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Confidence bands for the "true" curve.
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Data = (location + measured intensities for
              different wavelengths)
        for  each star in the catalogue

location

Graphical model for single star

Gaussian

Gaussian

Gaussian
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var q
N

v
var1

accuracy

f
Node for unknown variable f
 (unshaded means unknown).

var1
Node for known variable var1

(shaded means known).

var1 q1

class Set of arcs into node implies probability
 has component:   p(var1|  f, q1 )

Diamond is a value/utility node.
We would like to achieve a high
value for this variable .

Box is an action node.  We can
set this value ourselves.

Plate around graph component implies it
is repeated N times, so we have
          Õ i=1,..,N  p(vari|  q )

var qclass

Double node implies variable has
deterministic equation:   var  = f(class, q)

class(i) class(i+1)

Undirected arc implies variables are
correlated.
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class(i,j)

m

S

fclass

N
pixel mixGaussian

class pixel
C

Gaussian

Linear

class(i-1,j)

a

class(i+1,j)

class(i,j+1)

class(i,j-1)

(a) (b)
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m{`no@X@][ZbV[ÃaS �MVY^lTÖq �MV[^lTè·

�MufSU^KPKhOQ 0]m � Xg] 0 
 0]m �1X@]�0 
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�žÃa^³Ta][X@¬a`n^lS3XKd4¤ÒAf¾l¾lAf;(§œC­ a¿¹=4DL¾@pvXg]m=(; "H;(£�!�;1CO a¿f=(DL¾@pgA¹;4>M£O¤ÒÑ(¿fDÈ?BDÆ<4 �?K ÆZ�Qi^lh­¨�^lSUZj\

Zbhè¨aPKV„P�PvhOPK`bRWQkZjQ•ƒ




^l][^Mx²Q�VYÃa^¥QIZbVY_­PvVYZnX@h¢dfX@]–Qk_WT¦^�]YéLZ�Qk^B¨�`n^KPv][haZbhWoaƒ

Temperature (F)

?
98.1
99.4
103.2
97.1
101.1

..

..

Age

25
62
44
?
58
75
..
..

Weight

180
132
211
141
130
178

..

..

Blood Pressure

?
145
161
131
141
153

..

..

Sex

Male
Female

Male
Female
Female
Female

..

..

Blood Test

?
negative

?
negative
negative
positive

..

..

ID

35267
83877
23414
09372
62253
07631

..

..

Sample Medical Records Database

Diagnosis

flu A
flu B

healthy
flu A

healthy
?
..
..

(

0ÐZjQYQkZnhao�égPv`n_a^KQ³Pv][^¥¨�^lhaXgVY^K¨¢¬�R�k�� l�ƒ

(

�MXgSU^.�O^�`�¨aQ¼zf]YXK©–QÄ‚êPvhO¨¢QIX@SU^¥\lPgQk^KQ¼z|\•X@`n_aSUhOQ„‚iS¢PlR�¬¦^¼df][^l^ŒXvd�SUZ�Q[QkZbhWoÆégPv`n_a^KQ•ƒ

(

0ÐZjQYQkZnhao³égPv`n_a^KQHZbhÆV[Ãa^m¨�Z�PKo@haXªQkZjQi\•X@`n_aSUhŒ\�PvhHpgQk_a][Ta]YZjQkZnhao@`nRMpv¬O^m_OQk^•df_W`Oz¹Zbh¥QI_aTO^l]YéLZ�QI^K¨

SUZ���V[_a]Y^–SUXL¨�^�`�QÄ‚cƒ

ëMëœì@r9%

� *,+ �9 * & ^�� - � 0 ] 'ž-Ò-ç'(" ) 56% #38 �æ-

�žÃa^l][^–Pv][^Œz‰PvV�`b^KPgQkV•‚eVk©mX¼X@V[Ãa^l]iVIRLTO^KQ(XvdESUZjQYQIZbhao–égPv`b_W^KQžz¹Znh�\•`�PgQYQIZ/�E\lPKVYZnX@h ‚H©m^ž©³Zn`b`LZbo@hWX@]Y^ªƒ

×¢£O;@?»?�>M aJKD¦N

�

h¥Qk_WTaTa`bRLZbhWo³VYÃa^ê¨aPvVcP�pKVYÃa^m^���TO^l][VHÃOP@QHhaXgViQI_aTaTa`nZb^K¨¼VYÃW^KQk^�égPv`n_a^KQH¬¦^B\lPv_OQI^

V[Ãa^lRU¬O^l`nZb^léM^–VYÃa^�S Zb][]Y^l`n^légPvhLV dfXg]{V[ÃaZ�Q³\�P@Qk^ªƒ

(

�žÃW^ÆSUZjQYQkZnhaoŒégPv`b_W^Æ\¯X@]Y][^KQkTOXghO¨aQ{V[X �  � ��. ��(�*,49)�� � 4 ���, ���*�� � �,4�ƒ

(

�

SUTW`bZb^BQ QIX@SU^�VYÃaZnhao�PK¬¦Xg_aV¼V[Ãa^¼dfX@]YS Xvd�VYÃa^NkYV[]Y_a^ lœ\•XghO\•^lTWVlƒ

:�;�GI£OJK¤Ò �?KA�CEDFÔÕAf¾l¾lAf;(§HN �žÃa^�égPv`b_W^�Z�Q{SUZjQYQIZbhao�¬a_aV¼ZnV„Q¼PK¬OQk^�hO\•^�]Y^�Ta]Y^KQI^lhLV„Q³ZbSUTOX@][V„PKh�V

Znh�dfX@][S¢PvV[ZbX@heƒžDOÞb§HÞ–P�SUZ�Q[QkZbhWo�VY^l`n^lTaÃaXgha^Œh�_aS�¬O^l]žS�PBR�Zbh­¨�Z�\lPKVY^ŒVYÃW^ TO^l]cQkXghçÃOP@Q{hWX

V[^l`b^lTWÃaX@ha^ªƒ

(

�žÃW^1SUZ�Q[QkZnhao1égPv`n_a^1\¯X@_a`j¨Û\•X@][]Y^KQITOX@hO¨åV[X/PKhÕP@¨a¨LZbVYZnX@hOPK` �O^�`�¨/é@PK`b_a^ªƒ DOÞb§HÞ

� � � �

�

� ��� � g 
 �

���

�¯u�� ��� �gƒ

(

�

h¢o@^�ha^l]„PK` V[Ãa^ŒhOPvV[_a]Y^ŒXvd�VYÃW^¼Ta]YXL\¯^KQYQ–\lPv_­QkZbhWo�VYÃa^¼S«Z�QYQIZbhao¥égPv`b_W^¼ha^l^K¨WQžVYX�¬O^

S«XL¨�^l`b^B¨ p�©³Ãa^�]Y^¼ZnV³Z�Qž]Y^�`b^légPvhLVždfX@]–\¯`�P@Q[QkZ,�E\lPvV[ZbXghHƒ
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(

m¼Q[Qk_aS«^ V[Ãa^ÆS«Z�QYQIZbhao�égPK`b_a^¥©³P@Q–haX@V�\•X@`n`b^K\¯VY^K¨U©³Ãa^lhèVYÃa^�\�P@Qk^¥©³PgQ{X@¬OQI^l]YéM^B¨ ƒ 	�X@`bu

`n^K\•VYZnX@hUXg]{hWX@V � 4

1

�32���4

1

��45�(XKd�VYÃW^Æ\�P@Qk^ªx²Q³\•`jP@QYQIZ/�E\�PvVYZnX@hHƒ

(

�

h n³PlRM^KQkZjPvhHpiS¢P���ZnS�_aS9`nZ�5M^l`nZbÃaXMXL¨Ep�PvTaTa`nZb^K¨ÒQIV„PvV[Z�QIVYZ�\�Pv`‰p 0 ��
ip�PvhO¨ÒS¢PvhLR XgVYÃa^�]

`n^KPv][haZbhao�V[Ãa^lXg]YZb^BQ•paPKhOPv`nRaQIZ�Q³Xvd�SUZ�Q[QkZnhaoÆégPv`n_a^KQžZjQÝV[Ãa^¥QYPvS«^Mƒ

�!À¦Á�� VYÃW^lRUPK`b`HÃOPléM^¥P�\•XgSUSUX@h�SUXL¨�^�` Xvd VYÃa^¥¨aPKV„P�`bZ�5M^�`bZbÃWXMXL¨UPvV–VYÃa^�Zb]³\¯X@]Y^ªƒ

(

�

h¢o@^lhW^l]„PK`‰p�S«Z�QYQIZbhao ¨aPvVcPœZ�QžÃ­PvhO¨�`n^K¨U©³ZbV[Ã � � � �3-  � ���

1

� .'�¥} rgsv€|ƒ

(*)

^œÃ­PBéM^�P¢\lPgQk^�©³ZbV[Ã1\•`jP@Q[Q � � ���!�Mp35LhaXK©³h1¨aPKV„PLp � � � � �¦u

�

��� ���	�Mp4PvhO¨ S«Z�QYQIZbhao«¨aPKV„P


����!��� � �Lu

�

� � ���	�Mƒ

�

� � ���	�ogÕz � � � � �Ou

�

� � ���	�

�


����!� � � �Lu

�

��� ���	�@‚ �

(




XK© ¨�X¥©ž^¼S«XL¨�Z•dfR�V[Ãa^{`n^KPv][haZbhWo�Pv`no@Xg]YZbV[ÃaS �

<

X@]³SUXªQkVm\•`jP@QYQI^KQ XKd�Pv`no@X@][ZbV[ÃaS¢Q•pM©m^l`b`

_ah­¨�^l]„QIVYXMXL¨çPK`bVY^�]YhOPKVYZbéM^BQ ^��LZ�QIVŒ} rgàap wlµWpHqlàapOr@t@€|ƒ
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(

�{ZjQY\•][ZbSUZnhOPvV[ZbéM^–\•`jP@Q[QkZ/�¦\lPvV[ZbX@h¢SUXL¨L^l`�Q�Ta]YXKéLZ�¨�^ŒP�¨�Zn]Y^K\•VmSUXL¨�^l`|ƒ

�

z � � ���!�

� �

� � ���	�

�

� ��� � �f‚ g TW]YX@¬­Pv¬aZn`bZbVIRUXKd � � ���!� ogZbéM^lh«ZbhaTa_WV„Q �

©³Ãa^�]Y^ � ��� � ��\•Xg_a`�¨¢¬¦^ k„PU\¯`�P@Q[QÝTW]YX@¬­Pv¬aZn`bZbVIRUV[]Y^l^ l�paX@]Yk„PÆdf^l^K¨�u�dfX@][©³Pv]c¨Ðha^lVI©žXg]�5 l�p

Xg]�k[`bZbhW^KPv]m]Y^log]Y^KQ[QkZbXgh�l�ƒ

(

�žÃa^¥\•XghO¨�ZnVYZbXghOPv`H`nZ�5M^l`nZbÃaXMXL¨�XvdmP�QkZnhao@`n^Œ\lP@QI^Æ©³ZnVYÃ¢SUZ�Q[QkZnhao�¨aPKV„P�¬O^K\•X@S«^KQ��

�

z�� � � �!�

�

� � � � �¦u

�

� � ���	�

�

� ��� � �f‚.g

�

�

�	�
� ����


u��

�	�������

�

z � � ���!�

� �

� � ���	�

�

� ��� � �f‚

�

z 
����!� � � �Lu

�

��� ���	�

�
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�

� � ���	�@‚

(*)

^œhW^l^K¨çVYXèPv_aogSU^lhLVŒVYÃa^«¨�Z�Q[\•]YZnSUZbh­PvVYZné@^ŒSUXL¨�^�`i©³ZbV[Ã�a � � 
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Temperature (F)

99.0?
98.1
99.4
103.2
97.1
101.1

..

..

Age

25
62
44

50?
58
75
..
..

Weight

180
132
211
141
130
178

..

..

Blood Pressure

150?
145
161
131
141
153

..

..

Sex

Male
Female

Male
Female
Female
Female

..

..

Blood Test

negative?
negative

negative?
negative
negative
positive

..

..

ID

35267
83877
23414
09372
62253
07631

..

..

Diagnosis

flu A
flu B

healthy
flu A

healthy
?
..
..

F1
F2F3

F4
�³^KÅÈ_WZb]Y^BQ SUXL¨�^l`jQ�XKd ÃWXv©ÒV[X{Ta][^K¨�Zj\•V 2BQYPvS«Ta`b^ 29�O`b`nu¹Znh¼SUZjQYQkZnhao–é@PK`b_a^BQedf][X@S3V[Ãa^žXgVYÃa^�](égPv`n_a^KQ��

(

0ÐXL¨�^�`��œqŒQkÃWXv©–Q³ÃaXK©ÛV[X�Ta]Y^K¨LZ�\•V_nž`nXMXL¨ �H^KQIV{][^KQk_a`nVždfX@]
�O]cQkV�\lP@QI^�� ��g ¸gà@·gsÈwMƒ

(

0ÐXL¨�^�`��Æ·�QkÃWXv©–Q³ÃaXK©ÛV[X�Ta]Y^K¨LZ�\•V_nž`nXMXL¨�TW]Y^KQ[Qk_a][^ dfX@]
�­]„QkV�\lPgQk^�� ��g ¸@à@·gsÈwªp ^lV„\gƒ

(

�žÃa^–\�P@Qk^³©³ZnVYÃ�_ah 5�haXK©³h�¨�ZjPvoghaXMQIZ�QiZ�Q(Zno@haXg]Y^K¨Æ©³ZnVYÃaXg_aV�`bXªQYQ(XKd Znh�dfX@][S¢PvV[ZbXghHƒ �9ÀOÁ��

ZnV–¨�XM^KQkhex V³XL\l\•_W]{ZnhFV[Ãa^¥\•X@h­¨�ZbV[ZbX@h­Pv`H`bZ�5M^l`bZnÃaXMXL¨ dfXg]³VYÃa^¥QYPKSUTa`n^Mƒ
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(

6–^lha^�]„PvV[ZbéM^Œ\¯`�P@Q[QkZ,�E\lPvV[ZbXghFS«XL¨�^l`�Q�Ta]YXKéLZ�¨�^¥PKhFZnhO¨�Zn]Y^K\•VmSUXL¨�^l`EXvd�V[^¼df_a`b`e¨aPvVcPœQI^lVlp

�

z�� � � �!�

� �

� � ���	�

�

� ��� � �¹‚ g Ta][X@¬OPK¬aZb`nZbVIRUXvd4df_a`n`4\lP@QI^œz � � � ���

� �

� � ���	�@‚cƒ

©³Ãa^�]Y^�� ��� � �i\¯X@_a`j¨�¬O^¥QkZnSUTa`n^{Xg]�k[Z�¨�ZnX@VlxyQ lFn³PlRM^KQIZ�Pvh�\•`�PgQYQkZ,�O^l]�ƒ

(

	�`jP@QYQIZ/�E\�PvVYZnX@hÖZ�QŒ¨�Xgha^œ_­QkZbhWo]n³PlRM^KQ³VYÃa^lXg]Y^lS V[Xè\•X@SUTW_aVY^

�

z�� � � �!�

� �

� � ���	�

�

� ��� � �¹‚

df][X@S

�

z�� � � �!�

� �

� � ���	�

�

� ��� � �¹‚cƒ

(

�žÃa^Œ`nZ�5M^l`nZbÃaXMXL¨œXKdmP�QkZbhWo@`b^~\lP@QI^Æ¬O^K\•XgSU^KQ��

�

z � � ���!�

�

� � � � �¦u

�

� � ���	�

�

� ��� � �f‚ g

�

�

�	�
� � � 


u �

� �������

�

z�� � ���!�

� �

��� ���	�

�

� ��� � �f‚

�žÃaZjQ³Qk_aSßS¢P�5M^KQiS¢PvhLR«QkV„PKhO¨aPK]„¨ÐPK`bogX@]YZnVYÃaS�Qž_ah�_­Qk^KPK¬a`b^ŒZbh¢V[Ãa^lZb]ê¨�Zb][^K\•V�dfX@]YS�ƒ

(

�žÃa^�\lP@QI^F©³ZnVYÃ1_Wh 5�hWXv©³hÂ¨�ZjPvoghaXMQIZ�Q�\lPKh1haXK©6¬O^U_­Qk^K¨1¬O^K\lPK_OQk^UZnVÆTa][XKé�Zj¨�^KQÆQIX@SU^

Znh�dfX@][S¢PvV[ZbX@h Pv¬OX@_WVžVYÃW^³_ah 5LhaXK©³h � ��� � �|ƒ��!À¦Á��

�

V�¨LXM^KQiXL\l\•_a]iZnh�VYÃa^–\¯X@hO¨�ZnVYZnX@hOPK`

`nZ�5M^l`nZbÃaXMXL¨ dfXg]{V[Ãa^¥QYPKSUTa`b^ªƒ
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Temperature (F)

99.0?
98.1
99.4
103.2
97.1
101.1

..

..

Age

25
62
44

50?
58
75
..
..

Weight

180
132
211
141
130
178

..

..

Blood Pressure

150?
145
161
131
141
153

..

..

Sex

Male
Female

Male
Female
Female
Female

..

..

Blood Test

negative?
negative

negative?
negative
negative
positive

..

..

ID

35267
83877
23414
09372
62253
07631

..

..

Diagnosis

flu A
flu B

healthy
flu A

healthy
healthy?

..

..

F1
F2F3

F4
F5�¼QI^KQ ^ ��ZjQkVYZnhaoÖSUXL¨�^l`–Xvd¥VYÃW^ç¨aPKV„P1VYX1TW]Y^K¨�Zj\•V 2BQYPKSUTa`b^ 2 �O`n`bufZbh1©³ÃOPKVUVYÃW^çSUZ�Q[QkZbhWoçé@PK`b_a^BQ

SUZno@ÃLVž¬O^MƒQnž_aV�p�©ž^ŒÃOPléM^¥P 	mPvVc\ÄÃWu‰·g·5�

(*)

^Œha^l^K¨UVYX�Ã­PBéM^Œ`n^KPv][ha^K¨UVYÃa^ŒSUXL¨L^l` � ��� � �4V[XœTa][^K¨�Zj\•V 2BQYPvS«Ta`b^ 29�O`b`nu¹ZnhHƒ

(*)

^Œha^l^K¨UVYX�TW]Y^K¨�Zj\•V 2BQYPKSUTa`b^ 2 �O`n`bufZbh�VYÃa^ŒSUZjQYQkZnhao�¨WPvV„P�VYX�`b^BPv]Yh¢V[Ãa^ŒSUXL¨�^l` � ��� � �|ƒ

ëMëœì(Z�;
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Temperature (F)

?
98.1
99.4
103.2
97.1
101.1

..

..

Age

25
62
44
?
58
75
..
..

Weight

180
132
211
141
130
178

..

..

Blood Pressure

?
145
161
131
141
153

..

..

Sex

Male
Female

Male
Female
Female
Female

..

..

Blood Test

?
negative

?
negative
negative
positive

..

..

ID

35267
83877
23414
09372
62253
07631

..

..

Sample Medical Records Database

Diagnosis

flu A
flu B

healthy
flu A

healthy
?
..
..

(

�

o@hWX@]Y^ŒV[Ãa^ŒSUZ�Q[QkZbhWoÆégPv`n_a^KQ•pOQIXœ`n^KP@¨WQžVYX�Zbha^

�

\•Zn^lh�V�_OQI^ŒXvd ¨aPvVcP�ƒ

(

�MXgSU^¼Ta][X@¬a`n^lS¢Q�ÃOPléM^¼S¢PvhLR�SUZ�Q[QkZbhWoÆégPv`n_a^KQ•pOQIXœ©m^Œo@^lV³haXgVYÃaZnhao�VYX�`b^BPv]Yh¢Xgh �

(

nž_aVmZ�QmQkZbS«Ta`b^�PvhO¨¢\•XgSUTa_aVcPvV[ZbX@h­Pv`b`nR�^

�

\•Zb^lhLVlƒ �¼Qk^ŒPgQ{PKh � 4 � � � *�. ����*�� � �,4  �,-,� � 4 �idfXg]

SUXg]Y^Œ\¯X@SUTa`n^���Pv`no@Xg]YZbV[ÃaS¢Q¯ƒ

ëMëœì(ZMí



� 'ž-Ò79 '�] '4" %ß*,'(5 � ] �&*&+ � � -/.Ö06'4#3#

�

'4"

(=<

X@]�V[Ãa^¼¨LZ�QY\¯]YZbS«ZbhOPKVYZbéM^�SUXL¨L^l`‰pMDOÞn§�ÞLVY][^l^KQ•pMha^�Vk©mX@] 5aQ¯p �­`b`aZnhœV[Ãa^{S«Z�QYQIZbhao�é@PK`b_a^–©³ZbV[Ã
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Temperature (F)

99.3?
101.6?
98.7?
98.1
99.4
99.4
103.2
103.2
97.1
101.1

..

..

Age

25
25
25
62
44
44

41?
65?
58
75
..
..

Weight

180
180
180
132
211
211
141
141
130
178

..

..

Blood Pressure

150?
137?
155?
145
161
161
131
131
141
153

..

..

Sex

Male
Male
Male

Female
Male
Male

Female
Female
Female
Female

..

..

Blood Test

negative?
positive?
negative?
negative

negative?
positive?
negative
negative
negative
positive

..

..

ID

35267
35267
35267
83877
23414
23414
09372
09372
62253
07631

..

..

Diagnosis

flu A
flu A
flu A
flu B

healthy
healthy

flu A
flu A

healthy
?
..
..

p(case)

0.180
0.340
0.480

1
0.392
0.608
0.723
0.277

1
1
..
..

} =1
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anomaly
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controller

aircraft

facility

pilot

environment

anomaly

resolution

consequencereporter

incident class

phase&position
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var3

var1

var2

class

var3

var1

var2

class

other2

other1
var3

var1

var2

class1

class2

var3

var1

var2

class1

class2 var1

var2

var3
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