GEO 8I�|¢�{

ã 3 GEO �m�¡¢ÿã�

du GEO�m�¡�é/¡ÿÕ�À$

Ä�Ýé�§�@�á�mS§�m�¡�

é/¡ÿÕ·�¶Ïd§*ÿ�§'4"�º

��lXÚ§é�½U«Í1"GEO8I3

CCDq¡þ��¤:G§du5g8I
�

&ÒÂ83�����S§�¦&ÿ8I�&

D'��z
[2, 40–42]

"�A/§À|¥�µð(

���Í1�mØÓ
Cz§�Í1�m�á

�§ð((��¤:G¶Í1�m���§ð

((�.¤�^/G"¢ÿ 5 000 msÍ1ã�

�Ü©�ãXã 3¤«§À|¥
¥:G�(

�=�8I§Ù{.¤�^G�(�=��µ

ð(§*ÿ���b7ìU©�ÓÛ*ÿÕ�

��A"�º§�»� 1.2 m§À|� 2◦ × 2◦
"£OÀ|¥��m�¡(��§�½(���
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°'���â=�"T«*ÿ�{{B´1§k|uGEO�m�¡�&ÿÚ½ §�õ�I

[9|�¤2�æ^§~X IADC(the Inter-Agency Space Debris Coordination Committee§

Å�m�m�¡�N�
¬)|��é GEO«���¥51ÆéÜ*ÿ�§æ^�Ò´T

«*ÿ�{"

�
¦��é GEO�m�¡�&ÿUå��z§�y�m�¡�&ÿ�Ç§*ÿ�§

Í1�m�ÀJ�'­�"�XÍ1�m�O\§ã�¥8I�&D'�O\"L��Í1

�m¦�ã�¥8I�&D'L$§J±&ÿ�½ ¶
�Í1�mL��§du;^��

m�¡*ÿ"�º��'~º�§ü �mCCD���Â�1fêõ§(�u)�ÚÄÑ

��¹§K�ã���þÚO�°Ý"Ïd§�¦^U\áÍ1S�ã���{&ÿGEO

�m�¡§Ø��y
ã��þ§ÏLJpk�Í1�m§��y
é8I�&ÿ�Ç�

°Ý
[43, 44]

"

3 êâ?n�8I½ 

êâ?n´ÏL?n¢S*ÿ�ã�§��8I£O�½ �8�§�ª��GEO�

m�¡*ÿ��� �]�§̂ u½Ð;½;�U�"ã�?n�{k±e�¦
[45]

µ

(1) ¯�5§üvã��?nL§�)ã�ý?n!8I£O� �O��§Ù?n�m7

Láu"�ºÍ1�m�m�§ÄKÃ{¢�5/iÿ�m�¡"du�m�¡�*ÿ

I��pvª§Ïd§éã�?n�{�$��mk�½�¦"

(2) ­è5§�éüvã�§3Ã?Ûk��µ&E��¹e§U·AØÓ�*ÿ^�§~

XÀ|¥k�§ã�D(���§��ã�O(��µ&E"

(3) ��5§�m�¡*ÿã��?n(J§Ak�$�J´Ç§�p�8I&ÿ�Ç"

GEO�m�¡*ÿã��?n6§�)ã�ý?n§8Iuÿ§�µK�O�§(��

%O��U©½ 
[28, 46]

"

3.1 ã�ý?n

DÚ�ã�ý?n�)�.�Ø�²|��ü�¡
[33, 34]

"�.�"�ºÍ1"¦¼�

�ã�§=Ã&ÒÑ\�§CCDÑÑ�&Ò"�.dó�» Ø�^e�)�>ÖÚå§d

uØÓ� ²���>fêØÓ§�.äk�þ!5§K�8I��%O�(J§7L3ê

â?n��±�Ø"²|d"�º1ÆXÚ�Øþ!5§±9q¡þCCD��ma1�Ç

ØÓÚå"�.Ú²|¦�¢ÿã�¥���Öê�ý¢��m�3�É§3�½§ÝþK

�
ã�?n(J"3GEO�m�¡*ÿã��?nL§¥§�.�²|���Ä§é8

I�½ °ÝvkK�
[47]

§�´§XJïÄé���m�¡�p°Ý1Ý&E§KI�?1

U�"

3.2 8Iuÿ

8Iuÿ´�m�¡*ÿã�?nL§¥�'­�����!
[48–50]

"8Iuÿ©lÑ

ã�¥�ð(��m8I§±B?1�Y�°�½ ó�"8Iuÿ3�y8I&ÿ�Ç�
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Ó�§A¦�Uü$J´Ç"�éGEO�m�¡�*ÿã�§À*ÿ�YØÓ§Ì�k±e

A«8I£O�{µ

(1) ùè�{§Äk¼�"�º*ÿ�����§,�Ö�(L§òÀ|¥ð(� �O�

�*ÿ��§�[)¤�µ(|"��^*ÿã�~��[)¤�(|§lí3�(�

¥=�£OÑ�m8I
[2]

"

(2) ëYvã�'�§ÏL¦ëYvã��¥�ã�§¼�8I&E"duGEO�m�¡

*ÿ��éÿÕ·�§3S�ã�¥ �Ä�ØC§
�µð(�3±FÀ$Ä§3S

�ã�¥� �u)£Ä¶Ïd§ÏLéëYvã�¦¥�§=�ÏLGEO�¡��

µð($ÄA5�ØÓ§¢y8I£O
[28]

"

(3) /�£O§éu���m�Í1 (ê¦=�)§GEO8I3 CCDq¡þ¤:G�§�

µð(��.¤�^¶Ïd§ë�Í1�m§{ü/�½(��°'�K�§ÒU¢y

GEO8I�£O"

(4) êÆ/�Æ�{§êÆ/�Æïá38ÜØ�Ä:�þ
[51]

§Ù��3u¦^�½/�

�(���ÝþÚJ�ã�¥éA�AÛ/G§��©ÛÚ£Oã��8�"éu��

�m�Í1ã�§GEO8I��µð(�3AÛ/�þ��É§¦^/�Æ�féã

��òÈ§�Øã�¥��^/G(�§�3:G(�§ÒU¢y8I�&ÿ
[45]

"

3.3 �µK�O�

CCDã�K�
[52, 53]

^u©� CCDã�§«©ã�¥��µ�8I§ã�¥ADUO

ê�u½�uK����@½�ð(½�m8I§ADUOê�uK����@½�U1�

µ"CCDã�K��O��{éõ§�{E,Ý��m�Ñ�ØÓ§Ì�k�Û�µK�Ú

ÛÜ�µK�üa"

(1) �Û�µK�"�é�ÌCCDã�§��Ú��~ê§���µ�â"�ÛK�{�

`:´O�{B§$��Ý¯"�GEO�m�¡*ÿ��À|�§À|SU1�µ�

U�3��åÏ§��ã�¥ØÓ«���µ�ÝØ��¶�dÓ�§�
Jpã��

ÖÑ�Ç§  æ^õÏ�ÖÑEâ§�¦�ã�ØÓ«���µÖê�3�É¶Ï

d§¦^�ÛÚ��K��â§4´K��m8I�&ÿ�Ç� �°Ý"

(2) ÛÜ�µK�"òã�¥ØÓ«���µ���ØÓ��"���{�ò�Ìã�<�

/©�eZ�¬§z¬��ÛÜ«��K���~ê¶��±ò�µ���� �Cz

�¼ê§~X Sextractor^�
[54]

§¦^ 3g�^����{§O��µ¼ê"���Û

�µK�§ÛÜ�µK�äk�p�°Ý§k|u8I�£O&ÿ"

du¢ÿã�¥8I(��ëÏ�äk�½���ê§�D(Ñy�VÇ�(�Óâ

��ê�O\
~�§Ïd§Ú\(�ëÏ�����ê��,��â§UO(/GØ©

�Ñ�D(Jµ§Jp8I�&ÿ�Ç"duã�¥�D(ÎÜpd©Ù§dVÇnØ�

�
[55]

§òã��µK����µþ���µ��� 3��Ú§�(£O8IÚD(�VÇ�

u 99.7%"
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3.4 (��%O�

�é©�Ñ�(�ëÏ�§O�(��%��{Ì�k±e 3«
[27]

µ

(1) ?�Ý�{§ÏL¦8I(�ëÏ����Ý§(½8I��%§¿ò8I��%À�

¥%"X (1)ª¤«µ


































X =

∑

i∈S

Iixi

∑

i∈S

Ii

,

Y =

∑

i∈S

Iiyi

∑

i∈S

Ii

.

(1)

Ù¥ S �(����8Ü§Ii� (xi, yi)?§��Öê~��µK�¤��§X,Y =�

?�Ý�{O�Ñ�8I�%"

(2) PSF¼ê[Ü{§¦^yk�.¼ê[Ü(��PSFÓ+§¼ê�[Ü(J=�(�

��%§Ï~�[Ü�{kGauss¼ê[Ü§Lorentz¼ê[Ü§Moffat¼ê[Ü�"

±�� Gauss¼ê[Ü�~
[56]

§¦^Xe Gauss¼ê/ª§[Ü(���Ý©Ù§¿

± Gauss¼ê�¥%��(��%"

G(x, y) = B + Hexp

[

−
(x − x0)

2 + (y − y0)
2

2R2

]

, (2)

Ù¥ B �L�µ§H � Gauss¼ê�¸�§R� Gauss¼ê�IO�"(x0, y0)��½

(��¥%�I§�^Öê�p����I½Ý�{¼��¥% ���O�Ð�"

(3) ¥��{§ò(�¥%½Â�(���\È©Ù¼ê²©���I�
[57]

§O��{X

eµk¦��ã�3 x������Ý©Ù­�9\È©Ù¼ê§

Q(X) =
∑

x

M(x) =
∑

x

∑

y

G(x, y) . (3)

|¢÷veª� x0§=�(�� x���I§

Q(x0) =
1

2
(Q(xmax) − Q(xmin)) . (4)

O�\È©Ù¼ê¥� x0 �§I�?1��§¢�L²ng��(J=�÷v°Ý�

¦§y��?nÓ x��"

ïÄ(JL²§éuC�/�(�§��Gauss¼ê[Ü{°Ý�p§?�Ý�{Ùg§

¥�{°Ý�$
[58]

¶Ù¥?�Ý�{éV(�k�Ð�½ °Ý
[57]

§��{�E,Ý$§O

��Ý�¯§3@Ï�ã�?n�{¥Óâ`³"éu.��(�§¦^AÏ¼ê�PSF[

Ü§¤��%�°Ý�p§?�Ý�{Ùg
[47]

¶,
§du�m�¡*ÿ"�ºÀ|�§�

��¡(�jæ�î­§Ó�o�êâ?n�¢�5§�m�¡(���%O�Ï~¦^?

�Ý�{"
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3.5 U©½ 

U©½ 
[46]

´|^ CCDã�¥�m8I�é�µð(� �§dð(� �O�8

I� �"Ù¢��|^À|¥�ð(§ïáã�¥¢ÿ�I (x, y)�»��I (α, δ)�N

�'X§,�ÏLN�'X§d8I3ã�¥��%�I (x0, y0)O�Ù*ÿ���»��

I"äNO��§Ú\½Â3�²¡þ�n��IX
[59]

§n��I (ξ, ζ)�¢ÿ�I�nØ

� (x, y)��éA§¦^CCD ��'~º9q¡�^=�=���¶Ó�§n��I��3

�»��I (α, δ)���éA'X§Ù¥ (α0, δ0)�ã�¥%éA�»��I"























ξ =
cos δ sin(α − α0)

sin δ sin δ0 + cos δ cos δ0 cos(α − α0)

ζ =
sin δ cos δ0 − cos δ sin δ0 cos(α − α0)

sin δ sin δ0 + cos δ cos δ0 cos(α − α0)

. (5)

e®�n��I (ξ, ζ)§»��I (α, δ)O�úªXeµ



















tan(α − α0) =
ξ

cos δ0 − ζ sin δ0

tan δ =
(ζ cos δ0 + sin δ0) cos(α − α0)

cos δ0 − ζ sin δ0

. (6)

U©½ �äN6§Xeµ

(1) �â"�º��9��À|§Ö�(L§ò(L¥�ð(l(L² �O��{�À 

�§äNO��U�g1!±c11���íò�=�
[60]

"éÑ*ÿã�¥�ð(§�

âð(�{�À � (αi, δi)§O�Ùn��I (ξi, ζi)§����Ù¢ÿ�I�nØ�

(xi, yi)"

(2) òd(LO��ð( �nØ� (xi, yi)�ã�¥ð(�¢ÿ � (x, y)��"3"�

º��O(��¹e§3ð( ��nØ� (xi, yi)��S|¢��§Ï~���°�

5∼20���Ý/«�=�"����{¤I�m�§éuvª�p��m�¡iÿ§

A^2�"�"�º��É�'Ø�Ï�K�§O(ÝØp�§�±ÏLÀ|¥õ�ð

(�m�AÛ�/?1��
[61, 62]

"

(3) ïáð(n��I�nØ� (ξi, ζi)� CCDq¡�I¢ÿ� (x, y)�m�N�"du�

3"�º��Ú CCDSC ��Ø�Ï�§n��I�¢SþÝ�Im�'XÃ{°

(î�/í�§Ï~¦^õ�ªL«§=.¡�."GEO�m�¡*ÿ¥¦^�.¡

�.��k8~ê�.!��~ê�.!o~ê�.!��~ê�.±9�Ä»���

�ÆC��~ê�.
[47]

�"

1) 8~ê�.§8~ê�.�=��)
�I�:�§�I¶���Ú�IºÝ�§

vk�Ä��5��É�"¦^8~ê�.¦)I� 3�½±þ½I("N��§
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/ªXeµ
{

ξ =a + bx + cy

ζ =d + ex + fy
. (7)

2) o~ê�.§I�ü�9±þ½I(§3CCDã� x� y��'~º�Ó�b�

e§́ {z�8~ê�."N��§/ªXeµ

{

ξ =a + bx + cy

ζ =d − cx + by
. (8)

3) ��~ê�.§�'�5�8~ê�.§õ�Ä
X.¡ØR�1¶§�:�I�

1¶¢S��Ø��§"�º�����5��É�"¦^��~ê¦)��I

� 6�½I("N��§/ªXeµ

{

ξ =a1 + b1x + c1y + d1x
2 + e1xy + f1y

2

ζ =a2 + b2x + c2y + d2x
2 + e2xy + f2y

2
. (9)

4) ��~ê�.§�'��~ê�.§\þ
"�ºÆC¤Úå�ng�K�"¦)

��I� 10�½Ið("N��§/ªXeµ

{

ξ =a1 + b1x + c1y + d1x
2 + e1xy + f1y

2 + g1x
3 + h1x

2y + i1xy2 + j1y
3

ζ =a2 + b2x + c2y + d2x
2 + e2xy + f2y

2 + g2x
3 + h2x

2y + i2xy2 + j2y
3

. (10)

5) �Ä»����ÆC��~ê�."/Xeª§Ù¥ r2 =
√

x2 + y2
"

{

ξ =A + Bx + Cy + K1r
2x + K2r

4x + P1(r
2 + 2x2) + P2xy

ζ =D + Ex + Fy + K1r
2y + K2r

4y + P2(r
2 + 2y2) + P1xy

. (11)

ïÄL²§éuÀ|�u 1◦ × 1◦ �"�º§ÆC�)�ng�é°Ýk��K

�
[63]

§3êâ?n�A��±�Ä"

I�`²�´§¦).¡�.�§�X.¡~ê�ê�O\§�
¦)�§|§I�À

|S½I(��ê���O\"éuü�¯K§���¦{¦) n�.¡~ê§ë�(

AØ�u (n/2)2 �
[59]

§��O\
O���m"Ø=Xd§.¡�.éÿþ°Ý�K

��3ér����65§�ª�ÿþ°Ý  Ø�ûu�.�ê�p$§
´�ûu

�.´ÄÜ·§́ ÄUO(£ãCCD ã��¤�¶Ïd§¦^p��.¡�.§�ª

�m8I�½ °Ý�7`u¦^$��."3¢Só�¥§�
o�êâ?n�¢�

5§�±À�ê8v
�å�m8I(��½ålS�½I(§¦)$�.¡~ê§Q

U÷v?n�m�I¦§qU��ýÏ�°Ý"

(4) �âO�Ñ�.¡~ê�.§±9�m8I3þÝ�IX¥�¢ÿ �(xobject, yobject)§

O�8I�n��I (ξobject, ζobject)§2d8I�n��I8�»��I(αobject, δobject)"
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4 �m8I°�½ �ïÄ?Ð

¢Só�L§¥§GEO�m8I�°�½ ÉéõÏ�K�§J±��Uì²;�ê

â?n�{¢y"K��m8I½ °Ý�Ï�Ì�kµ

(1) �í6Ä"�í�6ÄÛ­
(��/G§¦�(�Ó+¤�Gauss©Ù"du�m�

¡*ÿ��À|��§�í6ÄE¤�(�Û­�(�3��À|¥� �
Cz§J

±O(/�Ø¶�´§�í6ÄE¤�(� �Ø����u 1′′
§éu°Ý�¦Ø´é

p�*ÿ§�±Ø��Ä"

(2) "�º�åÆØ­½5""�º�åÆØ­½5¦�"�º3�lL§¥��u) 

�§��í6Äaq""�ºåÆ�Ø­½¦�(�/�u)Û­§�ã�ØÓ«��

Û­§Ý�Ø�Ó"

(3) Å�¯��¦^"duÅ�¯�m4��Ý´k��§K�CCD3Í1©"���&

Ò�Â§E¤(�¢SÍ1�mu) �§(���Í1Øþ!§K�(�� �O

�¶¿�§du�m�¡*ÿI�4p�vª§Å�¯�ª�m44´��§é"�º

��XÚ��o�­½Ø|"

(4) "�º�1ÆÆC"1ÆÆCÛ­
(�/G§ü$
(��&D'§éu�À|§Æ

C�K�cÙî­"ÆC�ÏLUC8I*ÿüÑ9êâ?n�{�±U�§~X¦�

l�8I3À|¥
¤�"�8I�C«���µð(O�.¡~ê§½��¦^�Ä

ÆC�.¡�.O�8I �"

(5) �m8I�jæ�"du�m�¡�&ÿI��À|§�CCD�����k��§d

dE¤�jæ�K�
�m8I�½ °Ý"

(6) ã�¥�1À/"�m�¡*ÿL§¥�3�K�8I&ÿ½ �1f&Ò§~X8I

�ð((��­U§Øæ^¯�E¤�öK�"

4.1 �m8I*ÿ¥­U(��©l

ã 4 GEO �m�¡*ÿ¥�­U(�

duGEO�m�¡�ð(À$Ä�Ý��É§3

CCD�¢ÿS�ã�¥§�m8I¤¤��4´�ð

((�u)­U§Xã 4¤«"d GEO�m�¡�*

ÿüÑ��
[64]

§��Í1�m�*ÿ¥§GEO�m�

¡¤¤(��:G§�µð(du�é CCDq¡�

3�é$Ä§¤¤��.¤�^"ã��Í1�m�

�§ð((�.��î­"

(��­U���m�¡��%O�u) �§

O\
*ÿlã¥���§ü$
�m�¡�½ °

Ý§î­���"�ºé8I�£O�}"du�m

�¡*ÿã�¥�(�Ó+Ø5K§¦^DÚ�1Ý

�pã©l­U(�
[54, 65, 66]

J±¤õ"
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�u GEO�m�¡*ÿ�§�µð((���m8IäkØÓ�AÛ/�§ü«Äu

(�/�ØÓ�©l�{��
'�Ð��J"

(1) ¦^ Gauss¼êòÈ�{
[67]

"du¢ÿã�¥§GEO �¡¤¤(��:G§(�Ä�

÷vGauss©Ù¶Ïd§¦^Gauss¼êé­U(��òÈ�±å����^§Ó��

U�ØD(�K�"©l�JXã 5¤«§ÙO�L§Xe§�n�Gauss��©Ù¼

ê�µ

g(xi, yi) = Bexp

{

−
1

2

[

(

xi − xc2

r2

)2

+

(

yi − yc2

r2

)2
]}

; (12)

u)­U�(�¥§8IrÝ©Ù�µ

f(xi, yi) = Aexp

{

−
1

2

[

(

xi − xc1

r1

)2

+

(

yi − yc1

r1

)2
]}

; (13)

ü�¼êòÈ§�����Gauss¼ê�µ

f(xi, yi) ∗ g(xi, yi) = ABexp

{

−
1

2

[

(xi − xc

r

)2

+
(yi − yc

r

)2
]}

, (14)

Ù¥










xc = xc1 + xc2

yc = yc1 + yc2

Rc = r2
1 + r2

2

. (15)

òÈ�¤�§ÏL{ü��5²£§=���8I � (x, y)"b�­U(�¥8I 

�� (x0, y0)§̂ uòÈ�Gauss¼ê¥%� (xg, yg)§O��{Xeµ

{

x = x0 − xg

y = y0 − yg

. (16)

ã 5(a)�u)­U��©(�§(b)�­U(�� 3�©Ù§(c)�­U(���p

ã§(d)�©l��8I(��pã"lã¥ØJuy§u)­U�ð(&Ò��³�§

8I©l��
�Ð��J"

(2) ¦^êÆ/�Æ�f©l(�
[68]

"¦^êÆ/�Æ�f§�Ü[Üð((�AÛ/�

�(�N§é­U(�?1òÈ§�±���^G�ð((�§�3:G�8I(�"

¦^ Tophat�f§À� SE�(���é¼ê f(x)�C��½Âµ



















DSE(f(x)) = max{f(x + y) : y ∈ SE}

ESE(f(x)) = min{f(x + y) : y ∈ SE}

OSE(f(x)) = DSE(ESE(f(x)))

THSE(f(x)) = f(x) − OSE(f(x))

. (17)

¦^/�Æ�f©lGEO�m�¡*ÿ¥�­U(�§�JXã 6Úã 7¤«"
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ã 5 ­U(�©l�J
[67]

ã 6 ©lc�­U(�
[68]

ã 7 ©l��­U(�
[68]
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�
�y(�©l�°Ý§¦^ Iraf)¤�[�­U(�§¦^T�{?1?n§¿

O�©lc�(���%§� Sextractor?n(J'�"(JL²§¦^êÆ/�Æ�

f§©l(J�½ °Ý`u Sextractor§T�{p°Ý/)û
�m�¡*ÿ¥�(

�­U¯K"

L 1 (�©l�°Ý'�

©lc(J ©l�(J Sextractor ©l(J

²þí� RMS ²þí� RMS ²þí� RMS

X(��) −0.792 2.423 4.425 × 10−2 0.258 −0.397 2.118

Y (��) −1.132 1.276 −5.659 × 10−2 0.244 −0.784 1.229

ã 8 �m8I*ÿ¥�ö�
[69]

4.2 �m8I*ÿ¥ö��?n

Xc©¤ã§GEO�m�¡*ÿI�4

p�vª"ª��m4¬¦Å�¯�¦^Æ·

��~�§K�����~¦^¶Ïd§¢S

*ÿ¥  
Ø¯�§¦��vCCD3ã�

ÖÑ�E?uÍ1G�§\þ CCD �Åzg

Í1�cÑ�?1ÞØö�§¦�À|¥��

�(�3ã�¥�)î0�Ìã����§=

ö�§Xã 8¤«"ö�ü$
ã��þ§O

\
J´ê8§î­K�
�m8I�£OÇ

�½ °Ý"Äuö��(�ØÓ�AÛ/

�§¦^/�Æ�f?nö�ã�
[69]

§��


�Ð��J"

?nc��ð((��pãXã 9¤«§�m8I(���pãXã 10¤«"ã 10(a)

�8Idug��Ý��
�)ö�§10(d)�8I(��ð(ö�u)·U"Ù¥ã

9(a),10(a),10(d)�Éö�K���©(��pã§ã 9(b),10(b),10(e)�¦^ Tophat�f?

n�(J§ã 9(c),10(c),10(f)�¦^ Spread Tophat�f?n�(J"

ã 9 ð(ö��?n
[69]
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ã 10 ¥(ö��?n
[69]

ïÄL²§¦^/�Æ�{§�Ð/�Ø
ã�¥�µð(9�m�¡�ö�§Jp


ã���þ¶ü$
J´Ç§Jp
ö�ð(��m8I�&D'9&ÿÇ¶�ªJ,
�

µð(��m�¡�½ °Ý"

5 Ð "

/Ä1Æ*ÿ´GEO�m�¡&ÿ�Ì�Ãã§�,&ÿEâÚ�{Ñ®F��õ§

�Ekéõ#�)�¯Kk�)û§́ ��7L�ÏïÄ��K"Ð"GEO�m�¡°�

½ Eâ�uÐ§­:k±eA�¡µ

(1) jæ�ã��­ï"¢ÿã��jæ�§4�K�
GEO�m�½ °Ý"�Ä�8

I3ã�þ��%°Ý����'~º� 1/2
[28]

§±��ºÝ� 10′′� CCD�~§*

ÿ GEO«�§du�%Ø��5��©½ Ø��z�þ?"Ïd§k7�ïÄjæ

�ã�­ï��{§¦^ëYv�jæ�ã�§­�p©EÇ*ÿã�"ù��ó�®

3 HST�êâ?n¥¢y
[36, 37]

"ÏLjæ�ã��­ï§ã+Ü©�m©EÇ§��

8I��m©EÇ§�ªJp8I*ÿlã�½ °Ý"

(2) Vf8I�£O�°�½ "éu GEO«�º�����m�¡ (º�3 10 cm �

m)§É&ÿålÚ"�º1å�K�§8cÿJ±&ÿ?8"�m�¡*ÿ"�º�

�»Ø�UÃ�/O�§���»"�ºEd[B§�o¤�p§J±2�Ù:¶Ïd§

XÛ|^yk���§¢yVfGEO8I�&ÿ§́ ��ïÄ��K"Vf8INy

3*ÿã�þ=&D'é$�
§~X&D'� 1�8I§XÛ«©Ñù
8I�D

(§¿°�/(½Ù �§���\ïÄ"yk?n�{´?1üvã�ÈÅ±Jp8
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I
�&D'§½öÏLS�ã�U\J,8I�ok�Í1�m
[43]

�"

(3) 8I�Ý�%�(½"ykïÄ(JL²§Ý�{O�(��Ý�%�°ÝØX PSF

¼ê[Ü�{¶Ïd§Äu8I(�Ó+�k�&E§ÏéÜ·�¼ê§[Ü(�Ó+

¿(½�%
[70]

§�±k�Jp�m8I�½ °Ý"

(4) p�Ç�¢�ã�×£�{"�m8I*ÿI��p�vª§Ïd§I�¯�!O(Ú

p��êâ?n�{§±¢�?n*ÿêâ"du�m8I*ÿ6�Ø�Ä8I�1Ý

&E§Ïd§XÛ¯�/£O8I§¿O(/J�8I�%§O�»��I§���\

ïÄ"

ë�©zµ
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Optical Survey Technique for Space Debris in GEO

SUN Rong-yu1,2,3, ZHAO Chang-yin1,2

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Key

Laboratory of Space Object and Debris Observation, Chinese Academy of Sciences, Nanjing 210008,

China; 3. Graduate University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: In view of the special dynamical characteristics of geosynchronous orbits, the

GEO ring is a unique environment for application. However, in this region there is no

natural removal mechanism for space debris, which has been recognized as an increasing

threat for space operations. Concerning the short detection distance of ground-based radar,

ground-based optical survey is the major technique for observing space debris in GEO. The

survey techniques for space debris observation are introduced in detail, including specialized

hardware!survey strategy proposed and advanced image processing algorithm. Several algo-

rithms are summarized for separating the blended images in optical space debris observation

and removing the smear noise in images of camera without shutter, they all work effectively

and robustly. Discussions are made in high order precision positioning methods for space

debris, and futhermore the development of these methods is outlooked. For enriching the

space debris situation in GEO, and protecting the security of active space operations, the

technique for optical survey of space debris in GEO should be further studied.
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