
8QLYHUVLWlW�:�U]EXUJ
,QVWLWXW�I�U�,QIRUPDWLN
5HVHDUFK�5HSRUW�6HULHV

55


�/HKUVWXKO�I�U�,QIRUPDWLN�,,,��8QLYHUVLWlW�:�U]EXUJ
$P�+XEODQG��������:�U]EXUJ

7HO����������������)D[��������������
(�0DLO��jodl@informatik.uni-wuerzburg.de



�$7*�7HVW�6\VWHPV�*PE+
=XP�6FKODJ����������:HUWKHLP�5HLFKRO]KHLP

7HO��������������)D[�������������
(�0DLO��atg.ceo@t-online.de

(LQVDW]�YRQ�WRSRORJLHHUKDOWHQGHQ�QHXUR�
QDOHQ�1HW]HQ�]XU�,QWHUSUHWDWLRQ�YRQ�/HL�

WHUSODWWHQGDWHQ

:��-RGO
��0��+HXOHU
��8��5RWKDXJ

�XQG
.��/HLEQLW]


5HSRUW�1U�������� -XOL�����



�

(LQVDW]�YRQ�WRSRORJLHHUKDOWHQGHQ�QHXURQDOHQ�1HW]HQ�]XU�,QWHUSUHWDWL�
RQ�YRQ�/HLWHUSODWWHQGDWHQ

:ROIJDQJ�-RGO��0DULXV�+HXOHU��.HQML�/HLEQLW]
/HKUVWXKO�I�U�,QIRUPDWLN�,,,��8QLYHUVLWlW�:�U]EXUJ��$P�+XEODQG��������:�U]EXUJ�
7HO����������������)D[����������������(�0DLO��MRGO#LQIRUPDWLN�XQL�ZXHU]EXUJ�GH

8ZH�5RWKDXJ
$7*�7HVW�6\VWHPV�*PE+��=XP�6FKODJ����������:HUWKHLP�5HLFKRO]KHLP�
7HO��������������)D[���������������(�0DLO��DWJ�FHR#W�RQOLQH�GH

=XVDPPHQIDVVXQJ�
,Q�GLHVHU�6WXGLH�ZLUG�HLQ�QHXHU�$OJRULWKPXV�YRUJHVWHOOW��GHU�LQ�GHU�/DJH�LVW��GLH�=XVDPPHQ�
KlQJH�LQ�GHU�6WUXNWXU�EHL�XQEHVW�FNWHQ�/HLWHUSODWWHQ�]X�HUNHQQHQ��)HKOHU��GLH�DXIJUXQG�XQ�
VDXEHUHU�9HUDUEHLWXQJ�HQWVWDQGHQ�VLQG��N|QQHQ�HUNDQQW�XQG�EHKREHQ�ZHUGHQ��'HU�YHUZHQ�
GHWH� $QVDW]� EDVLHUW� DXI� ZDFKVHQGHQ� WRSRORJLHHUKDOWHQGHQ� .DUWHQ� PLW� G\QDPLVFKHU� 1HW]�
VWUXNWXU��'LHVHU�%HULFKW�EHVFKUHLEW�GDV�QHXURQDOH�9HUIDKUHQ�XQG�GLH�$QZHQGXQJ�DXI� UHDOH
/HLWHUSODWWHQ�

1 Einleitung
5HSDUDWXU�YRQ�GHIHNWHQ��QRFK�XQEHVW�FNWHQ�/HLWHUSODWWHQ��LVW�HLQ�$UEHLWVVFKULWW��GHU�YRQ�/HL�
WHUSODWWHQKHUVWHOOHUQ�ZLH� ]�%�� JUR�HQ�&RPSXWHUILUPHQ��ELVKHU� VHKU�ZHQLJ�EHWULHEHQ�ZXUGH�
'HU�JHULQJH�:HUW�VROFKHU�XQEHVW�FNWHU�/HLWHUSODWWHQ��ELV�]X�����'0��LP�9HUJOHLFK�]XP�KR�
KHQ�9HUNDXIVSUHLV�HLQHU�EHVW�FNWHQ�/HLWHUSODWWH��0RWKHUERDUGV�I�U�3HUVRQDO�&RPSXWHU�ZXU�
GHQ�PLW�3UHLVHQ�ELV���������'0�YHUNDXIW���UHVXOWLHUWH�LQ�IROJHQGHU�6WUDWHJLH�GHU�/HLWHUSODWWHQ�
KHUVWHOOHU��8QEHVW�FNWH�/HLWHUSODWWHQ�� LP�IROJHQGHQ�DXFK�%DUH�%RDUGV� JHQDQQW�ZHUGHQ�]ZDU
HOHNWULVFK� DXI� .XU]VFKO�VVH� ]ZLVFKHQ� YHUVFKLHGHQHQ� /HLWHUEDKQHQ� XQG� 8QWHUEUHFKXQJHQ
HLQHU� /HLWHUEDKQ� JHWHVWHW�� VREDOG� DEHU� HLQ� )HKOHU� JHIXQGHQ� ZLUG�� LVW� GLHVH� /HLWHUSODWWH� LP
ZHLWHUHQ�3URGXNWLRQVSUR]H���GHU�%HVW�FNXQJ�PLW�%DXWHLOHQ��QLFKW�PHKU�]X�YHUZHQGHQ�
=ZHL� )DNWRUHQ� ]ZDQJHQ� 3URGX]HQWHQ� YRQ� %DUH� %RDUGV� GD]X�� GLH� 5HSDUDWXU� XQEHVW�FNWHU
/HLWHUSODWWHQ�DOV�3UR]H�VFKULWW�HLQ]XI�KUHQ�

�� %HHLQIOX�W� GXUFK� GHQ� UDSLGHQ� 3UHLVYHUIDOO� LQ� GHU� (OHNWURQLN�� XQG� LQVEHVRQGHUH� LQ� GHU
&RPSXWHUEUDQFKH�ZDUHQ�/HLWHUSODWWHQKHUVWHOOHU�JH]ZXQJHQ��VHOEVW�UHODWLY�NRVWHQJ�QVWL�
JH�/HLWHUSODWWHQ�]X�UHSDULHUHQ��VREDOG�HLQH�1HXSURGXNWLRQ�LP�9HUJOHLFK�WHXUHU�LVW�

�� 'XUFK�GLH�0LQLDWXULVLHUXQJ�GHU�(OHNWURQLN�PLW�JOHLFK]HLWLJHU�9HUEHVVHUXQJ�GHU�/HLWXQJV�
IlKLJNHLW�ZXUGHQ�XQG�ZHUGHQ�%DUH�%RDUGV�LPPHU�NRPSOH[HU�XQG�GDPLW�DXFK�HUKHEOLFK
WHXUHU�� 6ROFKH� /HLWHUSODWWHQ� ZHUGHQ� LPPHU� KlXILJHU� LQ� GHU� 7HOHNRPPXQLNDWLRQ� �]�%�
+DQG\V���GHU�$XWRLQGXVWULH��]�%��HOHNWURQLVFKH�)DKUZHUNVWHXHUXQJHQ��XQG�LP�+DXVKDOW
�EHL�QDKH]X�DOOHQ�*HUlWHQ��HLQJHVHW]W��7HXHUH�/HLWHUSODWWHQ�ZHUGHQ�KlXILJHU�UHSDULHUW��GD
HLQH�1HXSURGXNWLRQ�HUKHEOLFKH�.RVWHQ�YHUXUVDFKW�

'LH�5HSDUDWXU�YRQ�/HLWHUSODWWHQ� LVW� HLQ�3UR]H�VFKULWW�� GHU� I�U� DOOH� 3URGX]HQWHQ� YRQ�/HLWHU�
SODWWHQ�]ZLQJHQG�JHZRUGHQ�LVW��(U�EHLQKDOWHW�DEHU�HLQ�ZHVHQWOLFKHV�WHFKQLVFKHV�3UREOHP��GDV
LP�QlFKVWHQ�$EVFKQLWW�DXVI�KUOLFK�HUOlXWHUW�ZHUGHQ�VROO�
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1.1  Technischer Hintergrund und Problembeschreibung

'D�XQEHVW�FNWH�/HLWHUSODWWHQ�ELVKHU�QXU�DXI�ÅJXW´�RGHU�ÅVFKOHFKW´�JHWHVWHW�ZXUGHQ��ZDU�HV
XQQ|WLJ��GHQ�)HKOHU�]X�ORNDOLVLHUHQ��'LHVH�,QIRUPDWLRQ��GLH�I�U�GLH�5HSDUDWXU�9RUDXVVHW]XQJ
LVW��ZXUGH�QLFKW�EHQ|WLJW�
$XV�GLHVHP�*UXQG�EHQXW]W�GHU�HOHNWULVFKH�/HLWHUSODWWHQWHVW�QLFKW�GHQ�9HUODXI�GHU�/HLWHUEDK�
QHQ� � DOV� (LQJDEHGDWHQ�� VRQGHUQ� DOV�.RQWDNWLHUSXQNWH� I�U� GLH� HOHNWULVFKH�0HVVXQJ�ZHUGHQ
%RKUXQJHQ� RGHU�60'V� �6XUIDFH�0RXQWHG�'HYLFH��YHUZHQGHW��'LHV�ZXUGH� VR� UHDOLVLHUW�� XP
PLW�HLQHU�ZHVHQWOLFK�JHULQJHUHQ�'DWHQEDVLV�DUEHLWHQ�]X�N|QQHQ��&$'�'DWHQ��GLH�GHQ�9HUODXI
GHU�/HLWHUEDKQHQ�GDUVWHOOHQ��VWHOOHQ�EHL�6WDQGDUG�/HLWHUSODWWHQ�'DWHQPHQJHQ�ELV�]X�����0%
GDU��(LQH�VROFKH� ,QIRUPDWLRQVPHQJH� LVW� DXI�GHQ�7HVWV\VWHPHQ��GLH� LQ�(FKW]HLW� DUEHLWHQ�XQG
WHVWHQ�P�VVHQ��PLW�YHUWUHWEDUHP�$XIZDQG�QLFKW�PHKU�VFKQHOO�JHQXJ�]X�YHUDUEHLWHQ�
'HP]XIROJH� NDQQ� DOV� (UJHEQLV� GHV� HOHNWULVFKHQ� 7HVWV� LQ� GHQ�PHLVWHQ� )lOOHQ� QLFKW� GHU� WDW�
VlFKOLFKH�)HKOHURUW��DQJHJHEHQ�ZHUGHQ���:LUG�]XP��%HLVSLHO�HLQ�.XU]VFKOX��HUNDQQW��VR�ZLUG
DOV� 5HVXOWDW� GHV� HOHNWULVFKHQ� 7HVWV� MHZHLOV� HLQ� UHSUlVHQWDWLYHU� 3XQNW� GHU� ]ZHL� 1HW]H�� GLH
IlOVFKOLFKHUZHLVH� PLWHLQDQGHU� YHUEXQGHQ� VLQG�� GHP� %HQXW]HU� DOV� )HKOHURUW� JHPHOGHW�� (V
ZHUGHQ�GLHMHQLJHQ�3XQNWH�JHQRPPHQ��GLH�LQ�GHU�]ZHLGLPHQVLRQDOHQ�(EHQH�GHQ�JHULQJVWHQ
$EVWDQG�KDEHQ��'HU� WDWVlFKOLFKH�)HKOHURUW� LVW�GDPLW� MHGRFK�QRUPDOHUZHLVH�QLFKW�JHIXQGHQ�
'HU�)HKOHU�LVW�]�%��GDGXUFK�HQWVWDQGHQ��GD��GXUFK�HLQHQ�)HKOHU�LQ�GHU�)HUWLJXQJ�]ZHL�/HLWHU�
EDKQHQ�VLFK�EHU�KUHQ��VLHKH�$EE�����

Abb. 1: Schematisierte Darstellung eines Kurzschluß auf einer Leiterplatte

$EE����VROO�LQ�VWDUN�YHUHLQIDFKWHU�)RUP�GLH�3UREOHPDWLN�YHUGHXWOLFKHQ��%HL�VHKU�JUR�HQ��IHK�
OHUKDIWHQ�1HW]HQ��RGHU�ZHQQ�GLH�%RKUSXQNWH�VHKU�ZHLW�DXVHLQDQGHU�OLHJHQ��P�VVHQ�GLH�]XP
MHZHLOLJHQ�1HW]�JHK|UHQGHQ�/HLWHUEDKQ]�JH�DXI�GHU�3ODWLQH�JHVXFKW�ZHUGHQ�
'D� MHGRFK�GLH�PHLVWHQ�3&%� �3ULQWHG�&LUFXLW�%RDUGV�� DXV�PHKUHUHQ�/DJHQ�EHVWHKHQ�� LVW�GDV
1DFKYHUIROJHQ�GHU�/HLWHUEDKQHQ�PLW�GHP�$XJH�QDKH]X�XQP|JOLFK�
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Abb. 2: Bildausschnitt einer komplexen Leiterplatte

$XV� GLHVHP� *UXQG� H[LVWLHUHQ� 3URJUDPPH� PLW� HLQHU� JUDSKLVFKHQ� %HQXW]HUREHUIOlFKH�� GLH
GHP�%HQXW]HU� HUP|JOLFKHQ�� DXI�GHP�%LOGVFKLUP�HLQH�3URMHNWLRQ�GHV�%RDUGV� ]X� EHWUDFKWHQ�
VRZLH�GLH�]XJHK|ULJHQ�)HKOHU�]X�HUNHQQHQ�
'LHVH�3URJUDPPH�KDEHQ�DOV�(LQJDEHGDWHQ�GDV�/D\RXW�GHU�/HLWHUSODWWH��/HLGHU�KDW�VLFK�ELVKHU
ZHOWZHLW� NHLQ� 6WDQGDUG� I�U� &$'�'DWHQIRUPDWH� HWDEOLHUW�� $OV� HLQ]LJHU� 3VHXGRVWDQGDUG� KDW
VLFK�GDV� VRJHQDQQWH�*HUEHU�)RUPDW�GXUFKJHVHW]W��*HUEHU� LVW� HLQH�86�)LUPD��GLH� DOV� HLQH�GHU
HUVWHQ�ZHOWZHLW�VHLW�FD�����-DKUHQ��3KRWR��3ORWWHU�KHUVWHOOW�XQG�LKU�'DWHQIRUPDW�DOV�6WDQGDUG
I�U�DOOH�3ORWPDVFKLQHQ�GXUFKJHVHW]W�KDW��'HU�3KRWRSUR]H�� LVW�EHL�GHU�3URGXNWLRQ� MHGHU�/HL�
WHUSODWWH�QRWZHQGLJ��$XV�GLHVHP�*UXQG�N|QQHQ�SUDNWLVFK�DOOH�'HVLJQSURJUDPPH�I�U�/HLWHU�
SODWWHQ�'DWHQ�LP�*HUEHU�)RUPDW�PDQLSXOLHUHQ�
'XUFK� GLH� .RQYHUWLHUXQJ� YRQ� EHOLHELJHQ� &$'�� ]X� *HUEHU�'DWHQ� N|QQHQ� HUKHEOLFKH� 5XQ�
GXQJVIHKOHU�HQWVWHKHQ��(LQ�ZHLWDXV�JU|�HUHV�3UREOHP�LVW�MHGRFK��GD��GDV�*HUEHU�)RUPDW�HLQ
UHLQ� DXI� GLH�:HJRSWLPLHUXQJ�GHU�$UEHLWVN|SIH�GHV�3KRWRSORWWHUV� DXVJHOHJWHV�'DWHQIRUPDW
LVW��DXV�GHP�VLFK�GLH�]XP�HOHNWULVFKHQ�7HVW�XQG�]XU�5HSDUDWXU�YRQ�/HLWHUSODWWHQ�QRWZHQGL�
JHQ�]XVDPPHQKlQJHQGHQ�/HLWHUEDKQQHW]H�QLFKW�GLUHNW�HUNHQQHQ�ODVVHQ�
(QWVFKHLGHQGH� $XIJDEH� GHV� LP� 5DKPHQ� GHU� $UEHLW� ]X� HQWZLFNHOQGHQ� $OJRULWKPXV� LVW� HV
GHVKDOE��DXV�GHQ�*HUEHU�'DWHQ��GLH�DXV�HLQHU�EHOLHELJHQ�$QRUGQXQJ�YRQ�/HLWHUEDKQVW�FNHQ
EHVWHKHQ�� HOHNWULVFK� ]XVDPPHQKlQJHQGH� /HLWHUEDKQ]�JH� ]X� HUPLWWHOQ�� XQG� GLHVH� GDQQ� LQ
$7)��$7*�7HVWGDWHQ�)RUPDW��]X�NRQYHUWLHUHQ�
'HU�$OJRULWKPXV�PX��HEHQIDOOV�GLH�LP�*HUEHU�)RUPDW�HQWKDOWHQHQ�8QVDXEHUNHLWHQ��ZLH�]�%�
hEHUODSSXQJHQ�YRQ�/HLWHUEDKQ]�JHQ�RGHU�/�FNHQ�LQ�HOHNWULVFK�YHUEXQGHQHQ�/HLWHUEDKQ]��
JHQ��GLH�EHL�GHU�.RQYHUWLHUXQJ�YRQ�&$'��LQ�*HUEHU�'DWHQIRUPDW�HQWVWHKHQ��EHVHLWLJHQ�
(LQ�ZHLWHUHV� JUR�HV� 3UREOHP� EHL� *HUEHU�'DWHQ� VLQG� VRJHQDQQWH� JH]HLFKQHWH� 60'V�� )�U� GLH
(U]HXJXQJ�GHU�)LOPH�I�U�GLH�/HLWHUSODWWHQSURGXNWLRQ�PLW�HLQHP�3KRWRSORWWHU� UHLFKW�HV�DXV�
60'�)OlFKHQ�DXV�HLQ]HOQHQ�VLFK��EHUODSSHQGHQ�6WULFKHQ�]X�]HLFKQHQ��)�U�GHQ�HOHNWULVFKHQ
7HVW� LVW� HV�DEHU�QRWZHQGLJ��GLHVH�JH]HLFKQHWH� 60'�)OlFKH�GXUFK� HLQH�JHIODVKWH� 60'�)OlFKH
�GHILQLHUW�DOV�UHFKWHFNLJH�%OHQGH�PLW�/lQJH�XQG�%UHLWH��]X�HUVHW]HQ��GD�DXI�HLQ�60'�LP�*H�
JHQVDW]�]X�/HLWHUEDKQHQ�HLQ�HOHNWULVFKHU�7HVWSXQNW�JHVHW]W�ZHUGHQ�PX��
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2 Einsatz des neuronalen Algorithmus

2.1 Der neuronale Lösungsansatz

=XU� /|VXQJ� GHU� LQ� $EVFKQLWW� ���� EHVFKULHEHQHQ� 3UREOHPVWHOOXQJ� ZXUGH� GHU� (LQVDW]� HLQHV
$OJRULWKPXV�� EDVLHUHQG� DXI� VHOEVWRUJDQLVLHUHQGHQ� 0HUNPDOVNDUWHQ�� JHZlKOW�� 6ROFKH� .DUWHQ
�HQJO��VHOI�RUJDQL]LQJ�IHDWXUH�PDSV��62)0��VLQG�GDEHL�HLQH�VSH]LHOOH�)RUP�YRQ�QHXURQDOHQ�1HW�
]HQ��GLH�GLH�6SHLFKHUXQJV��XQG�$VVR]LDWLRQVIlKLJNHLWHQ�GHV�PHQVFKOLFKHQ�*HKLUQV�QDFKELO�
GHQ�� 6R�ZHUGHQ�]�%�� LP� DXGLWLYHQ�.RUWH[� EHL� GHU�:DKUQHKPXQJ�YRQ�7RQVLJQDOHQ�� 6LJQDOH
PLW� lKQOLFKHQ�7RQK|KHQ�GXUFK�EHQDFKEDUWH�1HUYHQ]HOOHQ� UHJLVWULHUW�� (LQH� GHUDUWLJH� (UKDO�
WXQJ�UlXPOLFKHU�=XVDPPHQKlQJH�ELOGHW�GLH�*UXQGODJH�I�U�GLH�0HUNPDOVNDUWHQ�
.RKRQHQ� >�@� EHVFKUHLEW�PLW� VHLQHP�0RGHOO� GHU� VHOEVWRUJDQLVLHUHQGHQ�0HUNPDOVNDUWHQ� HLQ
9HUIDKUHQ�I�U�GLH�%LOGXQJ�VROFKHU�0HUNPDOVNDUWHQ��(V�ZLUG�GDEHL�HLQH�)ROJH�YRQ�$GDSWLRQV�
VFKULWWHQ�GXUFKODXIHQ��LQ�GHQHQ�]XIlOOLJ�HLQ�6WURP�YRQ�(LQJDEHVLJQDOHQ��HQJO��6DPSOHV��SUl�
VHQWLHUW�ZLUG�XQG�DQKDQG�GHUHU�VLFK�HLQH�VWHWLJH�$EELOGXQJ�YRQ�GHU�*HVDPWKHLW�GHU�(LQJDEH�
VLJQDOH�DXI�GLH�1HXURQHQVWUXNWXU�ELOGHW��)�U�GDV�KLHU�YRUOLHJHQGH�3UREOHP�N|QQHQ�GDKHU�GLH
'DWHQ�LP�*HUEHU�)RUPDW�DOV�(LQJDEHGDWHQ�GHV�1HW]HV�EHQXW]W�XQG�DXI�HLQH�1HXURQHQVWUXN�
WXU�DEJHELOGHW�ZHUGHQ��$XIJUXQG�GHU�VLFK�HUJHEHQGHQ�1DFKEDUVFKDIWVEH]LHKXQJHQ�GHU�1HX�
URQHQ�LP�1HW]�NDQQ�GDQQ�DXFK�DXI�UlXPOLFKH�=XVDPPHQKlQJH�]ZLVFKHQ�GHQ�(LQJDEHGDWHQ
JHVFKORVVHQ�ZHUGHQ�
'D� MHGRFK�GDV�9HUIDKUHQ� YRQ�.RKRQHQ�YRQ� HLQHU� VWDWLVFKHQ�7RSRORJLH�GHU�1HXURQHQ� DXV�
JHKW�� LVW�GHU� XUVSU�QJOLFKH�$OJRULWKPXV�QXU� EHGLQJW� I�U� GLHVH�3UREOHPVWHOOXQJ� HLQVHW]EDU�
)�U�GLH�/|VXQJ�GHV�3UREOHPV�ZXUGH�GDKHU�HLQH�9DULDQWH�GHV�.RKRQHQQHW]HV�YHUZHQGHW��GLH
VRZRKO�HLQH�G\QDPLVFKH�9HUELQGXQJVVWUXNWXU�DOV�DXFK�HLQH�G\QDPLVFKH�$Q]DKO�YRQ�1HXUR�
QHQ�DXIZHLVW��'LHVHU�$QVDW]�VROO�LQ�GHQ�QDFKIROJHQGHQ�$EVFKQLWWHQ�QlKHU�HUOlXWHUW�ZHUGHQ�

2.2 Der Algorithmus DCS-GCS

)�U�GLH�JHJHEHQH�3UREOHPVWHOOXQJ�GHU�(UNHQQXQJ�YRQ�]XVDPPHQKlQJHQGHQ�XQG�JHWUHQQWHQ
2EMHNWHQ� WURW]� XQJHQDXHU� (LQJDQJVGDWHQ� VFKLHQ� GDV� QHXURQDOH� 9HUIDKUHQ�'&6�*&6� LQ� >�@
HUIROJYHUVSUHFKHQG��'LHVHV�9HUIDKUHQ�EDXW�DXI�GHP�3ULQ]LS�YRQ�.RKRQHQ�]XU�7RSRORJLHUH�
SUlVHQWDWLRQ� XQG� GHQ� (UJHEQLVVHQ� YRQ� )ULW]NH� >�@� �EHU�ZDFKVHQGH� =HOOVWUXNWXUHQ� DXI�� (V
DUEHLWHW� HSRFKHQZHLVH��ZREHL� LQ� MHGHU�(SRFKH�DOOH�6DPSOHGDWHQ�GHP�1HW]�SUlVHQWLHUW�ZHU�
GHQ��XQG�QDFK�GHU�(SRFKH�GDV�1HW]�XP�HLQ�1HXURQ�HUZHLWHUW�ZLUG��'LH�9HUELQGXQJHQ�]ZL�
VFKHQ�GHQ�1HXURQHQ�ZHUGHQ�GXUFK�HLQH�1×1�0DWUL[�YRQ�9HUELQGXQJVJHZLFKWHQ�EHVFKULH�
EHQ��ZREHL�PLW�1�GLH�$Q]DKO�GHU�1HXURQHQ� LP�1HW]�EH]HLFKQHW�ZLUG��$OOH�1HXURQHQ�VLQG
XQWHUHLQDQGHU�PLW�HLQHP�EHVWLPPWHQ�9HUELQGXQJVJHZLFKW�YHUEXQGHQ�
%HL� MHGHU�3UlVHQWDWLRQ� HLQHV� 6DPPHOSXQNWV�ZLUG�GLH�1DFKEDUVFKDIW�GHV�GHP�6DPSOHSXQNW
QlFKVWJHOHJHQHQ� 1HXURQV� QDFK� HLQHP� .RKRQHQ�/HUQYHUIDKUHQ� DQJHSD�W�� ZREHL� 1DFKEDU�
VFKDIW�KLHU�KHL�W��GD��GDV�9HUELQGXQJVJHZLFKW�HLQHQ�EHVWLPPWHQ�6FKZHOOZHUW��EHUVFKUHLWHW�
'DV� 9HUELQGXQJVJHZLFKW� GHU� EHLGHQ� GHP� 6DPSOHSXQNW� QlFKVWJHOHJHQHQ� 1HXURQHQ� ZLUG
HUK|KW�XQG�DOOH�DQGHUHQ�9HUELQGXQJHQ�LQ�GHU�0DWUL[�DEJHVFKZlFKW��1DFK�MHGHU�(SRFKH�ZLUG
HLQ�QHXHV�1HXURQ� DQ�GHU� 6WHOOH�PLW� GHU� VFKOHFKWHVWHQ�5HSUlVHQWDWLRQ� GHU� 7RSRORJLH� GXUFK
GDV�1HW]�HLQJHI�JW�
'LHVHV�9HUIDKUHQ�ZDU�DXV�GUHL�*U�QGHQ�QLFKW� I�U�GLH�EHQ|WLJWH�$QZHQGXQJ�JHHLJQHW��$OOH
.RKRQHQ�lKQOLFKHQ�9HUIDKUHQ�KDEHQ�GDV�3UREOHP��JHWUHQQWH�2EMHNWH�DXFK�GXUFK�QLFKW�YHU�
EXQGHQH� 1HXURQHQ� ]X� UHSUlVHQWLHUHQ�� 'LH� 9HUIDKUHQ� VWHOOHQ� ]ZDU� GLH� 7RSRORJLH� GHU
6DPSOHGDWHQ�VHKU�JXW�GDU��N|QQHQ�HLQ]HOQH�JHWUHQQWH�2EMHNWH�LQQHUKDOE�GHU�7RSRORJLH�DEHU
QLFKW�DOVR�VROFKH�HUNHQQHQ��(UVW�QDFK�VHKU�YLHOHQ�/HUQVFKULWWHQ�ZHUGHQ�9HUELQGXQJHQ�]ZL�
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VFKHQ�1HXURQHQ��GLH� VLFK�DXI�JHWUHQQWHQ�2EMHNWHQ�EHILQGHQ�� HQGJ�OWLJ�JHO|VFKW��'XUFK�GLH
1DFKEDUVFKDIWVEH]LHKXQJ� GHU�1HXURQHQ�ZHUGHQ� VLH� EHL� GHQ� /HUQVFKULWWHQ� ]XVDPPHQKlQ�
JHQG�EHZHJW��ZDV�HLQH�YHU]HUUWH�'DUVWHOOXQJ�GHU�7RSRORJLH�EHZLUNW�
(LQ� DQGHUHV� 3UREOHP� ZDU� GHU� 6SHLFKHUEHGDUI�� GHU� ZHJHQ� GHU� 9HUELQGXQJVPDWUL[� EHL

( )�1102 ++ �OLHJW��ZREHL�PLW�M�GLH�$Q]DKO�GHU�6DPSOHGDWHQ�EH]HLFKQHW�ZLUG��'LHV�Z�UGH
QXU�GLH�9HUZHQGXQJ�YRQ�PD[LPDO�HWZD������1HXURQHQ�HUODXEHQ�
'DV�JU|�WH�3UREOHP��GDV�GHQ�(LQVDW]�GLHVHV�9HUIDKUHQV�YHUKLQGHUWH��ZDU�GHU� LPPHQVH�5H�
FKHQDXIZDQG��'LH�/DXI]HLW�HLQHU�(SRFKH�LVW� ( )1102 � +⋅ ��ZREHL�]XVlW]OLFK�SUR�/HUQVFKULWW
DXIZHQGLJH�PDWKHPDWLVFKH�2SHUDWLRQHQ�Q|WLJ�VLQG��,Q�7DE����LVW�DOV�%HLVSLHO�GLH�/DXI]HLW�I�U
HLQH�W\SLVFKH�$QZHQGXQJ�GLHVHV�$OJRULWKPXV�PLW��������6DPSOHSXQNWHQ�XQG�������1HXUR�
QHQ�GDUJHVWHOOW��$OV�9HUJOHLFK�VLQG�GLH�'DWHQ�I�U�GDV�QHXH�9HUIDKUHQ�8)'&6�DXIJHWUDJHQ�

$OJRULWKPXV '&6�*&6 8)'&6�

5HFKHQ]HLW�LQ�2SHUDWLRQHQ a���� a���

6SHLFKHUEHGDUI�LQ�(LQKHLWHQ a��� a���

Tab. 1: Beispiel für 10.000 Samplepunkte und 1.000 Neuronen

2.3 Der Algorithmus UFDCS

$XV�GHQ�REHQ�JHQDQQWHQ�*U�QGHQ�ZXUGH�GHU�'&6�$OJRULWKPXV�DQ�/DXI]HLW��XQG�VSHLFKHU�
NULWLVFKHQ�6WHOOHQ�RSWLPLHUW�E]Z��NRPSOHWW�JHlQGHUW��,P�)ROJHQGHQ�ZLUG�GHU�YHUEHVVHUWH�$O�
JRULWKPXV�PLW�8)'&6��8OWUD�)DVW�'\QDPLF�&HOO�6WUXFWXUH��EH]HLFKQHW��+LHUEHL�ZLUG�HLQ�1HX�
URQ�GXUFK�VHLQHQ�*HZLFKWVYHNWRU�XQG�GDV�$SSUR[LPDWLRQVJ�WHPD��GHILQLHUW��'HU�*HZLFKWV�
YHNWRU�ZLUG�GDEHL�GXUFK�GLH�3RVLWLRQ��[��XQG�\�.RRUGLQDWH��GHV�1HXURQV�UHSUlVHQWLHUW��'DV
$SSUR[LPDWLRQVJ�WHPD��EHVFKUHLEW�GLH�*HQDXLJNHLW�GHU�'DUVWHOOXQJ�GHU�6DPSOHGDWHQ�GXUFK
GDV�QHXURQDOH�1HW]��ZREHL�KRKH�:HUWH�I�U�6WHOOHQ�PLW�VWDUNHU�'\QDPLN�LP�1HW]�VWHKHQ��%H�
UHLFKH� PLW� JUR�HP� $SSUR[LPDWLRQVJ�WHPD�� GHXWHQ� DXI� HLQH� VFKOHFKWH� ,GHQWLILNDWLRQ� GHU
6DPSOHGDWHQ�GXUFK�GDV�1HW]�KLQ�

2.3.1 Kurzbeschreibung des Algorithmus
1DFK� GHU� ,QLWLDOLVLHUXQJ� GHV�1HW]HV� EHJLQQW� GLH�+DXSWVFKOHLIH� GHV�$OJRULWKPXV�� ,Q� MHGHP
'XUFKODXI�ZHUGHQ�DOOH�3XQNWH�DXV�GHQ�6DPSOHGDWHQ�GHP�QHXURQDOHQ�1HW]�SUlVHQWLHUW�XQG
GDEHL�GLH�*HZLFKWH�GHU�1HXURQHQ�DQJHSD�W��(LQH�NRPSOHWWH�3UlVHQWDWLRQ�GHU�6DPSOHGDWHQ
ZLUG�DXFK�DOV�(SRFKH�EH]HLFKQHW��1DFK�MHGHU�(SRFKH�ZLUG�GDV�QHXURQDOH�1HW]�XP�HLQ�1HX�
URQ�HUZHLWHUW�
6RODQJH� GDV� $EEUXFKNULWHULXP�� GDV� MH� QDFK� $QZHQGXQJ� GHV�$OJRULWKPXV� DGDSWLHUW� ZLUG�
QRFK�QLFKW�HUI�OOW�LVW��ZLUG�GLHVH�6FKOHLIH�GXUFKODXIHQ��ZREHL�GDV�1HW]�LQ�MHGHU�(SRFKH�XP�HLQ
1HXURQ�ZlFKVW��'XUFK�GLH�(UK|KXQJ�GHU�1HXURQHQDQ]DKO�VWHLJW�DXFK�GLH�$SSUR[LPDWLRQV�
J�WH�GHV�QHXURQDOHQ�1HW]HV�

�����������������������������������������������������
��%HL�9HUZHQGXQJ�YRQ�9RURQRL�'LDJUDPPHQ�
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2.3.1.1 Initialisierung
'HU� $OJRULWKPXV� EHJLQQW� PLW� GHU� ]XIlOOLJHQ� $XVZDKO� ]ZHLHU� 3XQNWH� DXV� GHU� 0HQJH� GHU
6DPSOHGDWHQ��$XI�GHUHQ�3RVLWLRQ�ZHUGHQ�]ZHL�1HXURQHQ�HU]HXJW��GLH�PLWHLQDQGHU�YHUEXQ�
GHQ�ZHUGHQ�

2.3.1.2 Durchlauf einer Epoche
=XQlFKVW�ZLUG�QXQ�GLH�3UR]HGXU�LQ�MHGHU�(SRFKH�EHWUDFKWHW�
=XHUVW�ZHUGHQ� DOOH� EHVWHKHQGHQ�9HUELQGXQJHQ� ]ZLVFKHQ�GHQ�1HXURQHQ�JHO|VFKW�� G�K�� DOOH
1HXURQHQ�VLQG�]X�%HJLQQ�MHGHU�(SRFKH�LVROLHUW��'LH�$SSUR[LPDWLRQVJ�WH�MHGHV�1HXURQV�ZLUG
DXI���JHVHW]W��'DPLW�ZLUG�VLFKHUJHVWHOOW��GD��GDV�1HW]�NRPSOHWW�QHX�EHZHUWHW�ZLUG�

-HGHU�HLQ]HOQH�3XQNW�P�GHU�6DPSOHGDWHQ�ZLUG�GHP�1HW]�SUlVHQWLHUW��ZREHL�GLH�5HLKHQIROJH
LQ�GHU�GLH�6DPSOHGDWHQ�SUlVHQWLHUW�ZHUGHQ�� MHGHVPDO�]XIlOOLJ�QHX�JHZlKOW�ZLUG��)�U� MHGHQ
3XQNW�ZHUGHQ�]XHUVW�GLH�EHLGHQ�DP�QlFKVWHQ� OLHJHQGHQ�1HXURQHQ�Q

O�

XQG�Q
N

� � JHVXFKW�XQG
PLWHLQDQGHU�YHUEXQGHQ��VLHKH�$EE����

NOM��L1�M�1�L���QPQPQPQP
MLNO

≠≠≤≤≤≤∀−⋅−≤−⋅− � �����

L
QP − �LVW�GLH�$NWLYLHUXQJ�GHV�1HXURQV�Q

L�

GXUFK�GHQ�6DPPHOSXQNW�P��KLHU�GHU�HXNOLGL�
VFKH�$EVWDQG�YRQ�P�XQG�Q

L

�

Abb. 3: Verbindung der nächsten Neuronen

'HU�QlFKVWH�1DFKEDU�GHV�SUlVHQWLHUWHQ�6DPSOHV��KLHU�PLW�Q
O

�EH]HLFKQHW��ZLUG�QXQ�HLQHP�EH�
VFKUlQNWHQ� .RKRQHQOHUQVFKULWWV� XQWHU]RJHQ�� 'DEHL� ZHUGHQ� GLH� *HZLFKWVYHNWRUHQ� GLHVHV
1HXURQV�XQG�VHLQHU�XQPLWWHOEDUHQ�1DFKEDUQ��G�K��DOOH�PLW�LKP�GLUHNW�YHUEXQGHQHQ�1HXUR�
QHQ��DQJHSD�W��VLHKH�$EE�����

�QP�Q
O%O

−⋅=∆ ε �
�Q�1KM��QP�Q OL1KM ∈∀−⋅=∆ ε � �����

�Q�1K
O
�EH]HLFKQHW�KLHUEHL�GLH�GLUHNW�YHUEXQGHQHQ�1DFKEDUQ�YRQ�1HXURQ�Q

O�

�,P�3ULQ]LS
ZHUGHQ�GLH�1HXURQHQ� MHZHLOV�XP�GHQ�)DNWRU� ε

%

� RGHU�ε1K

� DXI�GLH�3RVLWLRQ�GHV� 6DPPHO�
SXQNWV�KLQEHZHJW�

Abb. 4: Anpassung der Gewichtsvektoren der Neuronen
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'DQDFK� ZLU� GDV� $SSUR[LPDWLRQVJ�WHPD�� GHV� QlFKVWHQ� 1DFKEDUQ� DQJHSD�W�� G�K�� XP� GDV
4XDGUDW�GHV�$EVWDQGV�]XP�6DPSOHSXQNW�HUK|KW�

�

OOO
PQ�Q�5�Q�5 −+= � �����

ZREHL� �Q�5
O
�GDV�$SSUR[LPDWLRQVJ�WHPD��GHV�1HXURQV�Q

O

�EH]HLFKQHW�

'LHVHU�$OJRULWKPXV�ZLUG�QXQ� I�U� MHGHQ� HLQ]HOQHQ�6DPSOHSXQNW�GXUFKJHI�KUW��'LH�9HUELQ�
GXQJHQ�GHU�1HXURQHQ�ZHUGHQ�GDEHL�QDFK�XQG�QDFK�ZLHGHU�DXIJHEDXW��'D�GLH�$Q]DKO�GHU
6DPSOHGDWHQ�LP�5HJHOIDOO�ZHVHQWOLFK�JU|�HU�DOV�GLH�$Q]DKO�GHU�1HXURQHQ�LVW��ZLUG�GLH�9HU�
ELQGXQJVVWUXNWXU�EHLP�3UlVHQWLHUHQ�UDVFK�ZLHGHU�DXIJHEDXW��VR�GD��GLH�PHLVWHQ�6DPSOHGD�
WHQ�HLQHP�VFKRQ�YHUEXQGHQHQ�1HW]�SUlVHQWLHUW�ZHUGHQ�
'HU� *UXQG� I�U� GLHVHV� 9RUJHKHQ� OLHJW� GDULQ�� GD�� EHL� GHU� JHJHEHQHQ� 3UREOHPVWHOOXQJ� JOHL�
FKHUPD�HQ�]XVDPPHQKlQJHQGH�XQG�JHWUHQQWH�%HUHLFKH�]X�HUNHQQHQ�VLQG��)HKOHUKDIWH�9HU�
ELQGXQJHQ��GLH�DQ�VLFK�JHWUHQQWH�%HUHLFKH�YHUELQGHQ�XQG�VR�GLH�$QSDVVXQJ�GHV�1HW]HV�DQ
GLH� ULFKWLJH� 6WUXNWXU� GHU� 6DPSOHGDWHQ� KHPPHQ�� ZHUGHQ� YRQ� YRUQKHUHLQ� QLFKW� DXIJHEDXW�
ZHQQ� GLH�$SSUR[LPDWLRQVJ�WH� JUR�� JHQXJ� LVW�� DOVR� JHQ�JHQG�1HXURQHQ� GHQ� %HUHLFK� GDU�
VWHOOHQ��%HL�DQGHUHQ�$QVlW]HQ�P��WHQ�GLH�*HZLFKWH�GHU� IDOVFKHQ�9HUELQGXQJHQ�GXUFK�GDV
/HUQHQ�GHV�1HW]HV�DEJHVFKZlFKW�ZHUGHQ��'LHV�DEHU�Z�UGH�GLH�/HUQGDXHU�ZHVHQWOLFK�HUK|�
KHQ��1|WLJH�9HUELQGXQJHQ��GLH�]XVDPPHQKlQJHQGH�%HUHLFKH�GDUVWHOOHQ��ZHUGHQ�VFKRQ�QDFK
GHU�3UlVHQWDWLRQ�GHV�HUVWHQ�6DPPHOSXQNWV�DXIJHEDXW��GHU�GLHVHQ�=XVDPPHQKDQJ�EHVFKUHLEW�

2.3.1.3 Einfügen eines neuen Neurons
1DFK�GHP�(QGH�HLQHU�(SRFKH��DOVR�GHU�3UlVHQWDWLRQ�DOOHU�6DPSOHGDWHQ��ZLUG�HLQ�QHXHV�1HX�
URQ�HU]HXJW�XQG�LQ�GDV�1HW]�HLQJHI�JW�

�� 'D]X�ZLUG�]XHUVW�GDV�1HXURQ�Q
U

�PLW�GHP�LQVJHVDPW�K|FKVWHQ�:HUW�GHV�$SSUR[LPDWLRQV�
J�WHPD�HV�JHVXFKW��$Q�GHU�3RVLWLRQ�GLHVHV�1HXURQV�LVW�QDFK�GHU�'HILQLWLRQ�GHV�$SSUR�
[LPDWLRQVJ�WHPD�HV�GLH�5HSUlVHQWDWLRQ�GHU�6DPSOHGDWHQ�GXUFK�GLH�1HXURQHQ�GHV�1HW�
]HV�DP�XQJHQDXHVWHQ��8QWHU�VHLQHQ�GLUHNW�YHUEXQGHQHQ�1DFKEDUQ�ZLUG�GDV�1HXURQ�PLW
GHP�ORNDO�K|FKVWHQ�:HUW�JHVXFKW�XQG�DOV�Q

W

�EH]HLFKQHW��VLHKH�$EE�����
�1M����Q�5�Q�5

MU
≤≤∀≥

�Q�1KL��Q�5�Q�5
ULW

∈∀≥ �����

Abb. 5: Auswahl des Neurons mit höchstem Approximationsgütemaßes

�� 'LH�3RVLWLRQ�GHV� HLQ]XI�JHQGHQ�1HXURQV�nu�ZLUG� JHPl��GHP�9HUKlOWQLV� GHU�$SSUR[L�
PDWLRQVJ�WHPD�H�GHU�EHLGHQ�1HXURQHQ�EHVWLPPW��VLHKH�$EE�����

�Q�5�Q�5
�Q�5

WU

W

+
=τ �

τ⋅−+= �QQ�QQ
UWUX

�����



�

Abb. 6: Einfügen des neuen Neurons

'DGXUFK�ZLUG�VLFKHUJHVWHOOW��GD��GDV�QHX�HU]HXJWH�1HXURQ�Q�LQ�GHP�%HUHLFK�GHV�7HVWIHOGHV
OLHJW��DQ�ZHOFKHP�GLH�5HSUlVHQWDWLRQ�GHU�6DPSOHGDWHQ�GXUFK�GLH�1HXURQHQ�GHV�1HW]HV�DP
XQJHQDXHVWHQ� LVW�� 'DV� $SSUR[LPDWLRQVJ�WHPD�� EHVFKUHLEW� GLH� 6XPPH� GHU� $EVWDQGVTXD�
GUDWH�GHU�6DPSOHSXQNWH�P

L �YRQ�Q�

∑
=

−=
WH6DPSOHSXQN�

QlFKVWHQ�DOOHL

�

L

PQ�Q�5 �����

'LH�9HUELQGXQJ�]ZLVFKHQ�GHQ�EHLGHQ�1HXURQHQ�Q
W

�XQG�Q
U

�ZLUG�JHWUHQQW�XQG�GDI�U� MHZHLOV
HLQH�9HUELQGXQJ�]X�GHP�QHX�HLQJHI�JWHP�1HXURQ�Q

X

�DXIJHEDXW��'D�DEHU�1HXURQHQ�LQ�GHU
YHUZHQGHWHQ�,PSOHPHQWLHUXQJ�GHV�$OJRULWKPXV�QXU�]ZLVFKHQ�]ZHL�(SRFKHQ�HLQJHI�JW�ZHU�
GHQ�XQG�DOOH�9HUELQGXQJHQ�YRU� MHGHU�(SRFKH�JHO|VFKW�ZHUGHQ��KDW�GDV�KLHU�NHLQH�$XVZLU�
NXQJ�

2.3.2 Wahl des Abbruchkriteriums
%HLP� 'XUFKODXI� GHV� $OJRULWKPXV� ZHUGHQ� IRUWZlKUHQG� QHXH� 1HXURQHQ� LQ� GDV� QHXURQDOH
1HW]� HLQJHI�JW�XQG�GDV�1HW]� LQVJHVDPW�GHU� 6WUXNWXU�GHU� 6DPSOHGDWHQ�DQJHSD�W��'LH�'DU�
VWHOOXQJ�GHU�7RSRORJLH�GXUFK�GDV�1HW]�ZLUG�GDGXUFK�VXN]HVVLYH�JHQDXHU��:HQQ�HLQH�I�U�GLH
$QZHQGXQJ� DXVUHLFKHQGH�*HQDXLJNHLW� GHU� 5HSUlVHQWDWLRQ� HUUHLFKW� LVW��ZLUG� GHU�$OJRULWK�
PXV�EHHQGHW��XQG�GDV�QHXURQDOH�1HW]�KDW�GLH�6WUXNWXU�JHOHUQW�
,Q�GHU�KLHU�YHUZHQGHWHQ�$QZHQGXQJ�EHVWHKW�GLH�+DXSWDXIJDEH�GHV�QHXURQDOHQ�1HW]HV�GDU�
LQ��]X�LGHQWLIL]LHUHQ��RE�]ZHL�UlXPOLFK�JHWUHQQWH�%HUHLFKH�DXI�GHU�/HLWHUSODWWH�ZLUNOLFK�]ZHL
JHWUHQQWH�2EMHNWH��ZLH�]�%��/HLWHUEDKQ]�JH��GDUVWHOOHQ��RGHU�]X� HLQHP�2EMHNW�JHK|UHQ�XQG
QXU� GXUFK� 0lQJHO� LQ� GHU� %HVFKUHLEXQJ� LVROLHUW� VLQG�� 6ROFKH� 8QJHQDXLJNHLWHQ� WUHWHQ� ]�%�
GXUFK�5XQGXQJVIHKOHU�DXI��ZHQQ�HLQH�/HLWHUEDKQ�YRU� LKUHP�/|WSXQNW�HQGHW�XQG� LKQ�QLFKW
EHU�KUW�
/HLWHUEDKQHQ� KDEHQ� DXV� SK\VLNDOLVFKHQ� *U�QGHQ� HLQH� EHVWLPPWH�0LQGHVWGLFNH� XQG� 0LQ�
GHVWDEVWDQG� YRQHLQDQGHU�� 'LHV�ZLUG� DXVJHQXW]W�� XP� GDV�$EEUXFKNULWHULXP� ]X� GHILQLHUHQ�
'DV�QHXURQDOH�1HW]�VWHOOW�GLH�7RSRORJLH�GHU�/HLWHUSODWWH�JHQ�JHQG�JHQDX�GDU��ZHQQ�GLH�(QW�
IHUQXQJ�YRQ�MHGHP�1HXURQ�]X�VHLQHQ�GLUHNW�YHUEXQGHQHQ�1DFKEDUQ�NOHLQHU�LVW�DOV�GHU�SK\�
VLNDOLVFK�EHGLQJWH�0LQGHVWDEVWDQG�HLQ]HOQHU�2EMHNWH��'LH�PD[LPDOH�(QWIHUQXQJ�GHU�1HXUR�
QHQ�ZLUG�EHLP�9HUELQGHQ�GHU�1HXURQHQ�DNWXDOLVLHUW��VR�GD��QDFK�MHGHU�(SRFKH�QXU�JHSU�IW
ZHUGHQ�PX���RE�GLHVHU�:HUW�NOHLQHU�DOV�GHU�YRUKHU�GHILQLHUW�6FKZHOOZHUW�'�LVW�

�Q�1KL��1M���'QQ
U�

�
LM

∈∀≤≤∀≤− �����

ZREHL�GHU�6FKZHOOZHUW�'�GHQ�0LQGHVWDEVWDQG�]ZHLHU�2EMHNWH�GDUVWHOOW�XQG�Q
U

�GDV�1HXURQ
PLW�GHP�K|FKVWHQ�:HUW�GHV�$SSUR[LPDWLRQVJ�WHPD�HV�LVW�

2.4 Benchmarking

'D�GDV�'&6�*&6�9HUIDKUHQ�ZHJHQ�VHLQHU�ODQJHQ�5HFKHQ]HLW�XQG�GHP�KRKHQ�6SHLFKHUEHGDUI
QLFKW�JHHLJQHW�I�U�GLH�EHVFKULHEHQH�3UREOHPVWHOOXQJ�ZDU��PX�WH�HLQ�EHVVHUHV�9HUIDKUHQ�HQW�
ZLFNHOW�ZHUGHQ�� %HL� GHU�$QZHQGXQJ� EHWUlJW� GLH�$Q]DKO� GHU� 6DPSOHSXQNWH� YLHOH� WDXVHQG



��

XQG�GLH�GHU�1HXURQHQ�ELV�]X�HLQLJHQ�WDXVHQG��'LHV�HUIRUGHUW�HLQH�5HGXNWLRQ�GHV�6SHLFKHUEH�
GDUIV�XQG�GHU�5HFKHQ]HLW�XP�*U|�HQRUGQXQJHQ�
,P�IROJHQGHQ�ZLUG�GLH�5HFKHQ]HLW�GHV�$OJRULWKPXV�XQWHUVXFKW�

2.4.1 Rechenzeit
'D�LQ�DOOHQ�(SRFKHQ�MHGHU�6DPSOHSXQNW�GHP�1HW]�SUlVHQWLHUW�ZHUGHQ�VROO��HUJLEW�VLFK�I�U�GLH
PLQLPDOH� 5HFKHQ]HLW� ( )<;02 +⋅ �� ZREHL� ; GHQ�$XIZDQG� I�U� GDV� /HUQHQ� GHV�1HW]HV� EHL
MHGHU�3UlVHQWDWLRQ�HLQHV�3XQNWHV�XQG�<�GHQ�$XIZDQG�I�U�GDV�(LQI�JHQ�HLQHV�1HXURQV�XQG
GDV� 3U�IHQ� GHV�$EEUXFKNULWHULXPV� QDFK� MHGHU� (SRFKH� GDUVWHOOW�� %HVRQGHUV� GHU� 5HFKHQDXI�
ZDQG�I�U�GDV�/HUQHQ�GHV�1HW]HV�PX��PLQLPLHUW�ZHUGHQ��GD�HU�PXOWLSOL]LHUW�PLW�GHU�$Q]DKO
GHU�6DPSOHSXQNWH�LQ�GLH�/DXI]HLW�HLQJHKW��%HL�GHU�3UlVHQWDWLRQ�HLQHV�6DPPHOSXQNWV�EHQ|WLJW
QXU�GLH�6XFKH�QDFK�GHQ�QlFKVWHQ�1DFKEDUQ�HLQH�QLFKW�NRQVWDQWH�5HFKHQ]HLW��(LQ�QDLYHU�$Q�
VDW]�]XU� 6XFKH�GHV�QlFKVWHQ�1DFKEDUQ� HUJLEW� LP�SODQDUHQ�)DOO� HLQHQ�$XIZDQG�YRQ� ( )12 �
'LHVH�6XFKH�Ol�W�VLFK�DEHU�GXUFK�9HUZHQGXQJ�YRQ�9RURQRL�'LDJUDPPHQ�ZHVHQWOLFK�HIIL]L�
HQWHU�JHVWDOWHQ��%HL�YRUOLHJHQGHP�9RURQRL�'LDJUDPP�ODVVHQ�VLFK�GLH�QlFKVWHQ�1DFKEDUQ�]X
HLQHP�EHOLHELJHQ�3XQNW�LQ� ( )( )1ORJ2 �VXFKHQ��=XP�$XIEDX�HLQHV�9RURQRL�'LDJUDPPV�LVW�HLQ
5HFKHQDXIZDQG�YRQ� ( )�1ORJ�12 ⋅ �Q|WLJ��'D�DEHU�GDV�QHXURQDOH�1HW]�VXN]HVVLYH�DXIJHEDXW
ZLUG��NDQQ�GDV�9RURQRL�'LDJUDPP�GXUFK�(LQI�JHQ�GHV�MHZHLOV�QHXHQ�1HXURQV�LQ�GDV�EHVWH�
KHQGH�'LDJUDPP�HU]HXJW�ZHUGHQ��'DEHL� IlOOW�QXU�NRQVWDQWH�5HFKHQ]HLW� DQ� �VLHKH� >�@���1XU
EHLP�6WDUW�GHV�$OJRULWKPXV�PX��HLQ�9RURQRL�'LDJUDPP�NRPSOHWW�HU]HXJW�ZHUGHQ��ZDV�DEHU
EHL� GHQ� ]ZHL�1HXURQHQ�GHU� ,QLWLDOLVLHUXQJ�QXU� HLQHQ�$XIZDQG� YRQ� ( )�2 � HUJLEW��'HU�$XI�
ZDQG�I�U�HLQH�(SRFKH�UHGX]LHUW�VLFK�EHL�9HUZHQGXQJ�YRQ�9RURQRL�'LDJUDPPHQ�DOVR�LQVJH�
VDPW�YRQ� ( )102 ⋅ �DXI� ( )�1ORJ�02 ⋅ �
'LH�,QLWLDOLVLHUXQJ�GHV�$SSUR[LPDWLRQVJ�WHPD�HV�YRU�MHGHU�(SRFKH�KDW�HLQHQ�5HFKHQEHGDUI
YRQ� ( )12 ��GD�DOOH�1HXURQHQ�EHDUEHLWHW�ZHUGHQ�P�VVHQ�
%HLP�(LQI�JHQ� HLQHV�QHXHQ�1HXURQV� LQ�GDV�1HW]�QDFK� MHGHU�(SRFKH�PX��GDV�1HXURQ�PLW
GHP� K|FKVWHQ�:HUW� GHV� $SSUR[LPDWLRQVJ�WHPD�HV� JHVXFKW� ZHUGHQ�� 'LHV� HUIRUGHUW� HLQHQ
$XIZDQG� YRQ� ( )12 �� 'LH� (LQI�JHRSHUDWLRQ� VHOEVW� XQG� GDV� (UZHLWHUQ� GHV� 9RURQRL�
'LDJUDPPV�XP�HLQ�1HXURQ�EHQ|WLJHQ�NRQVWDQWH�=HLW�
'DV� 3U�IHQ� GHV�$EEUXFKNULWHULXPV� EHQ|WLJW� QXU� NRQVWDQWH� =HLW�� GD� GLH�PD[LPDOH� 'LVWDQ]
]ZLVFKHQ�]ZHL�YHUEXQGHQHQ�1HXURQHQ�EHLP�$XIEDX�GLHVHU�9HUELQGXQJHQ�DNWXDOLVLHUW�ZLUG�
,QVJHVDPW� HQWVWHKW� I�U� HLQHQ� 'XUFKODXI� HLQHU� (SRFKH� EHL� 9HUZHQGXQJ� YRQ� 9RURQRL�
'LDJUDPPHQ�HLQ�5HFKHQDXIZDQG�YRQ� ( )�1ORJ�02 ⋅ �]X]�JOLFK�GHP�$XIZDQG�I�U�GLH�REHQ
EHVFKULHEHQH�%HDUEHLWXQJ�YRQ� ( )12 ��,QVJHVDPW�LVW�GLH�/DXI]HLW�DOVR� ( )1�1ORJ�02 +⋅ �

2.4.2 Speicherbedarf
(EHQVR�ZLFKWLJ�ZLH�GLH�5HFKHQ]HLW�LVW�GHU�6SHLFKHUEHGDUI�GHV�$OJRULWKPXV��'HU�XQYHUPHLG�
OLFKH�3ODW]EHGDUI�I�U�GLH�6DPSOHGDWHQ�XQG�GLH�1HXURQHQ�LVW� ( )102 + �XQG�NDQQ�QLFKW�XQWHU�
VFKULWWHQ�ZHUGHQ��=XVlW]OLFKHU�6SHLFKHU�ZLUG�EHL�QHXURQDOHQ�1HW]HQ�YRU�DOOHP�I�U�GLH�'DU�
VWHOOXQJ�GHU�9HUELQGXQJHQ�]ZLVFKHQ�GHQ�1HXURQHQ�EHQ|WLJW��'D�LQ�GLHVHP�$OJRULWKPXV�QXU
9HUELQGXQJHQ� ]X� GLUHNWHQ� 1DFKEDUQ� YHUZHQGHW� ZHUGHQ�� ZLUG� NHLQH� 9HUELQGXQJVPDWUL[
EHQ|WLJW��'XUFK�GLH�9HUZHQGXQJ�YRQ�UHLQ�ELQlUHQ�9HUELQGXQJHQ�VSDUW�PDQ�DXFK�GLH�9HU�
ELQGXQJVJHZLFKWH�HLQ�XQG�PX��OHGLJOLFK�GLH�0HQJH�GHU�GLUHNW�YHUEXQGHQ�1DFKEDUQ�]X�MH�
GHP�1HXURQ�VSHLFKHUQ��'LH�$Q]DKO�GHU�GLUHNWHQ�1DFKEDUQ�LVW�EHL�GHP�YHUZHQGHWHQ�SODQD�
UHQ�6\VWHP�LQ�GHU�*U|�HQRUGQXQJ�]ZHL�ELV�I�QI���DXI�MHGHQ�)DOO�DEHU�XQDEKlQJLJ�YRQ�1��'HU
*HVDPWVSHLFKHUEHGDUI�GHV�$OJRULWKPXV�LVW�DXV�GLHVHP�*UXQG� ( )102 + �
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2.4.3 Vergleich mit DCS-GCS
,Q�7DE���� LVW� HLQ�9HUJOHLFK�YRQ�8)'&6�PLW�GHP�9HUIDKUHQ�'&6�*&6�GDUJHVWHOOW��:LH�PDQ
HUNHQQHQ�NDQQ�� LVW� VRZRKO�GLH�5HFKHQ]HLW��DOV�DXFK�GHU�6SHLFKHUEHGDUI�XP�*U|�HQRUGQXQ�
JHQ�EHL�8)'&6�EHVVHU��,Q�7DE����ZLUG�GLH�5HFKHQ]HLW�XQG�GHU�6SHLFKHUEHGDUI�I�U�HLQH�W\SL�
VFKH�$QZHQGXQJ�PLW��������6DPSOHSXQNWHQ�XQG������1HXURQHQ�JH]HLJW�

$OJRULWKPXV '&6�*&6 8)'&6�

5HFKHQ]HLW ( )1102 � +⋅ ( )1�1ORJ�02 +⋅
6SHLFKHUEHGDUI ( )�1102 ++ ( )102 +

Tab. 2: Vergleich von DCS-GCS mit UFDCS

3 Anwendung von UFDCS auf Gerber-Daten

3.1 Einlesen und Initialisierung

)�U�HLQH�$QZHQGXQJ�GHV�8)'&6�$OJRULWKPXV�DXI� UHDOH�3ODWLQHQGDWHQ�PX��]XQlFKVW� HLQH
JHHLJQHWH�9HUWHLOXQJ�GHU�7HVWSXQNWH�JHIXQGHQ�ZHUGHQ��'LH�'DWHQ�GHU�PHLVWHQ�3&%V�OLHJHQ
LP�VRJ��*HUEHU�)RUPDW�YRU�>�@�'DEHL�KDQGHOW�HV�VLFK��ZLH�EHUHLWV�LQ�$EVFKQLWW�����EHVFKULHEHQ�
XP�HLQ�UHODWLY�VLPSOHV�3ORWWHUGDWHQIRUPDW�PLW�QXU�ZHQLJHQ�6WHXHUGDWHQ��(LQH�9LHO]DKO�XQWHU�
VFKLHGOLFKHU�'LDOHNWH�XQG�$EZHLFKXQJHQ�YRP�6WDQGDUG�HUVFKZHUW�MHGRFK�GLH�NRUUHNWH�,QWHU�
SUHWDWLRQ�
=XVDPPHQ�PLW� GHQ� %OHQGHQGDWHQ� I�U� GLH� 3ORWWHUVWHXHUXQJ�ZHUGHQ� DXV� GHQ�*HUEHU�'DWHQ
]ZHLGLPHQVLRQDOH� JHRPHWULVFKH� 2EMHNWH� JHQHULHUW� �LP� )ROJHQGHQ�*HUEHU�2EMHNWH� RGHU� NXU]
*2%V� JHQDQQW��� DXI� GHQHQ� GDQQ� 7HVWSXQNWH� I�U� GLH� (LQJDEH� DQ� GHQ� 8)'&6�$OJRULWKPXV
HU]HXJW�ZHUGHQ�
'LH� +DXSWDXIJDEH� GHV� (LQOHVHVFKULWWV� LVW� GLH� ,GHQWLIL]LHUXQJ� JHRPHWULVFKHU� 2EMHNWH� GXUFK
,QWHUSUHWDWLRQ�GHU�JHJHEHQHQ�*HUEHU�'DWHQ��,P�ZHVHQWOLFKHQ�EHVWHKW�GLH�0HQJH�GHU�2EMHNWH
DXV�4XDGUDWHQ�E]Z��5HFKWHFNHQ� �60'V���.UHLVHQ� �/|WSXQNWH�XQG�%RKUXQJHQ��XQG�/LQLHQ�
]�JHQ��OHLWHQGH�9HUELQGXQJHQ�DXI�GHU�3ODWLQHQREHUIOlFKH��
(LQIDFK�]X� LQWHUSUHWLHUHQ�VLQG�KLHUEHL�5HFKWHFNH�XQG�.UHLVH��GLH� WHFKQLVFK�GXUFK�%HOLFKWHQ
PLWWHOV�6FKDEORQHQ�DXI�GLH�HLJHQWOLFKH�3ODWLQH��EHUWUDJHQ�ZHUGHQ��'LH�$EPHVVXQJHQ�GLHVHU
6FKDEORQHQ�VWHKHQ�LP�.RSIWHLO�GHU�]X�LQWHUSUHWLHUHQGHQ�*HUEHU�'DWHL�XQG�VLQG�GDKHU�GLUHNW
DXI�GLH�$EPHVVXQJHQ�GHU�JHRPHWULVFKHQ�2EMHNWH��EHUWUDJEDU�
6FKZLHULJHU� LVW� GLH� ,QWHUSUHWDWLRQ� YRQ� JH]HLFKQHWHQ� 2EMHNWHQ� �RIW� DOV� VRJ��'UDZQ� 3DGV� EH�
]HLFKQHW��� 'LHVH� VHW]HQ� VLFK� DXV� YLHOHQ�� HQJ� EHLHLQDQGHUOLHJHQGHQ� /LQLHQ]�JHQ� ]XVDPPHQ
XQG�N|QQHQ�HLQH�(LQK�OOHQGH�YRQ�EHOLHELJHU�)RUP�EHVLW]HQ��(UVFKZHUHQG�NRPPW�KLQ]X��GD�
VLFK� VROFKH� ]XVDPPHQJHK|UHQGHQ� /LQLHQ]�JH� QLFKW� ]ZLQJHQG� EHU�KUHQ�P�VVHQ�� (LQH� /|�
VXQJ�GLHVHV�3UREOHPV�ZLUG�LP�)ROJHQGHQ�QlKHU�EHWUDFKWHW�

3.2 Verteilung der Testpunkte

'LH�9HUWHLOXQJ�GHU�7HVWSXQNWH�DXI�GHQ� LGHQWLIL]LHUWHQ�JHRPHWULVFKHQ�2EMHNWHQ� LVW� HQWVFKHL�
GHQG� I�U� GLH�.RUUHNWKHLW� XQG� /DXI]HLW� GHV�8)'&6�$OJRULWKPXV�� 'D� GLH� SULPlUH� $XIJDEH
GDULQ� EHVWHKW�� ]ZHLGLPHQVLRQDOH� JHRPHWULVFKH� 2EMHNWH� ]X� HUNHQQHQ�� OLHJW� HLQH� ]XIlOOLJH�

�����������������������������������������������������
��%HL�9HUZHQGXQJ�YRQ�9RURQRL�'LDJUDPPHQ�
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]ZHLGLPHQVLRQDOH�9HUWHLOXQJ�QDKH��(EHQVR�NDQQ�GDGXUFK�GLH�$QZHQGEDUNHLW�GHV�XUVSU�QJ�
OLFKHQ�$OJRULWKPXV�YRQ�%UXVNH�XQG�6RPPHU�>�@�DXI�UHDOH�2EMHNWGDWHQ�JHWHVWHW�ZHUGHQ��:H�
VHQWOLFKH�/DXI]HLWYHUEHVVHUXQJHQ�ZXUGHQ�GXUFK� JHlQGHUWH� 7HVWSXQNWYHUWHLOXQJHQ�� GLH� QXU
QRFK�7HLOEHUHLFKH�GHU�2EMHNWH�EHU�FNVLFKWLJHQ��HUUHLFKW�

3.2.1 Zufällige zweidimensionale Verteilung
%HL�GHU�]XIlOOLJHQ�]ZHLGLPHQVLRQDOHQ�3XQNWYHUWHLOXQJ�ZHUGHQ�7HVWSXQNWH�DXI�GLH�2EHUIOl�
FKH�GHU�*2%V�YHUWHLOW��'LH�'LFKWH�GHU�3XQNWH�ZLUG�GDEHL�GXUFK�GLH� ,QWHQVLWlW�GHV�SXQNWHU�
]HXJHQGHQ�3UR]HVVHV�JHVWHXHUW�XQG�LVW�HLQ�3DUDPHWHU�GHV�JHVDPWHQ�9HUIDKUHQV��'LH�,QWHQVL�
WlW�PX��GDEHL�VR�JHZlKOW�ZHUGHQ��GD��DXFK�IHLQVWH�6WUXNWXUHQ�GHU�/HLWHUSODWWH�QRFK�DXIJH�
O|VW�ZHUGHQ�N|QQHQ�
=XQlFKVW�ZLUG� NHLQH� &OXVWHUXQJ� GHU� 3XQNWH� DXI� GHU� 2EHUIOlFKH� GHU� *2%V� EHU�FNVLFKWLJW�
G�K�� DOOH� 7HVWSXQNWH� ZHUGHQ� JOHLFKPl�LJ� YHUWHLOW�� 'D�� HLQH� &OXVWHUXQJ� GXUFKDXV� VLQQYROO
VHLQ�NDQQ��ZLUG�LQ�$EVFKQLWW�������JH]HLJW��,VW�GDV�$EEUXFKNULWHULXP�HUI�OOW��VR�HQGHW�GHU�$O�
JRULWKPXV�PLW� GHP� (UJHEQLV�� GD�� DOOH� ]XVDPPHQKlQJHQGHQ�2EMHNWH�PLW� HLQHP�1HW]� DXV
1HXURQHQ�XQG�9HUELQGXQJHQ�GD]ZLVFKHQ��EHUGHFNW�VLQG��JHQDXHU��GDV� ,QQHUH�DOOHU�DXVJH�
ELOGHWHQ� 9HUELQGXQJHQ� HLQHV� 1HXURQHQQHW]HV� DSSUR[LPLHUW� GLH� )OlFKH� GHU� JHRPHWULVFKHQ
2EMHNWH�
'XUFK�GLH�9HUWHLOXQJ�GHU�7HVWSXQNWH�DXI�GHU�JHVDPWHQ�)OlFKH�GHU�*2%V�LVW�GLH�/DXI]HLW�GHV
9HUIDKUHQV�SURSRUWLRQDO�]XU�)OlFKHQGLFKWH�GHU�2EMHNWH�DXI�GHU�3ODWLQHQREHUIOlFKH��%HL�JOHL�
FKHU�2EHUIOlFKHQGLFKWH�ZlFKVW�DOVR�GLH�$Q]DKO�GHU�JHQHULHUWHQ�7HVWSXQNWH�TXDGUDWLVFK�PLW
GHQ�$EPHVVXQJHQ�GHU�3ODWLQH��'DGXUFK�LVW�I�U�JU|�HUH�3ODWLQHQ�GLHVH�9RUJHKHQVZHLVH�QDKH�
]X�XQJHHLJQHW��%HL�3ODWLQHQ��GLH�JUR�IOlFKLJH�OHLWHQGH�9HUELQGXQJHQ�XQG�HLQH�KRKH�2EHUIOl�
FKHQGLFKWH� DXIZHLVHQ� QLPPW� GLH� $QZHQGEDUNHLW� GHV� $OJRULWKPXV� ZHLWHUKLQ� DE�� 2IWPDOV
H[LVWLHUHQ� DXI� 3ODWLQHQ� JUR�IOlFKLJH� 0DVVHQOHLWXQJHQ� �JURXQG� QHWV�� *1'��� GLH� DXIJUXQG
HOHNWULVFKHU�/HLWIlKLJNHLW�GHQ�YRQ�DQGHUHQ�2EMHNWHQ�XQJHQXW]WHQ�3ODW]�DXI�GHU�3ODWLQH�HLQ�
QHKPHQ��'LH�$Q]DKO�GHU�YHUZHQGHWHQ�7HVWSXQNWH�VWHLJW�GDGXUFK�HQRUP�

3.2.2 Randpunktverteilung
:HQQ�PDQ� GDYRQ� DXVJHKHQ� NDQQ�� GD�� GLH� $XVJDQJVGDWHQ� IHKOHUIUHL� YRUOLHJHQ� XQG� QLFKW
HWZD�GXUFK�5XQGXQJVIHKOHU�R�l��YHUIlOVFKW�ZXUGHQ��VR�N|QQWHQ�PD[LPDOH�=XVDPPHQKDQJV�
NRPSRQHQWHQ�GXUFK�6FKQLWW�GHU�2EMHNWH�EHUHFKQHW�ZHUGHQ��'D�GLH�HLQ]HOQHQ�2EMHNWH�VHOEVW
]XVDPPHQKlQJHQG�VLQG��JHQ�JW�HV��GHQ�6FKQLWW�GHU�5lQGHU�GHU�2EMHNWH�]X�EHWUDFKWHQ��'HU
$OJRULWKPXV�ZlUH�GDPLW�HLQ�6SH]LDOIDOO�GHV�DOOJHPHLQHQ�3RO\JRQVFKQLWWSUREOHPV��*HKW�PDQ
GDYRQ�DXV��GD��HLQH�NRQVWDQWH�REHUH�6FKUDQNH�I�U�GLH�$Q]DKO�GHU�/LQLHQ]�JH�HLQHV�2EMHNWV
H[LVWLHUW��VR�OLHJW�GLH�:RUVW�&DVH�%HVFKUHLEXQJVNRPSOH[LWlW�GHV�(UJHEQLVVHV�LQ�2� �Q ���ZREHL
Q� GLH� $Q]DKO� GHU� *2%V� LVW�� %HL� KLQUHLFKHQG� ÅJXWP�WLJHQ´� 2EMHNWHQ� ODVVHQ� VLFK� MHGRFK
VFKQHOOHUH�$OJRULWKPHQ�ILQGHQ��HWZD�/LQH�6ZHHS�9HUIDKUHQ�>�@�
,P�*HJHQVDW]�]X�$EVFKQLWW�������ZHUGHQ�QXQ�7HVWSXQNWH�QXU�DXI�GHP�5DQG�GHU�]X�EHWUDFK�
WHQGHQ�2EMHNWH�YHUWHLOW��'D�GLH�IUDNWDOH�'LPHQVLRQ�GHU�EHWUDFKWHWHQ�2EMHNWH�LPPHU�JOHLFK��
LVW��ZlFKVW�GLH�$Q]DKO�GHU�7HVWSXQNWH�GDGXUFK�QXU�QRFK�OLQHDU�PLW�GHU�$Q]DKO�GHU�2EMHNWH�
'LHV� N|QQWH� DXFK�GXUFK� HLQH� REHUH� 6FKUDQNH� I�U� GLH�PD[LPDO� ]XOlVVLJH� )OlFKHQGLFKWH� GHU
6DPSOHSXQNWH� HUUHLFKW� ZHUGHQ�� =X� XQUHJHOPl�LJH� RGHU� IUDNWDOH� 2EMHNWH� Z�UGHQ� VRPLW
GXUFK�GLH�3XQNWYHUWHLOXQJ�JHJOlWWHW�ZHUGHQ�
'XUFK�GHQ�$OJRULWKPXV�ZLUG�PLW�GLHVHU�9RUJHKHQVZHLVH�GLH�(LQK�OOHQGH�GHU�HLQ]HOQHQ�2E�
MHNWH� EHUHFKQHW�� %HU�KUHQ� E]Z�� VFKQHLGHQ� VLFK� ]ZHL�2EMHNWH�� VR� JHKHQ� GLH� DQ� GHQ� 6FKQLWW�
SXQNWHQ� JHELOGHWHQ� 1HXURQHQ� 9HUELQGXQJHQ� ]X� EHLGHQ� 2EMHNWHQ� HLQ�� $EKlQJLJ� YRQ� GHU
/DXI]HLW� GHV� $OJRULWKPXV� �DOVR� LP�:HVHQWOLFKHQ� GXUFK� HLQ� JHHLJQHWHV� $EEUXFKNULWHULXP�
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VLHKH�$EVFKQLWW��������ZHUGHQ�DXFK�9HUELQGXQJHQ�]X�DXVUHLFKHQG�QDKHQ��MHGRFK�JHWUHQQWHQ
2EMHNWHQ�� ZLH� VLH� GXUFK� )HKOHU� LQ� GHU� %HVFKUHLEXQJVVSUDFKH� E]Z�� 5XQGXQJ� YRUNRPPHQ
N|QQHQ��DXIUHFKW�HUKDOWHQ��%HJ�QVWLJW�ZLUG�GLHVHU�(IIHNW�GXUFK�GLH�HUK|KWH�)OlFKHQGLFKWH�GHU
7HVWSXQNWH�LQ�GLHVHQ�%HUHLFKHQ��GD�KLHU�GLH�:DKUVFKHLQOLFKNHLW�I�U�GLH�$XVZDKO�HLQHV�7HVW�
SXQNWV�GXUFK�GHQ�$OJRULWKPXV�K|KHU�LVW�DOV�LQ�%HUHLFKHQ�PLW�HQWIHUQW�]XHLQDQGHU�OLHJHQGHQ
*2%V�

3.2.3 Hot-Spot-Verteilung
%HL� GHQ� REHQ�YRUJHVWHOOWHQ�9HUIDKUHQVZHLVHQ� HQWVWHKHQ� VHKU� YLHOH�1HXURQHQYHUELQGXQJHQ
QXU� ]ZLVFKHQ�1HXURQHQ�GHV�JOHLFKHQ�*2%V�� )�U�GLH� HIIL]LHQWH�%HUHFKQXQJ�GHU�PD[LPDOHQ
=XVDPPHQKDQJVNRPSRQHQWHQ�VROOWHQ�VLFK�LGHDOHUZHLVH�QXU�9HUELQGXQJHQ�]ZLVFKHQ�XQWHU�
VFKLHGOLFKHQ�*2%V�ELOGHQ�
%HL�]XVlW]OLFKHP�9RUZLVVHQ��EHU�GLH�YHUZHQGHWHQ�*HUEHU�'DWHQ� Ol�W�VLFK�HLQ�ZHLWHUHU�ZH�
VHQWOLFKHU�*HVFKZLQGLJNHLWVJHZLQQ�HU]LHOHQ��IDOOV�QXU�%HUHLFKH�PLW�6DPSOHSXQNWHQ�YHUVRUJW
ZHUGHQ�� GLH� HLQH� HUK|KWH�:DKUVFKHLQOLFKNHLW� EHVLW]HQ��9HUELQGXQJHQ� ]ZLVFKHQ�*2%V� DXV�
]XELOGHQ��9RU�DOOHP�EHL�/LQLHQ]�JHQ�ZHUGHQ�KLHU�VHKU�YLHOH�7HVWSXQNWH�ÅYHUVFKZHQGHW´�
=XQlFKVW�ZHUGHQ�DOOH�2EMHNWH�PLW�UHODWLY�JHULQJHQ�$XVGHKQXQJHQ�NRPSOHWW�PLW�7HVWSXQNWHQ
YHUVRUJW��G�K��60'V��%RKU��XQG�/|WSXQNWH�ZHUGHQ�PLW�7HVWSXQNWHQ�JHPl��GHU�5DQGSXQNW�
YHUWHLOXQJ� LQ�$EVFKQLWW� ������ EHVW�FNW�� 'DQQ�ZHUGHQ� GLH� (QGHQ� GHU� /LQLHQ]�JH� EHWUDFKWHW
XQG�ELV�]X�HLQHU�/lQJH� EF ⋅ �PLW�5DQGWHVWSXQNWHQ�YHUVRUJW��'DEHL�LVW�E�GLH�%UHLWH�GHV�]X�YHU�
VRUJHQGHQ�/LQLHQ]XJV�XQG� F� HLQH�.RQVWDQWH� GHV�9HUIDKUHQV��$XI� GLHVH�:HLVH�ZHUGHQ� DOOH
/HLWHUEDKQHQGHQ�PLW�7HVWSXQNWHQ�EHVHW]W��IDOOV�LKUH�/lQJH� ( )EF� ⋅⋅ ��EHUVFKUHLWHW��/HLWHUEDK�
QHQ�� GLH� N�U]HU� DOV� ( )EF� ⋅⋅ � VLQG��ZHUGHQ�ZLH� LQ�$EVFKQLWW� ������ NRPSOHWW� YHUVRUJW��'DPLW
ZLUG� YHUPLHGHQ�� GD�� VLFK�XP�GLH�0LWWH�YRQ�/HLWHUEDKQ]�JHQ�7HVWSXQNWH� KlXIHQ�� VLFK� GD�
GXUFK�GHU�$OJRULWKPXV�ZLHGHUXP�YHUODQJVDPW� XQG� GXUFK� GLH�hEHUUHSUlVHQWDWLRQ� LQ� ÅXQ�
ZLFKWLJHQ´�%HUHLFKHQ�DQGHUH�%HU�KUXQJV��XQG�6FKQLWWSXQNWH�YHUQDFKOlVVLJW�ZHUGHQ�
7\SLVFKHUZHLVH�ZHUGHQ�GXUFK�GLHVH�9RUJHKHQVZHLVH�DOOH�NULWLVFKHQ�5HJLRQHQ��G�K��%HUHLFKH�
LQ�GHQHQ�6FKQLWWSXQNWH�DXIWUHWHQ�N|QQHQ��YHUVRUJW��.UHX]XQJVSXQNWH�]ZHLHU�/HLWHUEDKQHQ�
GLH�QLFKW�LQ�GHQ�%HUHLFK�GHU�(QGHQ�IDOOHQ��WUHWHQ�SUDNWLVFK�QLFKW�DXI��-HGRFK�NDQQ�GLHV�QLFKW
Y|OOLJ� DXVJHVFKORVVHQ�ZHUGHQ��'HVKDOE�ZHUGHQ�P|JOLFKH� 5HJLRQHQ� GXUFK� HLQHQ�9RUYHUDU�
EHLWXQJVVFKULWW� LGHQWLIL]LHUW� XQG� GLH� HQWVSUHFKHQGHQ� %HUHLFKH� PLW� 6DPSOHSXQNWHQ� EHOHJW�
1DFK� %HHQGLJXQJ� GHV� $OJRULWKPXV� UHSUlVHQWLHUHQ� GLH� 1HXURQHQYHUELQGXQJHQ� ZLHGHUXP
GLH�]XVDPPHQKlQJHQGHQ�/HLWXQJVQHW]H�

Abb. 7: Schematische Darstellung der Punktverteilungen
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3.3 Kachelung der Leiterplatte

,Q� DQIlQJOLFKHQ� 8QWHUVXFKXQJHQ� ]HLJWH� VLFK�� GD�� ]XU� NRUUHNWHQ� ,QWHUSUHWDWLRQ� HLQHU� W\SL�
VFKHQ�/HLWHUSODWWH�GLH�$Q]DKO�GHU�6DPSOHSXQNWH�I�U�GLH�%HUHFKQXQJ�LQ�HLQHP�6FKULWW�]X�JUR�
ZDU��6HOEVW�EHL�GHU�9HUZHQGXQJ�GHU�+RW�6SRW�9HUWHLOXQJ�DXV�$EVFKQLWW�������NRQQWH�GLH�JH�
VDPWH� 3ODWLQH� QLFKW� LQ� DEZDUWEDUHU� =HLW� LQWHUSUHWLHUW� ZHUGHQ�� 'LH� XQWHUVXFKWH� /HLWHUSODWWH
ZLHV� HWZD� ������� HLQ]HOQ� LGHQWLIL]LHUEDUH� 2EMHNWH� DXI� �HLQ� $XVVFKQLWW� DXV� GHU� JHNDFKHOWHQ
/HLWHUSODWWH�]HLJW�$EE�����8P�GLH�$Q]DKO�GHU�7HVWSXQNWH�]X�YHUULQJHUQ��PX�WH�GLH�3ODWLQH�LQ
XQWHUVFKLHGOLFKH�%HUHLFKH�DXIJHWHLOW�ZHUGHQ�
8P�P|JOLFKVW�ZHQLJ�9RUZLVVHQ��EHU�GLH� 6WUXNWXU�GHU�2EMHNWH� YRUDXV]XVHW]HQ��ZXUGH�GLH
(LQWHLOXQJ�HUVW�QDFK�GHU�9HUVRUJXQJ�PLW�7HVWSXQNWHQ�YRUJHQRPPHQ��(V�ZlUH�DXFK�GHQNEDU�
]XQlFKVW�GLH�JHRPHWULVFKHQ�2EMHNWH�HLQHP�%HUHLFK�DXI�GHU�3ODWLQH�]X]XVFKODJHQ�XQG�GDQQ
GLH� 9HUWHLOXQJ� GHU� 6DPSOHSXQNWH� YRU]XQHKPHQ�� *HJHQ� GLHVH� 9RUJHKHQVZHLVH� VSUDFK� YRU
DOOHP�GLH�7DWVDFKH��GD��PLW�]XQHKPHQG�IHLQHUHU�.DFKHOXQJ�GHU�/HLWHUSODWWH��LP�)ROJHQGHQ
PHLQW�.DFKHOXQJ�LPPHU�GLH�hEHUGHFNXQJ�GHU�/HLWHUSODWWH�PLW�]ZHLGLPHQVLRQDOHQ�7HLOPHQ�
JHQ��KlXILJHU�2EMHNWH�DXIWUHWHQ��GLH�PHKUHUH�.DFKHOQ�VFKQHLGHQ��'LH�(QWVFKHLGXQJ�GDU�EHU�
ZHOFKHU�.DFKHO� GLHVH�2EMHNWH� ]XJHVFKODJHQ�ZHUGHQ�P�VVHQ�� LVW� HQWVFKHLGHQG� I�U� GLH�.RU�
UHNWKHLW�GHV�9HUIDKUHQV��8P�HLQH� NRUUHNWH� ,QWHUSUHWDWLRQ� ]X� HUP|JOLFKHQ��PX�� HLQ� VROFKHV
2EMHNW� ORJLVFKHUZHLVH� ]X� EHLGHQ�.DFKHOQ� JHUHFKQHW�ZHUGHQ�� 'XUFK� VXN]HVVLYH�$XIWHLOXQJ
NDQQ�VLFK�GDGXUFK�GLH�$Q]DKO�GHU�LQVJHVDPW�WDWVlFKOLFK�]X�EHWUDFKWHQGHQ�2EMHNWH�GUDVWLVFK
HUK|KHQ��E]Z��GLH�$Q]DKO�GHU�2EMHNWH�SUR�.DFKHO�QLFKW�ZHLWHU�YHUULQJHUQ�ODVVHQ�
(EHQVR�PX��HLQ�JHHLJQHWHV�0D��GDI�U�JHIXQGHQ�ZHUGHQ��ZDQQ�GLH�.DFKHOXQJ�HLQHU�3ODWLQH
DXVUHLFKHQG� IHLQ� LVW��:LUG� GLH� .DFKHOXQJ� HUVW� QDFK� GHU� 9HUWHLOXQJ� GHU� 7HVWSXQNWH� YRUJH�
QRPPHQ��EHVFKUHLEW�GLH�$Q]DKO�GHU�7HVWSXQNWH��GLH�YRQ�HLQHU�.DFKHO��EHUGHFNW�ZHUGHQ��GHQ
]X�HUZDUWHQGHQ�%HUHFKQXQJVDXIZDQG�VHKU�JHQDX��:LUG�GLH�=XRUGQXQJ�GHU�2EMHNWH�]X�.D�
FKHOQ�YRU�GHU�9HUWHLOXQJ�GHU� 6DPSOHSXQNWH�EHUHFKQHW�� VR�PX�� VXN]HVVLYH� HLQH�%HZHUWXQJ
GHV� %HUHFKQXQJVDXIZDQGHV� DXIJUXQG� GHU� =XWHLOXQJ� GHU� 2EMHNWH� EHUHFKQHW� ZHUGHQ�� (U�
VFKZHUW�ZLUG�GLHV�ZLHGHUXP�GDGXUFK��GD��2EMHNWH�.DFKHOXQJVJUHQ]HQ��EHUVFKUHLWHQ�N|Q�
QHQ�XQG�VRPLW�QXU�WHLOZHLVH�LQ�GLH�%HZHUWXQJ�HLQIOLH�HQ�G�UIHQ��(LQ�0D��ZlUH�]�%��GHU�)Ol�
FKHQ��RGHU�8PIDQJVDQWHLO��GHU�GXUFK�GLH�+LQ]XQDKPH�HLQHV�2EMHNWV�]X�HLQHU�.DFKHO�]XVlW]�
OLFK�HQWVW�QGH��*HKW�PDQ�DEHU�YRQ�HLQHU�+RW�6SRW�9HUWHLOXQJ�DXV�� VR�P��WH� ]XVlW]OLFK�EH�
UHFKQHW�ZHUGHQ��ZLHYLHO�YRQ�GLHVHP�$QWHLO�ZLHGHU�LQ�HLQ�*HELHW�IlOOW��GDV�YRQ�GHU�+RW�6SRW�
9HUWHLOXQJ�EHU�FNVLFKWLJW�ZLUG�
'D�GLH�EHWUDFKWHWHQ�0HQJHQ�MHGRFK�YRUVRUWLHUW�VLQG��JHQ�JW�HV��SUR�5HNXUVLRQVVFKULWW�OHGLJ�
OLFK� I�U� MHGH�GHU�VRUWLHUWHQ�0HQJHQ�]ZHL� ,QGL]HV�]X�VSHLFKHUQ��ZHOFKH�GLH�*UHQ]HQ�GHU� I�U
GLHVH� .DFKHO� ]X� EHWUDFKWHQGHQ� 3XQNWPHQJH� DQJHEHQ�� 'LH� XUVSU�QJOLFKH�0HQJH� GHU� 7HVW�
SXQNWH�PX��DOVR�QLFKW�NRSLHUW�ZHUGHQ�XQG�GLH�WDWVlFKOLFKHQ�7HVWSXQNWH�GHU�.DFKHO�HUJHEHQ
VLFK�DOV�6FKQLWW�GHU�3XQNWH�EHLGHU�,QGH[EHUHLFKH�
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=XU�$XIWHLOXQJ�GHU�7HVWSXQNWH�LQ�.DFKHOQ�ZXUGH�HLQ�UHNXUVLYHU�$OJRULWKPXV�JHZlKOW��=XU
%HVFKOHXQLJXQJ�GHV�9HUIDKUHQV�ZLUG�]XQlFKVW�GLH�0HQJH�GHU�7HVWSXQNWH�VRZRKO�QDFK�GHU�[�
.RRUGLQDWH� DOV� DXFK�QDFK�GHU�\�.RRUGLQDWH� VRUWLHUW��'LHV� NDQQ� DXFK� VFKRQ�EHLP�(U]HXJHQ
XQG�(LQI�JHQ�GHU�7HVWSXQNWH�LQ�GLH�0HQJH�DOOHU�7HVWSXQNWH�JHVFKHKHQ�
=X�%HJLQQ�GHV�$OJRULWKPXV�OLHJHQ�DOOH�7HVWSXQNWH�DXI�HLQHU�HLQ]LJHQ�.DFKHO��6LQG�]X�YLHOH
3XQNWH�LQ�GLHVHU�0HQJH��ZLUG�DEZHFKVHOQG�QDFK�[�.RRUGLQDWH�XQG�\�.RRUGLQDWH�JHWHLOW�XQG
GLH�GDGXUFK� HQWVWHKHQGHQ�0HQJHQ�ZHLWHU� UHNXUVLY� EHWUDFKWHW��:LFKWLJ�GDEHL� LVW�� GD��QLFKW
EHL�MHGHP�$XIWHLOXQJVVFKULWW�QHXH�0HQJHQ�JHELOGHW�ZHUGHQ��'LHV�Z�UGH�]X�H[SRQHQWLHOO�PLW
GHU�=DKO�GHU�$XIWHLOXQJVVFKULWWH�N�ZDFKVHQGHQ�3XQNWPHQJHQ� I�KUHQ��%H]HLFKQHW�Q�GLH�XU�
VSU�QJOLFKH� $Q]DKO� GHU� LQVJHVDPW� YHUWHLOWHQ� 7HVWSXQNWH�� VR� Z�UGH� GLH� $Q]DKO� GHU� 7HVW�
SXQNWH�DOOHU�.DFKHOQ�]XVDPPHQ�QDFK�N�$XIWHLOXQJHQ� N�Q ⋅ �EHWUDJHQ�

Algorithmus: Tile
Beschreibung: Kachelt die Menge der Samplepunkte.
Parameter: samples_x, samples_y: Nach Koordinaten sortierte Mengen der Sample-

punkte.
left_x, right_x: Indizes der nach x-Koordinate sortierten Samplepunkte.
lower_y, upper_y: Indizes der nach y-Koordinate sortierten Samplepunkte.
which: Gibt an, welche Koordinate geteilt werden soll.
Θ: Schwellwert für die Anzahl der Samplepunkte

Startwerte: left_x, right_x, lower_y, upper_y beschreiben jeweils die gesamten sor-
tierten Samplemengen.

Ausgabe: Kachel, deren Anzahl von Testpunkten erstmals kleiner als Θ ist.

Tile (samples_x, samples_y, left_x, right_x, lower_y, upper_y, which)
{

if (points_in_section (samples_x, samples_y, left_x, right_x, lower_y, upper_y) > Θ)
{

if (which == x)
{

cut_x = find_good_cutting (samples_x, left_x, right_x);

Tile (samples_x, samples_y, left_x, cut_x, lower_y, upper_y, y);
Tile (samples_x, samples_y, cut_x, right_x, lower_y, upper_y, y);

}
else
{

cut_y = find_good_cutting (samples_y, lower_y, upper_y);

Tile (samples_x, samples_y, left_x, right_x, lower_y, cut_y, x);
Tile (samples_x, samples_y, left_x, right_x, cut_y, upper_y, x);

}
}
else
{

write_out (samples_x, samples_y, left_x, right_x, lower_y, upper_y);
}

}

Algorithmus 1: Rekursiver Kachelalgorithmus
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3.3.1 Geometrische Teilung
1RFK�QLFKW�QlKHU�EHWUDFKWHW�ZXUGH� LP�RELJHQ�$OJRULWKPXV�GLH�)XQNWLRQ� ILQGBJRRGBFXWWLQJ�
GLH�GDV�$XIWHLOHQ�GHU�DNWXHOOHQ�6DPSOHSXQNWH�YRUQLPPW��,GHDOHUZHLVH�VROOWH�HLQH�$XIWHLOXQJ
0HQJHQ�PLW�JOHLFKHU�0lFKWLJNHLW�HU]HXJHQ�XQG�VRPLW�GLH�0HQJH�GHU�LP�QlFKVWHQ�6FKULWW�]X
EHWUDFKWHQGHQ�7HVWSXQNWH�KDOELHUHQ�
(LQ�VFKQHOO�]X�LPSOHPHQWLHUHQGHV�9HUIDKUHQ�LVW�GLH�%HUHFKQXQJ�GHU�.DFKHOXQJVJUHQ]HQ�DOV
JHRPHWULVFKH�0LWWH� GHU� XUVSU�QJOLFKHQ�.DFKHO�� 6LQG� DOOH� 6DPSOHSXQNWH� DQQlKHUQG� JOHLFK�
YHUWHLOW��I�KUW�GLHVHV�9HUIDKUHQ�]X�NOHLQVWHQ�.DFKHOQ�PLW�ZHQLJ�6FKZDQNXQJHQ�EH]�JOLFK�GHU
$Q]DKO�GHU�7HVWSXQNWH��-HGRFK�N|QQHQ�EHL�VWDUN�JHFOXVWHUWHQ�7HVWSXQNWEHUHLFKHQ�GHXWOLFKH
8QWHUVFKLHGH� LQ�GHU�7HVWSXQNWDQ]DKO� DXIWUHWHQ��9RU� DOOHP�EHL�GHU�+RW�6SRW�9HUWHLOXQJ�KDW
VLFK�JH]HLJW�� GD��KlXILJ�.DFKHOQ�PLW� VHKU�XQWHUVFKLHGOLFKHU�$Q]DKO� DQ� 6DPSOHSXQNWHQ� HU�
]HXJW�ZHUGHQ�

3.3.2 Teilung über Mediansuche
'LH� REHQ� EHVFKULHEHQHQ� 1DFKWHLOH� HLQHU� JHRPHWULVFKHQ� $XIWHLOXQJ� ODVVHQ� VLFK� YHUPHLGHQ�
ZHQQ� VWDWW� GHVVHQ� HLQH�0HGLDQWHLOXQJ� LPSOHPHQWLHUW� ZLUG�� 'D]X�ZLUG� EHL� GHU�$XIWHLOXQJ
QDFK�HLQHU�.RRUGLQDWH�GDV�PLWWOHUH�(OHPHQW�DOV�7HLOXQJVJUHQ]H�EHVWLPPW��'D�HV�VLFK�EHL�GHQ
EHWUDFKWHWHQ�3XQNWPHQJHQ�XP�YRUVRUWLHUWH�0HQJHQ�KDQGHOW��LVW�GLHV�LQ�OLQHDUHU�=HLW�P|JOLFK�
6HOEVW�EHL�QLFKW�YRUVRUWLHUWHU�0HQJH�NDQQ�HLQH�0HGLDQVXFKH�LQ�OLQHDUHU�=HLW�HUIROJHQ�>�@�
'XUFK�GLHVH�9RUJHKHQVZHLVH�ZLUG�VLFKHUJHVWHOOW��GD��VLFK�GLH�$Q]DKO�GHU�7HVWSXQNWH�]ZHLHU
LQ� HLQHP� 7HLOXQJVVFKULWW� HQWVWHKHQGHU� .DFKHOQ� K|FKVWHQV� XP� HLQV� XQWHUVFKHLGHW�� )�U� HLQH
3DUDOOHOLVLHUXQJ�GHV�9HUIDKUHQV�ZLUG�VRPLW�VLFKHUJHVWHOOW��GD��DQQlKHUQG�JOHLFK�YLHO�5HFKHQ�
]HLW�SUR�.DFKHO�DXIJHZHQGHW�ZHUGHQ�PX���$XFK�NDQQ�GDGXUFK�QDFK�%HUHFKQXQJ�HLQHU�.D�
FKHO�GLH�YHUEOHLEHQGH�UHVWOLFKH�5HFKHQ]HLW�UHFKW�JHQDX�EHVWLPPW�ZHUGHQ��:DUXP�HV�GHQQRFK
]X�NOHLQHUHQ�6FKZDQNXQJHQ�NRPPHQ�NDQQ��]HLJW�GHU�QlFKVWH�$EVFKQLWW�

3.3.3 Überlappende Bereiche bei der Kachelung
'D�QLFKW�DXVJHVFKORVVHQ�ZHUGHQ�NDQQ��GD��EHL�GHU�$XIWHLOXQJ�LQ�.DFKHOQ�7HVWSXQNWH�HLQHV
*2%V�LQ�XQWHUVFKLHGOLFKHQ�.DFKHOQ�]X�OLHJHQ�NRPPHQ��PX��HLQH�%HWUDFKWXQJ�GHU�5DQGEH�
UHLFKH�YRUJHQRPPHQ�ZHUGHQ��9HUGHXWOLFKW�ZLUG�GLHV�LQ�$EVFKQLWW������ZR�GLH�,QWHUSUHWDWLRQ
GHU�1HXURQHQ� XQG� 9HUELQGXQJHQ� QDFK� %HHQGLJXQJ� GHV� 8)'&6�$OJRULWKPXV� EHVFKULHEHQ
ZLUG�
%HL� GHU�$XIWHLOXQJ�GHU�7HVWSXQNWH�ZLUG�XP� MHGH�.DFKHO� KHUXP� HLQ� VFKPDOHU� 5DQGEHUHLFK
]XVlW]OLFK�KLQ]XJHQRPPHQ��G�K��GLH�LQ�GLHVHQ�%HUHLFK�IDOOHQGHQ�3XQNWH�ZHUGHQ�GHQ�HLJHQWOL�
FKHQ�7HVWSXQNWHQ�GHU�.DFKHO�KLQ]XJHI�JW��5HDOLVLHUW�ZLUG�GLHV�GXUFK�HLQH�QDFKWUlJOLFKH�,Q�
GH[YHUVFKLHEXQJ�GHU�XUVSU�QJOLFKHQ�.DFKHOXQJVJUHQ]HQ�
8P�QLFKW� LQ� MHGHP�$XIWHLOXQJVVFKULWW� GLHVH� 5DQGSXQNWH� ]XVlW]OLFK� EHWUDFKWHQ� ]X�P�VVHQ�
XQG� LQVEHVRQGHUH� GDGXUFK� GLH� LQVJHVDPW� DOV� 5DQGEHUHLFK� HQWVWHKHQGH� )OlFKH� XQQ|WLJ� ]X
YHUJU|�HUQ��JHQ�JW�HV��EHLP�OHW]WHQ�7HLOXQJVVFKULWW��DOVR�EHYRU�GLH�7HVWSXQNWH�HLQHU�.DFKHO
HQGJ�OWLJ�IHVWJHOHJW�ZHUGHQ��GLHVH�3XQNWH�]X�EHU�FNVLFKWLJHQ�
'XUFK� GLH� %HU�FNVLFKWLJXQJ� YRQ� 5lQGHUQ� N|QQHQ� QDW�UOLFK� 6FKZDQNXQJHQ� LQ� GHU� 7HVW�
SXQNWDQ]DKO�]ZLVFKHQ�.DFKHOQ�HQWVWHKHQ��ZHQQ�5DQGEHUHLFKH�PLW�XQWHUVFKLHGOLFKHU�'LFKWH
GLH�.DFKHOQ�PHKU�RGHU�ZHQLJHU�YHUJU|�HUQ�

3.4 Interpretationsschritt der Kacheln

'HU� ,QWHUSUHWDWLRQVVFKULWW� GHU� .DFKHOQ� KDW� GLH� $XIJDEH�� DXV� GHQ� 1HXURQHQ�� XQG� 9HUELQ�
GXQJVGDWHQ��]XVDPPHQ�PLW�GHQ�XUVSU�QJOLFKHQ�*HUEHUREMHNWHQ��GLH�]X�%HJLQQ�YRQ�.DSLWHO��
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EHVFKULHEHQHQ� /HLWXQJVQHW]GDWHQ� ]X� HU]HXJHQ�� XP� GLH� JHIRUGHUWHQ� 7HVWV� �/HLWXQJV�� XQG
,VRODWLRQVWHVW��GXUFKI�KUHQ�]X�N|QQHQ�
=XQlFKVW� ZHUGHQ� GLH� JHJHEHQHQ� *HUEHU�'DWHQ� ZLH� REHQ� EHVFKULHEHQ� HLQJHOHVHQ�� 6DPSOH�
SXQNWH�GDUDXI�YHUWHLOW�XQG�GLH�0HQJH�GHU�6DPSOHSXQNWH�LQ�.DFKHOQ�DXIJHWHLOW��$XI�GLH�7HVW�
SXQNWH� MHGHU�.DFKHO�ZLUG�QXQ�GHU�8)'&6�$OJRULWKPXV�DQJHZHQGHW��XP�GLH�9HUELQGXQJV�
VWUXNWXU�GLHVHU�.DFKHO�]X�EHUHFKQHQ��1DFKGHP�GDV�$EEUXFKNULWHULXP�HUI�OOW�LVW��UHSUlVHQWLH�
UHQ�GLH�HU]HXJWHQ�1HXURQHQ�]XVDPPHQ�PLW�GHQ�9HUELQGXQJHQ�GLH�6WUXNWXU�GHU�2EMHNWH�DXI
GHU�/HLWHUSODWWH�

Abb. 8: Gekachelte Leiterplatte (Medianteilung)
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8P�]XVDPPHQKlQJHQGH�2EMHNWH�]X� LGHQWLIL]LHUHQ�ZLUG� I�U� MHGHV�HU]HXJWH�1HXURQ�EHUHFK�
QHW�� RE�GHU�GDPLW�YHUEXQGHQH�JHRPHWULVFKH�2UW� �3XQNW�� HLQHQ�6FKQLWW�PLW� GHQ�XUVSU�QJOL�
FKHQ�*2%V�KDW�XQG�GLHVH� LQ�0HQJHQ�JHVSHLFKHUW��1DFK�GLHVHP�3RLQW�/RFDWLRQ�7HVW�ZHUGHQ
0HQJHQ� PLW� QLFKWOHHUHP� 6FKQLWW� ]X� JU|�HUHQ� 0HQJHQ� YHUHLQLJW�� 7UHWHQ� NHLQH� ZHLWHUHQ

Algorithmus: UFDCS_Gerber
Beschreibung: Gesamtalgorithmus zur Interpretation der Gerber-Daten
Ausgabe: Maximal zusammenhängende Mengen, die die Leitungsnetze repräsentie-

ren.

UFDCS_Gerber() {
samples = {};
JREV� �UHDGBDOOBREMHFWV����
forall (gob g in gobs) {

points = g.generate_samplepoints ();
samples.add (points);

}
samples_x = samples.sort_x ();
samples_y = samples.sort_y ();
nx = samples_x.count ();
ny = samples_y.count ();
Tile (samples_x, samples_y, 0, nx, 0, ny, x);
forall (tile) {

UFDCS (tile);
forall (neuron n in neurons) {

An = n.locate_gobs ();
forall (neighbours m of n) {

An = An ∪ m.locate_gobs ();
}

}
forall (i, j) {

if (Ai ∩ Aj ≠ ∅) {
Ai.add (Aj);
Aj.delete ();

}
}
forall (Ai ≠ ∅) {

write_out (Ai);
}

}
read_all (Ai);
forall (i, j) {

if (Ai ∩ Aj ≠ ∅) {
Ai.add (Aj);
Aj.delete ();

}
}
forall (Ai ≠ ∅) {

write_out_nets (Ai);
}

}

Algorithmus 2: UFDCS-Gerber Gesamtalgorithmus
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6FKQLWWH� YRQ�0HQJHQ� DXI�� VLQG� GLH� PD[LPDOHQ� =XVDPPHQKDQJVNRPSRQHQWHQ�� G�K�� GLH� LQ
GLHVHU�.DFKHO�HQWKDOWHQHQ�/HLWHUEDKQQHW]H��NRPSOHWW�EHUHFKQHW�
$OOH� VR� JHELOGHWHQ�PD[LPDOHQ�0HQJHQ�ZHUGHQ� ]XOHW]W� ZLHGHUXP� QDFK� RELJHP� 9HUIDKUHQ
YHUHLQLJW��'XUFK�GLH��EHUODSSHQGHQ�5HJLRQHQ�ZHUGHQ�QXQ�DXFK�/HLWXQJVQHW]H��GLH��EHU�.D�
FKHOQ�KLQZHJ�YHUODXIHQ��NRUUHNW�HUNDQQW��$P�(QGH�GHV�*HVDPWDOJRULWKPXV�HQWVSUHFKHQ�GLH
PD[LPDOHQ�=XVDPPHQKDQJVPHQJHQ�GHQ�/HLWXQJVQHW]HQ�GHU�JHVDPWHQ�3ODWLQH�
(LQ�1DFKEHDUEHLWXQJVVFKULWW�EHUHFKQHW�QXQ�QRFK�DXV�GHU�.RSILQIRUPDWLRQ�GHU�*HUEHU�'DWHL
]XVDPPHQ� PLW� GHQ� (OHPHQWHQ� GHU� PD[LPDOHQ� =XVDPPHQKDQJVPHQJHQ� GLH� $)7�
5HSUlVHQWDWLRQ�GHU�'DWHQ�XQG�JLEW�GLHVH�LQ�HLQH�'DWHL�DXV�
'XUFK�GLH�9HUZHQGXQJ�YRQ�8QLRQ�)LQG�6WUXNWXUHQ� >�@�NDQQ�GHU�$XIZDQG� I�U�GLH�REHQ�EH�
VFKULHEHQHQ�0HQJHQRSHUDWLRQHQ� GHXWOLFK� JHJHQ�EHU� HLQHU� QDLYHQ� 9RUJHKHQVZHLVH� YHUULQ�
JHUW�ZHUGHQ��)�U�0HQJHQ�$�XQG�%�PLW�Q�E]Z��P�(OHPHQWHQ�NDQQ�GDGXUFK�GHU�6FKQLWW�EHLGHU
0HQJHQ�LQ�2� P�ORJQ ⋅ ��EHUHFKQHW�ZHUGHQ��ZREHL�Q�GDV�0LQLPXP�YRQ�Q�XQG�P�VHLQ�VROOWH�
'LH�9HUHLQLJXQJ�]ZHLHU�0HQJHQ�Ol�W�VLFK�VRJDU�LQ�NRQVWDQWHU�=HLW�EHUHFKQHQ�

Abb. 9: Kachel während der Berechnung



��

4 Ergebnisse
'XUFK�GLH�9HUZHQGXQJ�HLQHV�QHXURQDOHQ�$QVDW]HV�ZXUGH�XQWHUVXFKW��RE�GDV�3UREOHP�GHU
NRUUHNWHQ�,GHQWLIL]LHUXQJ�YRQ�/HLWHUEDKQQHW]HQ�DXV�XQVDXEHUHQ�'DWHQ�P|JOLFK�LVW��E]Z��VLFK
VRJDU�EHVVHU�XQG�UREXVWHU�JHJHQ�EHU�KHUN|PPOLFKHQ�0HWKRGHQ�YHUKlOW��(LQH�P|JOLFKH�9RU�
JHKHQVZHLVH�]XP�)LOWHUQ�XQVDXEHUHU�'DWHQ� LVW�GLH�%HWUDFKWXQJ�HLQHV�]XVlW]OLFKHQ�5DQGEH�
UHLFKV�XP�MHGHV�JHRPHWULVFKH�2EMHNW��6FKQHLGHQ�VLFK�GLHVH�5DQGEHUHLFKH��VR�KDQGHOW�HV�VLFK
DQ�GHU�6FKQLWWVWHOOH�P|JOLFKHUZHLVH�XP�HLQH�XQVDXEHUH�6WHOOH� LQ�GHQ�5HSUlVHQWDWLRQVGDWHQ�
'LH�.RUUHNWKHLW�GLHVHU�0HWKRGH� LVW� MHGRFK�HQWVFKHLGHQG�GDYRQ�DEKlQJLJ��ZHOFKH�)RUP�GHU
KLQ]XJHQRPPHQH�5DQGEHUHLFK�]XP�2EMHNW�KLQ]XI�JW�

Abb. 10: Vollständig berechnete Kachel

'HU�9RUWHLO�GHU�QHXURQDOHQ�0HWKRGH�EHVWHKW�GDULQ��GD��GLHVH�)RUP�QLFKW�ZHLWHU�LQWHUHVVLHUW�
GD�DOOHLQ�GXUFK�GLH�K|KHUH�3XQNWGLFKWH�LQ�GLHVHP�%HUHLFK�HLQH�9HUELQGXQJ�]XP�1DFKEDURE�
MHNW�PLW�K|KHUHU�:DKUVFKHLQOLFKNHLW�]XVWDQGH�NRPPW�DOV�LQ�DQGHUHQ�%HUHLFKHQ�
(LQ�6SH]LDOIDOO�GLHVHU�K|KHUHQ�'LFKWH�VLQG�GLH�ZHLWHU�REHQ�DQJHVSURFKHQHQ�'UDZQ�3DGV��7\�
SLVFK� I�U�GDV�(UNHQQHQ�GLHVHU�3DGV�PLWWHOV�GHU�EHVFKULHEHQHQ�QHXURQDOHQ�6WUXNWXU� LVW� HLQH
HUK|KWH�9HUELQGXQJVGLFKWH�LQ�GLHVHP�%HUHLFK��'HVKDOE�N|QQHQ�LQ�HLQHP�1DFKEHDUEHLWXQJV�
VFKULWW�GLHVH�3DGV� VHKU� OHLFKW� HUNDQQW�ZHUGHQ��'D]X�PX�� OHGLJOLFK�GLH�$Q]DKO�GHU�9HUELQ�
GXQJHQ��GLH�YRQ�HLQHP�*2%�]X�HLQHP�1DFKEDUREMHNW�EHVWHKHQ��JH]lKOW�ZHUGHQ�XQG�GLHVH
=DKO�UHODWLY�]X�GHQ�LQVJHVDPW�DXI�GLHVHP�2EMHNW�YHUWHLOWHQ�7HVWSXQNWHQ�EHWUDFKWHW�ZHUGHQ�
:LUG�GDEHL�HLQ�EHVWLPPWHU�3UR]HQWVDW]��EHUVFKULWWHQ��KDQGHOW�HV�VLFK�XP�HLQ�'UDZQ�3DG�XQG



��

GLH�DGMD]HQWHQ�2EMHNWH�N|QQHQ�]X�HLQHP�2EMHNW�YHUHLQLJW�ZHUGHQ��(LQ�%HLVSLHO�GDI�U�]HLJW
$EE�����
,Q� GHQ�$EELOGXQJHQ� VLQG� MHZHLOV� GLH� .DFKHOJUHQ]HQ� �URW��PLW� ]XJHK|UHQGHP�5DQGEHUHLFK
�EODX�� ]X� VHKHQ�� 'DPLW� GLH�1HXURQHQYHUELQGXQJHQ� GHXWOLFKHU� ]X� VHKHQ� VLQG��ZXUGHQ� GLH
JHRPHWULVFKHQ�2EMHNWH�JHULQJI�JLJ�NOHLQHU�JH]HLFKQHW�DOV�VLH�]XU�%HUHFKQXQJ�KHUDQJH]RJHQ
ZHUGHQ��%HL�/HLWHUEDKQ]�JHQ�YHUODXIHQ�GLH�1HXURQHQYHUELQGXQJHQ�RIWPDOV�LQ�GHU�0LWWH�GHU
/LQLH�XQG�VLQG�QLFKW�LPPHU�JHQDX�HUNHQQEDU�

Abb. 11: Erkennen von Drawn Pads

5 Ausblick
3UDNWLVFKH�8QWHUVXFKXQJHQ�DQ�UHDOHQ�/HLWHUSODWWHQGDWHQ�KDEHQ�JH]HLJW��GD��HLQH�,QWHUSUHWD�
WLRQ�PLWWHOV�GHV�YRUJHVWHOOWHQ�9HUIDKUHQV�P|JOLFK�LVW�XQG�9RUWHLOH�KLQVLFKWOLFK�GHU�.RUUHNWXU
IHKOHUKDIWHU�'DWHQ�JHJHQ�EHU� VWDQGDUGLVLHUWHQ�0HWKRGHQ�ELHWHW��'LH�5HFKHQ]HLW� GHV�YRUJH�
VWHOOWHQ�9HUIDKUHQV�Ol�W�VLFK�DQ�YLHOHQ�6WHOOHQ�GXUFK�GLH�:DKO�YRQ�EHVVHUHQ�'DWHQVWUXNWXUHQ
ZHLWHU� RSWLPLHUHQ�� 6R�Z�UGH� VLFK�GXUFK�GLH�9HUZHQGXQJ�YRQ�9RURQRL�'LDJUDPPHQ�ZlK�
UHQG�GHU�8)'&6�3KDVH�GLH�DXIZHQGLJH�1DFKEDUVFKDIWVVXFKH�HQWVFKHLGHQG�YHUN�U]HQ��'DV
Z�UGH�HV�HUP|JOLFKHQ��GLH�.DFKHOXQJ�GHU�*HVDPWSODWLQH�JU|EHU�]X�EHODVVHQ�
'XUFK�GLH�YHUWHLOWH�6WUXNWXU�GHU�7HVWSXQNWH�DXI�HLQ]HOQH�.DFKHOQ�LVW�MHGHU]HLW�HLQH�3DUDOOHOL�
VLHUXQJ�GHV�9HUIDKUHQV�Y|OOLJ�SUREOHPORV�P|JOLFK�XQG�SUDNWLVFK�RKQH�bQGHUXQJHQ�GHV�$O�
JRULWKPXV�]X�HUUHLFKHQ�
'LH�$XWRUHQ�P|FKWHQ� VLFK�EHL�3URI��'U��3��7UDQ�*LD�XQG�.XUW� 7XWVFKNX� I�U� LKUH�+LQZHLVH
XQG�$QUHJXQJHQ�EHGDQNHQ��(EHQIDOOV�VHL�GLH�JXWH�=XVDPPHQDUEHLW�PLW�GHQ�0LWDUEHLWHUQ�GHU
)LUPD�$7*�KHUYRU]XKHEHQ�
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