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_`T*O�OULWN�XYj@IkN[OUi�iGO+\�OUc!N�O!¦�N�O+P*L[XYa	P*L�I%K[OgZ*L[O+i;X�N�OUK[IkN�X�l	O+uYp.\�a	K`I%PXYj t KMa"l	OUj�OUPBN`ak\�LMOUn	j�OUPBN�IkN�XYa	P
I%P*i�m�I%cdh0n	KMa	Z*P*i�cUa%j t OUP*L[IkN�XYa	P�v
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_`T*O�N[T*K[O+O y i*Xbj�OUP*LMXba	P*I%u?K[OUc+a	P*LWN�K[ZGc+N�XYa	P¡a%\�N[T*O�i*O!\�OUc!N�L/XbL�c�I%KMK[XYOUiDa%ZGN�a	P�N[T*O�m*I%L[XYL@a%\�N[T*O
t KMO t KMa9c+OUL[LMXbP*nEK[O+L[Z*u�N�L+v¨_`T*O?a	m��MO+c+N�I%K[OUI�XbL¥i*X�l9XYi*OUi.XYP0N[a�i*XbLMcUKMO+N�O`l%a"¦9O+ubL6I%P*i5N�TGO t K[a$�MO+c+N�XYa	P.a%\
N�TGOJXbP*iGXYl�Xbi*Z*I%uBl	a�¦9OUubL¥XYPBN�agN[T*OJi*X�µ¢O+K[OUPBN¥K[I%i*XYa	n	K�I t T*L)XYL)i*O+L[c+K[Xbm�OUi5�?X�N�T�N[T*OJT*O+u t a%\ t KMa$�MOUc!N�XYa	P
j�IkN�KMX�¦�çèº ~ »!v
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_`T*ORi�I$NdI�l%OUc+N[a	K éê c+a	PBNdI%XYP*L�N[T*ORe t X�¦9O+u�lkI%uYZ*OUL�a%\�N�T*O;i*XYµ�OUKMOUPBN�K[I%i*XYa	n	K�I t T*LU�`XYPDa	ZGK

c�IkL[O@N[T*O�i*O!\�OUc+N�O!¦�N�O+P*L[XYa	P*L5XbP�m�OUI%jîi*XbKMOUc+N[Xba	P�c�I%uYcUZ*ubIkN�O+i�XYP�N�T*O t K[O t K[a�cUO+L[LMXbP*n�LWN�O t v�_`T*O
Z*P*h0P*a"�?P�l%OUc+N[a	K éí K[O t K[O+L[OUPBN[L�N�T*O�Ì j�IkN�O+K[X�Iku2lkI%ubZ*O+L�ak\�N�T*O;i*XYµ�OUKMOUPBN�l	a�¦9OUubL+vïÈ�XbP*c+O�N[T*O
i*O!\�OUc+N�O^¦9N[OUP*LMXba	PGL�XYPÂm�OUI%jði*XYK[OUc!N�XYa	P¾I%K[O/ZGL[OUiDI%L5XbP t ZGN.i�IkN�IG�¥N�T*Oj�IkN�O+K[XbI%u6lkI%uYZ*OUL5ak\zN[T*O
l	a�¦9OUuYLEI%K[O5uYXbj�XYN�O+i;N[a�N�T*O5lkI%ubZGO�Z*P*X�Nqp�\�a	K�I�l%a"¦9O+u¯�SN�T�I$N�m�O+uba	PGn	L�N�aI/i*O!\�OUc+NfI%PGi<N[T*O�lkI%ubZGO
¤UO+K[ag\�a%K�l%a"¦9O+ubL¨a	Z9N�L[XYi*O�N[T*O2iGO+\�OUc!N�I%KMO�I%L+v)_`T*O t K[a$�MO+c+N�XYa	P�j�IkN�KMX�¦EçÁK[O t K[OULMOUPBN�L¥N[T*O t KMa$�MOUc!N�XYa	P
cdT�I%K[I%c+N[OUKMXbLMN[Xbc+L�a%\JN[T*O�I%cUc+a	j�j�a�i�IkN�XYa	P<LMp�LMN[OUjÑ\�a	K�N�T*O�i*XYµ�OUKMOUPBN�K[I%i*XYa	n	K�I t T*LUv/_`TGO@j�IkN�KMX�¦
lkI%ubZGO�ñBòÏógcUa	KMK[O+L t a	P*i*L?N�a5N�TGOEXYPG¶�Z*O+P*cUOEa%\�N�T*O�X�vÄN[Tl%a�¦GO+u�a	P�N[T*O2�+vÄN[T t K[a$�MO+c+N[Xba	P�v

o LMXbP*n�a	P*u�p�\�O+�ÂK[I%i*XYa	n	K�I t T*LSN�T*O6L[O!N)ak\*OU�0Z�I$N�Xba%P*L�º ~ »�XbL�Z*PGi*OUKMi*O+N[OUK[j�XbPGOUi�IkP*i�IkN�N[T*O�L[I%j�O
N�XYj�O�XYP*cUa%P*L[XYLMN�O+PBNgi*ZGOEN[a�i*X�µ¢O+K[O+P0NzOUKMK[a	K?XYPG¶�Z*O+P*cUO+LgXbP/N[T*OfXYP t ZGN�i�I$NdIGv2Þ�KMK[a	K?XYPG¶�Z*O+P*cUO+L�I%KMO
XbP t I%KMN[Xbc+Z*u�I%K�O+K[K[a%K[L¨XYP t KMO t KMa9c+OUL[LMXbP*nG�Bc�I%uYXbm*K[IkN�XYa	PfO+K[KMa	K[L�m�a%N[T�XbPfN�T*OJiGOUP*LMXba	j�O+N[K[Xbc�I%P*i5XYPfN[T*O
n	O+a	j�O!N�KMXbc�Iku¥c�I%uYXbm*K[IkN�XYa	P�a%\2N[T*O�I%cUc+a	j�j�a�i�IkN�XYa	P�LMp�LWN�OUjôI%L��2O+ubu6I%LEi*XYµ�OUKMOUPBNfP*a	XbLMO�LMa	Z*KMcUOUL+v
V P@n%OUP*O+K�I%u��0N[T*OgLMa	ubZ9N�Xba%P�ak\�L[ZGcdTI t KMa	m*uYOUj�c�IkP@m�Ozi*O!À�P*O+i/I%L�N�T*Ozj�XYP*Xbj�Xb¤+OUK)ak\SIfc+a	j t a	ZGP*i
cUKMXYN[OUK[XYa	P�v
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õzü º éí »�c�I%P�m�O5Z*L[O+i�N�a/Xbj t a	L[Ofi*XYµ�OUKMOUPBN�K[O+n	Z*ubI%K[XY¤�IkN[Xba	P;cUa	P*LWN�K[I%XbP*Lga	PRN�T*O5LMa	ubZ9N�Xba%P���OkvÉnGvL[j�a�a%N�T*PGOUL[L+�Jm*XYP�I%KMp7cUa	P*LWN�K[I%XbP*L.a	K�I%LML[Z*j t N[Xba	P*L�I%m�a	ZGN.N[T*O;LMT�I t O;ak\�I%P�a	m��MO+c+N�v û XbL5N[T*OK[O+n	Z*ubI%K[XY¤�IkN[Xba	P�\,I%c!N�a	K¥c+a	PBN�KMa	ubuYXbP*n�N[T*OzXYPG¶�Z*O+P*cUO�a%\�N�T*O�K[O+n	Z*u�IkK[Xb¤UIkN�XYa	P�c+a	P*LMN[K�I%XYP*LUv û XbL�cdT*a	LMOUPI%c+cUa	KMi*XbP*n5N[a.N[T*O�cUa	P9À�i*OUPGcUO�XYP/N�T*O�j�O�I%LMZ*K[O+i;i�I$NdIGv
V P�a	Z*K�I t*t K[aBI%cdT¢�J�2O�À�K[LWN�c�IkubcUZGu�IkN[O;I�L[j�a9akN�TDLMa	ubZ9N�Xba%P�ZGL[XbPGn�N�TGO�j�I$¦9Xbj�Z*jèOUPBN�KMa t p

t KMXbP*c+X t uYOJI%P*i5XYj t a	LMO2N�T*O`mGXbP�I%KWp�c+a	P*LWN�K�IkXbP5XbP�I�L[OUc+a	P*i�LMN[O t �0XbPGLMN�OUI%i5a%\�Xbj t a	L[XYP*nzN[T*O`m*XbP*I%KMp
cUa%P*LMN[K�I%XYP�iGXbK[O+c+N[uYp	v



à�ý�© þ<ã�ÿ�³Yâ�±'â ��«�¬�¯®¢Ø���Ö�q³Y«G²	³YØ�� ×
_`T*O�j@I�¦GXYj�Z*jÁOUPBN�KMa t p t K[XbPGcUX t ubO`XbL�I�cUKMXYN[OUK[XYa	P.a%\�N�O+P�ZGL[OUi@XbP.i*XYµ�OUKMOUPBN�K�I%P*n%OUL�a%\SI t*t ubXYc�IkN[Xba	P
\�a	K?N�T*OEi*O!N�OUKMj�XYP�IkN[Xba	P�a%\¨N[T*OfLMa	ubZ9N�Xba%P;a%\¥I�Z*P*iGOUK[iGO+N�O+K[j�XbP*O+i�I%P*i;XbP*c+a	P*LMXbLMN[OUPBN�LMO+Nga%\¨O+��Z*I y
N�XYa	P*L+�	O%vÄn*v?· �k¸ �'· ��¸ v¥Þ¥PBN�KMa t p�XYL¥I�j�OUI%L[ZGK[OJ\�a	K)N[T*OJXYPG\�a	K[j�IkN[Xba	PEcUa	PBN[OUPBN6a%\'N�T*O`LMa	ubZGN[Xba	P¢v V P5N[T*O
L[O+P*L[O�a%\�N�T*O?j�I$¦9Xbj�ZGjÝO+PBN�K[a t p t K[XbPGcUX t ubO2N[T�IkN�L[a%ubZGN[Xba	P5XYL¨a t N[Xbj�I%u¯�$�?T*XbcdT�T�I%L¨N[T*O?j@I$¦9XYj�Z*j
OUPBN[K[a t p5IkP*i�N�T0Z*L¨N[T*O`j�XYP*Xbj�Z*jïXbP9\�a	K[j�IkN�XYa	PEcUa	PBN�O+PBN�a%\�I%ubu t a	L[LMXbm*uYOJL[a	uYZGN�XYa	P*L2º { »^v)_`T*O`j�a	LWN
XbPBN[OUK[O+LMN[XbP*n t K[a t O+KMNqp�a%\�N�T*O.j�I$¦9Xbj�ZGj3OUPBN[K[a t p<L[a%ubZGN[Xba	P<XbL�N[T�IkNEXYN�XYL�j@I$¦9XYj@I%uYuYpXYP*i*O+À*P*XYN[O
K[O+nBI%KMi*XbP*nfN�a5P*a%N?j�O�IkL[Z*KMOUi t K[a��MOUc+N[Xba	PGLU�*X�vÉOkv¨a	P*u�p@LMZ*cdT;LWN�KMZ*c+N[Z*K[O+LzIkK[O�KMOUcUa%P*LMN[K[Z*c!N�OUi¢�'�?TGXbcdT
cUa%j�O�a	Z9NzZGP*Xb�0Z*O�\�K[a%j¹N�TGOEj�O�IkL[Z*KMOUi�i�IkNdI9v

_`T*O�KMOUc+a	P*LMN[K[Z*c!N�O+i�l%IkubZ*O+L@I%KMO;PGa%N@uYXbj�XYN[OUiÂN�a�¤UO+K[a7a	K.Z*PGXYNqp	v¡_`TGO�j�I$¦9Xbj�Z*jèOUPBN�KMa t p
L[a%ubZGN[Xba	P/cUI%P;m�O�XbPBN�O+K t KMO+N[OUi;I%L�I t K[a	m�Ikm*XbuYXYNqp�i*XbLWN�K[XYm*ZGN[Xba	P��0�?T*XYcdT�XbPGi*XbcUIkN�O+L`T*a"� t KMa	m�I%m*uYO�I
l	a�¦9OUuYLfm�OUuYa	P*n	L�N[a/N�T*O5i*O!\�OUc!N�v._`T*O.u�I%KMn	OUK�N[T*O�lkI%ubZGO5a%\JI�l%a"¦9O+u6XYLU��N[T*O.j�a	KMO t K[a%m�I%m*uYO5XYN�XYL
N�T*IkN`N�T*O�l%a"¦9O+u�m�OUuYa	P*n	LJN[a.N[T*O�i*O+\�O+c+NUv
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£�a	K¢N[T*O�c�I%uYcUZ*ubIkN�XYa	Pga%\0N[T*O�L[a	uYZGN�XYa	P�i*X�µ¢O+K[OUPBN t KMa9c+OUi*ZGK[OUL�I%KMO¥L[Z*n	n%OULMN[OUiEXbP�N[T*O�ubXYN[OUK[IkN�Z*KMO%v�Ëg�?P
XbPBl%OULMN[XbnBI$N�Xba%P*L�·*) ¸ I%L��2O+ubu6I%L�N�T*O.KMOUL[ZGuYN�LEa%\JÈ9Z*m*m*I%K�I%a�· w ¸ L[T*a"��N[T�IkN�N�TGO@Ì s Í)_�Ikubn	a	KMXYN[T*j
L[Z t*t ubXYOUL�N�T*O6m�O+LMN)K[OULMZ*uYN[L�\�a	K�a	Z*K�I t*t ubXbcUIkN�XYa	P�v�_`T*OJÌ s Í)_¾Ikubn	a	KMXYN[T*j XYL�m�IkL[OUi5a%P�I%PfXYN�O+K�IkN[XYl%O
I%i$�MZGLMN�j�OUPBN6a%\�N�T*O?KMOUcUa%P*LMN[K[Z*c!N�Xba%P�i�I$NdI�N�a�N�T*O?j�O�I%LMZ*K[O+i�i*IkNdI�mBp5j�Z*u�N�X t ubXbcUIkN�X�l	O6cUa	KMK[O+c+N�XYa	P*L+v+ O@\�a	Z*P*i�a	ZGN�N[T�IkN�N[T*O�m�IkL[Xbc�Ì s Í�_¹Ikubn	a	KMXYN[T*jÇc�IkPÂm�O�XYj t K[a"l	O+i7Z*L[XYP*nRLMa	j�O@I%i*i*X�N�XYa	P�I%u
LMN[O t LzI%c+cUa	KMi*XbP*n5N[a.N[T*O�\�a	ubuYa"�?XbP*n t K[a�cUOUiGZ*K[Okv
~ vzÈ�N�I%KMN`�?X�N�T�I.LMN�KMXbc!N�uYp t a%L[XYN[XYl%O�l	OUc!N�a	K éí �
Ê9vzHJI%uYcUZ*ubIkN�O�\�a%K?I%ubu t X�¦9OUuYL ê ózN[T*OEI%c+N[Z�I%u t KMa$�MOUc!N�Xba%P Û
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� v�Í?O t O�IkN�LWN�O t LzÎ5N�a � Z*PBN�XYuScUa	PBl%OUK[n%OUP*c+O
_`T*OzÀ*K[LMN�LMN[O t L�cUa	PBN�I%XbP.N�T*Ozm�I%LMXbczÌ s Í�_¡I%ubn%a	K[X�N�T*j�v x O t OUP*i*XYP*nEa	P�N[T*OzPGa	XbLMO t KMa t OUKMN[XbO+L

a%\�N�T*O¥i*IkNdI?I`L[j�I%ubu$K[O+u�I$¦GIkN[Xba	P�\,Ikc+N�a%KSREm�O+Nq��OUOUP } v }9~ I%P*i } v ~ XYLSL[O+ubOUc!N�O+ifXYP�a	K[i*O+K�N�a?n	Z�IkK�I%PBN�O+O
I�LWNdI%m*uYO@c+a	PBl	OUKMn	OUPGcUOa%\JN[T*O t KMa9c+OUi*Z*KMOUL+v<È�N�O t � Xbj t a	L[O+LEN[T*O�j�IkN�O+K[X�Iku¥cUa	P*LWN�K[I%XbP*Lfa	P�N[T*O
K[O+cUa	PGLMN�KMZ*c+N[Xba	P¢vÂ£)XbP*I%ubu�p	��N[T*O/K[O t OUIkN�O+i�j�OUiGX�I%P�À*uYN�O+K[XYP*n�a%\?N�T*O/XYPBN�OUKMj�O+i*X�I$N�O�KMOUL[ZGuYN�L5uYO�I%iGL
N�a�IÂcUuYO�I%K/XYj t K[a"l	O+j�O+P0Nak\fN[T*O�cUa	PBl%OUK[n%OUP*c+O�m�OUT�I�l�Xba	K�·T) ¸ v�_`T*O<P*a	XYL[O t KMa t O+KMN[XbOUL/ak\fN[T*O
j�O�I%LMZ*K[O+i�i�IkN�I�ZGL[OUi;\�a	K`N�T*OEcdT*a	XYcUO�a%\¥IkPRI%i*O+�0Z�IkN�OEK[O+u�I$¦GIkN[Xba	P/\,I%c!N�a	K�I%KMO�OULMN[Xbj�IkN�O+i;iGZ*K[XYP*n
N�TGO t K[O t K[a�cUOULML[XYP*n t K[a�cUOUiGZ*K[Okv

à�ý Õ U2³Y«9ã9H�WV6®¢«GÙ^¬�¯ãG³Y«9Ù
defect extension 3D reconstruction

boundary conditions

reconstruction
maximum entropy

binary constrains

£�Xbn	Z*KMOEÊ Û Ëgl	O+KMl�XbO!�Ãa"l	O+K�N[T*O�K[OUc+a	P*LWN�K[ZGc+N�XYa	P t K[a�cUO+i*Z*K[O

_�a;Xbj t a%L[O5N�T*O�m*XbP*I%KMp�c+a	P*LWN�K�IkXbP�N[T*O�j@I$¦9XYj�Z*jÇO+P0N[K[a t p�K[O+cUa	PGLMN�KMZ*c+N[Xba	P�XbL�ubXYP*h%O+i��?XYN[T
I%P�O!¦�N�O+P*i*OUi¾Z*LMO@a%\2N�T*O@I t KMXba	KMX¥h�PGa��?uYOUi*n%O�a%\JN[T*O�j�IkN[OUK[XbI%u t I%K[I%j�O+N�O+K[LEXbP�I;m*XYP�I%K[XYL�IkN[Xba	P
t KMa9c+OUL[L+v�_`TGO�¶*a��ïa%\�N[T*O�i*O+l%OUuYa t O+i;KMOUc+a	P*LMN[K[Z*c!N�XYa	P t K[a�cUOUiGZ*K[OEXbL`LMh%O+N[cdT*OUi�XbP/À�n	Z*KMOfÊ9v

£)XbKMLMN¥N[T*O`j@I�¦GXYj�Z*jÝOUPBN�KMa t p5L[a%ubZGN[Xba	P5XYL¨c�I%uYcUZ*ubIkN�O+i�v V P�I�m*XYP�I%K[XYL�IkN[Xba	P t K[a�cUO+L[L¥N�T*a%L[O`l	a�¦ y
OUuYL2�?XYN[T�N�T*O�ubI%K[n%OULMNJj@IkN[OUKMX�I%u�lkI%ubZGOUL`I%KMO�Xbi*O+PBN�XYÀ*OUiI%L`m�OUuYa	P*n	XYP*nfN[a�N�T*O�i*O!\�OUc!N�v�È9OU�0Z*O+PBN�uYp%�'I
P*O!�§LMa	ubZGN[Xba	P�a%\6j�I$¦9Xbj�Z*jÜO+PBN�K[a t p�XbLzc�I%uYcUZ*ubIkN�O+i�Z*LMXbP*n@N[T*O�l%a"¦9O+u¨Xbi*O+PBN�XYÀ*OUi<I%Lzm�O+uba	P*n%Xbn�N[a
N�TGOEiGO+\�OUc!N�IkLzI.m�a	Z*P*i�IkKMp/c+a	P*i*X�N�Xba%P�v�_`T*XYL t K[a�cUO+i*Z*K[OEXbL?KMO t O�IkN[OUi�XYN�O+K�IkN[XYl%OUuYp@Z t N�a�I�c+a	j y
t uYO+N�O@m*XbP�IkKMp�K[O+cUa	P*LWN�KMZ*c+N[Xba	P�v x ZGK[XbPGn;N�TGO�m*XbP*I%K[XYL�IkN[Xba	P t K[a�cUO+L[L.I;\�O!�÷P�IkN�ZGK�I%u�n	OUa	j�O+N[K[XYc�I%u
m�a	Z*P*i�IkKMp�cUa	PGi*XYN[Xba	P*L�I%KMO�Z*LMOUi���O%vÄn*v`�?XYN[T*XbP;I�i*O!\�OUc!N�P*a@j�IkN[OUK[XbI%uSc�IkP�m�O�OUPGcUuba%L[OUi¢v V \6Iki*i*X y
N�XYa	P�I%u*I t KMXba	KMX'I%L[LMZ*j t N�XYa	P*L�a"l	OUK�N�TGOzLMT�I t Oza%\�N�T*O?i*O!\�OUc!N�LJIkK[O�h�PGa��?P¢��N[T*O+p�I%KMOzmGK[a	Z*n%T0N6XYP0N[a
N�TGOEmGXbP�I%KMXbL[IkN�XYa	P t KMa9c+OULMLzIkLJ\�Z*KMN[T*OUK?m�a	Z*P*i�IkKMp�c+a	P*i*X�N�XYa	P*LUv)_`T*O�m�I%L[XYc�Xbi*OUI5a%\�N�T*O t KMa9c+OUi*Z*KMO
XbL�N[aI%L[LMXbn	P<a	PGuYp�\�O+�§l%a�¦GO+ubL�N�a�N[T*O.i*O+\�O+c+NEXbP�OUI%cdT�XYN�O+K�IkN[Xba	P¢�¢XbP�a%K[i*O+K�N�aOUP*LMZ*K[O�I/n	K[I%i*Z�I%u
I%i$�MZGLMN�j�OUPBN�a%\�N�T*O�LMa	ubZGN[Xba	P�N[a5N�T*O�m*XYP�I%KMp�cUa	P*LWN�K[I%XbP�v

X æ¨×0Ù"±��É¬^Ù
_�a�j�O�IkL[Z*KMO�N�T*O t OUKW\�a	K[j�I%P*c+O5a%\�N�T*O t KMa t a%L[OUi<j�O+N[T*a9i�O^¦ t O+K[Xbj�OUPBN[LfIkK[O5c�IkK[K[XYOUi�a	Z9N�Z*L[XYP*n
L[XYj�Z*ubIkN�O+i@i�IkN�IfKMOUcUa%K[i*L+v s m�I%uYu¯��IfKMXbn	TBN t I%K�I%uYubO+ubO t X t OUi�I%P*i/IkP�a	m��MO+c+N`a%\�cUa	j t ubO^¦�n	OUa	j�O+N[KMp
L[TGa��?PDXbPÂÀ�n	Z*KMO { I%KMOZ*L[O+i¡I%L5N�O+LMN�a	m��MOUc!N�L+vD_`T*O�K[O+cUa	P*LWN�KMZ*c+N[Xba	P*L@I%K[OcUI%ubc+Z*u�IkN[OUiÂ\�K[a%j ß



PGa	XbLMO }�Y PGa	XbLMOEß Y P*a	XbLMO ~"}�Y
m�I%ubu }�Y ~ZY {�Y
t I%K�IkububO+ubO t X t OUi }�Y Ê Y {�Y
cUa	j t ubO^¦/a	m0�MOUc+N ~ v´Ê Y ß Y �(Y
_)Ikm*ubO ~	Û Í?OUc+a	P*LWN�K[ZGc+N�XYa	P�OUK[KMa	K[Lfº�L[Xbj�Z*u�IkN[OUi/a	m0�MOUc+N[Ld»

L[XYj�Z*ubIkN�O+i;K[I%i*Xba%n	K�I t T*L`i*XbLWN�KMXbm*ZGN[OUi��?XYN�TGXbP�I�K[I%P*n	OEa%\¥w }�[ vJ_`T*O t a%L[XYN[Xba	Pa%\�N�T*O t KMa$�MOUc!N�Xba%P*L
XbLElkI%K[XYOUi�N[aRXbPBl	O+LMN[XbnBIkN[O@N�TGO�i*O t OUPGi*OUP*c!pÂa%\`N[T*O�K[O+L[Z*u�N�L�a%P�N�T*O t K[a$�MO+c+N[Xba	P7iGXbK[O+c+N[Xba	P�v�_`T*O
XbP9¶�Z*OUPGcUO�a%\�j�O�I%LMZ*K[O+j�O+P0N?O+K[KMa	K[LJL`XYPBl	OULWN�XYnBIkN�O+iZ*L[XYP*n��EIkZ*L[LMX�I%P�PGa	XbLMO�a%\�i*XYµ�OUKMOUPBN?LMN[K[O+P*n%N�T¢v
_`T*O�I%j�a%Z*PBNga%\)\,I%ubLMOUuYp�K[OUc+a	P*LWN�K[ZGc+N�O+i�l	a�¦9OUu)KMOUubIkN�O+i;N�a�N�T*O�l	a%ubZ*j�Ofak\¨N�T*Ofa	m��MO+c+N�XYLzZGL[OUiRI%L
I%P�OUKMK[a	K`j�O�I%LMZ*K[O+j�O+PBN�\�a%KJN�T*O�O+lkI%uYZ�IkN[Xba	P/a%\�N�TGOEKMOUc+a	P*LMN[K[Z*c!N�XYa	P�v
V P�N�I%m*uYO ~ N[T*O.K[OULMZ*uYN[L�a%\�N[T*O.K[O+cUa	P*LWN�KMZ*c+N[Xba	P�Z*L[XYP*nL[XYj�Z*u�I$N�OUi<K[I%i*Xba%n	K�I t T*L�I%KMO�LMZ*j�j@I y

K[XY¤UO+i�v�_`T*O�n%XYl	O+P�K[O+L[Z*u�N�L�I%KMO�I�l	O+K�I%n%OUi<a"l	OUKgL[O+l%OUK[I%u¥IkNMN�OUj t N[LUv + X�N�T*a	Z9N�P*a	XYL[OfXbPG¶�ZGOUP*c+O.I%P
O!¦GI%c!N�KMOUc+a	P*LMN[K[Z*c!N�XYa	P�XYL�I%cdT*XbO!l	O+i�\�a	K�N�TGO�m�Ikubu¥I%PGi�N[T*O.K[Xbn%T0N t IkK�I%uYubOUuYO t X t O+i�v�_`T*O�cUa%j t uYO!¦
a	m��MO+c+N?XYL2K[O+cUa	PGLMN�KMZ*c+N[OUi/�?XYN[TI�L[j�I%uYu�O+K[KMa	KJa%\�I%m�a	ZGN ~ v Ê Y v�\�OUKMp�L[j�I%uYu�i*O!l�X�IkN[Xba	P*L�a%\SN�TGO�K[O y
cUa%P*LMN[K[Z*c!N�OUi/LMT�I t Oz\�KMa	j�N�T*O�N�KMZ*OgLMT�I t Oga�cUcUZGK2i*O t O+P*i*XbPGn�a	P�N[T*OgLMOUuYOUc+N[Xba	P�a%\�N[T*O t KMa$�MOUc!N�XYa	P
i*XYK[OUc!N�XYa	P*LUv

reconstruction error

complex object

reconstruction using 5 radiographs

£)Xbn%Z*K[O {GÛ Í�O+cUa	P*LWN�KMZ*c+N[Xba	P�a%\)I.c+a	j t ubO^¦a	m��MO+c+N

+ XYN[TRXbP*c+K[OUI%L[XYP*n@P*a%XbL[OEN�T*OfP0Z*j�m�OUKgak\¥\,I%ubLMOUuYp�K[OUc+a	P*LWN�K[ZGc+N�O+i�l	a�¦9OUu¨XYP*cUKMO�I%LMOULU��N�T*O�a	m��MOUc!N
L[T*I t O@T*a"�2O!l	OUK5XYLfLMT*a"�?PÂXbP�I%ubu�c�IkL[OUL�a	P*uYp�XYP*L[XYn	P*XYÀ*c�I%PBN�u�pR��a	K[LMO@N�T�IkP7XbP�N�T*O�c�I%LMO�a%\`XYi*O�I%u
i�IkN�IGv V P�À�n%Z*K[O { N[T*O�KMOUcUa%P*LMN[K[Z*c!N�Xba%P�K[O+L[Z*u�Ng\�a	K`N[T*O�c+a	j t ubO!¦�a%m��MOUc!N�Z*LMXbP*n t K[a��MOUc+N[Xba	PGLz�?XYN[T
~"}�Y P*a	XbLMO`a"l	OUKMu�I�p	O+i�XbL¥LMT*a"�?P@ubI"p%OUK�mBp.u�I�p	O+KUv]\�a�¦9OUu��B�?T*XbcdT�I%K[O?KMOUcUa%P*LMN[K[Z*c!N�OUi@XbP*c+a	K[KMOUc+N[uYp�I%L
m�OUuba%P*n	XbPGnfN�afN�T*O�iGO+\�OUc!N���IkK[Ogj�I%KMh%OUi��?TGXYN�OgXbP@N[T*O t KMOUL[O+PBNdIkN[Xba	P/a%\SN[T*O�KMOUcUa%P*LMN[K[Z*c!N�Xba%P/OUK[KMa	KUv\�a�¦9OUu¯�0�?T*XYcdT/I%K[O�i*O!N�OUKMj�XYP*OUi�XbP*c+a	K[KMOUc!N�uYp�IkL�P*akNJm�OUuba%P*n	XbPGn�N[afN[T*Ogi*O!\�OUc!N��*IkK[O�j@I%KMh%O+i@m*ubI%cdh'v

V P�N�T*O�\�a	uYuba"�?XbPGn*��XYPBl	OULWN�XYnBIkN�XYa	P*LgI%K[O5cUI%K[KMXbOUi�a%ZGN�Z*LMXbP*n/i*O!\�OUc!N�L�a%\��2O+ubu y h0P*a"�?P<n	OUa	j�O+N[KMp
I%L?�2O+ubu�I%L�K[OUI%uSc�I%LWN�XYP*n@i*O!\�OUc!N�LUv`_`TGOfK[I%i*Xba%n	K�I t T*L`�2O+K[OfN�I%h%O+PRZ t �?XYN�T;I.L[Xbj t uYOEK[I%i*XYa	L[c+a t Xbc
LMp�LWN�OUjÝcUa%P*L[XYLMN�XYP*ngak\'Izj�Xbc+K[a%\�a�cUZ*LS� y K�I�p�N[Z*m�Ok�	I%P�Xbj�I%n	O¥cUa%P0l%OUKWN�OUK¨I%P*i5IgH x�x c�Ikj�O+K�IGv�_`T*O
c�IkubXbmGK�IkN[Xba	P�a%\�N�T*O.n	O+a	j�O+N�KMXbcUI%u¨cdT�I%K[I%c+N[OUKMXbLMN[Xbc+Lfa%\�N�T*O�K�Iki*Xba	LMcUa t Xbc5LMp�LWN�OUjÑ�2I%L�IkcdT*XbO!l	OUi�m0p
Z*LMXbP*n/I�L t OUcUXbI%u)cUI%ubXYm*K�I$N�Xba%P t K[a�cUOUiGZ*K[Okv x O+NdIkXbubL�a%\¥N[T*O�cUI%ubXYm*K�IkN[Xba	P t KMa9c+OUi*Z*KMO5I%KMO�i*OULMcUKMXbm�OUi
XbP�·Äß ¸ v



reconstruction using 5 radiographs

reconstruction error

drilling hole

£)XYn	Z*KMO�Î Û Í?OUcUa%P*LMN[K[Z*c!N�Xba%P;a%\)I5i*K[XYubuYXbP*nfT*a	ubO

x O+\�O+c+N�L�a%\z�2O+ubu y h0P*a"�?P�n	O+a	j�O+N�KWp¾I%KMO�LMXbj�ZGu�IkN[OUi¾XbP�I�N�OULWN�L�I%j t ubOmBp¾i*KMXbubuYXbP*n;T*a	uYOUL.a%\
i*X�µ¢O+K[OUPBN�L[Xb¤+O@IkP*i�i*O t N�T¢v s L�I%P�O!¦GI%j t ubOk��XYP�À�n	ZGK[O@Î�N�T*O�K[O+cUa	PGLMN�KMZ*c+N[Xba	P�a%\?I;c!p�ubXbPGi*K[XYc�I%u
i*KMXbubuYXbP*n�T*a	ubO�XYL t K[OULMOUPBN�O+i�v o L[XYP*n@ß.K[I%i*Xba%n	K�I t T*L?XbP;I�w }([ K�IkP*n	O%��I%m�a	ZGN {�Y ak\)N�TGOEl%a"¦9O+u¨I%KMO
K[O+cUa	PGLMN�KMZ*c+N[OUiR�?KMa	P*n*v�_`T*O�i*O!l�X�IkN[Xba	P*L?cUI%PRI%uYu�m�OE\�a	ZGP*iRIkN?N[T*OfLMZ*KM\,IkcUOEa%\¨N�TGOfT*a%ubO%vJË�P�N[T*O
I�l	O+K�I%n	OEN�T*Ofi*O+l�XbIkN�XYa	P*L?a%\)N[T*O�KMOUc+a	P*LMN[K[Z*c!N�O+i�L[T�I t O�\�K[a	jÓN[T*O�I%c!N�Z�Iku�LMT�I t OfXYLzuYOULML�N[T�I%P�a%P*O
l	a�¦9OUu�vR_`T*O�j�I$¦9Xbj�Z*jÔL[T�I t O�iGO+l�X�IkN[Xba	P�I%j�a	Z*PBN�LEN�a�Nq��a^\�a�¦GO+u¯v;_`T*OULMO/K[OULMZ*uYN[L�T�I�l%O/m�O+OUP
cUa%PGÀ�K[j�OUi�Z*LMXbP*n.i*KMXbubuYXbP*nfT*a	uYOUL?a%\�i*XYµ�OUKMOUPBN?L[T�I t OfI%P*iL[XY¤UOkv

_`T*O`K[O+cUa	PGLMN�KMZ*c+N[Xba	P.a%\�I�KMO�I%u9c�I%LWN�XYP*n�i*O!\�OUc+N�ZGL[XbPGnEßzK�I%iGXba	n	K[I t T*LJº�w } [ K�I%P*n%O"»�XYL t KMOUL[O+PBN�OUi
XbP/À�n%Z*K[Ofß9v¥_`T*OEj�I$¦9Xbj�Z*j÷OUPBN[K[a t pL[a%ubZGN[Xba	PI%PGi�N[T*O�m*XbP�IkKMp�KMOUc+a	P*LMN[K[Z*c!N�XYa	P�IkK[O�L[TGa��?P¢v

_`T*OULMO�N�O+LMNzK[O+L[Z*u�N�L�XbP*i*XYc�IkN[O�N�T�I$NgX�N?XbL t a	LML[XYm*ubO�N[a@K[O+cUa	PGLMN�KMZ*c+Ngc�I%LWN�XYP*n�iGO+\�OUc!N�L�\�K[a	jÓa%P*uYp
\�O+�§K�I%iGXba	n	K[I t T*L�ZGL[XbPGnN[T*O.j@I$N�OUKMX�I%u t I%K[I%j�O+N�O+K[L�a%\6N�T*O.cUI%LMN[XbP*nL�Ikj t uYOUL�I%L�I t KMXba	KMX¨h0P*a"� y
ubO+i*n	Okv

binary reconstruction

maximum entropy reconstruction

£)Xbn	ZGK[OEß Û Í?OUc+a	P*LWN�K[ZGc+N�XYa	P�a%\¨I5cUI%LMN[XbP*n�i*O+\�O+c+N

_ V6®¢«G²���±9Ù+³´®¢«GÙ
s P�I t*t KMaBI%cdT\�a	K`N�T*O�N�a%j�a	n%K�I t TGXbc�KMOUcUa%P*LMN[K[Z*c!N�Xba%P�a%\)c�I%LWN�XbPGn�i*O!\�OUc!N�Lz\�KMa	j¼\�O!�ïK�Iki*Xba	n%K�I t TGL
T�I%L�m�OUOUP t K[O+L[O+P0N[OUi�v¼_`T*O�Nq��a y LMNdIkn	O t K[a�cUOUiGZ*K[O�XbLm�I%LMOUiÅa	P I¾LMp�LWN�OUj�IkN[Xbc<Z*L[O�a%\fN�T*O�I
t KMXba	KMX�h0P*a"�?uYOUi*n	O�a%\�N�TGO�j�IkN�O+K[X�Iku t I%K�Ikj�O!N�OUKML@a%\gN�T*ORcUI%LMN[XbP*n�L�I%j t uYO;XYPDcUa%P*P*OUc!N�XYa	PD�?XYN[T
N�TGO�ubXYj�X�NdIkN[Xba	P�a%\`N[T*O@KMOUc+a	P*LMN[K[Z*c!N�XYa	P7N�aRKMOUn	XYa	P*Lfa%\?XbPBN�O+K[O+LMN.I%KMa	Z*P*iÂiGO+\�OUc!N.I%KMO�I%L+v<£'a%KEN[T*O
K[O+n	Z*ubI%K[XY¤�IkN[Xba	P�ak\�N[T*OJN�a	j�a	n	K[I t T*XYcJK[O+cUa	PGLMN�KMZ*c+N[Xba	P t KMa	m*uYOUj§N[T*O`j@I�¦GXYj�Z*jÝOUPBN�KMa t p t K[XYP*cUX t ubO
XbL�Z*LMOUi5XbPEcUa%P*P*OUc!N�XYa	P��?XYN[T�I%PfXYN[OUK�I$N�XYl%O t K[a�cUOUiGZ*K[O6\�a	K�N[T*O2mGXbP�I%KMXbL[IkN�XYa	P�a%\*N�TGO2K[O+cUa	PGLMN�KMZ*c+N[Xba	P¢v

V PBl	OULWN�XYnBIkN�XYa	P*L�ZGL[XbPGn�L[XYj�Z*ubIkN�O+i�i�IkN�IRI%LE�2O+ubu�I%L�i*O!\�OUc!N�L5a%\J��OUuYu y h�PGa��?PÂn%OUa	j�O+N[KMp<L[TGa��
N�T*IkN2N[T*O t KMOULMOUPBN�O+i t K[a�cUOUiGZ*K[OzOUP�I%mGubOUL2I�K[O+cUa	PGLMN�KMZ*c+N[Xba	P�\�K[a	j�l%OUKMp�\�O+�¿K[I%i*Xba%n	K�I t T*LUv s T*XYn	T
K[O+cUa	PGLMN�KMZ*c+N[Xba	PDI%cUc+Z*K�Ikc+p¾XbL.IkcdT*XbO!l	OUi�\�a	K5L[XYj t uYO�i*O!\�OUc+N�n	O+a	j�O!N�KMXbOUL+v¾_`T*O�IkcUcUZGK�I%c!p�ak\zN[T*O
K[O+cUa	PGLMN�KMZ*c+N[Xba	P�a%\�cUa	j t uYO!¦/iGO+\�OUc!N�L�XbL`O^¦*Ikj�XYP*OUi;IkN t KMOUL[O+PBNgXYP\�ZGKMN�TGOUK?XbPBl	O+LMN[XbnBIkN[Xba	PGLUv



æ¨×�`1×*¯×�«G²%×0Ù
· ~U¸ rgI%PGh%O%�ÉÍ�v Û Þ¥XYPa\�O+KM\,I%T*KMOUP�¤UZ*Kcb2O+LMN�XYj�j�Z*P*n�l	a	P@Q�I%n	O?Z*P*i o j.\,I%P*n�l	a	Pa\�a	ubZGj�O+P*i*O+\�O+h y
N�O+P�XbP�Þ�cdTBN[¤UOUX�N¥I%jdb2O+XbL t XbO+u�iGOUK¥��Z�e%N[OUXYubO t K[Z*O!\�Z*P*n*v$�¥T x N�TGOUL[XYLU� o P*X�l	OUKML[X�Nqp�a%\�Þ�KMu�I%PGn	OUP��
��O+K[j�I%PBp	� ~ w	w � v

·ÄÊ ¸ Ì;XbubI%PG\,I%K+����v �gf I%K[u�� + v Hgv � + XYubuYOUL[hBp%� s v´È�v Û Í�O+cUa	P*LWN�KMZ*c+N[XbP*nhb�XbP�I%KWp;��a	u�p9n%a	P�I%u)Ë�m��MOUc!N�L
\�K[a	j3�¥K[a$�MO+c+N�XYa	P*L Û s È0NdIkN[XbLMN[XbcUI%u]\�XYO+��v���K�I t T*XbcUI%u�Ì;a�i*O+ubL�I%P*i V j�I%n	O.�¥K[a�cUO+L[L[XYP*n*��ß � �
ß9� ~ w%w%Î*v

· {k¸i+ IkububXYP*n%\�a	KMi���ÍEv Ì�v � bJI%L[I%KMNU�kjGv ��v Û Í?OUc+a	P*LMN[K[Z*c!N�XYa	P¡a%\�Þ¥ubuYX t LMa	Xbi*I%u?£)u�I�� Ì�a9i*O+ubL�\�K[a	j
� y ÍzI�p@ÍzI%iGXba	n	K[I t T*L+vGÍ?O+l�XYO+�Æa%\��¥K[a	n	KMOULML`XbP;l�Z�I%PBN[XYNdI$N�XYl%O�eza%P*i*OULWN�KMZ*c+N[XYl	O�Þ¨lkI%uYZ�IkN�XYa	P��
~"} s � ~ w	w ~ v

·ÏÎ ¸ Í�O!N�K[I%XbPBN��$£2v � ��O+p�K[XYP��	£2v � x XYPBN�OUj��(jGv´Ì�v Û _`T*K[O+O yqx Xbj�OUP*LMXba	P�Iku0Í�O+n	Z*u�IkK[Xb¤+OUi�b2XYP�I%KMp V j@I%n%OÍ�O+cUa	PGLMN�KMZ*c+N[Xba	P�£�K[a	j§_`T*K[O+Og_J��a y|x XYj�O+P*L[XYa	P�I%uG��KMa$�MOUc!N�XYa	P*L o L[XYP*nfIfÍ�I%P*i*a%j�XY¤UOUi V H`Ì
s uYn	a	K[X�N�T*j�v V PBN�v�jGv V j�I%n	XbPGn�È�p�LMN�v'_�OUcdT*PGa	u¯v'wG� ~ w	w�)G� t*t v ~"{ ß yd~ Î � v

·Äß ¸ QSOUT*K+�0Hgv � £�OUXYLMN[O%� f vÉQ¥v � È�N[OUn	O+j@IkP*P�� x v � QSXbOUi9N�h%Ok�0Hgv y Þ`v Û _`T*K[O+O`i*Xbj�OUPGL[Xba%P�I%u0i*O+\�O+c+N�IkP�I%u yp�L[XbL�Z*LMXbP*n�LMN[OUKMOUa	K[I%i*Xba%L[cUa t p<m*I%L[O+i�a	P�c�Ikj�O+K�I/j�a�i*O+ububXYP*n*v � N�T�Þ6HJe x _���H2a t OUP*T*I%n	OUP¢�
Ì�I�p ~ w	w()Gv

· �k¸ Í�O+XbL+�2Ì�v Q¥v � Í�a	m�OUKWNqp	��efv Hgv Û Ì�I�¦GXYj�Z*jôOUPBN�KMa t p�I%ubn	a%K[XYN[T*jÑ\�a	K�Xbj�I%n	O@K[OUc+a	P*LWN�K[ZGc+N�XYa	P
\�K[a	j t K[a��MOUc+N[Xba	PGLUv V PBl	O+K[L[O��¥K[a	m*uYOUj�Lm)G� ~ w%wBÊ9� t*t v � Ê {$yq� Î	Î*v

· �$¸ egI%XYuba	PGn + Z Û _`TGO�Ì;I$¦9Xbj�Z*jÓÞ�PBN[K[a t p;Ì;O!N�T*a�i�v�È t KMXbP*n%OUK y \�OUKMu�I%n�b�OUK[uYXbP�� ~ w	w � v
·T) ¸ Þ¥cdh%OUKWN��<�5v ÛÇo PBN[OUK[LMZ*cdT0Z*P*n÷I%uYn	OUm*K[I%XbLMcdT¹X�N�O+K�IkN[XYl	O+K¾_�a	j�a	n	K[I t T*XYO+l%OUKM\,IkT*K[O+P¹¤+Z*K {	xzy

Í�O+h%a	PGLMN�KMZ*hBN�XYa	P�l%a	P��Z�e%\�OUTGubOUKMP@IkZ*L2Ímn�PBN�n	O+P t K[a��MOUhBN�XYa	P*OUP¢v*È�N[Z*i*XYOUP�I%KMm�O+XYNU� o P*XYl%OUKML[XYNqp
a%\)rgI%P*PGa�l%OUK+�¢��OUKMj@IkP0p%� ~ w	w()Gv

· w ¸ È9Z*m*m*I%K�I%aG�%��v´Ì�vT\�v � Ì;ZGP*L[T*X��	��vY�%Ì;Z*K[I%ubXYi*T�I%K+� f v Û ��O+KM\�a	KMj@I%PGcUO6a%\GX�N�O+K�IkN[XYl	O¥N[a	j�a%n	K�I t T*XbcI%ubn%a	K[X�N�T*j�L`I t*t ubXbO+i/N�a@PGa	P y iGOULMN[K[Z*c!N�X�l	O�O!lkI%ubZ�I$N�Xba%P�?X�N�T�ubXYj�X�N�OUi/i*IkNdIGv'e x _mo�Þ V PBN�OUK y
P�IkN[Xba	P�Iku¯� {	} � � � ~ w	w � � t*t v { ß%w y|{	�%} v


