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1 Einleitung

,Q�GHU�KHXWLJHQ�=HLW�LVW�HLQHV�GHU�YRUGULQJOLFKVWHQ�=LHOH�GLH�RSWLPDOH�$XVQXW]XQJ
GHU�YRUKDQGHQHQ�5HVVRXUFHQ�XQG�GLH�0LQLPLHUXQJ�GHV�9HUEUDXFKV�DQ�5HVVRXU�
FHQ�I�U�]XN�QIWLJH�$QZHQGXQJHQ��'LHV�WULIIW�QLFKW�QXU�EHL�GHQ�QDW�UOLFKHQ�5RK�
VWRIIHQ�]XP�6FKXW]�GHU�8PZHOW�]X��VRQGHUQ�DXFK� LQ�DOOHQ�%HUHLFKHQ�GHU�gNR�
QRPLH�� 1DW�UOLFK� PX�� GDEHL� DXFK� GLH� 4XDOLWlW� GHU� $QZHQGXQJ� VLFKHUJHVWHOOW
ZHUGHQ��'LH�YHUI�JEDUHQ�5HVVRXUFHQ�VLQG�VHKU�KlXILJ�HLQ�EHVFKUlQNWHV�*XW��,Q
.RPPXQLNDWLRQVV\VWHPHQ�]�%��LVW�GLH�YHUI�JEDUH�.DSD]LWlW�LP�PRELOHQ�%HUHLFK
GXUFK�GHQ�]XU�9HUI�JXQJ�VWHKHQGHQ�)UHTXHQ]EHUHLFK�XQG� LQ�)HVWQHW]HQ�GXUFK
GLH�%DQGEUHLWH�GHU�YHUOHJWHQ�/HLWXQJHQ�HLQJHVFKUlQNW�

)�U�HLQH�EHVWLPPWH�$QZHQGXQJ�KlQJHQ�GLH�GD]X�Q|WLJHQ�5HVVRXUFHQ�PD�JHE�
OLFK�YRP�%HGDUI�GDQDFK�DE��GHU�RIW�VWDUN�PLW�GHU�3RVLWLRQ�VFKZDQNW��8P�GLHVHU
9HUWHLOXQJ� GHV� %HGDUIV� 5HFKQXQJ� ]X� WUDJHQ�� ZHUGHQ� PHLVW� YHUWHLOWH� 6\VWHPH
HLQJHVHW]W��EHL�GHU�GLH�9HUVRUJXQJ�GHU�*HVDPWIOlFKH�DXI�HLQ]HOQH�6WDQGRUWH�DXI�
JHWHLOW� LVW��-HGHU�6WDQGRUW�EHGLHQW�GDEHL�QXU�GHQ�%HGDUI� LQ�VHLQHP�%HUHLFK��'LH
3RVLWLRQ�HLQHU�9HUVRUJXQJVHLQULFKWXQJ�OHJW�DXFK�GLH�Q|WLJHQ�5HVVRXUFHQ�I�U�VLH
IHVW�� ,P�:HWWEHZHUE�KlQJW� GHU�(UIROJ� HLQHU� $QZHQGXQJ� HQWVFKHLGHQG� YRQ� GHU
JHZLQQEULQJHQGHQ�:DKO�GHU�6WDQGRUWH�DE��GD�GLHVH� LP�QDFKKLQHLQ�QLFKW�PHKU
UHYLGLHUW�ZHUGHQ�N|QQHQ��'DV�]ZHLWH�.ULWHULXP�I�U�HLQH�HUIROJUHLFKH�$QZHQGXQJ
LVW�GLH�RSWLPDOH�9HUWHLOXQJ�GHU�YHUI�JEDUHQ�5HVVRXUFHQ��E]Z��HLQH�DXVUHLFKHQGH
%HUHLWVWHOOXQJ�GLHVHU�

%HL�GHU�6WDQGRUWSODQXQJ�ZLUG�KLQVLFKWOLFK�HLQHU�P|JOLFKVW�JHULQJHQ�$Q]DKO�YRQ
9HUVRUJXQJVHLQULFKWXQJHQ�XQG�HLQHP�P|JOLFKVW�NOHLQHQ�9HUEUDXFK�DQ�5HVVRXU�
FHQ� RSWLPLHUW�� =XVlW]OLFK�PX�� HLQH� YRUKHU� IHVWJHOHJWH� *�WH� GHV� 9HUVRUJXQJV�
JUDGHV� VLFKHUJHVWHOOW�ZHUGHQ��'HU� 9HUVRUJXQJVJUDG�ZLUG� QRUPDOHUZHLVH� GXUFK
GLH�+|KH�GHV�DEJHGHFNWHQ�%HGDUIV�GHILQLHUW��'D]X�ZLUG�VHLQH�9HUWHLOXQJ�LP�3OD�
QXQJVJHELHW� PRGHOOLHUW�� $XV� *U�QGHQ� GHU� .RPSOH[LWlW� NDQQ� I�U� GLH� 3ODQXQJ
QLFKW�MHGHU�HLQ]HOQH�3XQNW�PLW�HLQHP�EHVWLPPWHQ�%HGDUI�KHUDQJH]RJHQ�ZHUGHQ�
2IW� VLQG�DXFK�NHLQH�JHQDXHQ� ,QIRUPDWLRQHQ��EHU� HLQ]HOQH�%HGDUIVSXQNWH� YRU�
KDQGHQ��VRQGHUQ�HV�LVW�QXU�HLQH�$EVFKlW]XQJ�GHV�XQJHIlKUHQ�%HGDUIV�LQ�HLQHP
*HELHW�P|JOLFK��'LH�UlXPOLFKH�9HUWHLOXQJ�GHV�%HGDUIV� LVW�]XVlW]OLFK�PHLVW�VHKU
XQJOHLFKPl�LJ��'HU�%HGDUI�QDFK�.RPPXQLNDWLRQ�]�%��LVW�LP�XUEDQHP�*HELHW�XP
*U|�HQRUGQXQJHQ�K|KHU�DOV�LP�IUHLHQ�*HOlQGH��$XV�GLHVHQ�*U�QGHQ�ZXUGH�GDV
.RQ]HSW�GHU�'HPDQG�1RGHV�HQWZLFNHOW��VLHKH�GD]X�>��@�XQG�>��@��'LH�'HPDQG�
1RGHV�VWHOOHQ�GDEHL�3XQNWH�GDU��GLH�HLQHQ�YRUJHJHEHQHQ�%HGDUI�DXI�LKUHU�)OlFKH
UHSUlVHQWLHUHQ�� 6LH� VLQG� GHU� 5HSUlVHQWDQW� GHV� *HVDPWYHUNHKUV�� GHU� GXUFK� GLH
HLQ]HOQHQ�3XQNWH�PLW�JHJHEHQHP�%HGDUI�LQ�LKUHU�8PJHEXQJ�JHELOGHW�ZLUG��'LHVH
3XQNWH�N|QQHQ�DXFK�DOOHLQ�YLUWXHOO�YRUKDQGHQ�VHLQ��IDOOV�]�%��QXU�HLQH�$EVFKlW�
]XQJ��EHU�GLH�6XPPH�GHV�.RPPXQLNDWLRQVYHUNHKUV�P|JOLFK�LVW��'LH�'HPDQG�
1RGHV�ZHUGHQ�GXUFK�HLQ�VRJHQDQQWHV�&OXVWHUXQJVYHUIDKUHQ�HU]HXJW��ZREHL�PLW
&OXVWHUXQJ� GLH� 8QJOHLFKPl�LJNHLW� GHU� %HGDUIVYHUWHLOXQJ� EH]HLFKQHW� ZLUG�� 'LH
$SSUR[LPDWLRQVJ�WH�GHV�%HGDUIV�GXUFK�GLH�'HPDQG�1RGHV� LVW�GDEHL�GDV�ZLFK�
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WLJVWH� 4XDOLWlWVNULWHULXP�� 'LH� &OXVWHUXQJVYHUIDKUHQ� KDEHQ� DXV� GLHVHP� *UXQG
HLQHQ�HQWVFKHLGHQGHQ�(LQIOX��DXI�GHQ�(UIROJ�GHU�3ODQXQJ��'DKHU�LVW�GLH�,QWHQWL�
RQ�GLHVHU�$UEHLW�GLH�(QWZLFNOXQJ�GLHVHU�&OXVWHUXQJVYHUIDKUHQ�XQG� LKUH�%HZHU�
WXQJ�LP�+LQEOLFN�DXI�LKUH�(LJQXQJ�I�U�JHJHEHQH�3UREOHPVWHOOXQJHQ��'HU�HQWZLN�
NHOWH�$OJRULWKPXV�VROOWH�]XHUVW� I�U�GLH�3ODQXQJ�YRQ�PRELOHQ�.RPPXQLNDWLRQV�
V\VWHPHQ�YHUZHQGHW�ZHUGHQ��ZHVKDOE� LQ� GLHVHU� $UEHLW� QXU� GLH� $QZHQGXQJ� I�U
GLHVHQ� )DOO� GDUJHOHJW� ZLUG�� 'LH� *UXQGODJHQ� XQG� GHU� HQWZLFNHOWH� $OJRULWKPXV
VLQG�MHGRFK�XQLYHUVHOO�I�U�DOOH�3UREOHPH�GHU�6WDQGRUWSODQXQJ�HLQVHW]EDU�

=LHO�GHU�$UEHLW�LVW�HV��$OJRULWKPHQ�]XU�0RGHOOLHUXQJ�GHV�9HUNHKUVDXINRPPHQV�LQ
PRELOHQ� .RPPXQLNDWLRQVV\VWHPHQ� ]X� HQWZHUIHQ� XQG� ]X� XQWHUVXFKHQ�� ZR]X
GDV�.RQ]HSW� GHU�'HPDQG�1RGHV� YHUZHQGHW�ZLUG�� ,Q� GLHVHP�5DKPHQ�ZLUG� HLQ
QHXHV�9HUIDKUHQ�]XU�(U]HXJXQJ�GHU�'HPDQG�1RGHV�HQWZLFNHOW��'HU�$QVDW]�GLH�
VHV�9HUIDKUHQV�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�LVW�YROONRPPHQ�YHUVFKLHGHQ
YRQ�GHP�GHV�EHNDQQWHQ�UHNXUVLYHQ�3DUWLWLRQLHUHQV��'LH�1DFKWHLOH�GHV�UHNXUVLYHQ
3DUWLWLRQLHUHQV�� GLH� VLFK� EHL� GHU� %HZHUWXQJ� GLHVHV� $OJRULWKPXV� JH]HLJW� KDEHQ�
VLQG�EHL�GHP�QHXHQ�9HUIDKUHQ�QLFKW�PHKU�YRUKDQGHQ��%HLGH�LQ�GLHVHU�$UEHLW�EH�
VFKULHEHQHQ� $OJRULWKPHQ� VLQG� LQ� GDV� DP� /HKUVWXKO� HQWZLFNHOWH�0RELOIXQNSOD�
QXQJVV\VWHP� ,&(37�� VLHKH� GD]X� .DSLWHO� ����� LQWHJULHUW� ZRUGHQ� XQG� N|QQHQ
ZDKOZHLVH�]XU�3ODQXQJ�HLQJHVHW]W�ZHUGHQ��$XI�*UXQGODJH�GHV�QHXHQ�$OJRULWK�
PXV�ZLUG�GDV�:HUN]HXJ�&87(� ]XU�$EVFKlW]XQJ�GHV�%HGDUIV�HQWZLFNHOW��'DPLW
NDQQ� GHU� %HGDUI� GXUFK� GLH� 'HPDQG�1RGHV� I�U� YLHOIlOWLJH� =ZHFNH� PRGHOOLHUW
ZHUGHQ��,P�5DKPHQ�GHU�'DUVWHOOXQJ�GHU�EHLGHQ�9HUIDKUHQ�ZLUG�DXFK�HLQH�TXD�
OLWDWLYH�%HZHUWXQJ�GHU�(LJQXQJ�GXUFKJHI�KUW��=XVlW]OLFK�ZLUG�HLQ�*�WHPD��GHIL�
QLHUW��DXI�GHVVHQ�*UXQGODJH�GLH�&OXVWHUXQJVYHUIDKUHQ�DXFK�TXDQWLWDWLY�EHZHUWHW
ZHUGHQ�N|QQHQ��'LH�4XDOLWlW�GHU�$SSUR[LPDWLRQ�NDQQ�KLHUPLW�LQ�=DKOHQ�JHID�W
ZHUGHQ�

,Q�GHU�YRUOLHJHQGHQ�$UEHLW�ZLUG�]XHUVW� LQ�.DSLWHO���HLQH�(LQI�KUXQJ� LQ�GLH�3OD�
QXQJ� YRQ� PRELOHQ� .RPPXQLNDWLRQVQHW]HQ� JH]HLJW�� ZREHL� LQ� .DSLWHO� ���� GDV
.RQ]HSW� GHU�'HPDQG�1RGHV�QlKHU� EHOHXFKWHW�ZLUG�� ,Q�.DSLWHO� ��ZHUGHQ� QDFK
HLQHU� NXU]HQ� (LQI�KUXQJ� LQ� GDV� .RQ]HSW� GHU� &OXVWHUXQJ� ]ZHL� 9HUIDKUHQ� GD]X
EHVFKULHEHQ�� 1DFK� GHU� 'DUVWHOOXQJ� GHV� 9HUIDKUHQV� GHV� UHNXUVLYHQ� 3DUWLWLRQLH�
UHQV�ZLUG� GDV� 9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV� YRQ�.QRWHQ� HQWZLFNHOW��ZREHL
HLQH�TXDOLWDWLYH�8QWHUVXFKXQJ�EHLGHU�9HUIDKUHQ�HQWKDOWHQ� LVW��(LQ�TXDQWLWDWLYHV
*�WHPD�� ZLUG� LQ� .DSLWHO� �� GHILQLHUW� XQG� ]XU� 8QWHUVXFKXQJ� YHUVFKLHGHQHU
$VSHNWH� GHU� $SSUR[LPDWLRQVJ�WH� GHU� $XVJDQJVGDWHQ� YHUZHQGHW�� $QZHQGXQJV�
EHLVSLHOH�I�U�GDV�QHXH�&OXVWHUXQJVYHUIDKUHQ�XQG�GLH�$XVZLUNXQJHQ�GHU�&OXVWH�
UXQJ�ZHUGHQ� LQ�.DSLWHO���GDUJHOHJW�� ,Q�.DSLWHO� ��EHILQGHW� VLFK� VFKOLH�OLFK�HLQH
=XVDPPHQIDVVXQJ�GHU�(UJHEQLVVH�XQG�HLQ�$XVEOLFN�DXI�]XN�QIWLJH�$QZHQGXQ�
JHQ�
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2 Planung mobiler Kommunikationssysteme

)�U�GLH�3ODQXQJ�HLQHV�PRELOHQ�.RPPXQLNDWLRQVV\VWHPV�VLQG�YHUVFKLHGHQH�$Q�
VlW]H�GHQNEDU��'LH�NODVVLVFKHQ��DQDO\WLVFKHQ�3ODQXQJVPHWKRGHQ��GLH�LQ�>�@�XQG
>��@� EHVFKULHEHQ� ZHUGHQ�� VLQG� VFKRQ� LQ� GHQ� EHNDQQWHQ� 3ODQXQJVZHUN]HXJHQ
ZLH� 3(*$626� >��@� RGHU� 3/$1(7� >��@� LP� (LQVDW]�� 'LH� 3RVLWLRQHQ� GHU� 6HQGHU
ZHUGHQ� LP� ZHVHQWOLFKHQ� GXUFK� GLH� (LQJDEHQ� HLQHV� HUIDKUHQHQ� 1HW]ZHUNLQJH�
QLHXUV�IHVWJHOHJW��GHU�GXUFK�GLHVH�3URJUDPPSDNHWH�GDEHL�XQWHUVW�W]W�ZLUG��'HU
JUR�H� 1DFKWHLO� GLHVHV� $QVDW]HV� LVW� GLH� VWDUNH� $EKlQJLJNHLW� GHU� 3ODQXQJVJ�WH
YRQ�GHU�$XVELOGXQJ�XQG�(UIDKUXQJ�GHV�,QJHQLHXUV�

,Q�HLQHP�PRGHUQHQ��LQWHJUDWLYHQ�$QVDW]��ZLH�HU�LQ�GHP�3DNHW�,&(37, VLHKH�>��@�
>��@�XQG�>��@��YHUZHQGHW�ZLUG��Ol�W�VLFK�GHU�9RUJDQJ�GXUFK�GLH�9HUZHQGXQJ�YRQ
'DWHQ��EHU�GLH�9HUWHLOXQJ�GHV�.RPPXQLNDWLRQVEHGDUIV� LP�3ODQXQJVJHELHW� DX�
WRPDWLVLHUHQ��'DV�3ODQXQJVV\VWHP�,&(37�ZLUG�LQ�.DSLWHO�����EHVFKULHEHQ��'LHVHU
EHGDUIVRULHQWLHUWH�$QVDW]�HUJLEW�EHL�GHU�3ODQXQJ�YRQ�PRELOHQ�.RPPXQLNDWLRQV�
V\VWHPHQ� ZHVHQWOLFKH� 9RUWHLOH�� (LQHU� LVW� GLH� 0|JOLFKNHLW� GHU� $XWRPDWLVLHUXQJ
GHV�3ODQXQJVYRUJDQJV��'HU�ZHVHQWOLFK�1XW]HQ�OLHJW�DEHU�GDULQ��GD��GLH�3ODQXQJ
QLFKW�PHKU�YRQ�GHP�VXEMHNWLYHQ�8UWHLO� HLQHV� ,QJHQLHXUV�DEKlQJW��'LH�3RVLWLRQ
XQG�.DSD]LWlW�GHU�6HQGHU�ZLUG�VWDWW�GHVVHQ�GXUFK�HLQHQ�GHILQLHUWHQ�$OJRULWKPXV
IHVWJHOHJW��GHU�HLQ�REMHNWLYHV�(UJHEQLV�OLHIHUW��'DV�5HVXOWDW�ZLUG�GHWHUPLQLVWLVFK
GXUFK� GLH� :DKO� GHU� 3ODQXQJVSDUDPHWHU� XQG� GHU� 9RUJDEHQ� KLQVLFKWOLFK� GHU
'LHQVWJ�WH�EHVWLPPW�

'HU�ZLFKWLJVWH�$VSHNW�EHL�GHU�3ODQXQJ�LVW�GLH�6HQGHUSRVLWLRQLHUXQJ��GD�]XP�HL�
QHQ� GLH� $XVZDKO� HLQHV� 6WDQGRUWV� GXUFK� GLH� *HRJUDSKLH� XQG�0RUSKRORJLH� EH�
VFKUlQNW� LVW��=XP�DQGHUHQ�NDQQ�GLH�3RVLWLRQ�HLQHV�6HQGHUV� VSlWHU�QLFKW�PHKU
YHUlQGHUW�ZHUGHQ��$QGHUH�3DUDPHWHU��ZLH�GLH�.DQDOYHUWHLOXQJ�RGHU�GLH�.DSD]L�
WlW�� N|QQHQ� LP� QDFKKLQHLQ� QRFK� DGDSWLHUW� ZHUGHQ�� 1XU� GLH� EHGDUIVRULHQWLHUWH
3ODQXQJ�HUP|JOLFKW�HLQH�RSWLPDOH�3RVLWLRQLHUXQJ�GHU�6HQGHU�JHPl��YRUJHJHEH�
QHU�.RQVWDQWHQ��ZLH�YHUI�JEDUH�)UHTXHQ]HQ�RGHU�SK\VLNDOLVFKH�*HJHEHQKHLWHQ�
XQG�ZlKOEDUHU�3DUDPHWHU��ZLH�'LHQVWJ�WH�RGHU�9HUVRUJXQJVJUDG�

8P�8QNODUKHLWHQ�GHU�'DUVWHOOXQJ�]X�YHUPHLGHQ��ZHUGHQ� LP� IROJHQGHQ�7H[W�GLH
HQJOLVFKHQ� 2ULJLQDOEH]HLFKQXQJHQ� ZLH� ]�%�� Å'HPDQG�1RGH´� VWDWW� HWZD� Å%H�
GDUIVNQRWHQSXQNW´�YHUZHQGHW�

2.1 Bedarfsorientierte Planung

'LH� YHUVFKLHGHQHQ� 3KDVHQ� EHL� GHU� EHGDUIVRULHQWLHUWHQ� 3ODQXQJ� HLQHV� PRELOHQ
.RPPXQLNDWLRQVV\VWHPV�ZHUGHQ�LQ�$EELOGXQJ�������DXIJH]HLJW��,Q�GLHVHU�$UEHLW
ZLUG�YRU�DOOHP�GHU�6FKULWW�GHU�(U]HXJXQJ�GHU�'HPDQG�1RGHV�DXV�GHU�9HUNHKUV�
PDWUL[� EHWUDFKWHW�� 'LH� (U]HXJXQJ� GHU� 9HUNHKUVPDWUL[�ZLUG� LQ� >��@� XQWHUVXFKW�
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9HUVFKLHGHQH� 9HUIDKUHQ� ]XU� 3RVLWLRQLHUXQJ� XQG� .DSD]LWLHUXQJ� YRQ� 6HQGHUQ
ZHUGHQ�LQ�>��@�YHUJOLFKHQ�

ATKIS-Daten über
Landnutzung

Verkehrsmatrix

Demand-Nodes

Senderverteilung

Erzeugung der Verkehrsmatrix
anhand der Landklassen

Erstellung der Demand-Nodes
mit Hilfe der Verkehrsmatrix

Positionierung und Kapazitierun g
von Mobilfunksendern anhand
der Demand-Nodes

Abbildung 2.1.1: Phasen der Planung eines mobilen Kommunikationssystems

%HL�GHU�EHGDUIVRULHQWLHUWHQ�3ODQXQJ�LVW�HV�EHVRQGHUV�ZLFKWLJ��GLH�7HLOQHKPHUDN�
WLYLWlW� NRUUHNW� ]X�PRGHOOLHUHQ�� =XU� 3ODQXQJ� XQG� 'LPHQVLRQLHUXQJ� YRQ� 1HW]HQ
PX��YRU�DOOHP�GLH�/DJH�XQG�GLH�,QWHQVLWlW�YRQ�%HQXW]HUDNWLYLWlW�HUID�W�ZHUGHQ�
'HU�%HGDUI� QDFK�.RPPXQLNDWLRQ� HUJLEW� VLFK�GXUFK�GLH� $NWLYLWlW� GHU� %HQXW]HU�
]�%��GXUFK�GLH�YRQ�LKQHQ�JHI�KUWHQ�7HOHIRQJHVSUlFKH��'XUFK�GHQ�.RPPXQLNDWL�
RQVEHGDUI�YHUVFKLHGHQHU�%HQXW]HU�LP�3ODQXQJVJHELHW�ZLUG�HLQH�EHVWLPPWH�+|KH
DQ�.RPPXQLNDWLRQVYHUNHKU�HU]HXJW��'LHVHU�.RPPXQLNDWLRQVYHUNHKU�SUR�)OlFKH
ZLUG�DOV�9HUNHKUVGLFKWH�RGHU�9HUNHKUVLQWHQVLWlW�EH]HLFKQHW�XQG�LVW�VWDUN�DEKlQ�
JLJ�YRQ�GHU�UlXPOLFKHQ�9HUWHLOXQJ�GHU�%HQXW]HU�
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'LH�UlXPOLFKH�9HUWHLOXQJ�GHU�9HUNHKUVGLFKWH�EHVWLPPW�GLH�6WDQGRUWH�GHU�6HQGHU
XQG�GLH�+|KH�GHU�9HUNHKUVGLFKWH�GLH�.DSD]LWlW�GHU�6HQGHU��8P�]�%��GLH�$Q]DKO
GHU�Q|WLJHQ�.DQlOH�I�U�HLQHQ�EHVWLPPWHQ�6HQGHU�IHVW]XOHJHQ��ZLUG�GHU�.RPPX�
QLNDWLRQVYHUNHKU� LQ� GHP�9HUVRUJXQJVJHELHW� GLHVHV� 6HQGHUV� EHVWLPPW�� $QKDQG
GHV�.RPPXQLNDWLRQVYHUNHKUV�NDQQ�GDQQ�GLH�$Q]DKO�GHU�EHQ|WLJWHQ�.DQlOH�EHL
HLQHU�YRUKHU�IHVWJHOHJWHQ�'LHQVWJ�WH�EHUHFKQHW�ZHUGHQ�

'XUFK�GLH�0RELOLWlW�GHU�7HLOQHKPHU�XQG�YRU�DOOHP�GXUFK�GLH� MH�QDFK�7DJHV]HLW
XQWHUVFKLHGOLFKH�,QWHQVLWlW�GHU�$NWLYLWlW�LVW�DXFK�GLH�9HUNHKUVGLFKWH�]HLWOLFK�DE�
KlQJLJ��=XU�3ODQXQJ�ZLUG�GDKHU�GLH�K|FKVWH�9HUNHKUVGLFKWH�KHUDQJH]RJHQ��GLH
LP�9HUODXI�HLQHV�7DJHV�DXIWULWW��'D]X�ZLUG�GLH�9HUNHKUVGLFKWH�YHUZHQGHW��GLH�LQ
GHU�+DXSWYHUNHKUVVWXQGH��LP�(QJOLVFKHQ�ÅEXV\�KRXU´�JHQDQQW��YRUOLHJW�

(LQH�DQGHUH�0|JOLFKNHLW� LVW� HV��6]HQDULHQ� I�U� YHUVFKLHGHQH�7DJHV]HLWHQ� ]X� HU�
VWHOOHQ�XQG�PLW�GLHVHQ�]X�SODQHQ��'DEHL�HUJHEHQ�VLFK�DEHU�PHKUHUH�/|VXQJHQ�
GLH�MHZHLOV�]X�HLQHP�EHVWLPPWHQ�=HLWSXQNW�RSWLPDO�VLQG��'LH�3RVLWLRQ�GHU�6HQ�
GHU�NDQQ�MHGRFK�QLFKW�]HLWDEKlQJLJ�YDULLHUW�ZHUGHQ��DOOHQIDOOV�GLH�.DSD]LWlW�HLQ�
]HOQHU�6HQGHU��,Q�GHQ�KHXWH�YHUEUHLWHWHQ�0RELOIXQNV\VWHPHQ��ZLH�]�%��QDFK�GHP
*60�6WDQGDUG� �*OREDO� 6\VWHP� IRU�0RELOH� &RPPXQLFDWLRQV��� VLQG� GLH� .DSD]L�
WlWV]XWHLOXQJHQ� ]X� HLQ]HOQHQ� 6HQGHUQ� DEHU� VWDWLVFK�� )�U� GLHVH� 6\VWHPH� UHLFKW
GLH�3ODQXQJ�PLW�HLQHU�VWDWLVFKHQ�9HUNHKUVGLFKWH�DXV��)DOOV�GLH�.DSD]LWlWVYHUWHL�
OXQJ� ]ZLVFKHQ� 6HQGHUQ� G\QDPLVFK� DGDSWLHUEDU� LVW�� NDQQ� PLW� ]HLWDEKlQJLJHQ
9HUNHKUVGLFKWHQ� JHDUEHLWHW� ZHUGHQ�� 'LHV� LVW� ]�%�� EHL� GHQ� DXI� GHP� &'0$�
9HUIDKUHQ��&RGH�'LYLVLRQ�0XOWLSOH�$FFHVV��EDVLHUHQGHQ�1HW]HQ�P|JOLFK��'LH�5H�
SUlVHQWDWLRQ� GHV� .RPPXQLNDWLRQVYHUNHKUV� LP� 3ODQXQJVJHELHW� GXUFK� GLH� 'H�
PDQG�1RGHV�LVW�DEHU�LQ�GLHVHP�)DOO�HEHQVR�DQZHQGEDU�

2.2 Das Konzept der Demand-Nodes

'LH�DOOHLQLJH�*UXQGODJH�I�U�GLH�3ODQXQJ�YRQ�PRELOHQ�.RPPXQLNDWLRQVV\VWHPHQ
VLQG�GLH�7HLOQHKPHU�GHV�'LHQVWHV��GXUFK�GHUHQ�.RPPXQLNDWLRQ�9HUNHKU�HU]HXJW
ZLUG��'XUFK�LKUH�3RVLWLRQ�XQG�0RELOLWlW�ZLUG�GLH�/DJH�GHU�6HQGHU�XQG�GXUFK�GLH
*HVSUlFKVLQWHQVLWlW� XQG� *HVSUlFKVGDXHU� GLH� .DSD]LWlW� GHU� 6HQGHU� EHVWLPPW�
)DOOV�PDQ�D�SULRUL�GLHVH�'DWHQ�DOOHU�7HLOQHKPHU�NHQQHQ�Z�UGH��N|QQWH�GDV�0R�
ELOIXQNQHW]�RSWLPDO�DXVJHOHJW�ZHUGHQ��=XP�HLQHQ�VLQG�QLFKW�DOOH�'DWHQ�EHNDQQW�
]XP� DQGHUHQ� Z�UGH� GLH� %HU�FNVLFKWLJXQJ� MHGHV� HLQ]HOQHQ� %HQXW]HUV� EHL� GHU
3ODQXQJ� GLH� .RPSOH[LWlW� XQG� 'DWHQI�OOH� VR� HUK|KHQ�� GD�� HLQH� 3ODQXQJ
VFKOLFKWZHJ�XQP|JOLFK�ZlUH��$XV�GLHVHQ�*U�QGHQ�ID�W�PDQ�GHQ�YRQ�HLQ]HOQHQ
7HLOQHKPHUQ� HU]HXJWHQ� .RPPXQLNDWLRQVYHUNHKU� ]X� 3XQNWHQ� ]XVDPPHQ�� GLH
HLQHQ�IHVWHQ��YRUKHU�IHVWJHOHJWHQ��.RPPXQLNDWLRQVYHUNHKU�UHSUlVHQWLHUHQ�

'LHVH�3XQNWH�ZHUGHQ� LQ�GHU�0RELOIXQNSODQXQJ�Å'HPDQG�1RGHV´�JHQDQQW�XQG
LP�QlFKVWHQ�.DSLWHO�H[DNW�GHILQLHUW��'LH�'HPDQG�1RGHV�ZHUGHQ�GXUFK�HLQ�&OX�
VWHUXQJVYHUIDKUHQ�DXV�GHQ�YRUKDQGHQHQ�'DWHQ��EHU�GLH�9HUNHKUVGLFKWH�HU]HXJW�
'LH�&OXVWHUXQJ�ZLUG�LQ�.DSLWHO���GHILQLHUW�XQG�YHUVFKLHGHQH�9HUIDKUHQ�GD]X�EH�
VFKULHEHQ�
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'XUFK�GLH�(U]HXJXQJ�GHU�'HPDQG�1RGHV�ZLUG�]XP�HLQHQ�HLQH�'LVNUHWLVLHUXQJ
GHV� YRQ�GHQ�7HLOQHKPHUQ� LQLWLLHUWHQ�.RPPXQLNDWLRQVYHUNHKUV� HUUHLFKW��:LH� LQ
.DSLWHO� ������ JH]HLJW� ZLUG�� ZHUGHQ� VWDWLVWLVFKH� (LJHQVFKDIWHQ� GHV� GXUFK� GLH
.RPPXQLNDWLRQ� HU]HXJWHQ� 9HUNHKUV� DXVJHQXW]W�� XP� HLQH� %HVFKUHLEXQJ� GHV
9HUNHKUV� SUR� )OlFKH� ]X� HUUHLFKHQ�� 'DGXUFK�ZLUG� HLQH� )XQNWLRQ� GHU� 9HUNHKUV�
GLFKWH�GHILQLHUW��GLH�GLH�+|KH�GHU�9HUNHKUVGLFKWH�DQ�MHGHP�3XQNW�LP�3ODQXQJV�
JHELHW�DQJLEW��'LH�KLHUPLW�JHZRQQHQH�'LVNUHWLVLHUXQJ�GHV�.RPPXQLNDWLRQVYHU�
NHKUV� LVW� HVVHQWLHOO�� GD� NHLQH� 'DWHQ� �EHU� GLH� 3RVLWLRQ� XQG� GLH� GRUW� JHI�KUWHQ
*HVSUlFKH� HLQ]HOQHU� 7HLOQHKPHU� YRUOLHJHQ�� 'LH� 9HUNHKUVGLFKWHIXQNWLRQ� GLHQW
YRU�DOOHP�DOV�WKHRUHWLVFKHV�0RGHOO�I�U�GLH�3ODQXQJ��0HLVW�VLQG�]X�ZHQLJ�,QIRU�
PDWLRQHQ��EHU�GLH�9HUWHLOXQJ�GHV�.RPPXQLNDWLRQVYHUNHKU� YRUKDQGHQ�� XP�GL�
UHNW�GLH�9HUNHKUVGLFKWHIXQNWLRQ�DQJHEHQ�]X�N|QQHQ�

=XP�DQGHUHQ�KDW�GLH�$JJUHJDWLRQ�GHV�7HLOQHKPHUYHUNHKUV�HLQH�UlXPOLFKH�'LV�
NUHWLVLHUXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� GHU� HLQ]HOQHQ� 7HLOQHKPHU� ]XP� (U�
JHEQLV��,Q�GHU�3ODQXQJ�PX��QLFKW�PHKU�GLH�.RPPXQLNDWLRQ�HLQ]HOQHU��VLFK�EH�
ZHJHQGHU�7HLOQHKPHU�EHU�FNVLFKWLJW�ZHUGHQ��6WDWW�GHVVHQ�OLHJW�HLQH�0HQJH�YRQ
3XQNWHQ�YRU�� -HGHU�3XQNW� UHSUlVHQWLHUW�GDEHL�GHQ�.RPPXQLNDWLRQVYHUNHKU�GHU
7HLOQHKPHU� LQ� VHLQHU� 8PJHEXQJ�� 'LH� 3RVLWLRQHQ� GHU� 'HPDQG�1RGHV� N|QQHQ
DXFK�DOV�YLUWXHOOH��EHZHJXQJVORVH�7HLOQHKPHU�DQJHVHKHQ�ZHUGHQ��GLH�HLQHQ�EH�
VWLPPWHQ�.RPPXQLNDWLRQVYHUNHKU�UHSUlVHQWLHUHQ�

'LH�EHLGHQ�'LVNUHWLVLHUXQJHQ�VLQG�Q|WLJ��XP�GLH�JHZDOWLJHQ�'DWHQPHQJHQ��GLH
HLQH�%HU�FNVLFKWLJXQJ�GHU�$NWLYLWlW�DOOHU�%HQXW]HU�HU]HXJHQ�Z�UGH��DXI�HLQ� I�U
GLH� 3ODQXQJ�KDQGOLFKHV�0D�� ]X� UHGX]LHUHQ�� $X�HUGHP� VLQG�PHLVW� QXU� XQYROO�
VWlQGLJH� 'DWHQ� �EHU� GHQ� %HGDUI� DQ� .RPPXQLNDWLRQ� YRUKDQGHQ�� 'LH� GLVNUHWL�
VLHUWH� 5HSUlVHQWDWLRQ� GHV� .RPPXQLNDWLRQVYHUNHKUV� GXUFK� GLH� 'HPDQG�1RGHV
NDQQ�PDQ�ZHVHQWOLFK� HLQIDFKHU� DEVFKlW]HQ� DOV� GLH� ,QIRUPDWLRQHQ� �EHU� XQDE�
KlQJLJ�DJLHUHQGH�HLQ]HOQH�7HLOQHKPHU��=X�GLHVHU�$EVFKlW]XQJ�N|QQHQ�]�%��JHR�
JUDSKLVFKH�'DWHQ�YHUZHQGHW�ZHUGHQ�

'DV� .RQ]HSW� GHU� 'HPDQG�1RGHV� VWDPPW� XUVSU�QJOLFK� DXV� GHP� %HUHLFK� GHU
6WDQGRUWSODQXQJ��ZHOFKHV�LQ�>�@�EHVFKULHEHQ�ZLUG��,Q�>��@�XQG�>��@�ZXUGH�HV�I�U
GLH� 3ODQXQJ� YRQ� PRELOHQ� .RPPXQLNDWLRQVV\VWHPHQ� DGDSWLHUW�� ,Q� >�@� ZHUGHQ
6WUDWHJLHQ� ]XU� RSWLPDOHQ� 3RVLWLRQLHUXQJ� YRQ� )LUPHQ� XQG� *HVFKlIWHQ�� GLH� HLQ
IHVWJHOHJWHV�*HELHW�YHUVRUJHQ�VROOHQ��XQWHUVXFKW��'DEHL�ZLUG�HUPLWWHOW��LQZLHZHLW
HLQH� EHVWLPPWH� 3RVLWLRQ� GHU� 9HUVRUJXQJVDQODJH� HLQ]HOQH� 7HLOH� LP� EHG�UIWLJHQ
*HELHW�EHGLHQW��'LH�9HUWHLOXQJ�GHV�%HGDUIV�LP�*HELHW��GHU�YRQ�GHU�3RVLWLRQ�XQG
HYHQWXHOO�DQGHUHQ�)DNWRUHQ�DEKlQJW��ZLUG�GDEHL�GXUFK�HLQ]HOQH�3XQNWH�PLW�JH�
QDX�GHILQLHUWHP�9HUEUDXFK�EHVFKULHEHQ��'LHVHV�.RQ]HSW�Ol�W�VLFK�OHLFKW�DXI�GHQ
%HUHLFK� GHU� 3ODQXQJ� YRQ�PRELOHQ�.RPPXQLNDWLRQVV\VWHPHQ� �EHUWUDJHQ�� 'RUW
EHGLHQW�HLQ�6HQGHU�DOV�9HUVRUJHU�GHQ�.RPPXQLNDWLRQVEHGDUI�HLQHU�0HQJH�YRQ
7HLOQHKPHUQ�
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2.2.1 Definition eines Demand-Nodes

'HILQLWLRQ�
(LQ�'HPDQG�1RGH�UHSUlVHQWLHUW�GHQ�6FKZHUSXQNW�HLQHU�)OlFKH��GLH�HLQHQ
YRUKHU�IHVWJHOHJWHQ�%HGDUI�DQ�.RPPXQLNDWLRQ�HQWKlOW��'LH�+|KH�GHV�%H�
GDUIV� ZLUG� GDEHL� GXUFK� GLH� $Q]DKO� YRQ� *HVSUlFKVDQIRUGHUXQJHQ� SUR
=HLWHLQKHLW�GHILQLHUW�

:LH� EHUHLWV� GDUJHOHJW�� ZLUG� GHU� .RPPXQLNDWLRQVEHGDUI� GXUFK� GLH� 'HPDQG�
1RGHV�VRZRKO�UlXPOLFK�DOV�DXFK�KLQVLFKWOLFK�GHV�9HUNHKUVDXINRPPHQV�GLVNUH�
WLVLHUW�� ,Q� GHU� XUVSU�QJOLFKHQ� 'HILQLWLRQ� YHUWULWW� MHGHU� 'HPDQG�1RGH� LP� 3OD�
QXQJVJHELHW� HLQH� LGHQWLVFKH�+|KH� GHV� .RPPXQLNDWLRQVYHUNHKUV�� 'DGXUFK� UH�
SUlVHQWLHUW�GLH�'LFKWH�GHU�'HPDQG�1RGHV�GLUHNW�GLH�9HUNHKUVGLFKWH��ZREHL�DEHU
HLQ�4XDQWLVLHUXQJVIHKOHU�GXUFK�GLH�'LVNUHWLVLHUXQJ�YRUKDQGHQ� LVW��8P�GLH�(LQ�
VDW]P|JOLFKNHLWHQ� GHV� .RQ]HSWV� GHU� 'HPDQG�1RGHV� ]X� HUZHLWHUQ�� ZLUG� GLHVH
VWUHQJH�%HGLQJXQJ�DXIJHZHLFKW��,P�IROJHQGHQ�PX��GHU�YRQ�GHQ�'HPDQG�1RGHV
YHUWUHWHQH� .RPPXQLNDWLRQVYHUNHKU� QLFKW� LGHQWLVFK� VHLQ�� 7URW]GHP� EOHLEW� GDV
,GHDO�GHV�JOHLFKHQ�.RPPXQLNDWLRQVYHUNHKUV�HLQ�ZLFKWLJHV�=LHO��,Q�.DSLWHO���ZLUG
GLHVH� =LHOVHW]XQJ� EHL� GHU� 8QWHUVXFKXQJ� YRQ� $OJRULWKPHQ� ]XU� (U]HXJXQJ� GHU
'HPDQG�1RGHV�JHQDXHU�EHOHXFKWHW�

(LQ�'HPDQG�1RGH� UHSUlVHQWLHUW� GLH� 6XPPH�GHV�.RPPXQLNDWLRQVYHUNHKUV� DXI
VHLQHU�)OlFKH��'DEHL�JHKW�PDQ�GDYRQ�DXV��GD��GLH�=HLWSXQNWH�GHU�9HUNHKUVDQ�
IRUGHUXQJHQ�HLQ]HOQHU�7HLOQHKPHU�VRZLH�GLH�'DXHU�HLQHV�.RPPXQLNDWLRQVYRU�
JDQJV� YRQ� DQGHUHQ� 9HUNHKUVDQIRUGHUXQJHQ� VWDWLVWLVFK� XQDEKlQJLJ� VLQG�� 1DFK
0HVVXQJHQ�LQ�GHU�3UD[LV��VLHKH�GD]X�>�@��ZLUG�GLHVHV�.ULWHULXP�VHKU�JXW�HUI�OOW�
:HOFKHU�7HLOQHKPHU�GLH�9HUNHKUVDQIRUGHUXQJHQ� LQLWLLHUW� LVW�EHGHXWXQJVORV��VR�
ODQJH�GLH�=HLWSXQNWH�YRQHLQDQGHU�XQDEKlQJLJ� VLQG��)DOOV�GLH�$Q]DKO�GHU� VXP�
PLHUWHQ� 7HLOQHKPHU� DXVUHLFKHQG� JUR�� LVW�� N|QQHQ� GLHVH� VWDWLVWLVFKHQ� (LJHQ�
VFKDIWHQ� DXVJHQXW]W� ZHUGHQ�� XQG� GHU� 9RUJDQJ� GHU� 9HUNHKUVLQLWLLHUXQJ� HLQHV
'HPDQG�1RGHV�GDUI�DOV�3RLVVRQ�3UR]H��PRGHOOLHUW�ZHUGHQ��'XUFK�GLH�=XVDP�
PHQIDVVXQJ�HLQHU�JU|�HUHQ�$Q]DKO�YRQ�7HLOQHKPHUQ� LVW� HV�EHL�GHQ�JHQDQQWHQ
VWDWLVWLVFKHQ� 9RUDXVVHW]XQJHQ� P|JOLFK�� HLQH� QHJDWLY�H[SRQHQWLHOOH� 9HUWHLOXQJ
GHU� =HLWSXQNWH� GHU� 9HUNHKUVDQIRUGHUXQJHQ� DQ]XQHKPHQ�� 'LHV� EHGHXWHW� HLQH
QHJDWLY�H[SRQHQWLHOOH� 9HUWHLOXQJ� GHU� =ZLVFKHQDQNXQIWV]HLW�� 'LH� *UXQGODJH� ]X
GLHVHU�$QQDKPH�OLHIHUW�GDV�*HVHW]�GHU�JUR�HQ�=DKOHQ��GXUFK�GDV�VLFK�EHL�HLQHU
XQHQGOLFKHQ� $Q]DKO� YRQ� 7HLOQHKPHUQ� JHQDX� GLH� QHJDWLY�H[SRQHQWLHOOH� 9HUWHL�
OXQJ� HUJLEW�� 'LHVH� $QQDKPHQ� VLQG� I�U� GDV� YHUNHKUVWKHRUHWLVFKH�0RGHOO� Q|WLJ�
ZHOFKHV�EHL�GHU�6XPPDWLRQ�GHU�9HUNHKUVLQWHQVLWlW�LPSOL]LW�DQJHZDQGW�ZLUG��'LH
DXV�GHU�9HUNHKUVWKHRULH�GD]X�YHUZHQGHWHQ�*UXQGODJHQ�ZHUGHQ�WHLOZHLVH�LQ�.D�
SLWHO�����XQG�DXVI�KUOLFK�LQ�>��@�EHVFKULHEHQ�

'HU�.RPPXQLNDWLRQVYHUNHKU�XQG�GLH�3RVLWLRQ�VLQG� I�U�GLH�%HVFKUHLEXQJ�HLQHV
'HPDQG�1RGHV� EHL� GHU� 1HW]SODQXQJ� RIW� QLFKW� DXVUHLFKHQG�� )�U� GLH�0RGHOOLH�
UXQJ�GHU�:HOOHQDXVEUHLWXQJ��GLH�]XU�8QWHUVXFKXQJ�YRQ�)HOGVWlUNH�XQG�,QWHUIH�
UHQ]� GHU� )XQNVLJQDOH� Q|WLJ� LVW�� ZLUG� HLQH� &KDUDNWHULVLHUXQJ� GHU� 3RVLWLRQ� GHV
6HQGHUV� XQG� 0RELOWHLOQHKPHUV� EHQ|WLJW�� 'LH� :HOOHQDXVEUHLWXQJVPRGHOOH�� ZLH
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]�%��GDV�+DWD�0RGHOO�DXV�>�@�RGHU�GDV�0RGHOO�QDFK�&267����DXV�>��@��YHUZHQ�
GHQ�GD]X�VRJHQDQQWH�/DQGQXW]XQJVNODVVHQ�� ,Q� >��@�ZHUGHQ�GLHVH�0RGHOOH�GHU
:HOOHQDXVEUHLWXQJ� HUOlXWHUW�� (LQ� %HLVSLHO� I�U� GLH� /DQGQXW]XQJVNODVVHQ� LVW� DXI
6HLWH����LQ�7DEHOOH�������]X�ILQGHQ��$XV�GLHVHP�*UXQG�ZLUG�MHGHP�'HPDQG�1RGH
EHL�GHU�(U]HXJXQJ�]XVlW]OLFK�HLQH�/DQGQXW]XQJVNODVVH�]XJHRUGQHW��GLH�GDV�*H�
ELHW�GHV�'HPDQG�1RGHV�FKDUDNWHULVLHUW�

)�U� GLH� NRPSOHWWH� %HVFKUHLEXQJ� HLQHV� 'HPDQG�1RGHV� ZHUGHQ� GLH� LQ� 7DEHOOH
������JHQDQQWHQ�3DUDPHWHU�EHQ|WLJW�

Parameter eines Demand-Nodes

Position

Kommunikationsverkehr

Landnutzungsklasse

Tabelle 2.2.1: Definition eines Demand-Nodes

2.2.2 Zielkriterien für die Erzeugung von Demand-Nodes

%HL� GHU� 'DUVWHOOXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� LP� 3ODQXQJVJHELHW� GXUFK
'HPDQG�1RGHV�P�VVHQ�YHUVFKLHGHQH�$VSHNWH�EHU�FNVLFKWLJW�ZHUGHQ��XP�HLQH
P|JOLFKVW�JHQDXH�$SSUR[LPDWLRQ�GHU�9HUNHKUVYHUWHLOXQJ� LP�3ODQXQJVJHELHW� ]X
HUUHLFKHQ�

'DPLW�GLH�$XIIDVVXQJ�DOV�3RLVVRQ�3UR]H��GHU�9HUNHKUVLQLWLLHUXQJ� LP�'HPDQG�
1RGH� NRUUHNW� LVW�� P�VVHQ� JHQ�JHQG� YLHOH� 9HUNHKUVDQIRUGHUXQJHQ� VXPPLHUW
ZHUGHQ��,P�DOOJHPHLQHQ�ZLUG�GLHVH�$QQDKPH�EHL�7HOHIRQYHUNHKU�QDFK�>�@�VHKU
JXW�HUUHLFKW�

)�U� HLQH� JHQ�JHQG� JHQDXH� 5HSUlVHQWDWLRQ� GHU� UlXPOLFKHQ� 9HUNHKUVYHUWHLOXQJ
PX��GLH�$Q]DKO�GHU�'HPDQG�1RGHV�DXVUHLFKHQG�JUR��VHLQ��$QGHUQIDOOV�Z�UGHQ
GLH�3RVLWLRQ�XQG�.DSD]LWlW�GHU�6HQGHU�QLFKW�GHP�ZLUNOLFKHQ�.RPPXQLNDWLRQV�
YHUNHKU�JHUHFKW�ZHUGHQ�

8P� DXFK� )OlFKHQ� PLW� JHULQJHP� .RPPXQLNDWLRQVYHUNHKU� LP� 3ODQXQJVJHELHW
JHQDX�]X�UHSUlVHQWLHUHQ��GDUI�GLH�YRQ�HLQHP�'HPDQG�1RGH�GDUJHVWHOOWH�)OlFKH
QLFKW� ]X� JUR�� VHLQ��*UR�H� 7HLOH� GLHVHU�*HELHWH�Z�UGHQ� VRQVW� EHL� GHU� 3ODQXQJ
QLFKW� EHU�FNVLFKWLJW�� GD� LQ� LKQHQ� QXU� VHKU� ZHQLJH� RGHU� JDU� NHLQH� 'HPDQG�
1RGHV�SRVLWLRQLHUW�ZlUHQ�

'LH� 9HUWHLOXQJ� GHU� 'HPDQG�1RGHV� LQ� HLQHP� EHVWLPPWHQ� 7HLOEHUHLFK� GHV� 3OD�
QXQJVJHELHWHV�GDUI�QLFKW�YRQ�GHU�)RUP�GHV�3ODQXQJVJHELHWHV�DEKlQJHQ��'D]X
PX��GLH�9HUWHLOXQJ�GHU�'HPDQG�1RGHV�LQ�HLQHP�7HLOJHELHW�EHL�EHOLHELJHU�:DKO
GHV�3ODQXQJVJHELHWHV� LGHQWLVFK� VHLQ�� VRIHUQ� GLHVHV� 7HLOJHELHW� NRPSOHWW� LQ� LKP
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HQWKDOWHQ� LVW�� 'XUFK� 5DQGHIIHNWH� GDUI� VLFK� K|FKVWHQV� GLH� 9HUWHLOXQJ� GHU� 'H�
PDQG�1RGHV�DQ�GHU�3HULSKHULH�GHV�7HLOJHELHWHV�lQGHUQ�

'XUFK�GHQ�$OJRULWKPXV��GHU�GLH�'HPDQG�1RGHV�HU]HXJW��GDUI�NHLQH�K|KHUH�2UG�
QXQJ�GLHVHU�'HPDQG�1RGHV�YRUJHWlXVFKW�ZHUGHQ��DOV�LQ�GHU�9HUNHKUVYHUWHLOXQJ
YRUKDQGHQ� LVW�� 9RU� DOOHP� GDUI� NHLQH�� QXU� GXUFK� GHQ� $OJRULWKPXV� EHGLQJWH�
6WUXNWXU�GHU�'HPDQG�1RGH�3RVLWLRQHQ�HU]HXJW�ZHUGHQ��'LH�9HUWHLOXQJ�GHU�7HLO�
QHKPHU�DOV� ,QLWLDWRUHQ�GHU�9HUNHKUVDQIRUGHUXQJHQ� LVW� YRQ�1DWXU�DXV�QLFKW� UH�
JHOPl�LJ�� (LQH� QXU� YRUJHWlXVFKWH� 6WUXNWXU� GHU� 'HPDQG�1RGHV� Z�UGH� ]X� IDO�
VFKHQ� 3ODQXQJVHUJHEQLVVHQ� I�KUHQ�� ZHQQ� ]�%�� ,QWHUIHUHQ]HQ� PLW� GHQ� 9HUVRU�
JXQJVIOlFKHQ�YRQ�6HQGHUQ�DXIWUHWHQ��9RU�DOOHP�EHKLQGHUW� HLQH� IHVWH� )RUP�GHU
'HPDQG�1RGH�)OlFKHQ� HLQH� JHQDXH�5HSUlVHQWDWLRQ�GHU� 9HUNHKUVYHUWHLOXQJ� LP
3ODQXQJVJHELHW�

'HU�.RPPXQLNDWLRQVYHUNHKU�MHGHV�'HPDQG�1RGHV�VROOWH�JOHLFK�VHLQ��GDPLW�GLH
3ODQXQJ�YHUHLQIDFKW�ZLUG��:LH�EHUHLWV�EHL�GHU�'HILQLWLRQ�GHU�'HPDQG�1RGHV�HU�
OlXWHUW��PX��GHU�9HUNHKU�GHU�'HPDQG�1RGHV�QLFKW�LGHQWLVFK�VHLQ��'LHVHV�,GHDO
VROOWH�DEHU�GHQQRFK�P|JOLFKVW�JXW�HUUHLFKW�ZHUGHQ��'HU�YRQ�GHQ�'HPDQG�1RGHV
UHSUlVHQWLHUWH�.RPPXQLNDWLRQVYHUNHKU�ZLUG�HYHQWXHOO�GXUFK�GDV�0D[LPXP�HL�
QHV� 'HPDQG�1RGHV� QDFK� REHQ� DEJHVFKlW]W�� 'HU� GDEHL� JHPDFKWH� )HKOHU� ZLUG
PLQLPLHUW��IDOOV�P|JOLFKVW�YLHOH�'HPDQG�1RGHV�GHQ�JOHLFKHQ�XQG�GLH�UHVWOLFKHQ
'HPDQG�1RGHV�HLQHQ�JHULQJHUHQ�.RPPXQLNDWLRQVYHUNHKU�DXIZHLVHQ�

$OOH�REHQ�JHQDQQWHQ�$VSHNWH�P�VVHQ�EHU�FNVLFKWLJW�ZHUGHQ��XP�HLQH�P|JOLFKVW
JHQDXH�$SSUR[LPDWLRQ�GHU�UlXPOLFKHQ�9HUNHKUVYHUWHLOXQJ�LP�3ODQXQJVJHELHW�]X
HUUHLFKHQ��'HU� $OJRULWKPXV� XQG� GLH� 3DUDPHWHUZDKO� I�U� GLH� (UVWHOOXQJ� GHU�'H�
PDQG�1RGHV�KDEHQ�HLQHQ�HQWVFKHLGHQGHQ�(LQIOX��DXI�GLH�4XDOLWlW�GHU�3ODQXQJ�
'DEHL�VLQG�GLH�EHLGHQ�ZLFKWLJVWHQ�.ULWHULHQ�I�U�GLH�%HVFKUHLEXQJ�HLQHV�'HPDQG�
1RGHV� GHU� PD[LPDO� YRQ� LKP� UHSUlVHQWLHUWH� .RPPXQLNDWLRQVYHUNHKU� XQG� GLH
PD[LPDO�YRQ�LKP�GDUJHVWHOOWH�)OlFKH�

%HL�GHU�(U]HXJXQJ�GHU�'HPDQG�1RGHV�HUJLEW�VLFK�GDV�3UREOHP��VLFK�ZLGHUVSUH�
FKHQGH�=LHOH�HUI�OOHQ�]X�P�VVHQ��)�U�HLQH�JXWH� UlXPOLFKH�'DUVWHOOXQJ� LVW�HLQH
KRKH�$Q]DKO�YRQ�'HPDQG�1RGHV�YRUWHLOKDIW��ZDV�DEHU�HLQHQ�QLHGULJHQ�.RPPX�
QLNDWLRQVYHUNHKU�SUR�'HPDQG�1RGH�EHZLUNW��'LHV�KDW�HLQHQ�QHJDWLYHQ�(LQIOX�
DXI� GLH� 9RUDXVVHW]XQJHQ� GHU� $QQDKPH� HLQHV� 3RLVVRQ�3UR]HVVHV� I�U� GLH� 9HU�
NHKUVLQLWLLHUXQJ�� $X�HUGHP� HUK|KW� HLQH� JUR�H� $Q]DKO� YRQ�'HPDQG�1RGHV� GLH
3ODQXQJVNRPSOH[LWlW�� ,Q� GHU� 3UD[LV� PX�� GHVKDOE� HLQH� PLWWOHUH� 4XDQWLWlW� DOV
.RPSURPL��JHIXQGHQ�ZHUGHQ��EHL�GHU�DOOHQ�RELJHQ�$VSHNWHQ� JHQ�JH� JHOHLVWHW
ZLUG�

8P� GLH� 'HPDQG�1RGHV� PLW� HLQHP� $OJRULWKPXV� HU]HXJHQ� ]X� N|QQHQ�� ZHUGHQ
YRUKHU�'DWHQ��EHU�GLH�9HUNHKUVGLFKWH�LP�3ODQXQJVJHELHW�EHQ|WLJW�
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2.2.3 Diskretisierung der Verkehrsdichte

'LH�9HUNHKUVGLFKWH�LP�3ODQXQJVJHELHW�ZLUG�LP�0RGHOO�GXUFK�GLH�]ZHLGLPHQVLR�
QDOH� VWHWLJH� 9HUNHKUVGLFKWHIXQNWLRQ� EHVFKULHEHQ�� ,P� DOOJHPHLQHQ� LVW� GLHVH
)XQNWLRQ� DEHU� QLFKW� EHNDQQW� XQG� NDQQ� DXFK� QLFKW� HLQIDFK� DXV� YRUKDQGHQHQ
JHRJUDSKLVFKHQ�'DWHQ�HUVWHOOW�ZHUGHQ��$XV�GLHVHP�*UXQG�EHKLOIW�PDQ�VLFK�PLW
GHU�9HUZHQGXQJ�HLQHV�5DVWHUV��ZREHL�PDQ�GLH�GLVNUHWHQ�9HUNHKUVZHUWH�LQ�HLQHU
]ZHLGLPHQVLRQDOHQ�0DWUL[�VSHLFKHUW��'HU�,QIRUPDWLRQVYHUOXVW�GXUFK�GLH�UlXPOL�
FKH� 'LVNUHWLVLHUXQJ� NDQQ� QLFKW� HUPLWWHOW� ZHUGHQ�� GD� GLH� ZLUNOLFKH� 9HUNHKUV�
GLFKWHIXQNWLRQ� QLFKW� EHNDQQW� LVW�� %HL� GHU� 3ODQXQJ�ZLUG� GLUHNW� HLQH�0DWUL[�PLW
1lKHUXQJVZHUWHQ�HU]HXJW��I�U�GLH�LQ�GHU�3UD[LV�PHLVW�HLQ�5DVWHU�YRQ�10 P�DXI�10
P YHUZHQGHW�ZLUG�� =XU� (UVWHOOXQJ� GHU�0DWUL[� UHLFKW� HV� QXQ� DXV�� GD�� GLH� 9HU�
NHKUVGLFKWH�I�U�MHGHV�GLHVHU�DWRPDUHQ�)OlFKHQHOHPHQWH�EHNDQQW�LVW�RGHU�GXUFK
DQGHUH� 9HUIDKUHQ� DEJHVFKlW]W� ZHUGHQ� NDQQ�� 'LHVH� )OlFKHQHOHPHQWH� VLQG� GLH
DOOHLQLJH�*UXQGODJH�GHU�%HVFKUHLEXQJ�GHU�9HUNHKUVGLFKWH��G�K�� LP�JDQ]HQ�3OD�
QXQJVSUR]H�� VLQG� NHLQH� JHQDXHUHQ� 'DWHQ� �EHU� GLH� 9HUNHKUVGLFKWH� YHUI�JEDU�
$XFK� GLH� $SSUR[LPDWLRQVJ�WH� GHU� 'HPDQG�1RGHV� NDQQ� QXU� LP� 9HUJOHLFK� PLW
GLHVHQ� DWRPDUHQ� )OlFKHQHOHPHQWHQ� EHZHUWHW� ZHUGHQ�� 7URW]GHP� UHSUlVHQWLHUW
GLHVH�9HUNHKUVPDWUL[�KLQUHLFKHQG�JHQDX�GLH�9HUNHKUVGLFKWHIXQNWLRQ��9RU�DOOHP
DEHU�NDQQ�VLH�PLW�GHQ�(UJHEQLVVHQ�YRQ� >��@�DXV�YRUKDQGHQHQ�JHRJUDSKLVFKHQ
'DWHQ��EHU�GLH� /DQGQXW]XQJ� HUVWHOOW�ZHUGHQ��ZLH� LQ�.DSLWHO� ������ EHVFKULHEHQ
ZLUG��,Q�$EELOGXQJ�������ZLUG�GHU�9RUJDQJ�GHU�'LVNUHWLVLHUXQJ�DOV�*UDILN�GDUJH�
VWHOOW�

Abbildung 2.2.1: Diskretisierung einer kontinuierlichen Funktion zu einer Matrix

2.2.4 Gewinnung der Daten über die Verkehrsdichte

)�U� HLQH� P|JOLFKVW� JHQDXH� $SSUR[LPDWLRQ� GHU� 9HUNHKUVGLFKWH� GXUFK� GLH� 'H�
PDQG�1RGHV�LVW�GLH�*HQDXLJNHLW�XQG�6WUXNWXU�GHU�5RKGDWHQ��EHU�GLH�9HUNHKUV�
GLFKWH� HQWVFKHLGHQG�� 'LH� *HVDPWSODQXQJ� HLQHV� 0RELOIXQNQHW]HV� NDQQ� QXU� VR
JXW� VHLQ�� ZLH� GDV� VFKOHFKWHVWH� *OLHG� LQ� GHU� .HWWH� GHU� 3ODQXQJVSKDVHQ�� GLH� LQ
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$EELOGXQJ�������GDUJHVWHOOW�ZHUGHQ��'HVKDOE� LVW�GLH�:DKO�JHHLJQHWHU�5RKGDWHQ
XQG� HLQH� UHDOLWlWVQDKH� $EVFKlW]XQJ� GHV� 9HUNHKUV� LP� 3ODQXQJVJHELHW� HLQH� HV�
VHQWLHOOH�9RUDXVVHW]XQJ�I�U�NRUUHNWH�3ODQXQJVHUJHEQLVVH�

'LH�*HZLQQXQJ�YRQ�9HUNHKUVGDWHQ�DXV�JHRJUDSKLVFKHQ�,QIRUPDWLRQHQ��EHU�GLH
/DQGQXW]XQJ� ZLUG� DXVI�KUOLFK� LQ� >��@� EHVFKULHEHQ�� $XV� GHQ� 'DWHQ� �EHU� GLH
/DQGQXW]XQJ�DQ�HLQHP�EHVWLPPWHQ�2UW�ZLUG� HLQH�$XVVDJH��EHU�GLH� 9HUNHKUV�
GLFKWH�DQ�GLHVHU�6WHOOH�JHWURIIHQ��,Q�$EELOGXQJ�������LVW�GLH�9HUWHLOXQJ�GHU�/DQG�
QXW]XQJVNODVVHQ�I�U�GDV�:�U]EXUJHU�*HELHW�GDUJHVWHOOW�

=XHUVW�ZLUG�HLQH�0DWUL[� LP�5DVWHU�YRQ�100 P�DXI�100 P��EHU�GLH�/DQGQXW]XQJ
GHV� 3ODQXQJVJHELHWHV� HU]HXJW�� =XU� *HZLQQXQJ� YRQ� ,QIRUPDWLRQHQ� �EHU� GLH
/DQGQXW]XQJ� ZXUGHQ� 'DWHQ� DXV� GHP� Å$PWOLFKHQ� 7RSRJUDSKLVFKHQ� .DUWRJUD�
SKLVFKHQ�,QIRUPDWLRQV�6\VWHP´�$7.,6� >�@�YHUZHQGHW��'LHVHV�*HRLQIRUPDWLRQV�
V\VWHP�LVW�*UXQGODJH�I�U�GLH�(UVWHOOXQJ�WRSRJUDSKLVFKHU�.DUWHQ��'LH�'DWHQ�EH�
VFKUHLEHQ�LP�9HNWRUIRUPDW�GLH�3RVLWLRQ�XQG�$XVGHKQXQJ�YRQ�2EMHNWHQ��ZLH�]�%�
6LHGOXQJ��6WUD�H�XQG�9HJHWDWLRQ��$XV�GLHVHQ�'DWHQ�NDQQ�GDQQ�HLQH�0DWUL[��EHU
GLH�/DQGQXW]XQJ�HU]HXJW�ZHUGHQ�

Abbildung 2.2.2: Landnutzungsklassen des Würzburger Gebiets



16

'DV�:�U]EXUJHU�*HELHW��KDW�GDEHL�HLQH�$XVGHKQXQJ�YRQ�16.1�NP� DXI�15.1�NP,
ZREHL�MHGHV�DWRPDUH�)OlFKHQHOHPHQW�GLH�*U|�H�100 P�DXI�100 P�KDW�

)�U�MHGH�/DQGQXW]XQJVNODVVH�i�GHILQLHUW�PDQ�HLQH�HQWVSUHFKHQGH�0DWUL[�Ei(x,y)�
GLH�QXU�(LQWUlJH�GHU�/DQGNODVVH�i�HQWKlOW�





=
.0

),(1
),(

sonst

yxPositionaniLandklassefalls
yxEi

0LW�GLHVHU�1RWDWLRQ� Ol�W�VLFK�GLH�6FKlW]IXQNWLRQ�GHU�9HUNHKUVGLFKWH�GHILQLHUHQ
DOV�

∑=
i

ii yxEyxS ),(),( η ��

'LHVH� 6FKlW]IXQNWLRQ� JLEW� I�U� MHGHV� DWRPDUH� )OlFKHQHOHPHQW�PLW� GHP�0LWWHO�
SXQNW� (x, y)�GLH�9HUNHKUVGLFKWH�DQ�� ,Q�GHU�9HUNHKUVPDWUL[�T(x, y)�ZLUG� I�U� MHGHV
0DWUL[HOHPHQW� GHU� .RPPXQLNDWLRQVYHUNHKU� DEJHOHJW�� GHU� VLFK� GXUFK� GLH� 9HU�
NHKUVGLFKWH�S(x, y) PDO�GHU�)OlFKH�HLQHV�DWRPDUHQ�)OlFKHQHOHPHQWV�HUJLEW��'LH
)DNWRUHQ�η

L
�VLQG�*HZLFKWH��GLH�GLH�9HUNHKUVGLFKWH� HLQHU� EHVWLPPWHQ�/DQGQXW�

]XQJVNODVVH�ZLHGHUJHEHQ��6LH�ZHUGHQ�LQ�7DEHOOH�������GDUJHVWHOOW�XQG�VLQG�YRP
3ODQXQJVJHELHW�DEKlQJLJ��'HU�.RPPXQLNDWLRQVYHUNHKU�DQ�GHU�6WHOOH�(x, y)�HQW�
VSULFKW� DOVR� GHU� JHZLFKWHWHQ� 6XPPH� GHU� DQ� GLHVHU� 6WHOOH� YRUKDQGHQHQ� /DQG�
NODVVHQ�

Land-
klasse

Farbe Beschreibung Verkehrs-
dichte

Verkehrsanteil
pro Element

1 Blau Wasser η
�

 0.00009000

2 Dunkelgrün Wald η
�

 0.00090001

3 Grün Freies Gelände η
�

 0.00900009

4 Rot Siedlung η
�

 0.09000090

5 Gelb Straße η
�

 0.90000900

Tabelle 2.2.2: Landnutzungsklassen

8P�GHQ�.RPPXQLNDWLRQVYHUNHKU�]X�EHVWLPPHQ��GHQ�MHGH�/DQGNODVVH�LP�:�U]�
EXUJHU�*HELHW� UHSUlVHQWLHUW��ZLUG�HLQH�H[SRQHQWLHOOH� 9HUWHLOXQJ�GHV�.RPPXQL�
NDWLRQVYHUNHKUV�GHU�/DQGNODVVHQ�DQJHQRPPHQ��:HLWHUKLQ�ZLUG�GHU�*HVDPWYHU�
NHKU� LP� 3ODQXQJVJHELHW� DEJHVFKlW]W�� GHU� ]XU� +DXSWYHUNHKUV]HLW� KHUUVFKW�� 'LH
*HZLFKWH�η

L
�ZHUGHQ�GDEHL�VR�JHZlKOW��GD��GLH�6XPPH�GHV�.RPPXQLNDWLRQVYHU�

NHKUV�LQ�GHU�0DWUL[�GHP�JHVFKlW]WHQ�*HVDPWYHUNHKU�HQWVSULFKW��,Q�7DEHOOH������

                                                          
1 Die Lage des Würzburger Gebiets im Gauß-Krüger Format, welches in [14] beschrieben wird, ist:
Rechtswert: 4344500 - 4360500, Hochwert: 5510500 - 5525500.
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LVW�GHU�9HUNHKUVDQWHLO� SUR�*HZLFKW�EHL�GHU� YHUZHQGHWHQ�H[SRQHQWLHOOHQ�9HUWHL�
OXQJ�PLW�%DVLV�10�DQJHJHEHQ�

,Q�$EELOGXQJ�������LVW�GLH�IHUWLJH�9HUNHKUVPDWUL[�GHV�:�U]EXUJHU�*HELHWV�GDUJH�
VWHOOW��GLH�QDFK�RELJHU�)RUPHO�EHUHFKQHW�ZXUGH��,Q�GHU�'DUVWHOOXQJ�JLEW�GLH�,Q�
WHQVLWlW�GHU�6FKZDU]IlUEXQJ�GLH�9HUNHKUVGLFKWH�ORJDULWKPLVFK�DQ�

Abbildung 2.2.3: Verkehrsdichte des Würzburger Gebiets

=X�EHDFKWHQ� LVW�EHL�GHU�9HUNHKUVPDWUL[��GD��*HELHWH�PLW�JOHLFKHQ�/DQGNODVVHQ
DXFK� GHQ� JOHLFKHQ� .RPPXQLNDWLRQVYHUNHKU� LQ� GHU�0DWUL[� ]XJHRUGQHW� EHNRP�
PHQ�� 'DGXUFK� HQWKDOWHQ� JUR�H� 7HLOJHELHWH� GHU� 9HUNHKUVPDWUL[�� ]�%�� LQ� GHQ
:DOGJHELHWHQ�RGHU�GHU�,QQHQVWDGW��GLH�JOHLFKHQ�:HUWH��'LHVH�7DWVDFKH�PX��EHL
GHU�'HPDQG�1RGH�(U]HXJXQJ�EHU�FNVLFKWLJW�ZHUGHQ�

2.2.5 Erzeugung der Demand-Nodes

=XU�(U]HXJXQJ�GHU�'HPDQG�1RGHV�PX�� HLQ� JHHLJQHWHU� $OJRULWKPXV� JHIXQGHQ
ZHUGHQ��GHU�'HPDQG�1RGHV�PLW�HLQHU�P|JOLFKVW�JXWHQ�$SSUR[LPDWLRQ�GHU�9HU�
NHKUVYHUWHLOXQJ� LP� 3ODQXQJVJHELHW� HU]HXJW�� 'LH� $SSUR[LPDWLRQVJ�WH� GHU� 'H�
PDQG�1RGHV�NDQQ�PLW�GHQ�LQ�.DSLWHO�������JHQDQQWHQ�.ULWHULHQ��EHUSU�IW�ZHU�
GHQ�
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,P� ZHVHQWOLFKHQ� ZHUGHQ� LQ� GLHVHU� 'LSORPDUEHLW� ]ZHL� $OJRULWKPHQ� ]XU� (U]HX�
JXQJ�YRQ�'HPDQG�1RGHV�GDUJHVWHOOW�

D� 'HU�$OJRULWKPXV�GHV�Å5HNXUVLYHQ�3DUWLWLRQLHUHQV´�DXV�>��@�ZLUG�LQ�.DSLWHO
����EHVFKULHEHQ�

E� 'HU�$OJRULWKPXV�GHV�Å=XVDPPHQIDVVHQV�YRQ�.QRWHQ´�LVW�HLQ�LP�5DKPHQ
GLHVHU�'LSORPDUEHLW�HQWZLFNHOWHV�9HUIDKUHQ��ZHOFKHV�LQ�GHQ�.DSLWHOQ����
XQG�����GDUJHVWHOOW�ZLUG�

'LH�EHLGHQ�$OJRULWKPHQ�XQWHUVFKHLGHQ� VLFK�GDEHL�ZHVHQWOLFK� LQ� LKUHU�JUXQGOH�
JHQGHQ�$UEHLWVZHLVH�� ,Q�.DSLWHO���ZHUGHQ�GLH�9HUIDKUHQ�DQKDQG�YHUVFKLHGHQHU
.ULWHULHQ�XQWHUVXFKW�XQG�EHZHUWHW�

2.3 Testgebiete für die Demand-Node Erzeugung

$OV�*UXQGODJH�I�U�GLH�8QWHUVXFKXQJ�GHU�(U]HXJXQJ�YRQ�'HPDQG�1RGHV�ZHUGHQ
YHUVFKLHGHQH�9HUNHKUVPDWUL]HQ�YHUZHQGHW��'LHVH�VLQG�HQWZHGHU�JHPHVVHQ��DXV
JHRJUDSKLVFKHQ�'DWHQ� EHUHFKQHW� RGHU� V\QWKHWLVFK� HU]HXJW�� %HL� GHQ� IROJHQGHQ
$EELOGXQJHQ� GHU� 9HUNHKUVPDWUL[� VWHOOW� GLH� ,QWHQVLWlW� GHU� 6FKZDU]IlUEXQJ� GLH
9HUNHKUVGLFKWH� ORJDULWKPLVFK� GDU�� 'LH� $XVGHKQXQJ� GHV� V\QWKHWLVFKHQ� *HELHWV
XQG�GHV�NRQVWDQWHQ�*HELHWV�HQWVSUHFKHQ�GHU�GHV�:�U]EXUJHU�*HELHWV�

2.3.1 Würzburger Gebiet

'DV�:�U]EXUJHU�*HELHW�LVW�VFKRQ�REHQ�EHVFKULHEHQ�ZRUGHQ��'LH�9HUNHKUVGLFKWH
LVW�LQ�$EELOGXQJ�������GDUJHVWHOOW�

2.3.2 Dallas Gebiet

'LH�'DWHQ�LQ�$EELOGXQJ�������VLQG�RULJLQDO�3ODQXQJVGDWHQ�YRQ�1257(/�:LUHOHVV
1HWZRUNV��5LFKDUGVRQ�7H[DV��6LH�EHVFKUHLEHQ�GLH�6WDGW�'DOODV��86$��PLW�8PJH�
EXQJ��'DV�'DOODV�*HELHW��KDW�HLQH�$XVGHKQXQJ�YRQ�192.4 NP�DXI�192.4 NP�

'LH� 'DWHQ� �EHU� GLH� 9HUNHKUVGLFKWH� VLQG� DXV�PHKUHUHQ� HLQ]HOQHQ� 'DWHQVlW]HQ
]XVDPPHQJHVHW]W�� GLH� DXI�0HVVXQJHQ� EHUXKHQ�� $Q� GHQ�ZHL�HQ� 5DQGJHELHWHQ
OLHJHQ�NHLQH�'DWHQ��EHU� GHQ�.RPPXQLNDWLRQVYHUNHKU� YRU��'RUW�ZLUG� HLQ� NRQ�
VWDQWHU�.RPPXQLNDWLRQVYHUNHKU�DXI�VHKU�QLHGULJHP�1LYHDX�DQJHQRPPHQ�

                                                          
2 Die Lage des Dallas Gebiets im Gauß-Krüger Format ist: Rechtswert: 621800 - 814200, Hochwert:
3533900 - 3726300.
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Abbildung 2.3.1: Verkehrsdichte des Dallas Gebiets

2.3.3 Synthetisches Gebiet

'HU�.RPPXQLNDWLRQVYHUNHKU�GHV�V\QWKHWLVFKHQ�*HELHWV�ZXUGH�GXUFK�YLHU��EHU�
ODJHUWH� )XQNWLRQHQ� HU]HXJW�� GLH� HLQHQ� .RPPXQLNDWLRQVYHUNHKU� JHPl�� HLQHU
*DX�YHUWHLOXQJ�PLW�GHQ�LQ�7DEHOOH�������JHQDQQWHQ�3DUDPHWHUQ�OLHIHUQ�

'HU�.RPPXQLNDWLRQVYHUNHKU�T(x,y)� HUJLEW� VLFK� GDEHL� DXV� GHU� 6XPPH�GHU� 9HU�
NHKUVZHUWH�GHU�HLQ]HOQHQ�*DX�YHUWHLOXQJHQ�Ti(x,y)�
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'LH�x-� XQG�y-.RRUGLQDWHQ� VLQG� LQ�GHU�7DEHOOH� LP�%HUHLFK� [0;1]� DQJHJHEHQ��'HU
*HVDPWYHUNHKU�GHV�V\QWKHWLVFKHQ�*HELHWV�ZXUGH�GDEHL�VR�QRUPLHUW��GD��HU�GHP
:�U]EXUJHU�*HELHW�HQWVSULFKW�
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i xci yci xdi ydi si

1 0.2 0.7 3.0 3.0 2.0

2 0.8 0.45 3.0 3.0 2.0

3 0.5 0.3 6.0 3.0 1.0

4 0.5 0.9 50.0 0.005 1.0

Tabelle 2.3.1: Parameter der Gaußverteilungen

'LH�EHLGHQ�)XQNWLRQHQ�T1(x,y)�XQG�T2(x,y)�N|QQHQ�DOV�NUHLVI|UPLJH�%DOOXQJV]HQ�
WUHQ�DQJHVHKHQ�ZHUGHQ��ZlKUHQG�GLH�)XQNWLRQ�T3(x,y)�HLQ�HOOLSWLVFKHV�=HQWUXP
PLW� QLHGULJHUHP� .RPPXQLNDWLRQVYHUNHKU� EHVFKUHLEW�� 0LW� GHU� )XQNWLRQ� T4(x,y)
ZLUG�HLQ�VHKU�VFKPDOHV�%DQG�PLW�KRKHP�.RPPXQLNDWLRQVYHUNHKU�EHVFKULHEHQ�
GDV�HLQH�6WUD�H�GDUVWHOOHQ�VROO��,Q�$EELOGXQJ�������LVW�GLH�9HUNHKUVYHUWHLOXQJ�GHV
V\QWKHWLVFKHQ�*HELHWV�GDUJHVWHOOW�

Abbildung 2.3.2: Verkehrsdichte des synthetischen Gebiets
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2.3.4 Konstantes Gebiet

,Q� GHQ� ]XP� $XIEDX� GHU� 9HUNHKUVPDWUL[� YHUZHQGHWHQ� JHRJUDSKLVFKHQ� 'DWHQ
ZHUGHQ�RIW�JU|�HUH�2EMHNWH��ZLH�]�%��6LHGOXQJV��RGHU�:DOGJHELHWH��EHVFKULHEHQ�
,QQHUKDOE� GLHVHU� )OlFKHQ� PX�� HLQH� NRQVWDQWH� 9HUNHKUVGLFKWH� DQJHQRPPHQ
ZHUGHQ��VRIHUQ�QLFKW�]XVlW]OLFKH�'DWHQ�GDU�EHU�YRUOLHJHQ��8P�GDV�9HUKDOWHQ�GHU
$OJRULWKPHQ�LQ�GLHVHP�%HUHLFK�JHQDXHU�]X�EHZHUWHQ��ZXUGH�HLQH�9HUNHKUVPD�
WUL[� PLW� NRQVWDQWHP� .RPPXQLNDWLRQVYHUNHKU� HU]HXJW�� $QKDQG� GLHVHU� 0DWUL[
NDQQ�XQWHUVXFKW�ZHUGHQ��ZLH�VLFK�GLH�$OJRULWKPHQ�LQ�GLHVHP�*UHQ]IDOO�YHUKDO�
WHQ�
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3 Clusterungsverfahren

0LW� &OXVWHUXQJVYHUIDKUHQ� EH]HLFKQHW�PDQ� GLH� $OJRULWKPHQ� XQG�0HWKRGHQ� I�U
GDV� *UXSSLHUHQ� XQG� .ODVVLIL]LHUHQ� YRQ� 2EMHNWHQ�� ZREHL� HLQ� 2EMHNW� HQWZHGHU
GXUFK�HLQH�0HQJH�YRQ�(LJHQVFKDIWHQ�RGHU�GXUFK�VHLQH�%H]LHKXQJHQ�]X�DQGHUHQ
2EMHNWHQ�EHVFKULHEHQ�ZLUG��%HL�GHU�&OXVWHUXQJ�ZHUGHQ�NHLQH�.DWHJRULHEH]HLFK�
QXQJHQ� YHUZHQGHW�� LQ� GLH�2EMHNWH�PLW� EHVWLPPWHQ� (LJHQVFKDIWHQ� HLQJHRUGQHW
ZHUGHQ��'LHV�XQWHUVFKHLGHW�GLH�&OXVWHUXQJ�YRQ�GHQ�9HUIDKUHQ�GHU�0XVWHUHUNHQ�
QXQJ�RGHU�(QWVFKHLGXQJVDQDO\VH�� EHL� GHQHQ�GLH�2EMHNWH� EHVWLPPWHQ� QDPHQW�
OLFK�EH]HLFKQHWHQ�.DWHJRULHQ�]XJHRUGQHW�ZHUGHQ�

'DV�=LHO�GHU�&OXVWHUXQJ�LVW�HV�YLHOPHKU��HLQH�JHHLJQHWH�XQG�NRUUHNWH�2UJDQLVD�
WLRQ�GHU�'DWHQ�]X�HUKDOWHQ��DQVWDWW�5HJHOQ�]XP�$XIWHLOHQ�]XN�QIWLJHU�'DWHQ� LQ
EHVWLPPWH�.DWHJRULHQ��'LH� &OXVWHUXQJVYHUIDKUHQ� ]LHOHQ� DXI� GDV�(UNHQQHQ� YRQ
6WUXNWXUHQ�LQ�GHQ�'DWHQ�

,Q�>�@�ZHUGHQ�IROJHQGH�'HILQLWLRQHQ�YRQ�&OXVWHUQ�DXIJH]lKOW�

�� Å(LQ�&OXVWHU�LVW�HLQH�0HQJH�YRQ�(QWLWlWHQ��GLH�lKQOLFK�VLQG��XQG�(QWLWlWHQ
YRQ�YHUVFKLHGHQHQ�&OXVWHUQ�VLQG�QLFKW�lKQOLFK�´

�� Å(LQ�&OXVWHU�LVW�HLQH�$QVDPPOXQJ�YRQ�3XQNWHQ�LP�7HVWJHELHW��VR�GD��GLH
(QWIHUQXQJ�]ZLVFKHQ�]ZHL�EHOLHELJHQ�3XQNWHQ�GHV�&OXVWHUV�NOHLQHU�LVW�DOV
GLH� 'LVWDQ]� ]ZLVFKHQ� HLQHP� EHOLHELJHQ� 3XQNW� LP� &OXVWHU� XQG� LUJHQGHL�
QHP�3XQNW�DX�HUKDOE�´

�� Å&OXVWHU� EHVFKUHLEHQ� YHUEXQGHQH� *HELHWH� HLQHV� PHKUGLPHQVLRQDOHQ
5DXPV��GLH�HLQH�UHODWLY�KRKH�'LFKWH�YRQ�3XQNWHQ�EHVLW]HQ��ZREHL�VLH�YRQ
DQGHUHQ� 5HJLRQHQ� GXUFK� HLQH� 5HJLRQ�PLW� HLQHU� UHODWLY� JHULQJHQ� 'LFKWH
YRQ�3XQNWHQ�JHWUHQQW�VLQG�´

'LH� EHLGHQ� OHW]WHQ� 'HILQLWLRQHQ� EHVFKUHLEHQ� GDV� &OXVWHUQ� DXI� UlXPOLFKHQ
6WUXNWXUHQ��ZLH�VLH�LQ�GLHVHU�$UEHLW�EHQ|WLJW�ZHUGHQ�

%HL�GHU�EHGDUIVRULHQWLHUWHQ�0RELOIXQNSODQXQJ�ZLUG�GHU�.RPPXQLNDWLRQVYHUNHKU
LP� 3ODQXQJVJHELHW� ]X� 'HPDQG�1RGHV� ]XVDPPHQJHID�W�� ZREHL� MHGHU� HLQ]HOQH
'HPDQG�1RGH�HLQHP�&OXVWHU�HQWVSULFKW��'LH�'HPDQG�1RGHV�VWHOOHQ�ODXW�'HILQL�
WLRQ�GLH�$QVDPPOXQJ�HLQHU�*UXSSH�YRQ�7HLOQHKPHUQ�GDU��GHUHQ�.RPPXQLNDWL�
RQVYHUNHKU�VLH� UHSUlVHQWLHUHQ��%HL�GLHVHU�9RUDXVVHW]XQJ�HQWVSULFKW�GLH�&OXVWH�
UXQJ�GHU�'HILQLWLRQ����ZREHL�GLH�0RELOIXQNWHLOQHKPHU�DOV�3XQNWH�DQJHQRPPHQ
ZHUGHQ��GLH�GDQQ�]X�GHQ�'HPDQG�1RGHV�]XVDPPHQJHID�W�ZHUGHQ�

,Q�GHU�3UD[LV�VLQG�GLH�3RVLWLRQHQ�GHU�HLQ]HOQHQ�7HLOQHKPHU�QLFKW�EHNDQQW��XQG
I�U�GLH�3ODQXQJ�LVW�HV�DXVUHLFKHQG��GHQ�YRQ�LKQHQ�LQLWLLHUWHQ�.RPPXQLNDWLRQV�
YHUNHKU�LQ�HLQHP�EHVWLPPWHQ�*HELHW�]X�NHQQHQ��'HVKDOE�GLVNUHWLVLHUW�PDQ�GHQ
.RPPXQLNDWLRQVYHUNHKU� LP� 3ODQXQJVJHELHW�� ZLH� LQ� .DSLWHO� ������ EHVFKULHEHQ
ZLUG��XQG�HU]HXJW�DXV�GHQ�,QIRUPDWLRQHQ��EHU�GLH�9HUNHKUVGLFKWH�DQ�HLQHU�3R�
VLWLRQ� GLH� 'HPDQG�1RGHV�� +LHU� HQWVSULFKW� GLH� 'HPDQG�1RGH� (UVWHOOXQJ�PHKU
HLQHU�'LVNUHWLVLHUXQJ� GHV�.RPPXQLNDWLRQVYHUNHKUV� DOV� HLQHP�&OXVWHUXQJVYHU�
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IDKUHQ�LP�HLJHQWOLFKHQ�6LQQ��'LH�HU]HXJWHQ�'HPDQG�1RGHV�UHSUlVHQWLHUHQ�DEHU
HQWVSUHFKHQG� GHU� 'HILQLWLRQ� �� HLQ]HOQH� &OXVWHU� GHU� 0RELOIXQNWHLOQHKPHU�� 'LH
*UHQ]HQ�YRQ�&OXVWHUXQJ�XQG�'LVNUHWLVLHUXQJ�VLQG�GDEHL��MH�QDFK�'HILQLWLRQ��IOLH�
�HQG�

8P� HLQH� &OXVWHUXQJ� HLQHV� *HELHWV� ]X� HUVWHOOHQ�� VLQG� SULQ]LSLHOO� ]ZHL� $QVlW]H
P|JOLFK�� =XP� HLQHP� NDQQ�PDQ�� DXVJHKHQG� YRP� *HVDPWJHELHW�� GLHVHV� ZHLWHU
DXIWHLOHQ�XQG�VR�YRQ�REHQ�QDFK�XQWHQ��LP�(QJOLVFKHQ�ÅWRS�GRZQ´�JHQDQQW��GLH
&OXVWHU�HUVWHOOHQ��(LQH�DQGHUH�0|JOLFKNHLW� LVW��DXVJHKHQG�YRQ�HLQ]HOQHQ�3XQN�
WHQ��GLHVH�]XVDPPHQ]XIDVVHQ�XQG�GDGXUFK�YRQ�XQWHQ�QDFK�REHQ��DXFK�ÅERWWRP
XS´�JHQDQQW��GLH�&OXVWHU�]X�ELOGHQ�

,P� IROJHQGHQ� ZHUGHQ� $OJRULWKPHQ� I�U� EHLGH�0|JOLFKNHLWHQ� XQWHUVXFKW�� ZREHL
]XHUVW�HLQ�ÅWRS�GRZQ´�9HUIDKUHQ�EHWUDFKWHW�ZLUG�
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3.1 Verfahren des Rekursiven Partitionierens

'DV� 9HUIDKUHQ� GHV� UHNXUVLYHQ� 3DUWLWLRQLHUHQV� LVW� HLQ� NODVVLVFKHV� ÅWRS�GRZQ´
9HUIDKUHQ��$XVJHKHQG�YRQ�GHU�*HVDPWIOlFKH�ZHUGHQ�EHUHLWV�YRUOLHJHQGH�*HELHWH
UHNXUVLY�ZHLWHU�DXIJHWHLOW��ELV�GLH�$Q]DKO�GHU�7HLOXQJHQ�GHQ�YRUKHU�IHVWJHOHJWHQ
*UHQ]ZHUW� HUUHLFKW�� )�U� MHGHV� GHU� VR� JHELOGHWHQ�7HLOJHELHWH�ZLUG� HLQ�'HPDQG�
1RGH�HU]HXJW�

'DV� UHNXUVLYH� 3DUWLWLRQLHUHQ� HQWVSULFKW� HLQHU� KLHUDUFKLVFKHQ� &OXVWHUXQJ�� DXFK
3DUWLWLRQV�&OXVWHUXQJ� JHQDQQW�� 'LH� *UXQGLGHH� GD]X�ZLUG� LQ� >�@� GDUJHOHJW�� 'HU
KLHU�EHQXW]WH�$OJRULWKPXV�HQWVSULFKW�GHP�LQ�>��@�XQG�>��@�YHUZHQGHWHQ�

$OV� 3DUDPHWHU� EHQ|WLJW� GHU� $OJRULWKPXV� GLH� $Q]DKO� GHU� UHNXUVLYHQ� 7HLOXQJV�
VFKULWWH�R�� 'LHVH� =DKO� EHVWLPPW� HLQGHXWLJ� GLH� $Q]DKO� GHU� HU]HXJWHQ� 'HPDQG�
1RGHV�XQG� OHJW� GDPLW� GHQ� YRQ� LKQHQ� UHSUlVHQWLHUWHQ�.RPPXQLNDWLRQVYHUNHKU
IHVW�� -HGHU� PLW� GLHVHP� 9HUIDKUHQ� HU]HXJWH� 'HPDQG�1RGH� VWHOOW� GDEHL� HLQHQ
LGHQWLVFKHQ�.RPPXQLNDWLRQVYHUNHKU�GDU�

3.1.1 Algorithmus

'HU�$OJRULWKPXV�DUEHLWHW�YRQ�REHQ�QDFK�XQWHQ��LQ�GHP�HU�UHNXUVLY�EHUHLWV�YRU�
OLHJHQGH�*HELHWH�ZHLWHU�DXIWHLOW�

50 % 50 %

Abbildung 3.1.1: 1. Schritt des Algorithmus
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9RU�GHP�6WDUW�GHV�$OJRULWKPXV�ZLUG�GHU�*HVDPWYHUNHKU�GHU�3ODQXQJVUHJLRQ�DOV
6XPPH�GHU�9HUNHKUVZHUWH� LQ�GHU�0DWUL[�EHVWLPPW��'DQDFK�ZLUG�YRQ� OLQNV�EH�
JLQQHQG� GHU� .RPPXQLNDWLRQVYHUNHKU� LQ� MHGHU� 6SDOWH� VXPPLHUW�� ELV� GLH� +lOIWH
GHV� *HVDPWYHUNHKUV� GHU� 0DWUL[� �EHUVFKULWWHQ� LVW�� 'D� QXU� JDQ]H� 6SDOWHQ� ]XP
.RPPXQLNDWLRQVYHUNHKU�DGGLHUW�ZHUGHQ��N|QQHQ�LP�5HJHOIDOO�QLFKW�JHQDX�50�
MHZHLOV� GHP� UHFKWHQ� E]Z�� OLQNHQ� *HELHW� ]XJHRUGQHW� ZHUGHQ�� 8P� HLQH� JHQDXH
$XIWHLOXQJ�DXI�EHLGH�5HJLRQHQ�]X�HUUHLFKHQ��ZLUG�GHU�.RPPXQLNDWLRQVYHUNHKU
GHU�6SDOWH��GLH�EHLGH�*HELHWH� WUHQQW�� DQWHLOLJ� DXIJHWHLOW��'DPLW� LVW�GHU�*HVDPW�
YHUNHKU�GHU�0DWUL[�JHQDX�JOHLFK�DXI�GLH�EHLGHQ�)OlFKHQ�YHUWHLOW�

1XQ�ZLUG�UHNXUVLY�MHGHV�GHU�EHLGHQ�*HELHWH�QDFK�GHP�JOHLFKHQ�6FKHPD�ZHLWHU
DXIJHWHLOW�� ELV� GLH� PD[LPDOH� $Q]DKO� DQ� 7HLOXQJHQ� HUUHLFKW� LVW�� 'DEHL� ZLUG� DE�
ZHFKVHOQG�HQWZHGHU�VSDOWHQZHLVH�RGHU�]HLOHQZHLVH�JHQDX�GLH�+lOIWH�GHV�.RP�
PXQLNDWLRQVYHUNHKUV�LQ�GHP�7HLOJHELHW�JHVXFKW��,Q�$EELOGXQJ�������LVW�GLH�9HU�
NHKUVPDWUL[� QDFK�GHP� ]ZHLWHQ� 7HLOXQJVVFKULWW� GDUJHVWHOOW�� +LHUEHL�ZXUGHQ� GLH
EHLGHQ�7HLOJHELHWH�GHV�HUVWHQ�6FKULWWHV�QXQ�]HLOHQZHLVH�ZLHGHU�JHQDX�]XU�+lOIWH
DXIJHWHLOW��,QVJHVDPW�VLQG�YLHU�*HELHWH�HQWVWDQGHQ��YRQ�GHQHQ�MHGHV�H[DNW�25�
GHV�*HVDPWYHUNHKUV�HQWKlOW�

25 %

25 %

25 %

25 %

Abbildung 3.1.2: 2. Schritt des Algorithmus

'LHVH�$XIWHLOXQJ�ZLUG�VRODQJH�ZLHGHUKROW��ELV�GLH�$Q]DKO�5�GHU�7HLOXQJVVFKULWWH

HUUHLFKW�LVW��'DQQ�HQWKlOW�MHGHV�7HLOJHELHW�JHQDX�
R2

1
�GHV�*HVDPWYHUNHKUV��'D�I�U

MHGH� 5HJLRQ� HLQ� 'HPDQG�1RGH� HU]HXJW� ZLUG�� HUJLEW� VLFK� GHUHQ� $Q]DKO� ]X
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RN 2= �� ,Q� $EELOGXQJ� ������ ZLUG� GDV� (UJHEQLV� GHV� $OJRULWKPXV� I�U

R = 4 GDUJHVWHOOW��(V�VLQG� 1624 = �7HLOJHELHWH�HQWVWDQGHQ��YRQ�GHQHQ�MHGHV�GHQ

.RPPXQLNDWLRQVYHUNHKU� %25,6
2

1
4

= �GHV�*HVDPWYHUNHKUV�HQWKlOW�

'DEHL� PX�� GLH� 2EHUJUHQ]H� I�U� GLH� $Q]DKO� GHU� P|JOLFKHQ� 5HJLRQHQ� EHDFKWHW
ZHUGHQ��6LH� LVW�EHJUHQ]W�GXUFK�GLH�%HGLQJXQJ��GD��MHGH�7HLOUHJLRQ�PLQGHVWHQV
YLHU�0DWUL[HOHPHQWH�HQWKDOWHQ�PX���(LQ�'HPDQG�1RGH�PX��RIIHQVLFKWOLFK�PLQ�
GHVWHQV� HLQ� NRPSOHWWHV� DWRPDUHV� )OlFKHQHOHPHQW� HQWKDOWHQ�� GDPLW� GHU� $OJR�
ULWKPXV�VLQQYROOH�(UJHEQLVVH� OLHIHUQ�NDQQ��'XUFK�GLH�$XIWHLOXQJ�GHU�0DWUL[HOH�
PHQWH� DQ� GHQ� *UHQ]HQ� GHU� 7HLOJHELHWH� DXI� PHKUHUH� *HELHWH� HUJLEW� VLFK� GLHVH
0LQGHVW]DKO� DQ�0DWUL[HOHPHQWHQ�� 'DGXUFK� LVW� DXFK� GLH�PD[LPDOH� $SSUR[LPD�
WLRQVJ�WH�GHU�9HUNHKUVPDWUL[�GXUFK�GLH�'HPDQG�1RGHV�EHJUHQ]W��ZLH�LQ�.DSLWHO
������JH]HLJW�ZLUG�

jedes Element 6,25%

Abbildung 3.1.3: Ergebnis des Algorithmus für T = 4 Teilungen

1DFKGHP�GHU�.RPPXQLNDWLRQVYHUNHKU�GHU�0DWUL[�DXIJHWHLOW�ZXUGH��P�VVHQ�I�U
GLH�HLQ]HOQHQ�7HLOJHELHWH�'HPDQG�1RGHV�HU]HXJW�ZHUGHQ��'LH�3RVLWLRQ�GHU�'H�
PDQG�1RGHV� ZLUG� GXUFK� GLH� *HZLFKWXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� GHU
7HLOIOlFKH� HUPLWWHOW�� ZLH� LQ� $EELOGXQJ� ������ GDUJHVWHOOW� ZLUG�� 'HU� 6FKZHUSXQNW
GLHVHU� *HZLFKWXQJ� HUJLEW� GLH� 3RVLWLRQ� GHV� QHXHQ� 'HPDQG�1RGHV�� ZREHL� GHU
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.RPPXQLNDWLRQVYHUNHKU�I�U�DOOH�'HPDQG�1RGHV�JOHLFK�LVW�XQG�
R2

1
�GHV�*HVDPW�

YHUNHKUV�HQWVSULFKW�

nach Verkehr gewichteter
Schwerpunkt des Knotens

Abbildung 3.1.4: Position des Demand-Nodes

'LH� /DQGNODVVH� GHV� 'HPDQG�1RGHV� ZLUG� EHVWLPPW�� LQGHP� GLH� /DQGNODVVH� DQ
GHU� 3RVLWLRQ� GHV�'HPDQG�1RGHV� JHQRPPHQ�ZLUG��ZLH� LQ� $EELOGXQJ� ������ JH�
]HLJW�

Landnutzungsklasse an 
der Position des Knotens:

Abbildung 3.1.5: Bestimmung der Landklasse
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3.1.2 Ergebnisse des Algorithmus

,P�IROJHQGHQ�ZHUGHQ�GLH�(UJHEQLVVH�GHV�$OJRULWKPXV�I�U�GLH�YLHU�YHUVFKLHGHQHQ
9HUJOHLFKVIOlFKHQ�XQWHUVXFKW��'D]X�ZLUG�GLH�9HUWHLOXQJ�GHU�'HPDQG�1RGHV��GLH
DXV�GHU�9HUNHKUVPDWUL[�HU]HXJW�ZLUG��EHWUDFKWHW��(LQH�JHQDXH�$QDO\VH�GHU�YHU�
VFKLHGHQHQ�$OJRULWKPHQ�XQG�LKUHU�(LJQXQJ�I�U�GLH�1HW]SODQXQJ�ZLUG�LQ�.DSLWHO
��GXUFKJHI�KUW�

'LH� YLHU� 9HUJOHLFKVJHELHWH� ZHUGHQ� LQ� .DSLWHO� ���� JHQDX� EHVFKULHEHQ��ZR� DXFK
GLH� 9HUNHKUVGLFKWHQ� GHU� *HELHWH� JUDILVFK� GDUJHVWHOOW� ZHUGHQ�� ,Q� 7DEHOOH� �����
ZHUGHQ�GLH�]XU�%HUHFKQXQJ�YHUZHQGHWHQ�3DUDPHWHU�GHV�$OJRULWKPXV�I�U�GLH�YLHU
9HUJOHLFKVIOlFKHQ�DXIJHOLVWHW�

Vergleichsfläche Rekursionstiefe Anzahl der Demand-Nodes

Würzburger Gebiet 10 1024

Dallas Gebiet 15 32768

Synthetisches Gebiet 10 1024

Konstantes Gebiet 10 1024

Tabelle 3.1.1: Parameter des Algorithmus bei den Vergleichsflächen

'LH�9HUWHLOXQJ�GHU�'HPDQG�1RGHV�PX��GLH�9HUNHKUVYHUWHLOXQJ�LP�3ODQXQJVJH�
ELHW�P|JOLFKVW�JHQDX�UHSUlVHQWLHUHQ��'LHV�NDQQ�PDQ�YLVXHOO�DQKDQG�GHU�$EELO�
GXQJHQ�GHU�'HPDQG�1RGH�XQG�9HUNHKUVYHUWHLOXQJHQ��EHUSU�IHQ�

,Q�$EELOGXQJ�������VLQG�GLH�'HPDQG�1RGHV�GHV�:�U]EXUJHU�*HELHWV�DEJHELOGHW�
ZHOFKH� DXIJUXQG�GHU� 9HUNHKUVPDWUL[� DXV�$EELOGXQJ������� HU]HXJW�ZXUGHQ�� %HL
GHU� %HWUDFKWXQJ� ]HLJW� VLFK�� GD�� GLH� 'HPDQG�1RGHV� GHQ� .RPPXQLNDWLRQVYHU�
NHKU�SODVWLVFK�GDUVWHOOHQ��0DQ�NDQQ�]�%��GLH�$XWREDKQHQ�GXUFK�HLQH�/LQLH�YRQ
'HPDQG�1RGHV�HUNHQQHQ��,Q�)OlFKHQ�PLW�NRQVWDQWHU�9HUNHKUVGLFKWH��ZLH�HWZD
GHU�,QQHQVWDGW�YRQ�:�U]EXUJ��ELOGHQ�GLH�'HPDQG�1RGHV�TXDGUDWLVFKH�0XVWHU�
0DQ�VLHKW�DXFK��GD��LQ�)OlFKHQ�PLW�UHODWLY�QLHGULJHU�9HUNHKUVGLFKWH�QDKH]X�NHL�
QH�'HPDQG�1RGHV�OLHJHQ�

)�U�GDV�'DOODV�*HELHW�LQ�$EELOGXQJ�������NDQQ�LP�3ULQ]LS�GDV�JOHLFKH�DXVJHVDJW
ZHUGHQ��ZREHL� GLH� )OlFKHQ� RKQH�'HPDQG�1RGHV� KLHU�ZHVHQWOLFK� JU|�HU� VLQG�
$X�HUGHP�LVW�GLH�6SDQQZHLWH�GHU�9HUNHKUVGLFKWH�GRUW�EHWUlFKWOLFK�K|KHU�

,QWHUHVVDQW� VLQG� GLH� 'HPDQG�1RGHV� GHV� V\QWKHWLVFKHQ� *HELHWV� LQ� $EELOGXQJ
������� GLH� LQ� TXDGUDWLVFKHQ� 0XVWHUQ� DXIWUHWHQ�� 'HU� .RPPXQLNDWLRQVYHUNHKU
OLHJW�DEHU�JHPl��UDGLDOHU�*DX��9HUWHLOXQJHQ�YRU��GLH�LQ�$EELOGXQJ�������JH]HLJW
ZHUGHQ�

,Q�$EELOGXQJ�������VLQG�GLH�'HPDQG�1RGHV�GHV�NRQVWDQWHQ�*HELHWV�DEJHELOGHW�
0DQ�VLHKW�GHXWOLFK��GD��HLQ� UHJHOPl�LJHV�TXDGUDWLVFKHV�0XVWHU�JHELOGHW�ZLUG�
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'LHVH� 0XVWHUELOGXQJ� GHV� $OJRULWKPXV� ZLUG� QRFK� I�U� VHKU� SUREOHPDWLVFKH� (I�
IHNWH�VRUJHQ�

Abbildung 3.1.6: Demand-Nodes des Würzburger Gebiets

Abbildung 3.1.7: Demand-Nodes des Dallas Gebiets
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Abbildung 3.1.8: Demand-Nodes des synthetisches Gebiets

Abbildung 3.1.9: Demand-Nodes des konstanten Gebiets
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3.1.3 Nachteile des Algorithmus

,P� IROJHQGHQ� ZHUGHQ� GLH� (UJHEQLVVH� GHV� $OJRULWKPXV� TXDOLWDWLY� EHZHUWHW�� ,Q
.DSLWHO� �� ZLUG� HLQH� TXDQWLWDWLYH� 8QWHUVXFKXQJ� GHU� $OJRULWKPHQ� GXUFKJHI�KUW�
GLH�PLW�0H�ZHUWHQ�GLH�IROJHQGHQ�(UNHQQWQLVVH�XQWHUPDXHUW�

$XIIlOOLJ� EHL� GLHVHP� $OJRULWKPXV� LVW� GLH� TXDGUDWLVFKH� 6WUXNWXU� GHU� 'HPDQG�
1RGH� 9HUWHLOXQJ�� GLH� GXUFK� GLH� 5HVWULNWLRQ� GHU�'HPDQG�1RGH� )OlFKH� DXI� HLQH
UHFKWHFNLJH�)RUP�KHUYRUJHEUDFKW�ZLUG��'LHVH�%HVFKUlQNXQJ�NDQQ�]X�HLQHU�VHKU
VFKOHFKWHQ� 5HSUlVHQWDWLRQ� GHV� .RPPXQLNDWLRQVYHUNHKUV� GXUFK� GLH� 'HPDQG�
1RGHV�I�KUHQ��ZLH�LQ�GHQ�RELJHQ�%HLVSLHOHQ�]X�VHKHQ�LVW�

(LQH�YLHO�ZHVHQWOLFKHUH�(LQVFKUlQNXQJ�ZLUG�GXUFK�GLHVH�%HVFKUlQNXQJ�KHUYRU�
JHUXIHQ�� 'LH� $SSUR[LPDWLRQVJ�WH� GHU� 9HUNHKUVGLFKWHIXQNWLRQ� GXUFK� GLH� 'H�
PDQG�1RGHV�KlQJW�KLHU�VWDUN�YRQ�GHU�)RUP�GHU�7HVWIOlFKH�DE��'D�GLHVH�GLH�9HU�
VRUJXQJVJHELHWH�YRQ�6HQGHUQ�GDUVWHOOHQ�VROOHQ��GLH� LP�DOOJHPHLQHQ�HLQH�XQUH�
JHOPl�LJH� )RUP� DXIZHLVHQ�� I�KUW� GLHVH� (LQVFKUlQNXQJ� ]X� XQEUDXFKEDUHQ� (U�
JHEQLVVHQ�EHL�GHU�1HW]SODQXQJ��,Q�HLQHP�*HELHW�PLW�NRQVWDQWHU�9HUNHKUVGLFKWH
VROOWH� GHU� .RPPXQLNDWLRQVYHUNHKU� LQQHUKDOE� HLQHU� EHOLHELJHQ� 7HVWIOlFKH� QDFK
GHU�)RUPHO�T(r) = A ⋅ c�QXU�YRQ�GHU�*U|�H�GHU�7HVWIOlFKH�A�XQG�GHU�NRQVWDQWHQ
9HUNHKUVGLFKWH�c�DEKlQJHQ��'LH�)RUP�GHU�7HVWIOlFKH�GDUI�GDEHL�NHLQHQ�(LQIOX�
KDEHQ�� %HL� GLHVHP� $OJRULWKPXV� KlQJW� GHU� .RPPXQLNDWLRQVYHUNHKU� DEHU� DXFK
YRQ�GHU�)RUP�GHU�7HVWIOlFKH�XQG� LKUHU�/DJH�DE��(LQH�PLQLPDOH�bQGHUXQJ��]�%�
GHU� *U|�H� RGHU� GHU� )RUP�� I�KUW� ]X� QLFKW� YRUKHUVHKEDUHQ� $EZHLFKXQJHQ� GHV
GXUFK�GLH�'HPDQG�1RGHV� LQQHUKDOE� GHU� )OlFKH� UHSUlVHQWLHUWHQ�.RPPXQLNDWL�
RQVYHUNHKUV��(V�WUHWHQ�GDQQ�,QWHUIHUHQ]HQ�]ZLVFKHQ�GHQ�UHFKWHFNLJHQ�'HPDQG�
1RGH�)OlFKHQ�XQG�GHU�)RUP�GHU�9HUVRUJXQJVJHELHWH�DXI��,Q�GHQ�.DSLWHOQ������
XQG�������ZLUG�GLHVHV�(UJHEQLV�GXUFK�TXDQWLWDWLYH�5HVXOWDWH�YHULIL]LHUW�

(LQ�ZHLWHUHV�3UREOHP�LVW�GLH�IHKOHQGH�%HJUHQ]XQJ�GHU�*U|�H�GHU�'HPDQG�1RGH
)OlFKHQ��'DGXUFK�NRPPW� HV� LQ�%HUHLFKHQ�PLW� QLHGULJHP�.RPPXQLNDWLRQVYHU�
NHKU�]X�HLQHU�XQJHQDXHQ�'DUVWHOOXQJ�GHV�.RPPXQLNDWLRQVYHUNHKU��GD�QXU�VHKU
ZHQLJH�'HPDQG�1RGHV� LQ�GLHVHP�%HUHLFK� OLHJHQ��(LQ�HLQ]HOQHU�'HPDQG�1RGH
UHSUlVHQWLHUW� GRUW� HLQH� JUR�H� )OlFKH�� ,P� 'DOODV� *HELHW� ]�%�� ZHUGHQ� 'HPDQG�
1RGHV�PLW�HLQHU�)OlFKH�YRQ��EHU�400 NP2�HU]HXJW��$EJHVHKHQ�GDYRQ��GD��NHLQ
6HQGHU�HLQH�)OlFKH�GLHVHU�*U|�H�YHUVRUJHQ�N|QQWH��ZLUG�DXFK�GLH�JHVDPWH�0R�
GHOOLHUXQJ� GHU�:HOOHQDXVEUHLWXQJ� VHKU� XQJHQDX�� $OV� JUDYLHUHQGHU� HUZHLVW� VLFK
GDV�3UREOHP��GD��%HUHLFKH� LQ�GLHVHU�*U|�HQRUGQXQJ�YROONRPPHQ�IUHL�YRQ�'H�
PDQG�1RGHV� VLQG�� 'LHVH� *HELHWH� N|QQHQ� VSlWHU� EHL� GHU� 3ODQXQJ� �EHUKDXSW
QLFKW�EHU�FNVLFKWLJW�ZHUGHQ��REZRKO�DXFK�KLHU�HLQ�QLHGULJHU�.RPPXQLNDWLRQV�
YHUNHKU�YRUKDQGHQ�LVW��9RU�DOOHP�NDQQ�NHLQH�DXFK�QXU�DQQlKHUQG� IOlFKHQGHN�
NHQGH�9HUVRUJXQJ�HUUHLFKW�ZHUGHQ�

'XUFK�GLH�$EKlQJLJNHLW�GHU�'HPDQG�1RGH�9HUWHLOXQJ�YRQ�GHU�)RUP�XQG�*U|�H
GHV� 3ODQXQJVJHELHWHV� HUJLEW� VLFK� HLQH� 5HVWULNWLRQ�� GLH� HLQH� 3ODQXQJ� JU|�HUHU
*HELHWH�XQP|JOLFK�PDFKW��(V�LVW�]ZDU�SULQ]LSLHOO�P|JOLFK��HLQ�JUR�HV�*HELHW�LQ
PHKUHUH�%HUHLFKH�DXI]XWHLOHQ�XQG� LQ� MHGHP�7HLOJHELHW�GLH�'HPDQG�1RGHV�HLQ�
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]HOQ�HU]HXJHQ�]X� ODVVHQ��'LH�GDEHL�HQWVWHKHQGH�9HUWHLOXQJ�GHU�'HPDQG�1RGHV
LVW� DEHU� QLFKW� LGHQWLVFK�PLW� HLQHU� 9HUWHLOXQJ�� GLH� EHL� HLQHU� DQGHUHQ� $XIWHLOXQJ
GHV�*HVDPWJHELHWHV�HQWVWHKHQ�Z�UGH��'LH�HU]HXJWHQ�'HPDQG�1RGHV�VLQG�DXFK
QLFKW� LQYDULDQW� EH]�JOLFK� HLQHU�'UHKXQJ� GHV� 3ODQXQJVJHELHWHV��'XUFK� GDV�PLW
GHP�*HVDPWJHELHW�VWDUWHQGH�UHNXUVLYH�$XIWHLOHQ�GHV�$OJRULWKPXV�HUJHEHQ�VHOEVW
PLQLPDOH�bQGHUXQJHQ�GHU�*HELHWVJUHQ]HQ�HLQH�DQGHUH�9HUWHLOXQJ�GHU�'HPDQG�
1RGHV�

3.1.4 Merkmale des Algorithmus

,P� IROJHQGHQ� ZHUGHQ� GLH� EHUHLWV� EHVFKULHEHQHQ� FKDUDNWHULVWLVFKHQ� 0HUNPDOH
GHV� UHNXUVLYHQ�3DUWLWLRQLHUHQV�SUlJQDQW� LQ�)RUP�HLQHU�$XI]lKOXQJ�]XVDPPHQ�
JHID�W�

• 'LH�)OlFKH�HLQHV�'HPDQG�1RGHV� LVW� LPPHU� UHFKWHFNLJ��'LH�3RVLWLRQ�GHV
'HPDQG�1RGHV�LVW�GDEHL�GHU�YHUNHKUVPl�LJH�6FKZHUSXQNW�

• 'LH�)OlFKH��GLH�HLQ�'HPDQG�1RGH��EHUGHFNW��NDQQ�VLFK�PD[LPDO��EHU�GDV
JHVDPWH�3ODQXQJVJHELHW�HUVWUHFNHQ��(V�NDQQ�NHLQ�*UHQ]ZHUW�I�U�GLH�*U|�
�H�YRUJHJHEHQ�ZHUGHQ�

• 'LH�$Q]DKO� GHU�'HPDQG�1RGHV�N� LVW� LPPHU� HLQH� =ZHLHUSRWHQ]�GHU� 7HL�
OXQJVVFKULWWH�R� N = 2R��'LH�PD[LPDOH�$Q]DKO�GHU�'HPDQG�1RGHV�LVW�EH�
JUHQ]W� GXUFK� GLH� %HGLQJXQJ�� GD�� MHGHU� 'HPDQG�1RGH� PLQGHVWHQV� YLHU
)OlFKHQHOHPHQWH�GHU�9HUNHKUVPDWUL[�UHSUlVHQWLHUHQ�PX��

• 'HU� .RPPXQLNDWLRQVYHUNHKU� DOOHU� 'HPDQG�1RGHV� LVW� JOHLFK� XQG� HQW�
VSULFKW�N -1�GHV�*HVDPWYHUNHKUV��'LH�*UHQ]HQ�GHU�'HPDQG�1RGHV�OLHJHQ
QLFKW�XQEHGLQJW�DXI�GHQ�5lQGHUQ�GHU�0DWUL[HOHPHQWH��9LHOPHKU�ZHUGHQ
HLQHP�'HPDQG�1RGH�DQ�VHLQHQ�*UHQ]HQ�DQWHLOLJH�0DWUL[HOHPHQWH�]XJH�
RUGQHW��ZLH�LQ�$EELOGXQJ�������]X�VHKHQ�LVW�

• 'LH�/DQGNODVVH�HLQHV�'HPDQG�1RGHV�HUJLEW�VLFK�DXV�GHU�/DQGNODVVH��GLH
DQ�GHU�3RVLWLRQ�GHV�YHUNHKUVPl�LJHQ�6FKZHUSXQNWHV�GHV�'HPDQG�1RGHV
YRUOLHJW�

• 'LH�6WUXNWXU�GHU�HU]HXJWHQ�'HPDQG�1RGHV�LVW�VWUHQJ�GHWHUPLQLVWLVFK��,Q
*HELHWHQ� PLW� lKQOLFKHP� .RPPXQLNDWLRQVYHUNHKU� ZHUGHQ� UHJHOPl�LJH
TXDGUDWLVFKH�0XVWHU�HU]HXJW�

• 'LH� 9HUWHLOXQJ� GHU�'HPDQG�1RGHV� KlQJW� YRQ� GHU� )RUP� XQG�*U|�H� GHV
3ODQXQJVJHELHWHV�DE�

• 'LH�$SSUR[LPDWLRQVJ�WH�GHU�9HUNHKUVGLFKWHIXQNWLRQ�GXUFK�GLH�'HPDQG�
1RGHV� KlQJW� LQQHUKDOE� HLQHV� 9HUVRUJXQJVJHELHWHV� HLQHV� 6HQGHUV� YRQ
GHVVHQ�)RUP�DE�
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3.2 Verfahren des Zusammenfassens von Knoten

'DV�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�LVW�HLQ�W\SLVFKHV�ÅERWWRP�XS´
9HUIDKUHQ��=X�%HJLQQ�ZLUG�MHGHP�)OlFKHQHOHPHQW�GHU�9HUNHKUVPDWUL[�HLQ�.QR�
WHQ�]XJHRUGQHW��,Q�HLQHU�6FKOHLIH�ZHUGHQ�GDQQ�]XIlOOLJ�.QRWHQ�DXVJHZlKOW�XQG
PLW� HLQHP� JHHLJQHWHQ� 1DFKEDUNQRWHQ� ]XVDPPHQJHID�W�� IDOOV� EHVWLPPWH� 9RU�
DXVVHW]XQJHQ�HUI�OOW�VLQG��'LH�6FKOHLIH�HQGHW��IDOOV�NHLQ�JHHLJQHWHU�.QRWHQ�PHKU
JHIXQGHQ�ZHUGHQ�NDQQ��)�U�MHGHQ�GHU�YHUEOHLEHQGHQ�.QRWHQ�ZLUG�HLQ�'HPDQG�
1RGH�HU]HXJW�

$OV�3DUDPHWHU�EHQ|WLJW�GHU�$OJRULWKPXV�

• 0D[LPDOHU�.RPPXQLNDWLRQVYHUNHKU�Tmax��'LHVHU�:HUW�EHVWLPPW�GHQ�PD�
[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU��GHQ�HLQ�'HPDQG�1RGH�UHSUlVHQWLHUHQ
NDQQ�

• 0D[LPDOH�)OlFKH�Amax��'LHVHU�:HUW� JLEW� GLH�PD[LPDOH�*U|�H�GHU� )OlFKH
DQ��GLH�HLQ�'HPDQG�1RGH��EHUGHFNW�

'D� GHU� .RPPXQLNDWLRQVYHUNHKU� DOOHU� 'HPDQG�1RGHV� LQ� GLHVHP� $OJRULWKPXV
QLFKW�LGHQWLVFK�VHLQ�PX���KDEHQ�DXFK�HLQLJH�HLQHQ�NOHLQHUHQ�.RPPXQLNDWLRQV�
YHUNHKU�DOV�Tmax. (LQ�=LHO�GHV�$OJRULWKPXV� LVW�HV�GDKHU�� I�U�DOOH�'HPDQG�1RGHV
XQJHIlKU�JOHLFKHQ�.RPPXQLNDWLRQVYHUNHKU�]X�HUUHLFKHQ��8P�DXFK�LQ�%HUHLFKHQ
GHV� 3ODQXQJVJHELHWHV�PLW� JHULQJHP�9HUNHKUVDXINRPPHQ� HLQH� JHQ�JHQG� KRKH
$SSUR[LPDWLRQVJ�WH�]X�HU]LHOHQ��GDUI�GLH�)OlFKH�HLQHV�'HPDQG�1RGHV�QLFKW�]X
JUR��VHLQ��'HVZHJHQ�ZLUG�GLH�)OlFKHQEHJUHQ]XQJ�Amax�HLQJHI�KUW�

'LHVH�EHLGHQ�3DUDPHWHU�HQWVFKHLGHQ�GLUHNW��EHU�GLH�$Q]DKO�GHU�HU]HXJWHQ�'H�
PDQG�1RGHV��ZREHL� GXUFK� GLH� ]XIDOOVJHVWHXHUWH� $UEHLWVZHLVH� GHV� $OJRULWKPXV
GLH� $Q]DKO� GHU� HU]HXJWHQ� 'HPDQG�1RGHV� QLFKW� DEVROXW� YRUKHUJHVDJW� ZHUGHQ
NDQQ��'D�VLFK�GHU�=XIDOO�DEHU�DXI�GLH�ZLOON�UOLFKH�:DKO�GHV�QlFKVWHQ�]X�EHDU�
EHLWHQGHQ�2EMHNWV�EHVFKUlQNW��XQWHUVFKHLGHQ�VLFK�GLH�(UJHEQLVVH�EHL�YHUVFKLH�
GHQHQ� /lXIHQ� GHV� $OJRULWKPXV� EHLQDKH� QLFKW�� 'LH� $Q]DKO� GHU� 'HPDQG�1RGHV
VFKZDQNW�QXU�LP�3URPLOOHEHUHLFK�

3.2.1 Algorithmus

,Q� GLHVHP� $OJRULWKPXV� ZHUGHQ� DXV� EHUHLWV� YRUKDQGHQHQ�� NOHLQHUHQ� .QRWHQ
GXUFK�JHHLJQHWHV�=XVDPPHQIDVVHQ�QHXH�.QRWHQ�JHELOGHW��'D]X�OLHJW�DOV�*UXQG�
ODJH�GLH�9HUNHKUVPDWUL[�YRU��GLH�LQ�$EELOGXQJ�������GDUJHVWHOOW�ZLUG�

)�U� MHGHV�)OlFKHQHOHPHQW� LQ�GHU�9HUNHKUVPDWUL[�ZLUG�QXQ�HLQ�.QRWHQ�HU]HXJW�
GHU�JHQDX�GLHVHV�)OlFKHQHOHPHQW�HQWKlOW��(LQ�.QRWHQ�ZLUG�GDEHL�GXUFK�IROJHQGH
7HLOH�IHVWJHOHJW�

• ]XP�.QRWHQ�JHK|UHQGH�)OlFKHQHOHPHQWH�GHU�0DWUL[

• *HVDPWYHUNHKU�GHU�]XJHRUGQHWHQ�)OlFKHQHOHPHQWH
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• *HVDPWIOlFKH�GHU�]XJHRUGQHWHQ�)OlFKHQHOHPHQWH

• 6XFKULFKWXQJ�EHL�GHU�(UPLWWOXQJ�HLQHV�JHHLJQHWHQ�1DFKEDUQ

Abbildung 3.2.1: Verkehrsmatrix

1DFK� GLHVHU� ,QLWLDOLVLHUXQJ� GHU� .QRWHQ� OlXIW� GDV� LQ� $EELOGXQJ� ������ JH]HLJWH
6FKHPD�DE��ELV�NHLQ�.QRWHQ�PHKU�PLW�HLQHP�1DFKEDUQ�]XVDPPHQJHID�W�ZHU�
GHQ�NDQQ�

Wiederhole:

1. Wähle zufällig einen Knoten aus.

2. Prüfe die benachbarten Knoten, ob ein geeigne-
ter Kandidat zum Vereinigen vorhanden ist:

Nein Ja

3. Fasse den ausgewählten Knoten mit
diesem Nachbarn zusammen.

Bis keine Knoten mehr zusammengefaßt werden können

4. Erzeuge die Demand-Nodes aus den verbliebenen Knoten.

Abbildung 3.2.2: Algorithmus des Zusammenfassens von Knoten
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3.2.1.1 Zufällige Knotenauswahl

$XV�GHU�0HQJH�GHU�.QRWHQ�ZLUG�]XIlOOLJ�HLQ�.QRWHQ�K�]XP�3U�IHQ�DXVJHZlKOW�
ZLH�LQ�$EELOGXQJ�������JH]HLJW�ZLUG�

Abbildung 3.2.3: Zufällige Auswahl eines Knotens

3.2.1.2 Prüfung der benachbarten Knoten

'LH�1DFKEDUNQRWHQ�GHV�.QRWHQV�K�ZHUGHQ�QDFK�HLQHP�JHHLJQHWHQ�.DQGLGDWHQ
I�U�GDV�=XVDPPHQIDVVHQ�PLW�LKP�GXUFKVXFKW.�$OV�1DFKEDUQ�HLQHV�.QRWHQV�ZHU�
GHQ� DOOH� DQGHUHQ� .QRWHQ� DQJHVHKHQ�� GLH� LKQ� KRUL]RQWDO� RGHU� YHUWLNDO� PLW� GHU
.DQWH�PLQGHVWHQV� HLQHV� )OlFKHQHOHPHQWV� EHU�KUHQ�� ,Q� $EELOGXQJ� ������ LVW� HLQ
%HLVSLHO�I�U�HLQHQ�.QRWHQ�PLW�VHLQHQ�1DFKEDUQ�GDUJHVWHOOW�

'DPLW� GLH� .QRWHQ� EHLP� =XVDPPHQIDVVHQ� JOHLFKPl�LJ� LQ� DOOH� 5LFKWXQJHQ� DQ�
ZDFKVHQ��ZHUGHQ�QLFKW�DOOH�1DFKEDUQ�HLQHV�.QRWHQV�EHL�GHU�6XFKH�QDFK�HLQHP
.DQGLGDWHQ�GXUFKVXFKW��9LHOPHKU�ZLUG�HQWZHGHU�QXU�UHFKWV�XQG�XQWHUKDOE��RGHU
QXU�OLQNV�XQG�REHUKDOE�QDFK�JHHLJQHWHQ�1DFKEDUQ�JHVXFKW��'D]X�HQWKlOW� MHGHU
.QRWHQ� HLQH� 9DULDEOH�� GLH� GLH� DNWXHOOH� 6XFKULFKWXQJ� DQ]HLJW�� 'LHVH� ZLUG� QDFK
MHGHU�1DFKEDUVXFKH�I�U�GLHVHQ�.QRWHQ�JHZHFKVHOW�� ,Q�$EELOGXQJ�������VLQG�GLH
)OlFKHQHOHPHQWH��DXI�GHQHQ�QDFK�1DFKEDUQ�JHVXFKW�ZLUG�� I�U�EHLGH�6XFKULFK�
WXQJHQ�DQKDQG�YRQ�GUHL�%HLVSLHONQRWHQ�DXIJHWUDJHQ�
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Abbildung 3.2.4: Nachbarn eines Knoten

Abbildung 3.2.5: Suchfolge

'LHVH�DEZHFKVHOQGH�6XFKH� LVW�Q|WLJ��GDPLW�GLH�.QRWHQ�QLFKW�EHYRU]XJW� LQ�HLQH
5LFKWXQJ� ZDFKVHQ�� ZHQQ� GHU� .RPPXQLNDWLRQVYHUNHKU� GHU� 1DFKEDUHOHPHQWH
LGHQWLVFK�LVW��,Q�GHU�9HUNHKUVPDWUL[�EHVWHKW��EHGLQJW�GXUFK�LKUH�(U]HXJXQJ�DXV
GHQ�/DQGQXW]XQJVNODVVHQ��LQ�JU|�HUHQ�*HELHWHQ�GHU�JOHLFKH�.RPPXQLNDWLRQV�
YHUNHKU��'LHV�I�KUW�]X�)OlFKHQHOHPHQWHQ�PLW�LGHQWLVFKHP�.RPPXQLNDWLRQVYHU�
NHKU��8P�UHJHOPl�LJH�0XVWHU�EHLP�=XVDPPHQIDVVHQ�YRQ�.QRWHQ�]X�YHUPHLGHQ�
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LVW�HLQH�]XIlOOLJH�$XVZDKO�GHV�.QRWHQV�K�I�U�HLQH�DXVJHZRJHQH�)RUP�GHU�.QR�
WHQIOlFKHQ�QRWZHQGLJ�

8QWHU�GHQ�1DFKEDUQ�GHU�DNWXHOOHQ�6XFKIROJH�ZLUG�GHU�1DFKEDU�JHVXFKW��GHU�IRO�
JHQGH�%HGLQJXQJHQ�HUI�OOW�

maxNK TTT <+ ��

maxNK AAA ≤+ ��

)(KNhiTT iN ∈∀≤ ��

+LHUEHL�EH]HLFKQHW�N�GHQ�]XP�=XVDPPHQIDVVHQ�DXVJHZlKOWHQ�1DFKEDUNQRWHQ�
TK� GHQ�.RPPXQLNDWLRQVYHUNHKU� GHV�.QRWHQV�K��AK� GLH� )OlFKH� GHV� .QRWHQV�K
XQG�Nh(K)�GLH�0HQJH�GHU�1DFKEDUQ�GHV�.QRWHQ�K�JHPl��GHU�DNWXHOOHQ�6XFKIRO�
JH�� Tmax� JLEW� GHQ� PD[LPDOHQ� .RPPXQLNDWLRQVYHUNHKU� XQG� Amax� GLH� PD[LPDOH
)OlFKH�I�U�HLQHQ�'HPDQG�1RGH�DQ��%HLGHV�VLQG�3DUDPHWHU�GHV�$OJRULWKPXV�

'HU�1DFKEDU�PLW�GHP�JHULQJVWHQ�.RPPXQLNDWLRQVYHUNHKU�ZLUG�DXVJHZlKOW��PLW
GHVVHQ�9HUVFKPHO]XQJ�GHU�QHXH�.QRWHQ�GLH�PD[LPDOHQ�:HUWH�I�U�.RPPXQLND�
WLRQVYHUNHKU� XQG� )OlFKH� QRFK� QLFKW� �EHUVFKUHLWHW�� ,Q� $EELOGXQJ� ������ LVW� GHU
]XP�=XVDPPHQIDVVHQ�DXVJHZlKOWH�.QRWHQ�GDUJHVWHOOW��)DOOV�NHLQ�1DFKEDU�DOOH
RELJHQ�%HGLQJXQJHQ�HUI�OOW��ZLUG�HLQ�DQGHUHU�.QRWHQ�K ]XIlOOLJ�JHZlKOW�XQG�GLH
6FKOHLIH�ZLHGHUKROW��'LH�6FKOHLIH�ZLUG�EHHQGHW�XQG�PLW�GHU�(U]HXJXQJ�GHU�'H�
PDQG�1RGHV�EHJRQQHQ��IDOOV�I�U�NHLQHQ�.QRWHQ�HLQ�JHHLJQHWHU�1DFKEDU�JHIXQ�
GHQ�ZHUGHQ�NDQQ�

Abbildung 3.2.6: Zum Vereinigen ausgewählter Knoten N
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3.2.1.3 Zusammenfassen des Knotens mit einem Nachbarn

'HU�.QRWHQ�K�ZLUG�PLW�VHLQHP�DXVJHZlKOWHQ�1DFKEDUQ�N�]X�GHP�QHXHQ�.QRWHQ
Z�NRPELQLHUW�

NKZ TTT += ��

NKZ AAA += ��

NKZ EEE ∪= ��

:REHL�EX�GLH�0HQJH�GHU�)OlFKHQHOHPHQWH�DQJLEW��GLH�]XP�.QRWHQ�X�JHK|UHQ�

Abbildung 3.2.7: Aus der Vereinigung hervorgegangener neuer Knoten Z

'LH� EHLGHQ� DOWHQ�.QRWHQ�K XQG�N ZHUGHQ� HQWIHUQW�� ,Q� $EELOGXQJ� ������ LVW� GDV
(UJHEQLV�GHV�=XVDPPHQIDVVHQV�GDUJHVWHOOW�

3.2.1.4 Erzeugung der Demand-Nodes aus den Knoten

)DOOV�NHLQH�.QRWHQ�PHKU�PLW�LKUHQ�1DFKEDUQ�NRPELQLHUW�ZHUGHQ�N|QQHQ��HQGHW
GLH� 6FKOHLIH�� )�U� MHGHQ� QRFK� YHUEOLHEHQHQ� .QRWHQ�ZLUG� HLQ� 'HPDQG�1RGH� HU�
VWHOOW��'LH�3RVLWLRQ�GHV�'HPDQG�1RGHV�HUJLEW�VLFK�DXV�GHP�QDFK�.RPPXQLNDWL�
RQVYHUNHKU�JHZLFKWHWHQ�6FKZHUSXQNW�GHU�HLQ]HOQHQ�)OlFKHQHOHPHQWH�GHV�.QR�
WHQV��ZLH�LQ�$EELOGXQJ�������JH]HLJW�
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+LHUEHL�ZLUG�PLW�Z� GHU�.QRWHQ�EH]HLFKQHW�� I�U� GHQ� GHU�'HPDQG�1RGH� HU]HXJW
ZLUG��Te� JLEW� GHQ�.RPPXQLNDWLRQVYHUNHKU� GHV� )OlFKHQHOHPHQWV� e� DQ,� ZREHL� e
I�U� HLQ� )OlFKHQHOHPHQW� GHV� .QRWHQV� Z� VWHKW�� XQG� E(Z)� GLH� 0HQJH� GHU� )Ol�
FKHQHOHPHQWH�GHV�.QRWHQV�Z�DQJLEW�

'HU�6FKZHUSXQNW�G(xg, yg) �LVW�GDQQ�GLH�3RVLWLRQ�GHV�QHXHQ�'HPDQG�1RGHV��'HU
.RPPXQLNDWLRQVYHUNHKU� GHV� HU]HXJWHQ� 'HPDQG�1RGHV� HQWVSULFKW� GHP� .RP�
PXQLNDWLRQVYHUNHKU�TZ�GHV�.QRWHQV�

nach Verkehr gewichteter
Schwerpunkt des Knotens

Verkehrswerte

Abbildung 3.2.8: Position des Demand-Nodes

)�U� GLH� /DQGNODVVH� GHV� 'HPDQG�1RGHV� ZLUG� GLH� DP� KlXILJVWHQ� DXIWUHWHQGH
/DQGNODVVH� LQ�GHU�)OlFKH�GHV�.QRWHQV�JHQRPPHQ��ZLH� LQ�$EELOGXQJ������� LOOX�
VWULHUW� ZLUG�� ,Q� GHU� 3ODQXQJ� ZLUG� GLH� /DQGNODVVH� QXU� I�U� GLH� %HUHFKQXQJ� GHU
:HOOHQDXVEUHLWXQJ�YHUZHQGHW��)�U�GLHVH�LVW�GLH�JDQ]H�8PJHEXQJ�GHV�'HPDQG�
1RGHV�XQG�QLFKW�QXU�VHLQH�3RVLWLRQ�DXVVFKODJJHEHQG��'LH�0RGHOOH�GHU�:HOOHQ�
DXVEUHLWXQJ� ZHUGHQ� GHVKDOE� QDFK� GHU� YRUKHUUVFKHQGHQ� /DQGQXW]XQJ� LQ� GHU
8PJHEXQJ�HLQHV�'HPDQG�1RGHV�JHZlKOW��*HQDXHUH�8QWHUVXFKXQJHQ�LQ�.DSLWHO
����]HLJHQ��GD��GLH�:DKO�GHU�/DQGNODVVH� LQ�GLHVHU�:HLVH�HLQH�EHVVHUH�'DUVWHO�
OXQJ�GHU�/DQGQXW]XQJ�GHV�3ODQXQJVJHELHWHV�HUJLEW�
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Landnutzung Landnutzungsklassen des Knotens

4 Felder

2 Felder

6 Felder

häufigste Klasse:

Abbildung 3.2.9: Wahl der Landklasse

3.2.2 Ergebnisse des Algorithmus

,P�IROJHQGHQ�ZHUGHQ�GLH�(UJHEQLVVH�GHV�$OJRULWKPXV�I�U�GLH�YLHU�YHUVFKLHGHQHQ
9HUJOHLFKVIOlFKHQ��GLH�LQ�.DSLWHO�����EHVFKULHEHQ�ZHUGHQ��XQWHUVXFKW��,Q�7DEHOOH
������ZHUGHQ�GLH�]XU�%HUHFKQXQJ�YHUZHQGHWHQ�3DUDPHWHU�DXIJHOLVWHW�

Vergleichsfläche Maximaler
Verkehr 3

Maximale
Fläche

Anzahl der
Demand-Nodes

Würzburger Gebiet 0.08 0.75 km2 1289

Dallas Gebiet 0.0002 25 km2 40589

Synthetisches Gebiet 0.08 0.75 km2 1381

Konstantes Gebiet 0.08 0.75 km2 1281

Tabelle 3.2.1: Parameter des Algorithmus bei den Vergleichsflächen

,Q� $EELOGXQJ� ������� VLQG� GLH� I�U� GDV� :�U]EXUJHU� *HELHW� HU]HXJWHQ� 'HPDQG�
1RGHV� DEJHELOGHW�� 'LH� 'HPDQG�1RGHV� VWHOOHQ� GLH� 9HUNHKUVYHUWHLOXQJ� DXV
$EELOGXQJ�������JXW�GDU��GLH�HLQ]HOQHQ�2EMHNWH��ZLH�]�%��$XWREDKQHQ�RGHU�'|U�
IHU��VLQG�HUNHQQEDU��,P�9HUJOHLFK�]XP�9HUIDKUHQ�GHV�UHNXUVLYHQ�3DUWLWLRQLHUHQV
IlOOW� DXI�� GD�� GLH� 'HPDQG�1RGHV� NHLQH�0XVWHU� ELOGHQ� XQG� YLHO� JOHLFKPl�LJHU
YHUWHLOW�VLQG��$XFK�ZHUGHQ�GLH�%HUHLFKH�PLW�QLHGULJHP�.RPPXQLNDWLRQVYHUNHKU
GXUFK� GLH� 'HPDQG�1RGHV� JHQ�JHQG� UHSUlVHQWLHUW�� ZDV� GXUFK� GLH� %HJUHQ]XQJ
LKUHU�)OlFKH�EHL�GLHVHP�9HUIDKUHQ�HUUHLFKW�ZLUG�

                                                          
3 Der Kommunikationsverkehr ist in der Pseudoeinheit der jeweiligen Vergleichsfläche angegeben. Um
auf Erlang zu kommen, muß dieser Wert gemäß des wirklichen Gesamtverkehrs skaliert werden.
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Abbildung 3.2.10: Demand-Nodes des Würzburger Gebiets

9RU�DOOHP�LP�'DOODV�*HELHW�LQ�$EELOGXQJ��������ZLUG�GHU�9RUWHLO�GHU�)OlFKHQEH�
JUHQ]XQJ�GHXWOLFK��6HOEVW�GHU�$X�HQEHUHLFK�PLW�VHKU�QLHGULJHP�.RPPXQLNDWL�
RQVYHUNHKU�ZLUG� GXUFK�'HPDQG�1RGHV� GDUJHVWHOOW�� ,Q� GLHVHP� %HUHLFK� HU]HXJW
GDV�9HUIDKUHQ�GHV�UHNXUVLYHQ�3DUWLWLRQLHUHQV�QDKH]X�NHLQH�'HPDQG�1RGHV�

Abbildung 3.2.11: Demand-Nodes des Dallas Gebiets
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Abbildung 3.2.12: Demand-Nodes des synthetischen Gebiets

Abbildung 3.2.13: Demand-Nodes des konstanten Gebiets

'LH� UDGLDOHQ� *DX�YHUWHLOXQJHQ� LP� V\QWKHWLVFKHQ� *HELHW� DXV� $EELOGXQJ� �����
ZHUGHQ�GXUFK�GLH�'HPDQG�1RGHV� LQ�$EELOGXQJ��������NRUUHNW�ZLHGHUJHJHEHQ�
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,Q�GLHVHP�*HELHW�HU]HXJW�GDV�UHNXUVLYH�3DUWLWLRQLHUHQ�HLQH�PDQJHOKDIWH�5HSUl�
VHQWDWLRQ�GHV�.RPPXQLNDWLRQVYHUNHKU��ZLH�LQ�$EELOGXQJ�������VLFKWEDU�LVW�

%HL�GHU�'DUVWHOOXQJ�GHV�NRQVWDQWHQ�*HELHWV�LQ�$EELOGXQJ��������LVW�HLQ�ZHVHQWOL�
FKHU�9RUWHLO�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�VLFKWEDU��6WDWW�HLQ�0XVWHU��ZLH�LQ
$EELOGXQJ�������GXUFK�GDV�9HUIDKUHQ�GHV�3DUWLWLRQLHUHQV�HU]HXJW��ZLUG�HLQH�DE�
VROXW�JOHLFKPl�LJH�=XIDOOVYHUWHLOXQJ�GHU�'HPDQG�1RGHV�HUVWHOOW�

3.2.3 Bewertung des Algorithmus

%HL�GHU� UHLQ�TXDOLWDWLYHQ�8QWHUVXFKXQJ�GLHVHV�$OJRULWKPXV�]HLJW� VLFK��GD��DOOH
1DFKWHLOH�GHV�9HUIDKUHQV�GHV�UHNXUVLYHQ�3DUWLWLRQLHUHQV�DXIJHKREHQ�VLQG�

'XUFK�GLH�%HJUHQ]XQJ�GHU�)OlFKH�HLQHV�'HPDQG�1RGHV�ZLUG�DXFK�LQ�*HELHWHQ
PLW� VHKU� QLHGULJHP� .RPPXQLNDWLRQVYHUNHKU� HLQH� JHQ�JHQGH� 5HSUlVHQWDWLRQ
GHU� 9HUNHKUVYHUWHLOXQJ� HUUHLFKW��'LH� XQEHVFKUlQNWH�'HPDQG�1RGH� )OlFKH�ZDU
HLQ�JUR�HU�.ULWLNSXQNW�DXV�GHU�3UD[LV�GHU�0RELOIXQNSODQXQJ��'LH�PD[LPDOH�)Ol�
FKH�NDQQ�QXQ�EHOLHELJ�GXUFK�GHQ�3DUDPHWHU�GHV�$OJRULWKPXV�IHVWJHOHJW�ZHUGHQ�

'LH� )OlFKH� HLQHV� 'HPDQG�1RGHV� NDQQ� EHL� GLHVHP� 9HUIDKUHQ� HLQH� EHOLHELJH
)RUP� DQQHKPHQ� XQG� LVW� QLFKW� PHKU� DXI� HLQH� UHFKWHFNLJH� *HVWDOW� EHVFKUlQNW�
'LHV�KDW�PHKUHUH�9RUWHLOH��'LH�'HPDQG�1RGHV� �N|QQHQ�GHQ�.RPPXQLNDWLRQV�
YHUNHKU�EHVVHU�DSSUR[LPLHUHQ��GD�GXUFK�HLQH�IUHL�ZlKOEDUH�)RUP�HLQH�JHQDXHUH
'DUVWHOOXQJ�P|JOLFK�LVW�

:HLWHUKLQ� HU]HXJW� GHU� $OJRULWKPXV� NHLQH� VW|UHQGHQ�0XVWHU�� GLH� HLQH� 6WUXNWXU
K|KHUHU� 2UGQXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� YRUWlXVFKHQ�� DOV� LQ� GHU� 9HU�
NHKUVPDWUL[�YRUKDQGHQ�LVW��'LH�HU]HXJWHQ�'HPDQG�1RGHV�ELOGHQ�YLHOPHKU�HLQH
9HUWHLOXQJ�PLW�PD[LPDOHU�(QWURSLH��%HL�)OlFKHQ�PLW�NRQVWDQWHU�9HUNHKUVGLFKWH
ZLUG� HLQH� DEVROXW� ]XIlOOLJH�� KRPRJHQH� 9HUWHLOXQJ� GHU� 'HPDQG�1RGHV� HUVWHOOW�
'HU�.RPPXQLNDWLRQVYHUNHKU�LQQHUKDOE�HLQHU�EHOLHELJHQ�7HVWIOlFKH��GLH�]�%��GDV
9HUVRUJXQJVJHELHW�HLQHV�6HQGHUV�GDUVWHOOW��KlQJW�GDPLW�QXU�YRQ�LKUHU�*U|�H�XQG
3RVLWLRQ�DE�XQG�QLFKW�YRQ�LKUHU�)RUP��,Q�HLQHP�*HELHW�PLW�NRQVWDQWHU�9HUNHKUV�
GLFKWH� HUJLEW� VLFK� GHU� .RPPXQLNDWLRQVYHUNHKU� LQQHUKDOE� GHU� 7HVWIOlFKH� QDFK
GHU�)RUPHO�T(r) = A ⋅ c LQ�$EKlQJLJNHLW�YRQ�GHU�*U|�H�GHU�7HVWIOlFKH�A�XQG�GHU
NRQVWDQWHQ�9HUNHKUVGLFKWH�c�

'LH�JHUDGH�JHQDQQWHQ�ZHVHQWOLFKHQ�9RUWHLOH�GLHVHV�9HUIDKUHQV�HUNDXIW�PDQ�VLFK
GXUFK�HLQHQ�1DFKWHLO��'HU�.RPPXQLNDWLRQVYHUNHKU��GHQ�HLQ�'HPDQG�1RGH�UH�
SUlVHQWLHUW�� LVW�QLFKW�PHKU�I�U�DOOH�'HPDQG�1RGHV�JOHLFK��ZDV�YRU�DOOHP�GXUFK
GLH�%HVFKUlQNXQJ�GHU�PD[LPDOHQ�)OlFKH�YHUXUVDFKW�ZLUG��9LHOPHKU�EHVWHKW�HLQH
9HUWHLOXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� GHU� 'HPDQG�1RGHV�� GLH� YRP� 3OD�
QXQJVJHELHW� XQG� GHQ� JHZlKOWHQ� 3DUDPHWHUQ� DEKlQJW�� 'LHVH� 9HUWHLOXQJ� GHV
.RPPXQLNDWLRQVYHUNHKUV� GHU�'HPDQG�1RGHV� JLOW� HV� QXQ� ]X�XQWHUVXFKHQ� XQG
]X�RSWLPLHUHQ�
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3.2.4 Verkehrsverteilung der Demand-Nodes

,Q�$EELOGXQJ�������� LVW�HLQ�+LVWRJUDPP�GHV�.RPPXQLNDWLRQVYHUNHKUV�GHU�'H�
PDQG�1RGHV� GHV�:�U]EXUJHU�*HELHWV� GDUJHVWHOOW�� )�U� GHQ� 3DUDPHWHU�Tmax�� GHU
GHQ� PD[LPDOHQ� .RPPXQLNDWLRQVYHUNHKU� HLQHV� 'HPDQG�1RGHV� DQJLEW�� ZXUGH
GHU�:HUW�0.08 JHQRPPHQ��0DQ�VLHKW��GD��LP�%HUHLFK�YRQ�0.0024�ELV�Tmax�QDKH]X
DOOH�9HUNHKUVZHUWH� YRUNRPPHQ��ZREHL�GLH� K|KHUHQ�:HUWH�PLW� JU|�HUHU�:DKU�
VFKHLQOLFKNHLW�DQJHQRPPHQ�ZHUGHQ��'HU�:HUW�0.0024�VWHOOW�GDEHL�GDV�0LQLPXP
GHV�YRQ�GHQ�'HPDQG�1RGHV�UHSUlVHQWLHUWHQ�9HUNHKUV�GDU�
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Verkehr der Demand-Nodes

Histogramm des Verkehrs

Abbildung 3.2.14: Vekehrshistogramm des Würzburger Gebiets

,Q�$EELOGXQJ��������VLQG�GLHVHOEHQ�(UJHEQLVVH�I�U�GDV�'DOODV�*HELHW��EHL�HLQHP
:HUW�YRQ�0.0002 I�U�Tmax��DXIJHWUDJHQ��'LH�9HUWHLOXQJ�HQWVSULFKW�LP�:HVHQWOLFKHQ
GHU� GHV�:�U]EXUJHU� *HELHWV�� 'XUFK� GLH� JU|�HUH� )OlFKH� GLHVHV� *HELHWV� LVW� GLH
9HUWHLOXQJ�JOHLFKPl�LJHU�

)�U�GDV�V\QWKHWLVFKH�XQG�NRQVWDQWH�*HELHW�VHKHQ�GLH�9HUWHLOXQJHQ�GHQ�KLHU�DE�
JHELOGHWHQ�lKQOLFK�XQG�ZHUGHQ�GHVKDOE�QLFKW�GDUJHVWHOOW�

'LH�9HUWHLOXQJHQ�HQWVSUHFKHQ�QLFKW�GHP�=LHO��GD��DOOH�'HPDQG�1RGHV�GHQ�JOHL�
FKHQ�.RPPXQLNDWLRQVYHUNHKU�DXIZHLVHQ��9RU�DOOHP�VROOWH�GHU�PD[LPDOH�.RP�
PXQLNDWLRQVYHUNHKU�YRQ�GHQ�PHLVWHQ�'HPDQG�1RGHV�HUUHLFKW�ZHUGHQ��'DV�(U�
JHEQLV�GHV�$OJRULWKPXV�PX��GHVKDOE�QRFK�YHUEHVVHUW�ZHUGHQ��XP�DXFK�GLHVHQ
=LHOHQ�]X�JHQ�JHQ�
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Abbildung 3.2.15: Verkehrshistogramm des Dallas Gebiets
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3.3 Optimierung des Zusammenfassens von Knoten

8P�HLQH� EHVVHUH� 9HUWHLOXQJ� GHV�.RPPXQLNDWLRQVYHUNHKUV� GHU� 'HPDQG�1RGHV
]X�HUUHLFKHQ��ZXUGH�HLQ�2SWLPLHUHU�HQWZLFNHOW��GHU�QDFK�GHP�(QGH�GHU�+DXSW�
VFKOHLIH� GHV� $OJRULWKPXV� DUEHLWHW�� 'LH� .QRWHQ�ZHUGHQ� GDQQ� QDFK� EHVWLPPWHQ
*HVLFKWVSXQNWHQ�RSWLPLHUW��XQG�HUVW�DQKDQG�GHU�HQGJ�OWLJHQ�0HQJH�GHU�.QRWHQ
ZHUGHQ�GLH�'HPDQG�1RGHV�HU]HXJW�

'HU�JHVDPWH�$EODXI�GHV�$OJRULWKPXV�PLW�2SWLPLHUXQJVSKDVHQ� LVW� LQ�$EELOGXQJ
������GDUJHVWHOOW�

Wiederhole:

1. Wähle zufällig einen Knoten aus.

2. Prüfe die benachbarten Knoten, ob ein geeigne-
ter Kandidat zum Vereinigen vorhanden ist:

Nein Ja

3. Kombiniere den ausgewählten Knoten
mit diesem Nachbarn.

Bis keine Knoten mehr kombiniert werden können

4. a) Optimierungsphase I
b) Optimierungsphase II (optional)

5. Erzeuge die Demand-Nodes aus den restlichen Knoten.

Abbildung 3.3.1: Algorithmus mit Optimierung

3.3.1 Optimierungsphase I

,Q�GHU�HUVWHQ�2SWLPLHUXQJVSKDVH�ZLUG�YHUVXFKW��.QRWHQ�PLW�JHULQJHP�.RPPX�
QLNDWLRQVYHUNHKU� ]X� HQWIHUQHQ�� LQGHP�PDQ� LKUH� )OlFKHQHOHPHQWH� DXI� EHQDFK�
EDUWH�.QRWHQ�DXIWHLOW�� =X�GLHVHP�=ZHFN�P�VVHQ�GLH�1DFKEDUNQRWHQ�QRFK�)Ol�
FKHQHOHPHQWH�DXIQHKPHQ�N|QQHQ��G�K��ZHGHU�GHU�PD[LPDOH�.RPPXQLNDWLRQV�
YHUNHKU�Tmax�� QRFK� GLH�PD[LPDOH� )OlFKH�Amax� GLHVHU� .QRWHQ� GDUI� �EHUVFKULWWHQ
ZHUGHQ�

6FKRQ�YRU�GHU�2SWLPLHUXQJVSKDVH�KDEHQ�YLHOH�.QRWHQ�GHQ�PD[LPDOHQ�.RPPX�
QLNDWLRQVYHUNHKU��'XUFK�GDV�+LQ]XI�JHQ�YRQ�)OlFKHQHOHPHQWHQ�DXV�.QRWHQ��GLH
JHO|VFKW� ZHUGHQ�� HUK|KW� VLFK� GHU� .RPPXQLNDWLRQVYHUNHKU� DQGHUHU� .QRWHQ�
'DPLW� HUUHLFKHQ� ]XVlW]OLFKH� .QRWHQ� GHQ� PD[LPDOHQ� .RPPXQLNDWLRQVYHUNHKU�
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$XV�GLHVHP�*UXQG�N|QQHQ�QXU�ZHQLJH�.QRWHQ��EHUKDXSW�)OlFKHQHOHPHQWH�DXI�
QHKPHQ��8P�GLH�0|JOLFKNHLW� ]XU�9HUWHLOXQJ� YRQ�)OlFKHQHOHPHQWHQ�]X� YHUEHV�
VHUQ�� ZLUG� HUODXEW�� GD�� GHU�PD[LPDOH� .RPPXQLNDWLRQVYHUNHKU� Tmax� XP� HLQHQ
EHVWLPPWHQ�)DNWRU�RTmax��EHUVFKULWWHQ�ZHUGHQ�NDQQ�

'LH�3DUDPHWHU�GHU�2SWLPLHUXQJVVWXIH�,�VLQG�DOVR�

• 0LQLPDOHU�.RPPXQLNDWLRQVYHUNHKU�Tmin��$OOH�.QRWHQ��GLH�HLQHQ�.RP�
PXQLNDWLRQVYHUNHKU� NOHLQHU� DOV�Tmin� KDEHQ�� YHUVXFKW�PDQ� ]X� HQWIHU�
QHQ��LQGHP�LKUH�)OlFKHQHOHPHQWH�DXI�1DFKEDUQ�YHUWHLOW�ZHUGHQ�

• )DNWRU� RTmax�� XP� GHQ� GHU� PD[LPDOH� .RPPXQLNDWLRQVYHUNHKU� Tmax

�EHUVFKULWWHQ�ZHUGHQ�NDQQ�

'LH�%HGLQJXQJHQ�I�U�.QRWHQ�ODVVHQ�HV�WHLOZHLVH�QLFKW�]X��GD��DOOH�)OlFKHQHOH�
PHQWH� HLQHV� ]X� O|VFKHQGHQ�.QRWHQV� DXI�1DFKEDUNQRWHQ� YHUWHLOW�ZHUGHQ��'HV�
KDOE� EOHLEHQ� DP� (QGH� GHV� $OJRULWKPXV� DXFK� HLQLJH� .QRWHQ� �EULJ�� GLH� HLQHQ
.RPPXQLNDWLRQVYHUNHKU� NOHLQHU� DOV�Tmin KDEHQ�� 'HU�:HUW�RTmax⋅ Tmax� � JLEW� GHQ
DEVROXW�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�DQ��GHU�DXFK�EHL�GHU�2SWLPLHUXQJ
QLFKW��EHUVFKULWWHQ�ZHUGHQ�GDUI��G�K��QDFK�GHU�2SWLPLHUXQJ�KDEHQ�DOOH�'HPDQG�
1RGHV�HLQHQ�.RPPXQLNDWLRQVYHUNHKU�NOHLQHU�DOV�RTmax� ⋅ Tmax�� ,P�5HJHOIDOO�ZLUG
RTmax = 1.1� JHVHW]W�� G�K�� GHU� PD[LPDOH� .RPPXQLNDWLRQVYHUNHKU� Tmax� GDUI� XP
K|FKVWHQV�10%��EHUVFKULWWHQ�ZHUGHQ�

3.3.1.1 Algorithmus

Wiederhole:

Schleife:

1. Wähle zufällig einen Knoten K aus.

2. Falls der Kommunikationsverkehr des Knotens kleiner
als Tmin�ist�

Nein Ja

3. Versuche den Knoten zu löschen, indem seine
Flächenelemente auf geeignete Nachbarkno-
ten verteilt werden.

Über die Anzahl der Knoten

Bis kein Knoten mehr im letzten Durchgang gelöscht werden konnte

Abbildung 3.3.2: Algorithmus des Löschens von verkehrsarmen Knoten



48

'HU�JUXQGVlW]OLFKH�$XIEDX�GHV�$OJRULWKPXV�LVW�LQ�$EELOGXQJ�������VNL]]LHUW��'LH
+DXSWVFKOHLIH�PLW�GHU�$XVZDKO�HLQHV�.QRWHQV�]XU�2SWLPLHUXQJ�ZLUG�VR�RIW�ZLH�
GHUKROW��ZLH� LQVJHVDPW�.QRWHQ�YRUKDQGHQ�VLQG��'HU�$OJRULWKPXV�ZLUG� VRODQJH
GXUFKJHI�KUW�� ZLH� HLQ� .QRWHQ� GXUFK� GHQ� $OJRULWKPXV� GLHVHU� 6FKOHLIH� JHO|VFKW
ZHUGHQ�NRQQWH�

)�U� MHGHQ� LQQHUKDOE� GHU� 6FKOHLIH� ]XIlOOLJ� DXVJHZlKOWHQ�.QRWHQ�K � OlXIW� GHU� LQ
$EELOGXQJ�������JH]HLJWH�$OJRULWKPXV�DE��)DOOV�GLHVHU�.QRWHQ�HLQHQ�QLHGULJHUHQ
.RPPXQLNDWLRQVYHUNHKU�DOV�Tmin�KDW��ZHUGHQ�I�U� MHGHV�VHLQHU�)OlFKHQHOHPHQWH
E�JHPl��GHU�LQ�$EELOGXQJ�������JH]HLJWHQ�6XFKIROJH�GLH�1DFKEDUNQRWHQ�XQWHU�
VXFKW��'DEHL�ZLUG�GHU�1DFKEDUNQRWHQ�N�PLW�GHP�NOHLQVWHQ�.RPPXQLNDWLRQVYHU�
NHKU� JHQRPPHQ�� GHU� QRFK� GLHVHV� )OlFKHQHOHPHQW� DXIQHKPHQ� NDQQ�� RKQH� GLH
PD[LPDOH� $Q]DKO� YRQ� )OlFKHQHOHPHQWHQ� RGHU� GHQ� EHL� GHU� 2SWLPLHUXQJ�PD[L�
PDOHQ�.RPPXQLNDWLRQVYHUNHKU�RTmax⋅ Tmax��]X��EHUVFKUHLWHQ�

minK TT < ��

maxTmaxEN TRTT ⋅<+ ��

maxEN AAA ≤+ ��

)(KNhiTT iN ∈∀≤ ��

Schleife:

1. Suche gemäß der aktuellen Suchfolge nach einem ge-
eigneten Nachbarknoten, der ein Flächenelement auf-
nehmen kann.

2. Falls geeigneter Nachbarknoten gefunden:

Nein Ja

3. Entferne das Flächenelement vom Knoten und
füge es beim gefundenen Nachbarknoten ein.

Über alle Flächenelemente des ausgewählten Knotens

Abbildung 3.3.3: Algorithmus für zu optimierenden Knoten

)DOOV�NHLQ�JHHLJQHWHU�1DFKEDU� I�U� GDV� DNWXHOOH� )OlFKHQHOHPHQW� JHIXQGHQ�ZHU�
GHQ�NDQQ��ZLUG�GDV�)OlFKHQHOHPHQW�]XU�FNJHVWHOOW�XQG�PLW�GHP�QlFKVWHP�)Ol�
FKHQHOHPHQW� GHV�.QRWHQV� IRUWJHIDKUHQ�� %HL� GHU� $XVZDKO� GHU� )OlFKHQHOHPHQWH
P�VVHQ� ]XHUVW� GLH� �EHUSU�IW�ZHUGHQ�� GLH� HLQHQ� DQGHUHQ�.QRWHQ� DOV�1DFKEDUQ
KDEHQ��)DOOV�GLHVH�5DQGHOHPHQWH�]X�DQGHUHQ�.QRWHQ�ZHFKVHOQ�NRQQWHQ��NRP�
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PHQ� ZHLWHU� LQQHQ� JHOHJHQH� )OlFKHQHOHPHQWH� DQ� GHQ� 5DQG� XQG� N|QQHQ� GDQQ
DXFK� ]X� HLQHP� 1DFKEDUNQRWHQ� ZHFKVHOQ�� )DOOV� DOOH� )OlFKHQHOHPHQWH� HLQHV
.QRWHQV� ]X� DQGHUHQ� EHZHJW� ZHUGHQ� NRQQWHQ�� ZLUG� GHU� .QRWHQ� NRPSOHWW� HQW�
IHUQW�

Abbildung 3.3.4: Beispiel für zwei zu löschende Knoten

Abbildung 3.3.5: Gebiet nach der Entfernung der zwei Knoten

,Q�$EELOGXQJ�������VLQG�DOV�%HLVSLHO�]ZHL�.QRWHQ�GDUJHVWHOOW��GLH�HLQHQ�]X�JHULQ�
JHQ� .RPPXQLNDWLRQVYHUNHKU� EHVLW]HQ�� XQG� GDPLW� ]XP� /|VFKHQ� DXVJHZlKOW
ZXUGHQ��,Q�$EELOGXQJ�������LVW�GDV�*HELHW�QDFK�GHP�/|VFKHQ�GHU�EHLGHQ�.QRWHQ
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GDUJHVWHOOW��'LH�)OlFKHQHOHPHQWH�GHU�EHLGHQ�]X�O|VFKHQGHQ�.QRWHQ�VLQG�JOHLFK�
Pl�LJ� DXI� GLH� 1DFKEDUNQRWHQ� YHUWHLOW� ZRUGHQ�� VRODQJH� GLHVH� GLH� JHQDQQWHQ
9RUDXVVHW]XQJHQ�HUI�OOHQ�

'XUFK�GLH�$XVZDKO�GHV�1DFKEDUQ�PLW�GHP�JHULQJVWHQ�.RPPXQLNDWLRQVYHUNHKU
]XU� $XIQDKPH� HLQHV� )OlFKHQHOHPHQWV� ZLUG� HLQH� JOHLFKPl�LJH� 9HUWHLOXQJ� GHU
)OlFKHQHOHPHQWH�DXI�GLH�1DFKEDUQ�VLFKHUJHVWHOOW��'D�VLFK�GHU�.RPPXQLNDWLRQV�
YHUNHKU�HLQHV�.QRWHQV�HUK|KW��ZHQQ�HU�HLQ�)OlFKHQHOHPHQW�DXIQLPPW��ZLUG�HU
VSlWHU� QLFKW�PHKU�PLQLPDO� LQ� GHU� 1DFKEDUVFKDIW� VHLQ�� 'DQQ�ZLUG� HLQ� DQGHUHU
.QRWHQ�DXV�GHU�1DFKEDUVFKDIW�GDV�QlFKVWH�)OlFKHQHOHPHQW�DXIQHKPHQ�

'LH�%HGLQJXQJHQ�GHU�PD[LPDOHQ�)OlFKH�XQG�GHV�PD[LPDOHQ�.RPPXQLNDWLRQV�
YHUNHKUV� N|QQHQ� EHZLUNHQ�� GD�� NHLQ� 1DFKEDUNQRWHQ� PHKU� )OlFKHQHOHPHQWH
DXIQHKPHQ� NDQQ�� ,Q� GLHVHP� )DOO� N|QQHQ� GLH� �EULJHQ� )OlFKHQHOHPHQWH� GLHVHV
.QRWHQV� QLFKW� PHKU� HQWIHUQW� ZHUGHQ�� 'XUFK� GDV� 2SWLPLHUHQ� DQGHUHU� .QRWHQ
N|QQHQ�VLH�HYHQWXHOO�VSlWHU�QRFK�NRPSOHWW�DXI�DQGHUH�.QRWHQ�YHUWHLOW�ZHUGHQ�
)DOOV�GLHV�QLFKW�P|JOLFK�LVW��GD�]�%��PHKUHUH�EHQDFKEDUWH�.QRWHQ�GLH�PD[LPDOH
)OlFKH�HUUHLFKW�KDEHQ��EOHLEW�GLHVHU�.QRWHQ�PLW�QLHGULJHP�.RPPXQLNDWLRQVYHU�
NHKU��EULJ��(U�ELOGHW�GDQQ�HLQHQ�'HPDQG�1RGH��GHU�HLQHQ�JHULQJHUHQ�.RPPX�
QLNDWLRQVYHUNHKU�ZLH�GLH��EULJHQ�'HPDQG�1RGHV�UHSUlVHQWLHUW�

,Q� GHQ� IROJHQGHQ� +LVWRJUDPPHQ� GHU� 7HVWJHELHWH� ZLUG� GDV� (UJHEQLV� GHU� 2SWL�
PLHUXQJVSKDVH� ,� LP� +LQEOLFN� DXI� GLH� 9HUWHLOXQJ� GHV� .RPPXQLNDWLRQVYHUNHKU
GHU�'HPDQG�1RGHV�XQWHUVXFKW�

3.3.1.2 Verkehrsverteilung der Demand-Nodes

'XUFK�GDV�/|VFKHQ�YRQ�.QRWHQ�PLW�QLHGULJHP�.RPPXQLNDWLRQVYHUNHKU�ZLUG�GLH
9HUNHKUVYHUWHLOXQJ� GHU� 'HPDQG�1RGHV� GHP� ,GHDO� JOHLFKHQ� .RPPXQLNDWLRQV�
YHUNHKUV�DOOHU�'HPDQG�1RGHV�DQJHQlKHUW��9RU�DOOHP� LVW�GLHVHU� LP�%HUHLFK�YRQ
Tmin�ELV�RTmax⋅ Tmax�JHKlXIW��ZREHL�JU|�HUH�:HUWH�PLW�K|KHUHU�:DKUVFKHLQOLFKNHLW
DQJHQRPPHQ�ZHUGHQ��9LHOH�.QRWHQ�KDEHQ�]XGHP�GHQ�PD[LPDOHQ�.RPPXQLND�
WLRQVYHUNHKU�� GD� VLH� GXUFK� GDV� /|VFKHQ� YHUNHKUVDUPHU� 1DFKEDUNQRWHQ� )Ol�
FKHQHOHPHQWH�GD]X�JHZLQQHQ�

,Q�$EELOGXQJ�������LVW�GLH�9HUNHKUVYHUWHLOXQJ�GHU�'HPDQG�1RGHV�GHV�:�U]EXU�
JHU� *HELHWV� EHL� HLQHP�PLQLPDOHQ� .RPPXQLNDWLRQVYHUNHKU� Tmin� YRQ� ���� YRP
PD[LPDOHQ�XQG�HLQHU�HUODXEWHQ�hEHUVFKUHLWXQJ�YRQ�Tmax XP������GDUJHVWHOOW�

,Q�$EELOGXQJ�������ZLUG�GLH�9HUNHKUVYHUWHLOXQJ�EHL�JOHLFKHQ�3DUDPHWHUQ�I�U�GDV
'DOODV�*HELHW�JH]HLJW�
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Abbildung 3.3.6: Würzburger Gebiet, mit Tmin = 0.6 ⋅Tmax, RTmax = 1.1
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Abbildung 3.3.7: Dallas Gebiet, mit Tmin = 0.6 ⋅Tmax, RTmax = 1.1
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3.3.2 Optimierungsphase II

2EZRKO� VFKRQ� HLQH� 9HUEHVVHUXQJ� GHU� 9HUNHKUVYHUWHLOXQJ� GHU� 'HPDQG�1RGHV
HUUHLFKW�ZXUGH��LVW�GLH�9HUWHLOXQJ�QRFK�ZHLW�YRP�,GHDO�HQWIHUQW��'HVKDOE�ZLUG�HLQ
ZHLWHUHU�2SWLPLHUXQJVVFKULWW�HLQJHI�KUW��GHU�GLUHNW�DXI�GHU�%DVLV�HLQ]HOQHU�DWR�
PDUHU� )OlFKHQHOHPHQWH� GHU� 9HUNHKUVPDWUL[� DUEHLWHW�� 'DEHL� ZLUG� YHUVXFKW�� GLH
)OlFKHQHOHPHQWH� ]ZLVFKHQ� DQJUHQ]HQGHQ� .QRWHQ� ]X� ZHFKVHOQ�� IDOOV� GDGXUFK
GLH�9HUNHKUVYHUWHLOXQJ�LQVJHVDPW�YHUEHVVHUW�ZLUG��)�U�GHQ�$OJRULWKPXV�ZHUGHQ
]ZHL�6FKZHOOZHUWH�GHILQLHUW��GLH�IHVWOHJHQ��LQ�ZHOFKHP�%HUHLFK�GHU�.RPPXQLND�
WLRQVYHUNHKU� GHU� 'HPDQG�1RGHV� OLHJHQ� PX��� GDPLW� HLQ� )OlFKHQHOHPHQW� YRQ
HLQHP�.QRWHQ�]XP�DQGHUHQ�ZHFKVHOQ�NDQQ�

'LH�EHLGHQ�3DUDPHWHU�GHU�2SWLPLHUXQJVVWXIH�,,�VLQG�

• 0D[LPDOHU� .RPPXQLNDWLRQVYHUNHKU� Tselect_max�� GHQ� HLQ� .QRWHQ� KDEHQ
NDQQ��GDPLW�)OlFKHQHOHPHQWH�YRQ� LKP�HQWIHUQW�XQG�]X�DQGHUHQ�.QRWHQ
JHZHFKVHOW�ZHUGHQ�N|QQHQ�

• 0LQLPDOHU� .RPPXQLNDWLRQVYHUNHKU� Tselect_min�� GHQ� HLQ� .QRWHQ� EHVLW]HQ
PX���GDPLW�HU�)OlFKHQHOHPHQWH�DXIQHKPHQ�NDQQ�

'XUFK�GHQ�3DUDPHWHU�Tselect_max�ZLUG�VLFKHUJHVWHOOW��GD��QXU�)OlFKHQHOHPHQWH�YRQ
.QRWHQ�PLW�JHULQJHP�.RPPXQLNDWLRQVYHUNHKU�HQWIHUQW�ZHUGHQ��'HU�3DUDPHWHU
Tselect_min�LVW�KLQJHJHQ�Q|WLJ��GDPLW�QXU�.QRWHQ�)OlFKHQHOHPHQWH�DXIQHKPHQ��GLH
EHUHLWV� HLQHQ� KRKHQ� .RPPXQLNDWLRQVYHUNHKU� HUUHLFKW� KDEHQ�� 0LW� GHQ� EHLGHQ
3DUDPHWHUQ�ZHUGHQ� GLH� .QRWHQ� LQ� ]ZHL� .ODVVHQ� DXIJHWHLOW�� ,Q� HLQH� .ODVVH� YRQ
.QRWHQ�PLW� QLHGULJHP�.RPPXQLNDWLRQVYHUNHKU�� GLH� )OlFKHQHOHPHQWH� DEJHEHQ
XQG�GDEHL�HYHQWXHOO�NRPSOHWW�HQWIHUQW�ZHUGHQ�N|QQHQ��8QG�HLQH�]ZHLWH��GLH�)Ol�
FKHQHOHPHQWH�KLQ]XJHZLQQHQ��ELV�GHU�PD[LPDOH�.RPPXQLNDWLRQVYHUNHKU�RGHU
GLH�PD[LPDOH�)OlFKH�HUUHLFKW�ZLUG�

'XUFK�GLH�(UK|KXQJ�GHU�$Q]DKO�GHU�.QRWHQ�PLW�PD[LPDOHP�.RPPXQLNDWLRQV�
YHUNHKU�YHUEHVVHUW�VLFK�GLH�9HUNHKUVYHUWHLOXQJ�GHU�.QRWHQ��$Q]XPHUNHQ�LVW��GD�
.QRWHQ�DXFK�LQ�EHLGHQ�.ODVVHQ�OLHJHQ�N|QQHQ��IDOOV�Tselect_max�JU|�HU�DOV�Tselect_min

LVW��,P�/DXIH�GHV�$OJRULWKPXV�ZHUGHQ�GLH�.QRWHQ�DEHU�HLQHU�.ODVVH�]XJHRUGQHW�
GD� VLFK� LKU� .RPPXQLNDWLRQVYHUNHKU� GXUFK� GHQ� 9HUOXVW� YRQ� )OlFKHQHOHPHQWHQ
XQWHU�GLH�6FKUDQNH�Tselect_min� HUQLHGULJW��RGHU�GXUFK�=XJHZLQQ��EHU�Tselect_max� HU�
K|KW�ZLUG��0HLVW�ZLUG�VRJDU�Tselect_max�JU|�HU�DOV�Tselect_min�JHZlKOW��GD�GLH�(UJHE�
QLVVH�GHU�2SWLPLHUXQJ�GXUFK�GLH�HUK|KWH�)OH[LELOLWlW�YHUEHVVHUW�ZHUGHQ�

3.3.2.1 Algorithmus

,Q� $EELOGXQJ� ������ LVW� GHU� *UXQGDXIEDX� GHV� $OJRULWKPXV� GDUJHVWHOOW�� ,Q� HLQHU
6FKOHLIH�ZLUG�VR�RIW�]XIlOOLJ�HLQ�)OlFKHQHOHPHQW�GHU�0DWUL[�DXVJHZlKOW��ZLH�)Ol�
FKHQHOHPHQWH�LQ�GHU�0DWUL[�YRUKDQGHQ�VLQG��)�U�MHGHV�)OlFKHQHOHPHQW�ZLUG�JH�
SU�IW��RE�GHU�.QRWHQ��GHP�GDV�)OlFKHQHOHPHQW�DQJHK|UW��GXUFK�HLQHQ�:HFKVHO
GLHVHV�)OlFKHQHOHPHQWV�]X�HLQHP�DQGHUHQ�.QRWHQ�RSWLPLHUW�ZHUGHQ�NDQQ��6R�
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ODQJH� LQ� HLQHP�'XUFKJDQJ� GHU� 6FKOHLIH� HLQ� .QRWHQ� RSWLPLHUW� ZHUGHQ� NRQQWH�
ZLUG�VLH�ZLHGHUKROW�

Wiederhole:

Schleife:

1. Wähle zufällig ein Flächenelement aus.

2. Falls der Kommunikationsverkehr des Knotens, dem
das Flächenelement angehört, kleiner ist als Tselect_max �

Nein Ja

3. Versuche das Flächenelement zu einem Nach-
barknoten zu wechseln, dessen Kommunikati-
onsverkehr größer als Tselect_min�ist.

Über die Anzahl aller Flächenelemente der Knoten

Bis keine Flächenelemente mehr gewechselt werden konnten

Abbildung 3.3.8: Algorithmus der Optimierung von Flächenelementen

'HU�.QRWHQ��GHP�GDV�]XIlOOLJ�DXVJHZlKOWH�)OlFKHQHOHPHQW�E�DQJHK|UW��ZLUG�PLW
K� EH]HLFKQHW�� )DOOV� GHU� .QRWHQ� K� HLQHQ� .RPPXQLNDWLRQVYHUNHKU� NOHLQHU� DOV
Tselect_max� KDW�� ZLUG� QDFK� HLQHP� JHHLJQHWHQ�1DFKEDUNQRWHQ� JHVXFKW�� GHU� GLHVHV
)OlFKHQHOHPHQW�DXIQHKPHQ�NDQQ��(V�ZLUG�GDQQ�GHP�1DFKEDUNQRWHQ�N�PLW�GHP
JU|�WHQ� .RPPXQLNDWLRQVYHUNHKU� ]XJHZLHVHQ�� GHU� HV� QRFK� DXIQHKPHQ� NDQQ�
(LQ�.QRWHQ�NDQQ�QXU�HLQ�)OlFKHQHOHPHQW�DXIQHKPHQ��IDOOV�ZHGHU�GLH�PD[LPDOH
$Q]DKO� YRQ�)OlFKHQHOHPHQWHQ�� QRFK� GHU� EHL� GHU�2SWLPLHUXQJ�PD[LPDOH� .RP�
PXQLNDWLRQVYHUNHKU�RTmax⋅ Tmax��EHUVFKULWWHQ�ZLUG��$X�HUGHP�PX��GHU�.RPPX�
QLNDWLRQVYHUNHKU�GHV�.QRWHQV�JU|�HU�DOV�Tselect_min�VHLQ��GDPLW�HU�DOV�.DQGLGDW�]XU
$XIQDKPH�GHV�)OlFKHQHOHPHQWV�E LQ�)UDJH�NRPPW�

,P�*HJHQVDW]� ]XP�9HUIDKUHQ� GHU�2SWLPLHUXQJVSKDVH� ,�ZLUG� KLHU� GHU� 1DFKEDU
PLW�GHP�JU|�WHP�.RPPXQLNDWLRQVYHUNHKU�JHZlKOW��'DGXUFK�ZHUGHQ�GLH�.QR�
WHQ�]X�HLQHP�PD[LPDOHP�.RPPXQLNDWLRQVYHUNHKU�KLQ�RSWLPLHUW��'LH�9HUNHKUV�
YHUWHLOXQJ� GHU� ]X� HU]HXJHQGHQ�'HPDQG�1RGHV�ZLUG� VR� GHP� =LHO� GHV� JOHLFKHQ
.RPPXQLNDWLRQVYHUNHKUV� I�U� DOOH�'HPDQG�1RGHV� DQJHQlKHUW��'LH� .QRWHQ�PLW
KRKHP�.RPPXQLNDWLRQVYHUNHKU�JHZLQQHQ��VRODQJH�HV�GLH�%HJUHQ]XQJ�GHU�)Ol�
FKH�HUODXEW�� )OlFKHQHOHPHQWH�KLQ]X��ELV� VLH�GHQ�PD[LPDOHQ�.RPPXQLNDWLRQV�
YHUNHKU�HUUHLFKW�KDEHQ��:HQQ�HLQ�.QRWHQ�ZHJHQ�GLHVHU�%HGLQJXQJHQ�NHLQH�)Ol�
FKHQHOHPHQWH� PHKU� DXIQHKPHQ� NDQQ�� JHZLQQW� GHU� .QRWHQ� PLW� GHP� QlFKVW
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QLHGULJHUHP�.RPPXQLNDWLRQVYHUNHKU� )OlFKHQHOHPHQWH�KLQ]X�� 6R� HUUHLFKHQ� LP
/DXIH�GHV�$OJRULWKPXV� LPPHU�PHKU�.QRWHQ�GHQ�PD[LPDOHQ�.RPPXQLNDWLRQV�
YHUNHKU��'LH�%HJUHQ]XQJ�GHU�PD[LPDOHQ�)OlFKH�ZLUNW�VLFK�KLHU�NDXP�DXV��GD�GLH
.QRWHQ�PLW�JUR�HU�)OlFKH�LQ�HLQHP�%HUHLFK�GHV�3ODQXQJVJHELHWHV�PLW�QLHGULJHU
9HUNHKUVGLFKWH�OLHJHQ��6LH�UHSUlVHQWLHUHQ�GRUW�PHLVW�HLQHQ�.RPPXQLNDWLRQVYHU�
NHKU�NOHLQHU�DOV�Tselect_min�XQG�N|QQHQ�GDPLW�NHLQ�)OlFKHQHOHPHQW�DXIQHKPHQ�

'LH�$XVZDKOEHGLQJXQJ�I�U�GDV�:HFKVHOQ�HLQHV�)OlFKHQHOHPHQWV�E�ODXWHW�DOVR�

select_maxK TT < ��

select_minN TT > ��

maxTmaxEN TRTT ⋅<+ ��

maxEN AAA ≤+ ��

)(KNhiTT iN ∈∀> ��

)DOOV� NHLQ� JHHLJQHWHU�1DFKEDU� JHIXQGHQ�ZLUG��ZLUG� GLH� LQQHUH� 6FKOHLIH� IRUWJH�
I�KUW�XQG�HLQ�QHXHV�)OlFKHQHOHPHQW� ]XIlOOLJ� ]XP�2SWLPLHUHQ�DXVJHZlKOW��'HU
JHVDPWH� $OJRULWKPXV� ZLUG� VRODQJH� ZLHGHUKROW�� ELV� EHL� HLQHP� NRPSOHWWHQ
'XUFKODXI�GHU�6FKOHLIH�NHLQ�)OlFKHQHOHPHQW�PHKU�RSWLPLHUW�ZHUGHQ�NRQQWH�

$OV�%HLVSLHO�I�U�GLH�2SWLPLHUXQJ�VLQG�LQ�$EELOGXQJ�������PHKUHUH�)HOGHU�GDUJH�
VWHOOW��GLH�]XU�2SWLPLHUXQJ�DXVJHZlKOW�ZXUGHQ��)�U�GLHVH�)HOGHU�ZLUG�HLQ�JHHLJ�
QHWHU�1DFKEDUNQRWHQ�JHVXFKW��GHP�VLH�]XJHRUGQHW�ZHUGHQ�N|QQHQ��XP� LQVJH�
VDPW�HLQH�EHVVHUH�9HUNHKUVYHUWHLOXQJ�GHU�.QRWHQ�]X�HUUHLFKHQ�

,Q�$EELOGXQJ��������ZHUGHQ�GLH�RSWLPLHUWHQ�)HOGHU�GDUJHVWHOOW��QDFKGHP�VLH�]X
LKUHQ�QHXHQ�.QRWHQ�JHZHFKVHOW�VLQG�

)�U� HLQH� JXWHV� (UJHEQLV� GHU� 2SWLPLHUXQJVSKDVH� ,,� P�VVHQ� P|JOLFKVW� ZHQLJH
.QRWHQ�HLQHQ�.RPPXQLNDWLRQVYHUNHKU�NOHLQHU�DOV�Tselect_min�KDEHQ��'LHVH�.QRWHQ
N|QQHQ�GXUFK�GHQ�$OJRULWKPXV�QLFKW�GHQ�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU
HUUHLFKHQ�� 'HU�:HUW� Tselect_min� GDUI� DEHU� QLFKW� ]X� NOHLQ� JHZlKOW� ZHUGHQ�� GD� GLH
2SWLPLHUXQJ�]XP�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�XP�VR�VFKZLHULJHU�ZLUG�
MH�JU|�HU�GLH�'LIIHUHQ]�]ZLVFKHQ�Tselect_min�XQG�Tmax�LVW��)�U�GLH�9HUJU|�HUXQJ�GHV
.RPPXQLNDWLRQVYHUNHKU�P�VVHQ� QlPOLFK� )OlFKHQHOHPHQWH� YRQ� DQGHUHQ� .QR�
WHQ�KHUDQJH]RJHQ�ZHUGHQ��,P�YRUKHUJHKHQGHQ�'XUFKODXI�GHU�2SWLPLHUXQJVSKD�
VH�,�ZLUG�YHUVXFKW��DOOH�.QRWHQ�PLW�HLQHP�.RPPXQLNDWLRQVYHUNHKU�QLHGULJHU�DOV
Tmin�]X�O|VFKHQ��%HL�HLQHU�:DKO�YRQ�Tmin�NOHLQHU�DOV�Tselect_min�ZHUGHQ�GLH�RELJHQ
%HGLQJXQJHQ� HUI�OOW�� $XV� GLHVHP� *UXQG� NDQQ� GLH� 2SWLPLHUXQJVSKDVH� ,,� QXU
QDFK� HLQHP�'XUFKODXI� GHU�2SWLPLHUXQJVSKDVH� ,� YHUZHQGHW� ZHUGHQ�� 'LH� 2SWL�
PLHUXQJVSKDVH�,,�NDQQ�GDKHU�QLFKW�HLQ]HOQ�EHZHUWHW�ZHUGHQ�
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Abbildung 3.3.9: Beispiel zur Feldauswahl der Optimierung

Abbildung 3.3.10: Felder nach der Optimierung

3.3.3 Ergebnis nach beiden Optimierungsphasen

)�U�GLH�8QWHUVXFKXQJ�GHU�9HUNHKUVYHUWHLOXQJ�QDFK�EHLGHQ�2SWLPLHUXQJVSKDVHQ
ZHUGHQ�GLH� LQ�7DEHOOH�������JHQDQQWHQ�3DUDPHWHU� YHUZHQGHW��'LHVH�3DUDPHWHU
HUJDEHQ� EHL� YHUVFKLHGHQHQ�0H�UHLKHQ� HLQH� 9HUNHKUVYHUWHLOXQJ�� GLH� GHP� ,GHDO
DP�QlFKVWHQ�ODJ�
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Parameter Wert

Tmin 0.6 ⋅ Tmax

RTmax 1.1

Tselect_min 0.7 ⋅ Tmax

Tselect_max 0.9 ⋅ Tmax

Tabelle 3.3.1: Für die Optimierung verwendete Parameter

'LH� 2SWLPLHUXQJ� GHU� 'HPDQG�1RGHV� GXUFK� GDV� :HFKVHOQ� YRQ� HLQ]HOQHQ� )Ol�
FKHQHOHPHQWHQ� LQQHUKDOE� GHU� .QRWHQ� YHUEHVVHUW� GLH� 9HUNHKUVYHUWHLOXQJ� VWDUN�
ZLH�PDQ�LQ�$EELOGXQJ��������I�U�GDV�:�U]EXUJHU�*HELHW�XQG�LQ�$EELOGXQJ�������
I�U�GDV�'DOODV�*HELHW�HUNHQQHQ�NDQQ�

'LH�'HPDQG�1RGHV�KlXIHQ�VLFK�DP�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�XQG�LQ
HLQHP� NOHLQHQ� %HUHLFK� XQWHUKDOE�� 1XU� ZHQLJH� 'HPDQG�1RGHV� KDEHQ� HLQHQ
QLHGULJHUHQ�.RPPXQLNDWLRQVYHUNHKU��'LHVH�VLQG�HQWZHGHU�GXUFK�GLH�PD[LPDOH
)OlFKH�EHVFKUlQNW� XQG�N|QQHQ�GDPLW� QLFKW�PHKU�.RPPXQLNDWLRQVYHUNHKU� UH�
SUlVHQWLHUHQ�� RGHU� VLH� NRQQWHQ� LQ� GHU� 2SWLPLHUXQJVSKDVH� ,,� QLFKW� RSWLPLHUW
ZHUGHQ��GD�NHLQH�JHHLJQHWHQ�1DFKEDUQ�JHIXQGHQ�ZHUGHQ�NRQQWHQ�
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Abbildung 3.3.11: Würzburger Gebiet, mit Parametern gemäß Tabelle 3.3.1
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Abbildung 3.3.12: Dallas Gebiet, mit Parametern gemäß Tabelle 3.3.1

'LH�9HUNHKUVYHUWHLOXQJ�GHU�'HPDQG�1RGHV�LVW�QDFK�EHLGHQ�2SWLPLHUXQJVSKDVHQ
GHP�,GHDO� VFKRQ�VHKU�QDKH��(V�HUJLEW� VLFK�DEHU�GDV�3UREOHP��GD��EHL�GHU�$Q�
ZHQGXQJ�EHLGHU�2SWLPLHUXQJVSKDVHQ� LQVJHVDPW� I�QI�3DUDPHWHU�EHVWLPPW�XQG
EHVWP|JOLFK�HLQJHVWHOOW�ZHUGHQ�P�VVHQ��'LHV� LVW�HLQ�NODUHU�1DFKWHLO�JHJHQ�EHU
GHP�9HUIDKUHQ�RKQH�2SWLPLHUXQJ��EHL�GHP�PDQ�QXU�GLH�]ZHL�HVVHQWLHOOHQ�3DUD�
PHWHU�IHVWJHOHJW�PX��

%HL�GHU�(QWZLFNOXQJ�GHU�$OJRULWKPHQ�GHU�EHLGHQ�2SWLPLHUXQJVSKDVHQ�KDW�VLFK
JH]HLJW��GD��GLH�EHVWHQ�(UJHEQLVVH�PLW�HLQHU�YHUEHVVHUWHQ�9HUVLRQ�GHU�2SWLPLH�
UXQJVSKDVH� ,� HU]LHOW� ZHUGHQ�� 'LH� 9HUZHQGXQJ� GHU� 2SWLPLHUXQJVSKDVH� ,,� LVW
GDQQ�QLFKW�PHKU�Q|WLJ�� ,Q�.DSLWHO�������ZLUG�GLH�YHUEHVVHUWH�9HUVLRQ�GHV�$OJR�
ULWKPXV�GHU�2SWLPLHUXQJVSKDVH�,�EHVFKULHEHQ��GLH�VLFK�QDFK�7HVWV�PLW�YHUVFKLH�
GHQHQ�9HUIDKUHQ�DOV�RSWLPDO�KHUDXVJHVWHOOW�KDW�

3.3.4 Verbesserte Optimierung

'LH�YHUEHVVHUWH�2SWLPLHUXQJVSKDVH�,�OLHIHUW�EHL�HLQHU�EHVWLPPWHQ�:DKO�GHU�3D�
UDPHWHU�GLH�EHVWHQ�(UJHEQLVVH��'D]X�ZLUG�I�U�GHQ�3DUDPHWHU�Tmin�HLQ�VHKU�KRKHU
:HUW�JHQRPPHQ��GHU�QXU�ZHQLJ�XQWHUKDOE�GHV�0D[LPDOZHUWHV�Tmax�OLHJW��,Q�GHU
3UD[LV�ZHUGHQ�:HUWH�]ZLVFKHQ�����XQG�����YRQ�Tmax�YHUZHQGHW��'LHV�KDW�]XU
)ROJH��GD��I�U�IDVW�MHGHQ�.QRWHQ�YHUVXFKW�ZLUG��LKQ�]X�O|VFKHQ�

%HL�RELJHU�:DKO�YRQ�Tmin�ZHUGHQ�VRJDU�YRQ�.QRWHQ�PLW�VHKU�KRKHP�.RPPXQL�
NDWLRQVYHUNHKU�� ]�%�� ELV� ]X� ���� YRQ�Tmax�,� )OlFKHQHOHPHQWH� HQWIHUQW�� 'DGXUFK
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VWHKHQ� DXFK� .QRWHQ� PLW� KRKHP� .RPPXQLNDWLRQVYHUNHKU� ]XU� 9HUI�JXQJ�� GLH
QRFK�)OlFKHQHOHPHQWH�DXIQHKPHQ�N|QQHQ��RKQH�Tmax�]X��EHUVWHLJHQ��$XV�GLH�
VHP�*UXQG� LVW�HLQH�hEHUVFKUHLWXQJ�YRQ�Tmax�GXUFK�GHQ�)DNWRU�RTmax� KLHU�QLFKW
Q|WLJ��'HVKDOE�ZLUG�RTmax�DXI�����JHVHW]W��G�K��GHU�DEVROXW�PD[LPDOH�.RPPXQL�
NDWLRQVYHUNHKU� RTmax⋅ Tmax�� GHQ� HLQ� 'HPDQG�1RGH� UHSUlVHQWLHUHQ� NDQQ�� HQW�
VSULFKW�GHP�3DUDPHWHU�Tmax�GHV�9HUIDKUHQV�RKQH�2SWLPLHUXQJ�

'HU�.RPPXQLNDWLRQVYHUNHKU� GHU�.QRWHQ�KlXIW� VLFK�GDEHL� LP�%HUHLFK� YRQ�Tmin

ELV�Tmax��'D�GLHVHU�%HUHLFK�EHL�RELJHU�3DUDPHWHUZDKO�VHKU�VFKPDO�LVW��HUJLEW�VLFK
HLQH�VWDUNH�.RQ]HQWUDWLRQ�GHV�.QRWHQYHUNHKUV�LQ�GHU�1lKH�GHV�PD[LPDOHQ�9HU�
NHKUVZHUWHV��%HL�GHU�:DKO�YRQ�Tmin� ������⋅�Tmax�NRQ]HQWULHUW�VLFK�GHU�.RPPX�
QLNDWLRQVYHUNHKU�GHU�PHLVWHQ�.QRWHQ�LQ�HLQHP�%HUHLFK�YRQ����%UHLWH�XQWHUKDOE
YRQ�Tmax��2IIHQVLFKWOLFK�N|QQHQ�QLFKW�DOOH�.QRWHQ�PLW�HLQHP�.RPPXQLNDWLRQV�
YHUNHKU�NOHLQHU�DOV�Tmin�JHO|VFKW�ZHUGHQ��'HU�$OJRULWKPXV�RSWLPLHUW�GLHVH�.QR�
WHQ�EHLP�9HUVXFK��VLH�]X�O|VFKHQ��DEHU�LQ�GHU�$UW��GD��DP�(QGH�GHU�.RPPXQL�
NDWLRQVYHUNHKU�VHKU�YLHOHU�.QRWHQ�LQ�GLHVHP�%HUHLFK�OLHJW�

)�U� GDV� 9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV� YRQ� .QRWHQ� PLW� YHUEHVVHUWHU� 2SWL�
PLHUXQJ� VLQG� LQVJHVDPW� QXU� GLH� HVVHQWLHOOHQ� 3DUDPHWHU� GHV� 9HUIDKUHQV� RKQH
2SWLPLHUXQJ�QRWZHQGLJ��'HU�3DUDPHWHU�Tmin�ZLUG�DXI�GHQ�:HUW������⋅�Tmax�XQDE�
KlQJLJ�YRP�YHUZHQGHWHQ�*HELHW�JHVHW]W�

,QVJHVDPW�EHQ|WLJW�GHU�$OJRULWKPXV�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ�IROJHQGH�3D�
UDPHWHU�

• 0D[LPDOHU�.RPPXQLNDWLRQVYHUNHKU�Tmax��'LHVHU�:HUW�EHVWLPPW�GHQ�PD�
[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU��GHQ�HLQ�'HPDQG�1RGH�UHSUlVHQWLHUHQ
NDQQ��'HU�3DUDPHWHU�HQWVSULFKW�GHP�GHV�9HUIDKUHQV�RKQH�2SWLPLHUXQJ�

• 0D[LPDOH�)OlFKH�Amax��'LHVHU�:HUW� JLEW�GLH�PD[LPDOH�*U|�H�GHU� )OlFKH
DQ��GLH�HLQ�'HPDQG�1RGH�EHVFKUHLEW��'HU�3DUDPHWHU�HQWVSULFKW�GHP�GHV
9HUIDKUHQV�RKQH�2SWLPLHUXQJ�

• 0LQLPDOHU�.RPPXQLNDWLRQVYHUNHKU�Tmin��$OOH�.QRWHQ��GLH�HLQHQ�.RPPX�
QLNDWLRQVYHUNHKU�NOHLQHU�DOV�Tmin� KDEHQ�� YHUVXFKW�PDQ�]X�HQWIHUQHQ�� LQ�
GHP�LKUH�)OlFKHQHOHPHQWH�DXI�1DFKEDUQ�YHUWHLOW�ZHUGHQ��'HU�3DUDPHWHU
Tmin�ZLUG�LP�5HJHOIDOO�DXI������⋅�Tmax�JHVHW]W�

'D� GHU� 3DUDPHWHU� Tmin� XQDEKlQJLJ� YRP� *HELHW� JOHLFK� EOHLEW�� P�VVHQ� I�U� GDV
9HUIDKUHQ� PLW� YHUEHVVHUWHU� 2SWLPLHUXQJ� NHLQH� ]XVlW]OLFKHQ� :HUWH� HLQJHVWHOOW
ZHUGHQ��'LH�EHLGHQ�*UXQGSDUDPHWHU�GHV�9HUIDKUHQV�RKQH�2SWLPLHUXQJ�UHLFKHQ
YROONRPPHQ�DXV�

,Q� GHU� $EELOGXQJ� ������� LVW� GLH� 9HUNHKUVYHUWHLOXQJ� I�U� GDV�:�U]EXUJHU� *HELHW
XQG� LQ� $EELOGXQJ� ������� I�U� GDV�'DOODV� *HELHW� GDUJHVWHOOW�� ZREHL� GLH� JOHLFKHQ
3DUDPHWHU� ZLH� EHLP� 9HUIDKUHQ� RKQH� 2SWLPLHUXQJ� YHUZHQGHW� ZXUGHQ�� 'LH� (U�
JHEQLVVH� HQWVSUHFKHQ� YROO� GHQ� WKHRUHWLVFKHQ� (UZDUWXQJHQ� XQG� VLQG� GHXWOLFK
EHVVHU�DOV�GLH�PLW�EHLGHQ�2SWLPLHUXQJVSKDVHQ�HU]LHOWHQ��,Q�GHQ�7HVWJHELHWHQ�LVW
GLH� $Q]DKO� GHU� 'HPDQG�1RGHV�� GLH� GHQ� PD[LPDOHQ� .RPPXQLNDWLRQVYHUNHKU



59

HUUHLFKHQ��EHL� YHUEHVVHUWHU�2SWLPLHUXQJ�XP�HWZD�50% ELV 90% K|KHU�DOV�QDFK
'XUFKODXI�EHLGHU�2SWLPLHUXQJVSKDVHQ�
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Abbildung 3.3.13: Würzburger Gebiet, verbesserte Optimierung
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Abbildung 3.3.14: Dallas Gebiet, verbesserte Optimierung
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%HL� 9HUZHQGXQJ� GHU� JHQDQQWHQ� 3DUDPHWHU� I�U� GLH� YHUEHVVHUWH� 2SWLPLHUXQJV�
SKDVH� ,� LVW� GLH�2SWLPLHUXQJVSKDVH� ,,� QLFKW�PHKU� Q|WLJ�� 'XUFK� VLH� NDQQ� NHLQH
9HUEHVVHUXQJ� GHU� 9HUNHKUVYHUWHLOXQJ� PHKU� HUUHLFKW� ZHUGHQ�� ,Q� .DSLWHO� �����
ZLUG�GD]X�WKHRUHWLVFK�XQWHUVXFKW��ZLH�GLH�EHVWP|JOLFKH�9HUWHLOXQJ�EHL�GHQ�JH�
JHEHQHQ�9RUDXVVHW]XQJHQ�DXVVLHKW�

'LH�LP�+LVWRJUDPP�HUNHQQEDUHQ�'HPDQG�1RGHV�PLW�QLHGULJHUHP�.RPPXQLND�
WLRQVYHUNHKU�VLQG�GXUFK�GLH�)OlFKHQEHVFKUlQNXQJ�EHGLQJW�XQG�KlQJHQ�YRU�DO�
OHP� YRQ� GHU� 6WUXNWXU� GHV� *HELHWV� DE�� ,P� LGHDOHQ� *HELHW� PLW� NRQVWDQWHU� 9HU�
NHKUVGLFKWH�HQWVSULFKW�GLH�9HUNHKUVYHUWHLOXQJ�JHQDX�GHU�QDFK�GHP�$OJRULWKPXV
WKHRUHWLVFK� ]X�HUZDUWHQGHQ�9HUWHLOXQJ��'LH� 9HUWHLOXQJ�GHV� NRQVWDQWHQ�*HELHWV
LVW� LQ�$EELOGXQJ��������GDUJHVWHOOW�� ,Q�GLHVHP�)DOO� LVW�GHU�.RPPXQLNDWLRQVYHU�
NHKU�QDKH]X�DOOHU�'HPDQG�1RGHV�JOHLFK�
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Abbildung 3.3.15: Konstantes Gebiet

3.3.5 Ideal erreichbare Verkehrsverteilung

,P� IROJHQGHQ� $EVFKQLWW� ZLUG� XQWHUVXFKW�� LQZLHZHLW� GDV� ,GHDO� GHV� JOHLFKHQ
.RPPXQLNDWLRQVYHUNHKUV�DOOHU�'HPDQG�1RGHV� LQ� GHU� 7KHRULH� HUUHLFKW�ZHUGHQ
NDQQ��'LH�9HUZHQGXQJ�HLQHU�9HUNHKUVPDWUL[�I�KUW�VFKRQ�EHL�GHQ�*UXQGGDWHQ�]X
HLQHU�4XDQWLVLHUXQJ�GHV�.RPPXQLNDWLRQVYHUNHKUV��'D�GHQ�'HPDQG�1RGHV�QXU
JDQ]H� )OlFKHQHOHPHQWH� GHU� 9HUNHKUVPDWUL[� ]XJHRUGQHW� ZHUGHQ� N|QQHQ�� ZLUG
GHU�PD[LPDOH�.RPPXQLNDWLRQVYHUNHKU�PLQGHVWHQV�XP�GHQ�4XDQWLVLHUXQJVIHK�
OHU�YHUIHKOW��'LHVHU�)HKOHU�KlQJW�YRP�3ODQXQJVJHELHW�DE�XQG�NDQQ�PLW�GHP�PD�
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[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�HLQHV�0DWUL[HOHPHQWV�QDFK�REHQ�DEJHVFKlW]W
ZHUGHQ�� %HL� HLQHP� DXI� HLQHU� 9HUNHKUVPDWUL[� EHUXKHQGHQ� 9HUIDKUHQ� OLHJW� GHU
.RPPXQLNDWLRQVYHUNHKU� HLQHV� 'HPDQG�1RGHV� LP� ,GHDOIDOO� LQ� HLQHP� ,QWHUYDOO
]ZLVFKHQ�Tmax – Q�XQG�Tmax��0LW�Q�ZLUG�GDEHL�GHU�PD[LPDOH�4XDQWLVLHUXQJVIHKOHU
EH]HLFKQHW��'LHVHU�HQWVSULFKW�GHP�JU|�WHQ�.RPPXQLNDWLRQVYHUNHKU�TEmax�HLQHV
0DWUL[HOHPHQWV�Ei�LQ�GHU�9HUNHKUVPDWUL[�T(x,y)�

[ ] )1(,, NiTQTT maxmaxKi ≤≤∀−∈ ��

),(, yxTETT iEiEmax ∈∀≥ ��

EmaxTQ = ��

+LHUEHL� JLEW�N� GLH�*HVDPW]DKO� GHU�'HPDQG�1RGHV� XQG�TKi GHQ� .RPPXQLNDWL�
RQVYHUNHKU�GHV�'HPDQG�1RGHV�Ki�DQ�

'LHVH� HLQIDFKH� %H]LHKXQJ� LVW� DEHU� QXU� I�U� GHQ� )DOO� YRQ� 'HPDQG�1RGHV� RKQH
%HJUHQ]XQJ� GHU� )OlFKH� NRUUHNW�� ,P� )DOO� HLQHU� )OlFKHQEHVFKUlQNXQJ� OLHJW� GHU
.RPPXQLNDWLRQVYHUNHKU� GHU� 'HPDQG�1RGHV�Kj�� GHUHQ� )OlFKH� GHQ�PD[LPDOHQ
:HUW�Amax�HUUHLFKW��XQWHUKDOE�GLHVHV� ,QWHUYDOOV��0LW�MA�ZLUG�GLH�0HQJH�GHU�'H�
PDQG�1RGHV�EH]HLFKQHW��GHUHQ�)OlFKH�EHJUHQ]W�LVW�

}|1{ maxKjA AANjM =≤≤= ��

'HQ� PLQLPDOHQ� .RPPXQLNDWLRQVYHUNHKU� HLQHV� IOlFKHQEHVFKUlQNWHQ� 'HPDQG�
1RGHV�NDQQ�PDQ�QDFK�XQWHQ�DEVFKlW]HQ�GXUFK�GHQ�PLQLPDOHQ�.RPPXQLNDWL�
RQVYHUNHKU� HLQHV� )OlFKHQHOHPHQWV� TKmin� PDO� GHU� PD[LPDOHQ� $Q]DKO� GHU� )Ol�
FKHQHOHPHQWH��GLH�HLQ�'HPDQG�1RGH�EHVLW]HQ�GDUI�

E

max
EminKmin A

A
TT ⋅= ��

),(, yxTETT iEiEmin ∈∀≤ ��

+LHUEHL�JLEW�AE�GLH�)OlFKH�HLQHV�0DWUL[HOHPHQWV�DQ��GLH�I�U�DOOH�)OlFKHQHOHPHQWH
JOHLFK�LVW�

,QVJHVDPW�HUJLEW�VLFK�IROJHQGH�LGHDOH�9HUNHKUVYHUWHLOXQJ�EHL�HLQHP�PD[LPDOHQ
.RPPXQLNDWLRQVYHUNHKU� YRQ�Tmax� XQG�PD[LPDOHU� )OlFKH� YRQ�Amax� I�U� GLH� 'H�
PDQG�1RGHV�Ki�

[ ] )1(,, NMmTTT AmaxKminKm ≤∈≤∀∈ ��

[ ] )1(,, NMnTQTT AmaxmaxKn ≤∉≤∀−∈ ��

}|1{ maxKjA AANjM =≤≤= ��

'DV�WKHRUHWLVFKH�,GHDO�YRQ

)1(,max NiTTKi ≤≤∀=
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NDQQ� DXV� RELJHQ� *U�QGHQ� QLFKW� HUUHLFKW� ZHUGHQ�� 8P� GLHVH� $EZHLFKXQJ� ]X
NRPSHQVLHUHQ��NDQQ�HQWZHGHU�EHL�GHU�3ODQXQJ�GHU�.RPPXQLNDWLRQVYHUNHKU�GHU
HLQ]HOQHQ�'HPDQG�1RGHV� EHU�FNVLFKWLJW�ZHUGHQ�� (LQH� DQGHUH�0|JOLFKNHLW� LVW�
GHQ� .RPPXQLNDWLRQVYHUNHKU� GHU� 'HPDQG�1RGHV� PLW� Tmax� QDFK� REHQ� DE]X�
VFKlW]HQ� XQG� GLHVHQ� :HUW� I�U� DOOH� 'HPDQG�1RGHV� DQ]XQHKPHQ�� 'HU� )HKOHU
KLHUEHL�LVW�VHKU�NOHLQ��GD�GHU�.RPPXQLNDWLRQVYHUNHKU�GHU�DOOHUPHLVWHQ�'HPDQG�
1RGHV� QXU� JHULQJ� YRQ� Tmax DEZHLFKW�� 'LHVH� (UJHEQLVVH� N|QQHQ� LQ� GHQ� +LVWR�
JUDPPHQ�GHU�9HUNHKUVYHUWHLOXQJ�YHULIL]LHUW�ZHUGHQ�

3.3.6 Ergebnisse des Algorithmus mit Optimierung

,Q� $EELOGXQJ� ������� XQG� $EELOGXQJ� ������� ZHUGHQ� GLH� 'HPDQG�1RGHV� GHV
:�U]EXUJHU�XQG�GHV�'DOODV�*HELHWV�GDUJHVWHOOW��GLH�EHL�GHP�9HUIDKUHQ�PLW�YHU�
EHVVHUWHU� 2SWLPLHUXQJ� HU]HXJW� ZHUGHQ�� 'LH� YHUZHQGHWHQ� 3DUDPHWHU� HQWVSUH�
FKHQ�GHQHQ�GHV�9HUIDKUHQV�RKQH�2SWLPLHUXQJ��'HVKDOE�VLQG�GLH�'HPDQG�1RGH
9HUWHLOXQJHQ�GLUHNW�PLW�GHQ� LQ�GHU�$EELOGXQJ��������XQG�$EELOGXQJ�������� JH�
]HLJWHQ�YHUJOHLFKEDU��GLH�RKQH�2SWLPLHUXQJ�HU]HXJW�ZXUGHQ�

,Q�7DEHOOH�������ZLUG�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�YRU�XQG�QDFK�GHU�2SWLPLH�
UXQJ�I�U�MHZHLOV�HLQHQ�'XUFKODXI�GHV�9HUIDKUHQV�JHJHQ�EHUJHVWHOOW��'LH�DEJHELO�
GHWH�$Q]DKO�GHU�'HPDQG�1RGHV�YDULLHUW�EHL�YHUVFKLHGHQHQ�/lXIHQ��GD�GHU�$OJR�
ULWKPXV�QLFKW� UHLQ�GHWHUPLQLVWLVFK�DUEHLWHW��%HL� YRUJHJHEHQHU��JOHLFKHU� ,QLWLDOL�
VLHUXQJ�GHV�=XIDOOVJHQHUDWRUV�ZHUGHQ�H[DNW�LGHQWLVFKH�'HPDQG�1RGHV�HU]HXJW�
$QGHUQIDOOV�VFKZDQNW�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�LP�3URPLOOHEHUHLFK��'XUFK
GLH�2SWLPLHUXQJ�ZHUGHQ�DEKlQJLJ�YRP�*HELHW�HLQH�EHVWLPPWH�$Q]DKO�YRQ�'H�
PDQG�1RGHV�HQWIHUQW�

Vergleichsfläche Anzahl der
Demand-Nodes

Anzahl Demand-Nodes
nach der Optimierung

Würzburger Gebiet 1289 1226

Dallas Gebiet 40589 34849

Synthetisches Gebiet 1381 1273

Konstantes Gebiet 1281 1125

Tabelle 3.3.2: Anzahl der Demand-Nodes vor und nach der Optimierung

%HL�GHU�TXDOLWDWLYHQ�8QWHUVXFKXQJ�GHU�'HPDQG�1RGHV�LQ�GHQ�7HVWJHELHWHQ�]HLJW
VLFK�NHLQ�VLJQLILNDQWHU�8QWHUVFKLHG�]XU�9HUWHLOXQJ�GHU�'HPDQG�1RGHV�RKQH�2S�
WLPLHUXQJ��'LHV�ZLUG� LQ�HLQHU�TXDQWLWDWLYHQ�$QDO\VH�GHU�$SSUR[LPDWLRQVJ�WH� LQ
.DSLWHO� �� YHULIL]LHUW�� 'HQQRFK� LVW� GLH� 9HUNHKUVYHUWHLOXQJ� GHU� 'HPDQG�1RGHV
QDFK�GHU�YHUEHVVHUWHQ�2SWLPLHUXQJ�XP�*U|�HQRUGQXQJHQ�GHP�,GHDOELOG�QlKHU�
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9RU� DOOHP� JLEW� GLH�'LFKWH� GHU�'HPDQG�1RGHV� LQ� HLQHP�*HELHW� GHQ�ZLUNOLFKHQ
.RPPXQLNDWLRQVYHUNHKU�GRUW�DQ�

Abbildung 3.3.16: Demand-Nodes des Würzburger Gebiets

Abbildung 3.3.17: Demand-Nodes des Dallas Gebiets
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3.3.7 Merkmale des Algorithmus

,P�IROJHQGHQ�ZHUGHQ�QRFKPDOV�GLH�FKDUDNWHULVWLVFKHQ�0HUNPDOH�GHV�$OJRULWK�
PXV�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�SUlJQDQW�GDUJHVWHOOW�

• 'LH� )OlFKH� HLQHV� 'HPDQG�1RGHV� NDQQ� HLQH� EHOLHELJH� )RUP� KDEHQ�� 'LH
3RVLWLRQ�GHV�'HPDQG�1RGHV� LVW�GDEHL�GHU�YHUNHKUVPl�LJH�6FKZHUSXQNW
GLHVHU�)OlFKH�

• )�U� GLH� *U|�H� GHU� )OlFKH�� GLH� YRQ� HLQHP� 'HPDQG�1RGH� UHSUlVHQWLHUW
ZLUG��NDQQ�PLW�HLQHP�3DUDPHWHU�HLQ�*UHQ]ZHUW�IHVWJHOHJW�ZHUGHQ�

• 'LH�$Q]DKO� GHU�'HPDQG�1RGHV� LVW� IUHL�ZlKOEDU�� 6LH�ZLUG� LPSOL]LW� GXUFK
GLH� :DKO� GHU� 3DUDPHWHU� GHV� $OJRULWKPXV� EHVWLPPW�� 0LQLPDO� NDQQ� HLQ
'HPDQG�1RGH�HU]HXJW�ZHUGHQ��GHU�GHQ�.RPPXQLNDWLRQVYHUNHKU�GHV�JH�
VDPWHQ� 3ODQXQJVJHELHWHV� UHSUlVHQWLHUW�� 0D[LPDO� NDQQ� I�U� MHGHV� )Ol�
FKHQHOHPHQW�GHU�9HUNHKUVPDWUL[�HLQ�'HPDQG�1RGH�HU]HXJW�ZHUGHQ�

• 'HU� .RPPXQLNDWLRQVYHUNHKU� GHU� 'HPDQG�1RGHV� LVW� QLFKW� XQEHGLQJW
LGHQWLVFK��9LHOPHKU�HUJLEW� VLFK�HLQH�EHVWLPPWH�9HUWHLOXQJ�GHU�9HUNHKUV�
ZHUWH�� GLH� YRQ� GHQ� 'HPDQG�1RGHV� UHSUlVHQWLHUW� ZHUGHQ�� 'LH� *�WH� GHU
9HUWHLOXQJ�NDQQ�GDEHL� GXUFK� HLQH�2SWLPLHUXQJ� GHU�'HPDQG�1RGHV�ZH�
VHQWOLFK�YHUEHVVHUW�ZHUGHQ�

• )�U� GLH� /DQGNODVVH� HLQHV� 'HPDQG�1RGHV� ZLUG� GLH� /DQGNODVVH� JHQRP�
PHQ�� GLH� GHQ� JU|�WHQ� %HUHLFK� GHU� YRP� 'HPDQG�1RGH� UHSUlVHQWLHUWHQ
)OlFKH�GDUVWHOOW�

• 'LH�6WUXNWXU� GHU� HU]HXJWHQ�'HPDQG�1RGHV� LVW� GXUFK�GLH� ]XIlOOLJH�:DKO
GHU�2EMHNWH�LP�$OJRULWKPXV�QLFKW�VWUHQJ�GHWHUPLQLVWLVFK�

• ,Q�*HELHWHQ�PLW�lKQOLFKHP�.RPPXQLNDWLRQVYHUNHKU�ZLUG�HLQ�KRPRJHQHV
3XQNWPXVWHU�PLW�PD[LPDOHU�(QWURSLH� HU]HXJW��'LHV� HQWVSULFKW� GHP� HOH�
PHQWDUHQ�%HVWUHEHQ�QDFK�PD[LPDOHU�(QWURSLH�LQ�GHU�1DWXU�

• 'LH� 9HUWHLOXQJ� GHU� 'HPDQG�1RGHV� LVW� ELV� DXI� 5DQGHIIHNWH� XQDEKlQJLJ
YRP�YHUZHQGHWHQ�3ODQXQJVJHELHW�
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4 Vergleich verschiedener Verfahren

1HEHQ�GHU�TXDOLWDWLYHQ�%HZHUWXQJ�GHU�'HPDQG�1RGHV�XQG�GHU�$XVZHUWXQJ�GHU
+LVWRJUDPPH�EHLP�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ��LVW�DXFK�HLQH
PDWKHPDWLVFKH� 8QWHUVXFKXQJ� Q|WLJ�� 0LW� GHU� TXDOLWDWLYHQ� 0HWKRGH� NDQQ� GLH
4XDOLWlW�YHUVFKLHGHQHU�9HUWHLOXQJHQ�YRQ�'HPDQG�1RGHV�KLQVLFKWOLFK�HLQHU�0X�
VWHUELOGXQJ�RGHU�GHU�5HSUlVHQWDWLRQ�JHRJUDSKLVFKHU�2EMHNWH��ZLH�]�%��6WUD�HQ
RGHU�6LHGOXQJVJHELHWHQ��EHZHUWHW�ZHUGHQ��'DEHL�LVW�DEHU�QXU�HLQH�UHLQ�TXDOLWDWL�
YH�$XVVDJH�P|JOLFK��G�K��HV�NDQQ�NHLQ�TXDQWLWDWLYHV�0D��GHU�*�WH�DQJHJHEHQ
ZHUGHQ�� 'DPLW� GLH� $SSUR[LPDWLRQVJ�WH� GHU� 9HUNHKUVYHUWHLOXQJ� GXUFK� GLH� 'H�
PDQG�1RGHV�HUPLWWHOW�ZHUGHQ�NDQQ��LVW�HLQ�TXDQWLWDWLYHV�)HKOHUPD��QRWZHQGLJ�
'LHVHV�NDQQ�DXFK�DOV�9HUJOHLFKVPD��GLHQHQ��XP�YHUVFKLHGHQH�3DUDPHWHUVlW]H
I�U�GLH�9HUIDKUHQ�]X�EHZHUWHQ�

'HU�=ZHFN�GHU�'HPDQG�1RGHV�LVW�GLH�P|JOLFKVW�JHQDXH�$SSUR[LPDWLRQ�GHU�9HU�
NHKUVYHUWHLOXQJ� LP�3ODQXQJVJHELHW��GLH�KLHU� LQ�)RUP�HLQHU�9HUNHKUVPDWUL[�YRU�
OLHJW��'LH�*�WH�GHU�9HUNHKUVPDWUL[�NDQQ�QLFKW�EHXUWHLOW�ZHUGHQ��GD�VLH�GLUHNW�DXV
GHQ�JHRJUDSKLVFKHQ�'DWHQ�HU]HXJW�ZLUG��'LH�9HUNHKUVPDWUL[� LVW� GHVZHJHQ�GLH
HLQ]LJH� 9HUJOHLFKVJUXQGODJH�� (LQ�4XDOLWlWVNULWHULXP� I�U�'HPDQG�1RGHV� LVW� GLH
P|JOLFKVW�JHQDXH�:LHGHUJDEH�GHV�.RPPXQLNDWLRQVYHUNHKUV�LQ�GHU�0DWUL[��'LH
$EZHLFKXQJ�GHV�.RPPXQLNDWLRQVYHUNHKUV�NDQQ�GDEHL�DOV�)HKOHUPD��GLHQHQ�

=XU�0HVVXQJ�GHU�$EZHLFKXQJ�VLQG�YHUVFKLHGHQH�$QVlW]H�GHQNEDU��,Q�GHU�UlXP�
OLFKHQ�6WDWLVWLN�ZLUG�KlXILJ�GDV�.RQ]HSW�YRQ�7HVWIOlFKHQ�YHUZHQGHW��'LHVH�ZHU�
GHQ�DQ�XQWHUVFKLHGOLFKHQ�3RVLWLRQHQ��EHU�GDV�*HELHW�JHOHJW��=XP�9HUJOHLFK�YRQ
]ZHL�9HUWHLOXQJHQ�ZHUGHQ�GDQQ�GLH�'DWHQ�LQQHUKDOE�GHU�7HVWIOlFKHQ�DXVJHZHU�
WHW� XQG�PLWHLQDQGHU� YHUJOLFKHQ�� $X�HUGHP� N|QQHQ� GXUFK�PHKUHUH�0H�UHLKHQ
VWDWLVWLVFKH� $XVVDJHQ� �EHU� GLH�0RPHQWH� GHU� 9HUWHLOXQJHQ� JHZRQQHQ� ZHUGHQ�
,QWHUHVVDQW�LVW�DXFK��LQZLHZHLW�GLH�(UJHEQLVVH�YRQ�GHU�)RUP�GHU�7HVWIOlFKH�DE�
KlQJHQ�� ,QVJHVDPW�N|QQHQ�DOOH�(LJHQVFKDIWHQ�HLQHU�9HUWHLOXQJ� LP�]ZHLGLPHQ�
VLRQDOHQ� 5DXP� GXUFK� V\VWHPDWLVFKH� 0H�UHLKHQ� PLW� 7HVWIOlFKHQ� XQWHUVXFKW
ZHUGHQ�

%HL�GHU�%HZHUWXQJ�GHU�YHUVFKLHGHQHQ�9HUIDKUHQ�]XU�&OXVWHUXQJ�VLQG�]XP�HLQHQ
GLH� $SSUR[LPDWLRQVJ�WH� GHU� 9HUNHKUVYHUWHLOXQJ� GXUFK� GLH� 'HPDQG�1RGHV� YRQ
,QWHUHVVH��=XP�DQGHUHQ�LVW�DXFK�GLH�*HQDXLJNHLW�GHU�5HSUlVHQWDWLRQ�GHU�/DQG�
QXW]XQJVNODVVHQ� ZLFKWLJ�� GD� VLH� I�U� GLH� :HOOHQDXVEUHLWXQJVPRGHOOH� EHQ|WLJW
ZHUGHQ�

'LH�:DKO�GHU�)RUP�GHU�7HVWIOlFKHQ�LVW� IXQGDPHQWDO��GD�GLH�(UJHEQLVVH�YRQ�LKU
DEKlQJHQ�N|QQHQ��'LH�YHUZHQGHWHQ�7HVWIOlFKHQ�VROOHQ�]�%��GLH�9HUVRUJXQJVJH�
ELHWH�YRQ�0RELOIXQNVHQGHUQ�GDUVWHOOHQ�XQG�HLQH�lKQOLFK�)RUP�ZLH�GLHVH�DXIZHL�
VHQ��'HVKDOE�ZLUG�HLQH�NUHLVI|UPLJH�7HVWIOlFKH�JHZlKOW��ZDV�]XGHP�GHQ�9RUWHLO
KDW��GD��GHU�)OlFKHQLQKDOW�QXU�GXUFK�GHQ�5DGLXV�r�DOV�HLQ]LJHQ�3DUDPHWHU�EH�
VWLPPW�ZLUG��8P�GLH� $XVZLUNXQJ� YHUVFKLHGHQHU� )RUPHQ� ]X�XQWHUVXFKHQ��ZLUG
DXFK�HLQH�TXDGUDWLVFKH�7HVWIOlFKH�YHUZHQGHW��'D�GDV�&OXVWHUXQJVYHUIDKUHQ�GHV
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UHNXUVLYHQ� 3DUWLWLRQLHUHQV� QXU� HLQH� UHFKWHFNLJH� )RUP� GHU� 'HPDQG�1RGH� )Ol�
FKHQ�HU]HXJHQ�NDQQ��LVW�GLH�4XDGUDWIRUP�DXFK�GHVKDOE�EHVRQGHUV�LQWHUHVVDQW�

Abbildung 4.1: Kommunikationsverkehr eines Testkreises auf der Matrix

Abbildung 4.2: Kommunikationsverkehr der Demand-Nodes eines Testkreises

,P� IROJHQGHQ� ZLUG� GLH� $EZHLFKXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� XQWHUVXFKW�
'D]X�ZHUGHQ�7HVWIOlFKHQ��EHU�GLH�'HPDQG�1RGHV�XQG�GLH�9HUNHKUVPDWUL[�JH�
OHJW��XQG�GHU�.RPPXQLNDWLRQVYHUNHKU� LQQHUKDOE�GLHVHU� 7HVWIOlFKHQ�JHPHVVHQ�
)DOOV�GLH�JOHLFKH�7HVWIOlFKH�DQ�GLH�VHOEH�3RVLWLRQ�JHOHJW�ZLUG��LVW�GHU�.RPPXQL�
NDWLRQVYHUNHKU�LQQHUKDOE�LP�,GHDOIDOO�LGHQWLVFK��'LH�$EZHLFKXQJ�GHV�.RPPXQL�
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NDWLRQVYHUNHKUV�ZLUG�GHVZHJHQ�DOV�)HKOHUPD��JHQRPPHQ��'LH�9RUJHKHQVZHLVH
ZLUG�LQ�$EELOGXQJ�����XQG�$EELOGXQJ�����JH]HLJW�

4.1 Testverfahren

8P� GLH� $SSUR[LPDWLRQVJ�WH� GHU� 9HUNHKUVYHUWHLOXQJ� GXUFK� GLH� 'HPDQG�1RGHV
]X�EHXUWHLOHQ��ZHUGHQ�YHUVFKLHGHQH�0H�UHLKHQ�GXUFKJHI�KUW��'D]X�ZLUG�MHZHLOV
HLQ� EHVWLPPWHU� 5DGLXV� r� I�U� GLH� 7HVWNUHLVH� YRUJHJHEHQ�� 'HU� 7HVWNUHLV� ZLUG�M
PDO�]XIlOOLJ�LQQHUKDOE�GHV�3ODQXQJVJHELHWHV�SRVLWLRQLHUW��ZREHL�GHU�.RPPXQL�
NDWLRQVYHUNHKU�LQQHUKDOE�GHV�7HVWNUHLVHV�LQ�GHU�9HUNHKUVPDWUL[�JHPHVVHQ�ZLUG�
'LHVHU�ZLUG� YHUJOLFKHQ�PLW� GHU� 6XPPH� GHV� .RPPXQLNDWLRQVYHUNHKUV� GHU� 'H�
PDQG�1RGHV�LQQHUKDOE�GHVVHOEHQ�7HVWNUHLVHV��=XHUVW�ZLUG�EHL�JHJHEHQHP�5DGL�
XV�r�GLH�0HVVXQJ�HLQHV�7HVWNUHLVHV�Ki�EHVFKULHEHQ�

4.1.1 Messung einer Testfläche

)�U�HLQH�9HUJOHLFKVPHVVXQJ�ZLUG�HLQH�]XIlOOLJH�3RVLWLRQ� (xi, yi)�GHV�7HVWNUHLVHV
Ki�JHZlKOW��ZREHL�]X�EHDFKWHQ�LVW��GD��GHU�JHVDPWH�7HVWNUHLV�LQQHUKDOE�GHV�*H�
ELHWV�OLHJW��'LH�7HVWNUHLVH�P�VVHQ�NRPSOHWW� LQQHUKDOE� OLHJHQ��GD�DQVRQVWHQ�GHU
.RPPXQLNDWLRQVYHUNHKU�LP�DX�HUKDOE� OLHJHQGHQ�%HUHLFK�QLFKW�JHPHVVHQ�ZHU�
GHQ�N|QQWH�XQG�GDPLW�GDV�)HKOHUPD��YHUIlOVFKHQ�Z�UGH�

),rnd( rXrx maxi −= ��

),rnd( rYry maxi −= ��

+LHUEHL�JLEW�r�GHQ�YRUJHJHEHQHQ�5DGLXV�GHV�.UHLVHV�DQ��Xmax�XQG�Ymax�VWHOOHQ�GLH
$XVGHKQXQJ�GHV�*HELHWV�LQ�X��XQG�Y�5LFKWXQJ�GDU��'LH�)XQNWLRQ�rnd(a, b)�OLHIHUW
HLQHQ�]XIlOOLJHQ�:HUW�LP�%HUHLFK�[ ]ba, �

'D� GLH� 7HVWNUHLVH� NRPSOHWW� LQQHUKDOE� GHV� 3ODQXQJVJHELHWHV� OLHJHQ� P�VVHQ�
KlQJHQ�GLH�P|JOLFKHQ�3RVLWLRQHQ�YRQ�GHUHQ�5DGLXV�DE��,Q�$EELOGXQJ�������VLQG
]ZHL�XQWHUVFKLHGOLFK�JUR�H�7HVWNUHLVH�GDUJHVWHOOW��ZREHL�GLH�HUODXEWHQ�3RVLWLR�
QHQ�I�U�GLH�.UHLV]HQWUHQ�LQQHUKDOE�GHU�GDUJHVWHOOWHQ�5HFKWHFNH�OLHJHQ�

'HU�7HVWNUHLV�PLW�5DGLXV�r�ZLUG�DQ�GHU�3RVLWLRQ�(xi, yi)�DXI�GLH�0DWUL[�JHOHJW��$Q�
VFKOLH�HQG�ZLUG�GHU�.RPPXQLNDWLRQVYHUNHKU� GHU� )OlFKHQHOHPHQWH� LQ� GHU�0D�
WUL[�� GLH� NRPSOHWW� LQQHUKDOE� GHV� .UHLVHV� OLHJHQ�� ]X�TM� VXPPLHUW�� 'LHV�ZLUG� LQ
$EELOGXQJ�����I�U�]ZHL�7HVWNUHLVH�JH]HLJW�

∑
∈

=
)(

),(
iM KIj

jjM yxTT ��
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+LHUEHL�JLEW�T(xj, yj)�GHQ�.RPPXQLNDWLRQVYHUNHKU�GHV�)OlFKHQHOHPHQWV�j�DQ��ZR�
EHL�PLW�xj�XQG�yj�VHLQH�3RVLWLRQ�EH]HLFKQHW�ZLUG��xl�XQG�yl�JLEW�GLH�3RVLWLRQ�GHV
)OlFKHQHOHPHQWV�l�DQ��0LW�xi�XQG�yi�ZLUG�GLH�3RVLWLRQ�GHV�=HQWUXPV�GHV�7HVWNUHL�
VHV�DQJHJHEHQ��IM(Ki)�JLEW�GLH�0HQJH�GHU�)OlFKHQHOHPHQWH�DQ��GLH�NRPSOHWW�LQ�
QHUKDOE�GHV�7HVWNUHLVHV�OLHJHQ�

'LH�)OlFKHQHOHPHQWH��GLH�QLFKW�NRPSOHWW�LQQHUKDOE�OLHJHQ��ZHUGHQ�QLFKW�EHU�FN�
VLFKWLJW��'LHV�LVW�XQQ|WLJ��GD�GLH�3RVLWLRQ�GHU�7HVWNUHLVH�EHOLHELJ�LVW��G�K��VLH�LVW
QLFKW� DXI� GLH� *UHQ]HQ� GHU� )OlFKHQHOHPHQWH� EHVFKUlQNW�� 'XUFK� GLH� 0LWWHOXQJ
�EHU�YLHOH�3RVLWLRQHQ�GHU�7HVWNUHLVH�ZLUG�DXFK�GHU�.RPPXQLNDWLRQVYHUNHKU�GHU
)OlFKHQHOHPHQW�EHU�FNVLFKWLJW��GLH�QXU�WHLOZHLVH��EHUGHFNW�ZHUGHQ�

r1

r2

r2

r1

0 Xmax

Ymax

Abbildung 4.1.1: Mögliche Positionen von Testkreisen

'HU�JHPHVVHQH�.RPPXQLNDWLRQVYHUNHKU�TM�JLEW�GHQ�ZLUNOLFKHQ�.RPPXQLNDWL�
RQVYHUNHKU�DQ��GHQ�HLQ�6HQGHU�PLW�HLQHP�GHP�7HVWNUHLV�HQWVSUHFKHQGHQ�NUHLV�
I|UPLJHQ� 9HUVRUJXQJVEHUHLFK� DQ� GHU� 3RVLWLRQ� (xi, yi) YHUVRUJHQ�P��WH��:LH� LQ
.DSLWHO�������EHVFKULHEHQ��OLHJHQ�NHLQH�JHQDXHUHQ�'DWHQ��EHU�GHQ�.RPPXQLND�
WLRQVYHUNHKU�YRU��'HVKDOE�ZLUG�GLHVHU�:HUW�DOV�9HUJOHLFKVPD�VWDE�JHQRPPHQ�
GHP�GHU�.RPPXQLNDWLRQVYHUNHKU�GHU�'HPDQG�1RGHV�LQQHUKDOE�GHVVHOEHQ�9HU�
VRUJXQJVEHUHLFKHV�P|JOLFKVW�JXW�HQWVSUHFKHQ�PX��

1XQ� ZLUG�� ZLH� LQ� $EELOGXQJ� ���� GDUJHVWHOOW�� GHU� .RPPXQLNDWLRQVYHUNHKU� GHU
'HPDQG�1RGHV�EHVWLPPW��GLH�VLFK�LQQHUKDOE�GHV�7HVWNUHLVHV�EHILQGHQ�
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+LHUEHL�JLEW�Tj�GHQ�.RPPXQLNDWLRQVYHUNHKU�GHV�'HPDQG�1RGHV�j�DQ��XQG�PLW�xl

XQG�yl�ZLUG�GLH�3RVLWLRQ�GHV�'HPDQG�1RGHV� l� EH]HLFKQHW�� ID(Ki)� LVW�GLH�0HQJH
GHU�'HPDQG�1RGHV��GLH�NRPSOHWW�LQQHUKDOE�GHV�7HVWNUHLVHV�OLHJHQ�

'HU� :HUW� TD� JLEW� GHQ� YRQ� GHQ� 'HPDQG�1RGHV� LP� 7HVWNUHLV� UHSUlVHQWLHUWHQ
.RPPXQLNDWLRQVYHUNHKU� DQ�� GHU� VLFK�P|JOLFKVW�ZHQLJ� YRP� .RPPXQLNDWLRQV�
YHUNHKU�TM� LQ�GHU�9HUNHKUVPDWUL[�XQWHUVFKHLGHQ�VROOWH��'DKHU�ZLUG�DOV�)HKOHU�
PD��GLH�TXDGUDWLVFKH�$EZHLFKXQJ�∆2T�GHILQLHUW�

( )22
MD TTT −=∆ ��

$X�HUGHP�ZLUG�GLH�UHODWLYH�$EZHLFKXQJ�∆RT�YRP�2ULJLQDOZHUW�GHILQLHUW�

M

MD
R T

TT
T

−
=∆ ��

'LHVH�$EZHLFKXQJHQ�JHEHQ�GHQ�$SSUR[LPDWLRQVIHKOHU�I�U�GLH�JHJHEHQH�7HVWIOl�
FKH�DQ�GHU�VSH]LHOOHQ�3RVLWLRQ�(xj, yj)�DQ��'DPLW�HLQH�VWDWLVWLVFK�UHOHYDQWH�$XVVD�
JH��EHU�GLH�$EZHLFKXQJ�EHL�HLQHU�JHJHEHQHQ�7HVWIOlFKH�P|JOLFK� LVW��PX��HLQH
5HLKH�YRQ�0HVVXQJHQ�DQ�YHUVFKLHGHQHQ�3RVLWLRQHQ�GXUFKJHI�KUW�ZHUGHQ�

4.1.2 Verwendung einer quadratischen Testfläche

8P�GHQ�(LQIOX��GHU�)RUP�GHU�7HVWIOlFKH�DXI�GDV�(UJHEQLV�]X�XQWHUVXFKHQ��ZLUG
]XVlW]OLFK�PLW�HLQHU�TXDGUDWLVFKHQ�7HVWIOlFKH�JHSU�IW��'D�GDV�9HUIDKUHQ�GHV�UH�
NXUVLYHQ� 3DUWLWLRQLHUHQV� QXU� UHFKWHFNLJH� 7HVWIOlFKHQ� HU]HXJW�� N|QQWH� VLFK� GD�
GXUFK�HLQ�9RUWHLO�I�U�GLHVHV�9HUIDKUHQ�HUJHEHQ�

'LH�3RVLWLRQLHUXQJ�GHU�TXDGUDWLVFKHQ�7HVWIOlFKH�ZLUG�DQDORJ�]XU�NUHLVI|UPLJHQ
GXUFKJHI�KUW��'HU�5DGLXV�r�HQWVSULFKW�EHL�GHU�TXDGUDWLVFKHQ�7HVWIOlFKH�GHU�KDO�
EHQ�6HLWHQOlQJH��'DGXUFK�LVW�HV�P|JOLFK��GLH�3RVLWLRQLHUXQJ�XQG�GLH�9HUIDKUHQ
]XU�%HUHFKQXQJ�GHU�0H�NXUYHQ� DQDORJ� ]XU� NUHLVI|UPLJHQ� 7HVWIOlFKH� ]X� �EHU�
QHKPHQ�� 'HU� =XVDPPHQKDQJ� ]ZLVFKHQ� HLQHU� TXDGUDWLVFKHQ� XQG� HLQHU� NUHLV�
I|UPLJHQ�7HVWIOlFKH�PLW�JOHLFKHP�:HUW�r�LVW�LQ�$EELOGXQJ�������GDUJHVWHOOW�

r
r

r

Abbildung 4.1.2: Kreisförmige und quadratische Testfläche
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)�U�GLH�%HUHFKQXQJ�GHV�.RPPXQLNDWLRQVYHUNHKUV�LQQHUKDOE�GHU�TXDGUDWLVFKHQ
7HVWIOlFKH�LQ�GHU�9HUNHKUVPDWUL[�ZHUGHQ�IROJHQGH�)RUPHOQ�DQJHZDQGW�

∑
∈

=
)(

),(
iM

R KIj
jj

R
M yxTT ��

{ }ryyrxxlKI lilii
R
M ≤−∧≤−=)( ��

'HU� .RPPXQLNDWLRQVYHUNHKU� GHU� 'HPDQG�1RGHV� LQQHUKDOE� GHU� TXDGUDWLVFKHQ
7HVWIOlFKH�ZLUG�EHVWLPPW�PLW�

∑
∈

=
)( iD

R KIj
j

R
D TT ��

}|{)( ryyrxxlKI lilii
R
D ≤−∧≤−= ��

'LH� )HKOHUPD�H�ZHUGHQ� DQDORJ� ]XP� )DOO� HLQHU� NUHLVI|UPLJHQ� 7HVWIOlFKH� GHIL�
QLHUW�

4.1.3 Meßreihe einer gegebenen Testfläche

)�U�HLQH�VWDWLVWLVFKH�$XVVDJH�LVW�GDV�(UJHEQLV�YLHOHU�0HVVXQJHQ�DQ�YHUVFKLHGH�
QHQ�3RVLWLRQHQ�LP�*HELHW�Q|WLJ��'D]X�ZLUG�GLH�REHQ�EHVFKULHEHQH�0HVVXQJ�M
PDO�ZLHGHUKROW�XQG�GLH�HLQ]HOQHQ�)HKOHU�∆2Ti�XQG�∆RTi�VWDWLVWLVFK�DXVJHZHUWHW�
'HU�9RUJDQJ�ZLUG�LQ�$EELOGXQJ�������JH]HLJW��0LW�GHP�,QGH[� i� )1( Mi ≤≤ �ZHU�

GHQ�MHZHLOV�GLH�(UJHEQLVVH�GHU�i�WHQ�0HVVXQJ�EH]HLFKQHW�

Schleife:

1. Wähle zufällig die Position:

),rnd( rXrx maxi −= � ),rnd( rYry maxi −= ��

2. Messe den Kommunikationsverkehr TDi und TMi

3. Berechne die Fehlermaße ∆2Ti�XQG�∆RTi

Über die Anzahl von Tests M

Abbildung 4.1.3: Algorithmus der Berechnung einer Meßreihe

$OV�(UJHEQLV�ODVVHQ�VLFK�IROJHQGH�*U|�HQ�GHU�9HUWHLOXQJ�GHU�EHLGHQ�)HKOHUPD�H
EHVWLPPHQ�

• GLH�PD[LPDOHQ�$EZHLFKXQJHQ�∆2Tmax�XQG�∆RTmax�

)1(,22 MiTT imax ≤≤∀∆≥∆ ��
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)1(, MiTT iRmaxR ≤≤∀∆≥∆ ��

• GLH�PLQLPDOHQ�$EZHLFKXQJHQ�∆2Tmin�XQG�∆RTmin�

)1(,22 MiTT imin ≤≤∀∆≤∆ ��

)1(, MiTT iRminR ≤≤∀∆≤∆ ��

• GLH�PLWWOHUHQ�$EZHLFKXQJHQ�∆2Tmean�XQG�∆RTmean�

∑
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• GLH�9DULDWLRQVNRHIIL]LHQWHQ�∆2Tvarco�XQG�∆RTvarco�
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*HQHUHOO�ZHUGHQ�DOOH�*U|�HQ�I�U�MHGHQ�7HVWODXI�JHPHVVHQ��ZREHL�LP�IROJHQGHQ
QXU� HLQH� $XVZDKO� GHU� (UJHEQLVVH� JH]HLJW�ZHUGHQ� NDQQ�� 'LHVH�:HUWH� HUODXEHQ
HLQH�TXDQWLWDWLYH� $XVVDJH��EHU�GLH�*�WH� GHU� YHUVFKLHGHQHQ� 9HUIDKUHQ��+LHUEHL
VLQG�YRU�DOOHP�GLH�PD[LPDOHQ�XQG�PLWWOHUHQ�$EZHLFKXQJHQ�LQWHUHVVDQW�

2ELJH�0H�ZHUWH�OLHIHUQ�(UJHEQLVVH�EHL�HLQHU�EHVWLPPWHQ�*U|�H�GHV�7HVWNUHLVHV
E]Z�� �TXDGUDWV��GLH�GXUFK�GHQ�5DGLXV� r� EHVWLPPW�ZLUG�� ,Q� GHU� 3UD[LV� VLQG�GLH
9HUVRUJXQJVJHELHWH�GHU�6HQGHU�XQWHUVFKLHGOLFK�JUR���'HU�5DGLXV�HUVWUHFNW�VLFK
YRQ�ZHQLJHU�DOV�HLQHP�.LORPHWHU�EHL�0LNUR]HOOHQ�ELV�]X�]HKQ�RGHU�PHKU�.LOR�
PHWHUQ�LQ�G�QQ�EHVLHGHOWHQ��HEHQHQ�5HJLRQHQ��'DKHU�LVW�HV�lX�HUVW�ZLFKWLJ��GLH
$SSUR[LPDWLRQVJ�WH�GHV�.RPPXQLNDWLRQVYHUNHKUV�DEKlQJLJ�YRQ�GHU�*U|�H�GHV
9HUVRUJXQJVJHELHWHV��DOVR�KLHU�GHV�.UHLVUDGLXV��]X�XQWHUVXFKHQ�

4.1.4 Meßergebnisse abhängig vom Radius

8P�GLH� YHUVFKLHGHQHQ�9HUIDKUHQ� ]XU�&OXVWHUXQJ�GLUHNW� YHUJOHLFKHQ� ]X� N|QQHQ
ZLUG� GLH� $SSUR[LPDWLRQVJ�WH� LQ� $EKlQJLJNHLW� YRQ� GHU� *U|�H� GHU� 7HVWJHELHWH
GDUJHVWHOOW��)�U�GLH�KLHU�YHUZHQGHWHQ�7HVWNUHLVH�ZLUG�VLH�DOV�.XUYH��EHU�GHQ�5D�
GLXV�DXIJHWUDJHQ��'D]X�HUVWHOOW�PDQ�I�U�HLQHQ�EHVWLPPWHQ�5DGLXV�GLH�0H�UHLKHQ
XQG� EHVWLPPW� GLH� )HKOHUJU|�HQ�� G�K�� GLH� REHQ� JHQDQQWHQ� $EZHLFKXQJHQ�� 'HU
5DGLXV�ZLUG�GDEHL�V\VWHPDWLVFK�YHUlQGHUW�XQG�MHZHLOV�GLH�]XJHK|ULJH�0H�UHLKH
EHVWLPPW�� 'DPLW� ODVVHQ� VLFK� GLH� )HKOHUJU|�HQ� LQ� $EKlQJLJNHLW� YRP� 5DGLXV� r
HUUHFKQHQ�� )�U� GLH� TXDGUDWLVFKH� $EZHLFKXQJ� HUJHEHQ� VLFK� GLH� )XQNWLRQHQ
∆2Tmax(r), ∆2Tmin(r), ∆2Tmean(r)�XQG�∆2Tvarco(r)��)�U�GLH�UHODWLYH�$EZHLFKXQJ�ZHUGHQ
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HQWVSUHFKHQGH�)XQNWLRQHQ�HU]HXJW��$QKDQG�GHU� LQ�$EKlQJLJNHLW� YRP�5DGLXV� r
JH]HLFKQHWHQ�.XUYHQ� N|QQHQ� YHUVFKLHGHQH�'HPDQG�1RGH� 9HUWHLOXQJHQ� YHUJOL�
FKHQ� ZHUGHQ�� 'DEHL� NDQQ� DXFK� GLH� (LJQXQJ� EHL� XQWHUVFKLHGOLFKHU� *U|�H� GHU
9HUVRUJXQJVJHELHWH�HLQHV�6HQGHUV�XQWHUVXFKW�ZHUGHQ�

4.1.5 Kriterien für geeignete Parameter der Meßkurven

)�U� HLQH� VWDWLVWLVFK� VLJQLILNDQWH� $XVVDJH� P�VVHQ� JHQ�JHQG� (LQ]HOPHVVXQJHQ
GXUFKJHI�KUW�ZHUGHQ��'LH�$Q]DKO�GHU�Q|WLJHQ�0HVVXQJHQ�KlQJW�GDEHL�YRU�DOOHP
YRP� 5DGLXV� GHU� 7HVWNUHLVH� DE�� =XP� HLQHP� YHUULQJHUW� VLFK� EHL� ]XQHKPHQGHP
5DGLXV�GLH�$Q]DKO�GHU�P|JOLFKHQ�3RVLWLRQHQ�GHU�7HVWIOlFKHQ��ZLH� LQ�$EELOGXQJ
������ GDUJHVWHOOW� ZLUG�� =XP� DQGHUHQ� QLPPW� GLH� 9DULDQ]� GHU� )HKOHUPD�H� PLW
ZDFKVHQGHP�5DGLXV�DE��G�K��EHL�JU|�HUHQ�5DGLHQ�VLQG�ZHQLJHU�0HVVXQJHQ�Q|�
WLJ��XP�GLH�JOHLFKH�$XVVDJHJHQDXLJNHLW�]X�HUUHLFKHQ��'LH�$Q]DKO�GHU�P|JOLFKHQ
3RVLWLRQHQ�XQG�GLH� 9DULDQ]� KlQJHQ� OLQHDU� YRQ� GHU� )OlFKH� GHU� 7HVWNUHLVH�� DOVR
TXDGUDWLVFK�YRQ�GHUHQ�5DGLXV�U�DE�

'HU�P|JOLFKH�%HUHLFK� I�U� GLH� 5DGLHQ� GHU� 7HVWNUHLVH� KlQJW� YRQ� GHU�*U|�H� GHV
*HELHWV�XQG�GHU�*UDQXODULWlW�GHU�9HUNHKUVPDWUL[� DE��'HU�PLQLPDOH�5DGLXV�GHU
7HVWNUHLVH�VROOWH�GHXWOLFK�JU|�HU�VHLQ�DOV�GLH�$XIO|VXQJ�GHU�9HUNHKUVPDWUL[��GLH
LQ�GLHVHU�$UEHLW�LPPHU�100 P�EHWUlJW��'D�GLH�7HVWNUHLVH�NRPSOHWW�LP�*HELHW�OLH�
JHQ�P�VVHQ�� GDUI� GHU� PD[LPDOH� 'XUFKPHVVHU� QLFKW� JU|�HU� DOV� GDV� 0LQLPXP
YRQ�+|KH�XQG�%UHLWH�GHV�3ODQXQJVJHELHWHV�VHLQ��8P�5DQGHIIHNWH�]X�YHUPHLGHQ�
VROOWH�GHU�PD[LPDOH�5DGLXV�HWZDV�NOHLQHU� DOV� GLH� KDOEH�PLQLPDOH�$XVGHKQXQJ
VHLQ�

%HL� GHU� %HUHFKQXQJ� HLQHU� NRPSOHWWHQ� 0H�UHLKH� VROOWHQ� GLH� 5DGLHQ� QLFKW� PLW
NRQVWDQWHU�6FKULWWZHLWH�HUK|KW�ZHUGHQ��(V�N|QQWHQ�GDGXUFK� ,QWHUIHUHQ]HQ�GHU
NRQVWDQWHQ�6FKULWWZHLWH�PLW�HLQHP�HYHQWXHOO�YRUKDQGHQHQ�UHJHOPl�LJHQ�0XVWHU
GHU�'HPDQG�1RGHV�HQWVWHKHQ��6WDWW�GHVVHQ�ZLUG�GHU�5DGLXV�XP�HLQHQ�]XIlOOLJHQ
:HUW� YHUJU|�HUW�� %HL� JU|�HUHQ� 5DGLHQ� VLQG� GLH� 8QWHUVFKLHGH� GHU� )HKOHUPD�H
]ZLVFKHQ�HLQ]HOQHQ�0H�UHLKHQ�PLW�lKQOLFKHP�5DGLXV�JHULQJ��$XV�GLHVHP�*UXQG
NDQQ�GLH�GXUFKVFKQLWWOLFKH�6FKULWWZHLWH�PLW�ZDFKVHQGHP�5DGLXV�HUK|KW�ZHUGHQ�
RKQH�GLH�*HQDXLJNHLW�GHU�NRPSOHWWHQ�0H�NXUYH�]X�YHUULQJHUQ�

4.1.6 Parameter der Meßkurven

)�U�GHQ�PLQLPDOHQ�5DGLXV�ZXUGH�GHU�:HUW�200 P�LQ�DOOHQ�7HVWV�JHQRPPHQ��ZR�
EHL�ZHJHQ�GHU�$XIO|VXQJ�GHU�9HUNHKUVPDWUL[�YRQ�100 P�GLH�(UJHEQLVVH�GHU�7HVW�
NUHLVH�LQ�GHU�1lKH�GHV�PLQLPDOHQ�5DGLXV�QLFKW�VHKU�JHQDX�VLQG�

'XUFK�GLH�$XVGHKQXQJ�GHV�:�U]EXUJHU��V\QWKHWLVFKHQ�XQG�NRQVWDQWHQ�*HELHWV
YRQ�16.1 NP�DXI�15.1 NP�LVW�GHU�PD[LPDOH�5DGLXV�LQ�GLHVHP�)DOO�DXI�7.5 NP�EH�
VFKUlQNW��8P�5DQGHIIHNWH�]X�YHUPHLGHQ�ZLUG�HU�DXI�5 NP�IHVWJHOHJW��'DV�'DOODV
*HELHW�KDW�HLQH�$XVGHKQXQJ�YRQ�192.4 NP�DXI�192.4 NP��ZREHL�KLHU�GHU�PD[L�
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PDOH�5DGLXV�DXI�8.5 NP�EHVFKUlQNW�ZLUG��'LHVHU�:HUW� LVW�VLQQYROO��GD�DXFK�GLH
.DSD]LWlW�XQG�5HLFKZHLWH�GHU�6HQGHU�EHVFKUlQNW�VLQG�

:LH�REHQ�EHVFKULHEHQ��KlQJW�GLH�$Q]DKO�M�GHU�Q|WLJHQ�0HVVXQJHQ�YRP�5DGLXV
r� DE�� )�U� GLH� 0H�UHLKHQ� ZLUG� IROJHQGH� %H]LHKXQJ� ]XU� %HVWLPPXQJ� YRQ�0�U�
YHUZHQGHW�

expc

minmax rr

r
crM

−







+

⋅= 2
)( ��

'XUFK�GLH�.RQVWDQWHQ�c�XQG�cexp�ZLUG�GLH�$Q]DKO�GHU�7HVWV�IHVWJHOHJW��ZREHL�GLH
.RQVWDQWH�cexp�GLH�1LFKWOLQHDULWlW�GHU�)XQNWLRQ�EHVWLPPW�

=XU�$EVFKlW]XQJ�GHU�$Q]DKO�GHU�0HVVXQJHQ�ZLUG�GLH�9HUNHKUVPDWUL[�EHWUDFKWHW�
GLH�LP�3ODQXQJVJHELHW�YRQ�16.1 NP�DXI�15.1 NP�EHL�HLQHP�5DVWHU�YRQ�100 P�JH�
QDX�161⋅151 = 24 311�(LQWUlJH�HQWKlOW��%HL�GHQ�7HVWV�PLW�PLQLPDOHP�5DGLXV�ZLUG
LP� 6FKQLWW� QXU� HLQ� 0DWUL[HOHPHQW� �EHUGHFNW�� 'DEHL� N|QQHQ� VLFK� PD[LPDO� VR
YLHOH� YHUVFKLHGHQH� (UJHEQLVVH� HUJHEHQ��ZLH� )OlFKHQHOHPHQWH� LQ� GHU� 9HUNHKUV�
PDWUL[�YRUKDQGHQ�VLQG��'HVKDOE�NDQQ�GHU�3DUDPHWHU�c�VR�DEJHVFKlW]W�ZHUGHQ�
GD��EHL�PLQLPDOHP�5DGLXV�QLFKW�PHKU�7HVWV�Q|WLJ�VLQG��DOV�GLH�9HUNHKUVPDWUL[
(LQWUlJH�HQWKlOW�

'LH�6FKULWWZHLWH�EHL�GHU�(UK|KXQJ�GHU�5DGLHQ�GDUI��ZLH�REHQ�HUNOlUW��QLFKW�NRQ�
VWDQW� VHLQ�� 'HVKDOE� ZLUG� HLQH� ]XIlOOLJH� 6FKULWWZHLWH� YHUZHQGHW�� GLH�PLW� ZDFK�
VHQGHP�5DGLXV�JU|�HU�ZLUG�

expg

minmax rr

r
gr 





+

⋅=∆ 2
),0rnd( ��

+LHUEHL�OLHIHUW�GLH�)XQNWLRQ�rnd(a, b)�HLQHQ�]XIlOOLJHQ�:HUW�LP�%HUHLFK� [ ]ba, ��XQG

GLH�.RQVWDQWHQ�g�XQG�gexp�OHJHQ�GLH�6FKULWWZHLWH�GHV�5DGLXV]XZDFKVHV�IHVW�

Dallas Gebiet übrige Gebiete

Minimaler Radius 200 m 200 m

Maximaler Radius 8.500 m 5.000 m

Konstante c 1.800 2.500

Konstante cexp 0.8 0.8

Konstante g 20 m 20 m

Konstante gexp 0.8 0.8

Tabelle 4.1.1: Parameter für die Meßkurven
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,Q�7DEHOOH�������ZHUGHQ�GLH�LQ�GHQ�IROJHQGHQ�0H�NXUYHQ�YHUZHQGHWHQ�3DUDPH�
WHU�DXIJHOLVWHW��'DEHL�HUJLEW�VLFK�I�U�GDV�'DOODV�*HELHW�HLQH�0H�NXUYH�PLW�1300
7HVWUHLKHQ� YHUVFKLHGHQHU� 5DGLHQ�� ZREHL� EHLP� PLQLPDOHQ� 5DGLXV� XQJHIlKU� 21
000� XQG� EHLP�PD[LPDOHQ� 5DGLXV� HWZD� 1000� (LQ]HOWHVWV� GXUFKJHI�KUW� ZHUGHQ�
,QVJHVDPW�ZHUGHQ�EHLP�'DOODV�*HELHW�I�U�HLQH�0H�NXUYH�7.3 0LR.�HLQ]HOQH�7HVW�
NUHLVH�JHPHVVHQ��)�U�GLH�UHVWOLFKHQ�*HELHWH�ZHUGHQ�YRQ�20 000�EHLP�PLQLPDOHQ�
ELV�1500�7HVWV�EHLP�PD[LPDOHQ�5DGLXV�GXUFKJHI�KUW��'LH�0H�NXUYH�EHVWHKW�GRUW
DXV�HWZD�700�7HVWUHLKHQ��ZRI�U� LQVJHVDPW�4.4 0LR.�HLQ]HOQH�7HVWNUHLVH�JHSU�IW
ZHUGHQ�� )�U� DOOH� 3RVLWLRQHQ� HLQHV� 7HVWJHELHWV� PX�� I�U� MHGHV� HLQ]HOQH� )Ol�
FKHQHOHPHQW� EHVWLPPW� ZHUGHQ�� RE� HV� LQQHUKDOE� GHV� 7HVWJHELHWV� OLHJW�� 'D]X
P�VVHQ�LP�'DOODV�*HELHW�1924 ⋅ 1924 ⋅ 7 300 000 ≈ 2.7 ⋅ 1013�3U�IXQJHQ�GXUFKJH�
I�KUW�ZHUGHQ�� ,Q�GHQ�DQGHUHQ�*HELHWHQ� VLQG�HV�1.1⋅ 1011��6HOEVW� DXI�PRGHUQHQ
3UR]HVVRUHQ�Z�UGH�GLH�%HUHFKQXQJ�HLQHU�HLQ]LJHQ�0H�NXUYH�GHV�'DOODV�*HELHWV
PHKUHUH�:RFKHQ� LQ�$QVSUXFK�QHKPHQ��(UVW�GXUFK�GLH�VWDUNH�2SWLPLHUXQJ�GHV
7HVWSURJUDPPV�NDQQ�GLH�EHQ|WLJWH�5HFKHQ]HLW�DXI�HLQ�YHUWUHWEDUHV�0D��JHVHQNW
ZHUGHQ��'D]X�ZHUGHQ�GLH�'HPDQG�1RGHV�JHPl��LKUHU�/DJH�VRUWLHUW��XQG�LQWHO�
OLJHQWH� $OJRULWKPHQ� ]XU� %HVWLPPXQJ� GHU� )OlFKHQHOHPHQWH� LQQHUKDOE� HLQHV
7HVWNUHLVHV�YHUZHQGHW��'LH�HQGJ�OWLJH�9HUVLRQ�GHV�7HVWSURJUDPPV�EHQ|WLJW�DXI
GHP�3UR]HVVRU�$0'�.���PLW�����0+]�HLQH�6WXQGH�I�U�GLH�%HUHFKQXQJ�GHV�'DO�
ODV�*HELHWV��%HL�GHQ��EULJHQ�*HELHWHQ�EHWUlJW�GLH�5HFKHQ]HLW�HWZD����0LQXWHQ�

4.2 Meßergebnisse des Verkehrsvergleichs

,P� IROJHQGHQ� ZLUG� GLH� $SSUR[LPDWLRQVJ�WH� GHV� .RPPXQLNDWLRQVYHUNHKUV� GHU
EHLGHQ�&OXVWHUXQJVYHUIDKUHQ�XQWHUVXFKW��'D]X�ZHUGHQ� I�U�GLH�%HUHFKQXQJ�GHU
7HVWNXUYHQ�GLH�3DUDPHWHU�DXV�7DEHOOH������� YHUZHQGHW��%HL�GHU�(U]HXJXQJ�GHU
'HPDQG�1RGHV�PLW�GHP�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�� LP� IRO�
JHQGHQ�PLW� Å=XVDPPHQIDVVHQ´� EH]HLFKQHW��ZHUGHQ�GLH� 3DUDPHWHU� DXV� 7DEHOOH
������YHUZHQGHW��)�U�GDV�9HUIDKUHQ�GHV�UHNXUVLYHQ�3DUWLWLRQLHUHQV��LP�IROJHQGHQ
PLW�Å3DUWLWLRQLHUHQ´�DEJHN�U]W��ZHUGHQ�GLH�3DUDPHWHU�DXV�7DEHOOH�������JHQRP�
PHQ�

Vergleichsfläche Max. Verkehr Max. Fläche Optimierung

Würzburger Gebiet 0.08 0.75 km2 keine

Dallas Gebiet 0.0002 25 km2 keine

Synthetisches Gebiet 0.08 0.75 km2 keine

Konstantes Gebiet 0.08 0.75 km2 keine

Tabelle 4.2.1: Parameter des Zusammenfassens von Knoten
                                                          
4 Vergleichbar mit einem Pentium® MMX gleicher Taktfrequenz
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'DV�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�ZLUG�]XHUVW�RKQH�2SWLPLHUXQJ
XQWHUVXFKW�� GD� GLHVH� $XVZLUNXQJ� DXI� GLH� *�WH� GHU� 9HUWHLOXQJ� GHU� 'HPDQG�
1RGHV�KDEHQ�NDQQ��'LH�:LUNXQJ�GHU�2SWLPLHUXQJ�ZLUG� LQ�.DSLWHO� ������XQWHU�
VXFKW��$OV�7HVWIOlFKH�ZLUG�GLH�.UHLVIRUP�JHZlKOW��VRIHUQ�QLFKW�H[WUD�HLQH�DQGHUH
)RUP�DQJHJHEHQ�ZLUG�

Vergleichsfläche Rekursionstiefe

Würzburger Gebiet 10

Dallas Gebiet 15

Synthetisches Gebiet 10

Konstantes Gebiet 10

Tabelle 4.2.2: Parameter des rekursiven Partitionierens

4.2.1 Auswahl der Meßkurven

=XP� 9HUJOHLFK� YHUVFKLHGHQHU� 9HUWHLOXQJHQ� GHU� 'HPDQG�1RGHV� VLQG� LQ
$EELOGXQJ� ������ GLH� PD[LPDOHQ� TXDGUDWLVFKHQ� )HKOHU� GHU� EHLGHQ� $OJRULWKPHQ
DXIJHWUDJHQ��'HU�PD[LPDOH�)HKOHU�QLPPW�PLW�ZDFKVHQGHP�5DGLXV�r�]X��$XIIlOOLJ
LVW�� GD�� GHU� )HKOHU� EHLP� 9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV� QXU� VHKU� ODQJVDP
ZlFKVW��ZlKUHQG�HU�EHLP�9HUIDKUHQ�GHV�3DUWLWLRQLHUHQV�VWHLO�DQVWHLJW��'HU�PLWW�
OHUH� UHODWLYH� )HKOHU� LQ� $EELOGXQJ� ������ QLPPW�PLW� VWHLJHQGHP� 5DGLXV� DE�� ZDV
QDFK�GHP�*HVHW]�GHU�JUR�HQ�=DKOHQ�DXFK�]X�HUZDUWHQ�LVW�

'HU�PD[LPDOH�)HKOHU�VFKZDQNW�VWDUN�PLW�GHP�5DGLXV� r��(U�KlQJW� LP�ZHVHQWOL�
FKHQ�YRQ�GHU�]XIlOOLJHQ�3RVLWLRQ�GHU�7HVWIOlFKH�DE�XQG�ZLUG�I�U�MHGHQ�:HUW�GHV
5DGLXV� QHX� EHVWLPPW�� (LQ� KRKHU� :HUW� I�U� GHQ� PD[LPDOHQ� )HKOHU� WULWW� LPPHU
GDQQ�DXI��ZHQQ�GLH�7HVWIOlFKH�LQ�HLQHP�*HELHW�PLW�VHKU�JHULQJHU�9HUNHKUVGLFKWH
OLHJW�XQG�GDEHL�]XVlW]OLFK�'HPDQG�1RGHV�YRQ�EHQDFKEDUWHQ�5HJLRQHQ�PLW�KR�
KHP� 9HUNHKUVDXINRPPHQ� �EHUGHFNW�� 'DGXUFK� WlXVFKHQ� GLH� 'HPDQG�1RGHV
HLQHQ�K|KHUHQ�.RPPXQLNDWLRQVYHUNHKU�YRU��DOV�LQ�GHU�UHVWOLFKHQ�7HVWIOlFKH�PLW
QLHGULJHU�9HUNHKUVGLFKWH�YRUKDQGHQ�LVW��,Q�GHU�3UD[LV�ZLUNW�VLFK�GLHVHV�6]HQDULR
NDXP�DXV��ZHLO�DQ�GLHVHU�6WHOOH�NHLQ�6HQGHU�SRVLWLRQLHUW�ZlUH��'RUW�N|QQWH�HLQ
6HQGHU�QXU�VHKU�ZHQLJ�.RPPXQLNDWLRQVYHUNHKU�YHUVRUJHQ�

%HL�GHU�$EVFKlW]XQJ�GHV�.RPPXQLNDWLRQVYHUNHKUV�LVW�HV�YRU�DOOHP�ZLFKWLJ��GHQ
.RPPXQLNDWLRQVYHUNHKU� LQ�HLQHP�*HELHW�QLFKW�]X�QLHGULJ�DQ]XVHW]HQ��(LQH�]X
KRKH�$QQDKPH��EHU�GHQ�.RPPXQLNDWLRQVYHUNHKU�LVW�GDEHL�ZHVHQWOLFK�ZHQLJHU
QDFKWHLOLJ�
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Abbildung 4.2.1: Maximaler quadratischer Fehler im Würzburger Gebiet
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Abbildung 4.2.2: Mittlerer relativer Fehler im Würzburger Gebiet

,Q�GHQ� IROJHQGHQ�.XUYHQ�ZLUG�PHLVW�GHU�PLWWOHUH�DEVROXWH� )HKOHU� DXIJHWUDJHQ�
%HL� LKP�NDQQ�� LP�*HJHQVDW]�]XP�UHODWLYHQ�)HKOHU��GLH�$SSUR[LPDWLRQVJ�WH�GHU
EHLGHQ�9HUIDKUHQ�EHVVHU�YHUJOLFKHQ�ZHUGHQ��'HU�UHODWLYH�)HKOHU�NDQQ��ZHQQ�GLH
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ZLUNOLFKH�9HUNHKUVGLFKWH�LQ�GHU�7HVWIOlFKH�VHKU�JHULQJ�LVW��JHPl��VHLQHU�'HILQL�
WLRQ� HLQHQ� UHODWLY� KRKHQ�:HUW� DQQHKPHQ��'LHVHU�:HUW� LVW� DEHU� QLFKW� DXVVDJH�
NUlIWLJ��GD�I�U�GLH�3ODQXQJ�QXU�9HUVRUJXQJVJHELHWH�LQWHUHVVDQW�VLQG��GLH�ZHQLJ�
VWHQV�HLQH�0LQGHVWK|KH�DQ�.RPPXQLNDWLRQVYHUNHKU�HQWKDOWHQ�

4.2.2 Vergleich beider Verfahren

,Q�$EELOGXQJ�������ZHUGHQ�GLH�PLWWOHUHQ�TXDGUDWLVFKHQ�)HKOHU�EHLGHU�9HUIDKUHQ
GDUJHVWHOOW�� 'HXWOLFK� LVW� GHU� VWDUNH� $QVWLHJ� EHLP� 3DUWLWLRQLHUHQ� ]X� VHKHQ�� 'LH
)HKOHUNXUYH�GHV� =XVDPPHQIDVVHQV� OLHJW� LP�JDQ]HQ�%HUHLFK� XQWHUKDOE� GHU� GHV
3DUWLWLRQLHUHQV�XQG�VWHLJW�DXFK�QXU�JHULQJI�JLJ�DQ�

'HU�JUR�H�8QWHUVFKLHG�LQ�GHQ�)HKOHUNXUYHQ�ZLUG�DEHU�QLFKW�GXUFK�GLH�)OlFKHQ�
EHJUHQ]XQJ�EHLP�=XVDPPHQIDVVHQ�KHUYRUJHUXIHQ��VRQGHUQ�OLHJW�LQ�GHU�$UEHLWV�
ZHLVH� GHU� EHLGHQ� $OJRULWKPHQ� EHJU�QGHW�� 8P� GLHV� ]X� YHULIL]LHUHQ�� ZLUG� DXFK
HLQH� .XUYH� GHV� =XVDPPHQIDVVHQV� PLW� DEJHVFKDOWHWHU� )OlFKHQEHJUHQ]XQJ� JH�
]HLJW��'LHVH� LVW�QDKH]X�LGHQWLVFK�]XU�.XUYH�PLW�DXI�0.75 NP2�EHJUHQ]WHU�)OlFKH
GHU� 'HPDQG�1RGHV�� 'D� GLH� 'DUVWHOOXQJ� GHV� 9HUIDKUHQV� RKQH� )OlFKHQEHJUHQ�
]XQJ�NHLQ�VLJQLILNDQW�DQGHUHV�(UJHEQLV�OLHIHUW��ZLUG�LQ�GHQ�QlFKVWHQ�.XUYHQ�DXI
VHLQH�$EELOGXQJ�YHU]LFKWHW�
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Abbildung 4.2.3: Vergleich beider Verfahren im Würzburger Gebiet

,Q� GHU� $EELOGXQJ������� VLQG�GLH�(UJHEQLVVH� I�U� GDV�'DOODV�*HELHW� DXIJHWUDJHQ�
ZREHL� KLHU� GDV� $QZDFKVHQ� GHV� )HKOHUV� EHLP� 3DUWLWLRQLHUHQ� QRFK� ZHVHQWOLFK
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DXVJHSUlJWHU�DXIWULWW��%HL�HLQHP�5DGLXV�YRQ�9 NP�I�U�GHQ�7HVWNUHLV�LVW�GHU�)HKOHU
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Abbildung 4.2.4: Vergleich beider Verfahren im Dallas Gebiet

'DV�NRQVWDQWH�*HELHW� LQ�$EELOGXQJ������� OLHIHUW�QHXH�(UNHQQWQLVVH��'LH�EHLGHQ
.XUYHQ�OLHJHQ�XQJHIlKU�DXI�JOHLFKHU�+|KH��ZREHL�GLH�.XUYH�GHV�3DUWLWLRQLHUHQV
VWDUN�RV]LOOLHUW��'LH�:HOOHQOlQJH�ν�GHU�6FKZLQJXQJ�HUJLEW� VLFK�GXUFK�GHQ�NRQ�
VWDQWHQ� $EVWDQG� d� GHU� HLQ]HOQHQ� 'HPDQG�1RGHV� LQ� $EELOGXQJ� ������ QDFK� GHU
)RUPHO�ν = 2d�

'LH�$XVELOGXQJ�UHJHOPl�LJHU�0XVWHU�GHU�'HPDQG�1RGHV�GXUFK�GDV�3DUWLWLRQLH�
UHQ�VWHOOW�HLQ�JUR�HV�3UREOHP�GDU��'LH�*HQDXLJNHLW�GHU�$SSUR[LPDWLRQ�KlQJW�LQ
GLHVHP� )DOO� ZHVHQWOLFK� YRQ� GHU� )RUP� GHV� 9HUVRUJXQJVJHELHWHV� DE�� 9RU� DOOHP
NDQQ�HLQH�PLQLPDOH�bQGHUXQJ�GHU�*U|�H�GHV�9HUVRUJXQJVJHELHWHV� HLQH� JUR�H
bQGHUXQJ�GHU�+|KH�GHV�LQQHUKDOE�GHV�*HELHWHV�YRUKDQGHQHQ�.RPPXQLNDWLRQV�
YHUNHKUV�EHZLUNHQ��'HU�.RPPXQLNDWLRQVYHUNHKU�VWHLJW�QLFKW�VWHWLJ�PLW�9HUJU|�
�HUXQJ�GHU�)OlFKH�GHV�9HUVRUJXQJVJHELHWHV�DQ��9LHOPHKU�VSULQJW�HU�EHL�GHU�$XV�
GHKQXQJ� GHV� 9HUVRUJXQJVJHELHWHV� VFKODJDUWLJ� DXI� HLQHQ� ZHVHQWOLFK� K|KHUHQ
:HUW��'LH�'HPDQG�1RGHV� UHSUlVHQWLHUHQ� GDGXUFK� LQQHUKDOE� GHV� 9HUVRUJXQJV�
JHELHWHV�WHLOZHLVH�HLQHQ�ZHVHQWOLFK�]X�QLHGULJHQ�.RPPXQLNDWLRQVYHUNHKU��'LHV
LVW�GHU�)DOO��ZHQQ�GHU�5DGLXV�GHU�7HVWIOlFKH�JHUDGH�HWZDV�NOHLQHU�DOV�HLQ�9LHOID�
FKHV�GHV�$EVWDQGHV�d�GHU�'HPDQG�1RGHV� LVW��:HQQ�GHU�5DGLXV�GHU�7HVWIOlFKH
HWZDV� �EHU� GLHVHQ� :HUW� HUK|KW� ZLUG�� OLHJHQ� GDQQ� JOHLFK� PHKUHUH� 'HPDQG�
1RGHV� ]XVlW]OLFK� LQQHUKDOE�GHU�7HVWIOlFKH�XQG� UHSUlVHQWLHUHQ� HLQHQ� ]X�KRKHQ
.RPPXQLNDWLRQVYHUNHKU�
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'LHVHU� (IIHNW�PDFKW� HLQH� VLQQYROOH� 3ODQXQJ� QDKH]X� XQP|JOLFK��'XUFK� GLH� (U�
]HXJXQJ� GHU� 9HUNHKUVPDWUL[� EHGLQJW�� VLQG� *HELHWH� PLW� NRQVWDQWHU� 9HUNHKUV�
GLFKWH�NHLQ�6RQGHUIDOO��VRQGHUQ�QDFK�.DSLWHO�������YLHOPHKU�GHU�5HJHOIDOO�

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Kreisradius in Metern

Zusammenfassen
Partitionieren

1000 6000300

Abbildung 4.2.5 Vergleich beider Verfahren im konstanten Gebiet

4.2.3 Ergebnisse mit quadratischer Testfläche

%HL� GHU� 8QWHUVXFKXQJ�PLW� GHU� NUHLVI|UPLJHQ� 7HVWIOlFKH� N|QQWH� GDV� 9HUIDKUHQ
GHV�3DUWLWLRQLHUHQV�EHQDFKWHLOLJW�VHLQ��GD�HV�QXU�UHFKWHFNLJH�'HPDQG�1RGH�)Ol�
FKHQ�HU]HXJHQ�NDQQ��'HVKDOE�ZHUGHQ�VlPWOLFKH�0H�UHLKHQ�DXFK�I�U�HLQH�TXD�
GUDWLVFKH�7HVWIOlFKH�GXUFKJHI�KUW��ZREHL�]XVlW]OLFK�GLH�$EKlQJLJNHLW�GHU�0H��
HUJHEQLVVH�YRQ�GHU�)RUP�GHU�7HVWIOlFKH�EHZHUWHW�ZHUGHQ�NDQQ�

'LH�0H�HUJHEQLVVH�GHV�:�U]EXUJHU�XQG�'DOODV�*HELHWV�XQWHUVFKHLGHQ�VLFK�GD�
EHL� NDXP� YRP� )DOO� HLQHU� NUHLVI|UPLJHQ� 7HVWIOlFKH� XQG� ZHUGHQ� GHVKDOE� KLHU
QLFKW�GDUJHVWHOOW�

(LQ�LQWHUHVVDQWHV�(UJHEQLV�ELHWHW�VLFK�LP�V\QWKHWLVFKHQ�*HELHW��GDV�LQ�$EELOGXQJ
������ JH]HLJW�ZLUG��'HU� TXDGUDWLVFKH� )HKOHU� LVW� DOOJHPHLQ� K|KHU� DOV� EHLP� 7HVW
PLW�GHU�NUHLVI|UPLJHQ�)OlFKH��9RU�DOOHP�VWHLJW�HU�EHLP�3DUWLWLRQLHUHQ�NRQWLQX�
LHUOLFK�VWDUN�DQ��ZRKLQJHJHQ�GHU�)HKOHU�GHV�=XVDPPHQIDVVHQV�ZLH�LP�NUHLVI|U�
PLJHQ� )DOO� QXU� PRGHUDW� ZlFKVW�� $XIIlOOLJ� LVW� QRFK� HLQH� ZHVHQWOLFK� VWlUNHUH
6FKZDQNXQJ�EHL�EHLGHQ�.XUYHQ�
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Abbildung 4.2.6: Vergleich mit quadratischer Testfläche im synthetischen
 Gebiet
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Abbildung 4.2.7: Vergleich mit quadratischer Testfläche im konstanten Gebiet
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,P�NRQVWDQWHQ�*HELHW��ZHOFKHV�LQ�$EELOGXQJ�������GDUJHVWHOOW�ZLUG��RV]LOOLHUW�GLH
.XUYH�GHV�3DUWLWLRQLHUHQV�ZLH�EHLP�NUHLVI|UPLJHQ�)DOO��ZREHL�GLH�$PSOLWXGH�DEHU
VWDUN� DQVWHLJW��'HU� TXDGUDWLVFKH� )HKOHU� LVW� EHLP�9HUIDKUHQ� GHV� 3DUWLWLRQLHUHQV
EHL�HLQHU�6HLWHQOlQJH�GHV�4XDGUDWV�YRQ�10 NP�XP�GDV�20IDFKH�JU|�HU�DOV�EHLP
=XVDPPHQIDVVHQ��'LH�.XUYH�GHV�3DUWLWLRQLHUHQV�OLHJW�EHL�JU|�HUHQ�5DGLHQ�ZHLW
REHUKDOE�GHU�GHV�=XVDPPHQIDVVHQV��ZDV� LP�)DOO� GHU�NUHLVI|UPLJHQ�7HVWIOlFKH
QLFKW�]XWULIIW�

,QVJHVDPW�]HLJW�VLFK��GD��GHU�7HVW�PLW�HLQHU�TXDGUDWLVFKHQ�)OlFKH�GHP�9HUIDK�
UHQ� GHV� 3DUWLWLRQLHUHQV� QLFKW� ]XJXWH� NRPPW�� VRQGHUQ� LP� *HJHQWHLO� GLH� (LQ�
VFKUlQNXQJHQ�GLHVHV�9HUIDKUHQV�QRFK�GHXWOLFKHU�LQ�(UVFKHLQXQJ�WUHWHQ��'LH�(U�
JHEQLVVH� ]HLJHQ� HLQH� ZHVHQWOLFK� VFKOHFKWHUH� $SSUR[LPDWLRQVJ�WH� GLHVHV� 9HU�
IDKUHQV��GLH�GXUFK�,QWHUIHUHQ]�GHU�TXDGUDWLVFKHQ�7HVWIOlFKH�PLW�GHQ�UHFKWHFNL�
JHQ�'HPDQG�1RGH�*HELHWHQ�KHUYRUJHUXIHQ�ZLUG�

4.2.4 Untersuchung der Optimierung

'LH� ELV� MHW]W� EHWUDFKWHWHQ� (UJHEQLVVH� GHV� 9HUIDKUHQV� GHV� =XVDPPHQIDVVHQV
ZXUGHQ�RKQH�2SWLPLHUXQJ�HU]HXJW��XP�LKUHQ�(LQIOX��EHLP�9HUJOHLFK�GHU�EHLGHQ
9HUIDKUHQ� ]X� XPJHKHQ�� 'LH� 9HUZHQGXQJ� GHU� 2SWLPLHUXQJ� LVW� EHLP� 9HUIDKUHQ
GHV� =XVDPPHQIDVVHQV� YRQ� .QRWHQ� ]XU� 9HUEHVVHUXQJ� GHU� 9HUNHKUVYHUWHLOXQJ
DEHU�QDKH]X� LPPHU�Q|WLJ�� ,P� IROJHQGHQ�ZLUG�GDKHU� GLH� $XVZLUNXQJ�GHU�2SWL�
PLHUXQJ�DXI�GLH�$SSUR[LPDWLRQVJ�WH�GHU�'HPDQG�1RGHV�XQWHUVXFKW�

Kurve Max.
Verkehr

Max.
Fläche

Anzahl N der
Demand-Nodes

Keine
Optimierung, N‘

0.08 0.75 km2 1275

Optimierung II,
 N < N‘

0.08 0.75 km2 1130

Verbesserte
Optimierung, N < N‘

0.08 0.75 km2 1100

Verbesserte
Optimierung, N = N‘

0.07 0.75 km2 1269

Verbesserte
Optimierung, N > N‘

0.06 0.75 km2 1444

Tabelle 4.2.3: Parameter der verschiedenen Vergleichskurven

'D]X�ZHUGHQ�YHUVFKLHGHQH�3DUDPHWHUVlW]H�YHUZHQGHW��GLH�LQ�7DEHOOH�������DXI�
JHOLVWHW� VLQG�� 'LH� GDEHL� DQJHJHEHQH� $Q]DKO� GHU� 'HPDQG�1RGHV� HQWVSULFKW� MH�
ZHLOV�HLQHP�'XUFKODXI�GHV�$OJRULWKPXV�LP�:�U]EXUJHU�*HELHW��%HL�GHQ�DQGHUHQ
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*HELHWHQ�ZHLFKHQ�VLH� OHLFKW�DE��ZREHL�GLH�(UJHEQLVVH�TXDOLWDWLY�JOHLFK�EOHLEHQ�
+LHUEHL�VROO�QRFK�HLQPDO�LQ�(ULQQHUXQJ�JHUXIHQ�ZHUGHQ��GD��GLH�IROJHQGHQ�$Q�
JDEHQ��EHU�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�EHLP�9HUIDKUHQ�GHV�=XVDPPHQIDV�
VHQV�H[DNW�QXU�I�U�GHQ�GDUJHVWHOOWHQ�7HVWODXI�JHOWHQ�

,P�=XJH�GHU�2SWLPLHUXQJ�ZLUG�GLH� $Q]DKO� GHU�'HPDQG�1RGHV� YHUULQJHUW��ZDV
YRQ�VLFK�DXV�VFKRQ�GLH�*HQDXLJNHLW�GHU�5HSUlVHQWDWLRQ�GHV�.RPPXQLNDWLRQV�
YHUNHKUV�YHUULQJHUW��8P�GLH�'HPDQG�1RGH�9HUWHLOXQJHQ�DXVVDJHNUlIWLJ�YHUJOHL�
FKHQ�]X�N|QQHQ��PX��GLH�$Q]DKO�GHU�'HPDQG�1RGHV�XQJHIlKU�JOHLFK�VHLQ��$Q�
VRQVWHQ� HUJLEW� VLFK� EHL� GHQ� 7HVWOlXIHQ� PLW� K|KHUHU� $Q]DKO� 'HPDQG�1RGHV
VFKRQ�DOOHLQH�GDGXUFK�HLQH�EHVVHUH�$SSUR[LPDWLRQVJ�WH�

,QVJHVDPW�ZHUGHQ� I�U� GLH� 8QWHUVXFKXQJ� I�QI� 3DUDPHWHUVlW]H� YHUZHQGHW�� (LQH
.XUYH� RKQH� 2SWLPLHUXQJ�� HLQH� PLW� 2SWLPLHUXQJ� ,,� XQG� HLQH� PLW� YHUEHVVHUWHU
2SWLPLHUXQJ��ZREHL�GLH�*UXQGSDUDPHWHU�EHL�DOOHQ�GUHL� LGHQWLVFK�JHZlKOW� VLQG�
=XP�9HUJOHLFK�ZLUG�HLQH�.XUYH�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ�EHVWLPPW��EHL�GHU
GLH�$Q]DKO�GHU�'HPDQG�1RGHV�XQJHIlKU�GHU�GHV�9HUIDKUHQV�RKQH�2SWLPLHUXQJ
HQWVSULFKW��6FKOLH�OLFK�ZLUG�QRFK�HLQH�.XUYH�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ�PLW
HLQHU�HUK|KWHQ�$Q]DKO�GHU�'HPDQG�1RGHV�HUPLWWHOW��)�U�GLH�7HVWOlXIH�PLW�2SWL�
PLHUXQJ�,,�ZHUGHQ�GLH�LQ�7DEHOOH�������JH]HLJWHQ�3DUDPHWHU�YHUZHQGHW�

Parameter Wert

Tselect_min 0.7

Tselect_max 0.9

Tmin 1.1

RTmax 0.6

Tabelle 4.2.4: Parameter der Optimierung II

=XU�8QWHUVXFKXQJ�ZHUGHQ�GLH�I�QI�.XUYHQ�I�U�DOOH�9HUJOHLFKVJHELHWH�EHUHFKQHW�
ZREHL� LQ� $EELOGXQJ� ������ GDV� :�U]EXUJHU� *HELHW� XQG� LQ� $EELOGXQJ� ������ GDV
'DOODV�*HELHW�JH]HLJW�ZHUGHQ��,Q�$EELOGXQJ��������ZLUG�GDV�V\QWKHWLVFKH�*HELHW
XQG�LQ�$EELOGXQJ��������GDV�NRQVWDQWH�*HELHW�GDUJHVWHOOW�

$XV�DOOHQ�YLHU�*HELHWHQ� ODVVHQ�VLFK�GLH�VHOEHQ�(UNHQQWQLVVH�JHZLQQHQ��'LH�(U�
JHEQLVVH�PLW�2SWLPLHUXQJ�,,�XQG�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ�VLQG�VFKOHFKWHU
DOV�GLH�RKQH�2SWLPLHUXQJ��GD�VLFK�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�EHL�GHU�2SWL�
PLHUXQJ� YHUULQJHUW�� :LH� REHQ� HUOlXWHUW�� I�KUW� GLHV� DOOHLQH� VFKRQ� ]X� HLQHU
VFKOHFKWHUHQ�$SSUR[LPDWLRQVJ�WH��'LH�EHLGHQ�.XUYHQ�PLW�XQWHUVFKLHGOLFKHU�2S�
WLPLHUXQJ�VLQG�XQJHIlKU�DXI�JOHLFKHU�+|KH��ZREHL�GLH�(UJHEQLVVH�PLW�2SWLPLH�
UXQJ�,,�WHQGHQ]LHOO�HWZDV�VFKOHFKWHU�VLQG�DOV�GLH�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ�
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Abbildung 4.2.8: Vergleich verschiedener Parameter im Würzburger Gebiet
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Abbildung 4.2.9: Vergleich verschiedener Parameter im Dallas Gebiet

'LH�.XUYH�PLW�YHUEHVVHUWHU�2SWLPLHUXQJ��EHL�GHU�GLH�$Q]DKO�GHU�'HPDQG�1RGHV
PLW�GHU�RKQH�2SWLPLHUXQJ��EHUHLQVWLPPW��HUJLEW�XQJHIlKU�GHQ�JOHLFKHQ�)HKOHU
ZLH�GLH�.XUYH�RKQH�2SWLPLHUXQJ��%HL�LGHQWLVFKHP�3ODQXQJVDXIZDQG��G�K���EHU�
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HLQVWLPPHQGHU� $Q]DKO� GHU� 'HPDQG�1RGHV�� LVW� GHU� )HKOHU� EHLGHU� 9HUIDKUHQ
JOHLFK��ZREHL� EHLP�9HUIDKUHQ�PLW�2SWLPLHUXQJ�GLH� 9HUNHKUVYHUWHLOXQJ�GHU�'H�
PDQG�1RGHV�RSWLPDO�LVW�

8P� PLW� 2SWLPLHUXQJ� GLH� JOHLFKH� $SSUR[LPDWLRQVJ�WH� ]X� HUUHLFKHQ� ZLH� RKQH�
UHLFKW� HV� DXV�� ZHQQ� GLH� $Q]DKO� GHU� 'HPDQG�1RGHV� XQJHIlKU� �EHUHLQVWLPPW�
'D]X� YHUULQJHUW�PDQ� GHQ�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�Tmax� OHLFKW��ZDV
GLH� $Q]DKO� GHU� 'HPDQG�1RGHV� YRU� GHU� 2SWLPLHUXQJ� HUK|KW�� 'XUFK� GHQ� 2SWL�
PLHUXQJVVFKULWW�HUJLEW�VLFK�GDQQ�DP�(QGH�XQJHIlKU�GLH�JOHLFKH�$Q]DKO�DQ�'H�
PDQG�1RGHV�ZLH�RKQH�2SWLPLHUXQJ��(LQ�NOHLQHUHU�:HUW�YRQ�Tmax�LVW�DXFK�EHL�GHU
3ODQXQJ� KLOIUHLFK�� GD� GLH� $XIO|VXQJ� GHU� 'HPDQG�1RGHV� VWHLJW�� ZHQQ� GHU� YRQ
LKQHQ�UHSUlVHQWLHUWH�.RPPXQLNDWLRQVYHUNHKU�JHULQJHU�LVW�

,QVJHVDPW� ]HLJW� VLFK�� GD�� GXUFK� GLH�2SWLPLHUXQJ� GLH� $SSUR[LPDWLRQVJ�WH� GHV
JHVDPWHQ� 9HUIDKUHQV� QLFKW� DEQLPPW�� REZRKO� GLH� 9HUNHKUVYHUWHLOXQJ� GHU� 'H�
PDQG�1RGHV� ZHVHQWOLFK� YHUEHVVHUW� ZLUG�� 'DGXUFK� ZLUG� DXFK� GLH� .RUUHNWKHLW
XQG�*�WH�GHU�2SWLPLHUXQJ�YHULIL]LHUW��'LH�3DUDPHWHU�P�VVHQ�GDEHL� VR�JHZlKOW
ZHUGHQ��GD��GLH�$Q]DKO�GHU�'HPDQG�1RGHV�XQJHIlKU�PLW�GHU�$Q]DKO�RKQH�2S�
WLPLHUXQJ��EHUHLQVWLPPW�
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Abbildung 4.2.10: Vergleich verschiedener Parameter im synthetischen Gebiet
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Abbildung 4.2.11: Vergleich verschiedener Parameter im konstanten Gebiet

4.2.5 Vergleich verschiedener Anzahlen an Demand-Nodes

'LH�$Q]DKO�GHU�'HPDQG�1RGHV� LVW�GDV�HQWVFKHLGHQGH�.ULWHULXP� I�U�GLH�$SSUR�
[LPDWLRQVJ�WH� GHU� 9HUNHKUVYHUWHLOXQJ�� %HLP� 9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV
LVW�VLH�IUHL�EHVWLPPEDU�GXUFK�GLH�:DKO�GHV�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKUV
XQG�GHU�PD[LPDOHQ�)OlFKH� HLQHV�'HPDQG�1RGHV�� ,Q� $EELOGXQJ� �������ZHUGHQ
GLH� )HKOHUNXUYHQ� I�U� YHUVFKLHGHQH� $Q]DKOHQ� YRQ� 'HPDQG�1RGHV� DXIJHWUDJHQ�
:LH� ]X� HUZDUWHQ�� QLPPW� GLH� $SSUR[LPDWLRQVJ�WH� PLW� GHU� =DKO� GHU� 'HPDQG�
1RGHV�]X��ZREHL�GHU�=XZDFKV�GHU�*HQDXLJNHLW�LP�JHVDPWHQ�%HUHLFK�GHU�7HVWUD�
GLHQ�JOHLFK�LVW�

8P� HLQH� EHVWLPPWH� $SSUR[LPDWLRQVJ�WH� GHU� 'HPDQG�1RGH� 9HUWHLOXQJ� ]X� EH�
NRPPHQ��NDQQ�HLQH�HQWVSUHFKHQGH�$Q]DKO�YRQ�'HPDQG�1RGHV�HU]HXJW�ZHUGHQ�
ZREHL� GLH� =DKO� GHU� EHQ|WLJWHQ� 'HPDQG�1RGHV� YRP� 3ODQXQJVJHELHW� DEKlQJW�
0D[LPDO�N|QQHQ�VR�YLHOH�'HPDQG�1RGHV�HUVWHOOW�ZHUGHQ��ZLH�GLH�9HUNHKUVPD�
WUL[� )OlFKHQHOHPHQWH� HQWKlOW�� 'DQQ� KDW� GDV� KLHU� YHUZHQGHWH� )HKOHUPD�� NRQ�
VWDQW�GHQ�:HUW�0�

%HLP� 9HUIDKUHQ� GHV� UHNXUVLYHQ� 3DUWLWLRQLHUHQV� VROOWH� GHU� )HKOHU� LQ� lKQOLFKHU
:HLVH�PLW�GHU�$Q]DKO�GHU�'HPDQG�1RGHV�DEQHKPHQ��ZREHL�GLH�$Q]DKO�YRQ�'H�
PDQG�1RGHV�KLHU�LPPHU�HLQH�=ZHLHUSRWHQ]�VHLQ�PX���,Q�$EELOGXQJ��������VLQG
GLH�0H�HUJHEQLVVH�EHLP�3DUWLWLRQLHUHQ�DXIJHWUDJHQ�
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Abbildung 4.2.12: Vergleich der Demand-Node Anzahl beim Zusammenfassen
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Abbildung 4.2.13: Vergleich der Demand-Node Anzahl beim Partitionieren

+LHUEHL�HUJLEW�VLFK�HLQ�XQHUZDUWHWHV�(UJHEQLV��%LV�]XU�=DKO�YRQ�1024�'HPDQG�
1RGHV�QLPPW�GHU�)HKOHU�PLW�ZDFKVHQGHU�$Q]DKO�DE��%HL�GHU�.XUYH�PLW�2048�'H�
PDQG�1RGHV�LVW�GHU�)HKOHU�QXU�QRFK�ZHQLJ�NOHLQHU�XQG�QlKHUW�VLFK�EHL�K|KHUHQ
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5DGLHQ�GHU�.XUYH�PLW�1024�'HPDQG�1RGHV�DQ��'LH�)HKOHUNXUYHQ�PLW�4096�XQG
8192�'HPDQG�1RGHV�]HLJHQ�HLQ�YROONRPPHQ�DQRPDOHV�9HUKDOWHQ��GHQQ�VLH�VWHL�
JHQ�PLW�ZDFKVHQGHP�5DGLXV�VWHLO�DQ��'HU�DEVROXWH�TXDGUDWLVFKH�)HKOHU�ZlFKVW
XP� HLQHQ� )DNWRU� YRQ� PHKU� DOV� 104� DQ� XQG� �EHUWULIIW� EHL� K|KHUHQ� 5DGLHQ� GLH
)HKOHUNXUYHQ�DOOHU�DQGHUHQ�'HPDQG�1RGH�9HUWHLOXQJHQ�

'HU�*UXQG�I�U�GLHVHQ�H[WUHPHQ�$QVWLHJ�GHV�)HKOHUV�OLHJW�LP�$OJRULWKPXV�VHOEVW
EHJU�QGHW��'XUFK�GDV�DQWHLOLJH�$XIWHLOHQ�YRQ�0DWUL[HOHPHQWHQ�DQ�EHQDFKEDUWH
'HPDQG�1RGHV� HU]HXJW� HU� HLQHQ� LGHQWLVFKHQ� .RPPXQLNDWLRQVYHUNHKU� I�U� DOOH
'HPDQG�1RGHV��%HL� HLQHU�KRKHQ�$Q]DKO�GHU�'HPDQG�1RGHV� NDQQ�GHU� YRQ� HL�
QHP�'HPDQG�1RGH�UHSUlVHQWLHUWH�.RPPXQLNDWLRQVYHUNHKU�NOHLQHU�VHLQ�DOV�GHU
9HUNHKU�HLQHV�)OlFKHQHOHPHQWV��(LQHP�'HPDQG�1RGH�P��WH�LQ�GLHVHP�)DOO�QXU
HLQ� 7HLO� HLQHV� DWRPDUHQ� )OlFKHQHOHPHQWV� ]XJHRUGQHW� ZHUGHQ�� 'LHV� LVW� QLFKW
P|JOLFK��GD�NHLQH�K|KHUH�$XIO|VXQJ�DOV�GLH�GHU�)OlFKHQHOHPHQWH�]XU�9HUI�JXQJ
VWHKW�� 'HU� $OJRULWKPXV� HU]HXJW� GDQQ� PHKUHUH� 'HPDQG�1RGHV� DQ� GHUVHOEHQ
6WHOOH�� GLH� LQVJHVDPW� HLQHQ� K|KHUHQ� .RPPXQLNDWLRQVYHUNHKU� GDUVWHOOHQ� DOV
ZLUNOLFK� YRUKDQGHQ� LVW�� ,Q� GHU�'RNXPHQWDWLRQ� ]XP�$OJRULWKPXV� >�@�ZLUG� GHV�
KDOE� DXFK� JHIRUGHUW�� GD�� HLQ� 'HPDQG�1RGH� DXV� PLQGHVWHQV� YLHU� )OlFKHQHOH�
PHQWHQ�EHVWHKW��'LHVH�%HGLQJXQJ�ZLUG�KLHU� QXU� ELV� ]X� HLQHU� $Q]DKO� YRQ� 2048
'HPDQG�1RGHV�HUI�OOW�

,Q�$EELOGXQJ��������LVW�GHU�UHODWLYH�)HKOHU�DXIJHWUDJHQ��GHU�EHL�GHQ�EHLGHQ�.XU�
YHQ�DXI�HLQ�EHVWLPPWHV�0LQLPXP�IlOOW�XQG�PLW�ZDFKVHQGHP�5DGLXV�QLFKW�ZHLWHU
DEQLPPW��ZDV�DXI�GHQ�JHUDGH�EHVFKULHEHQHQ�V\VWHPDWLVFKHQ�)HKOHU�]XU�FN]X�
I�KUHQ�LVW�
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Abbildung 4.2.14: Vergleich der Demand-Node Anzahl beim Partitionieren
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Abbildung 4.2.15: Vergleich der Demand-Node Anzahl beider Verfahren

,QVJHVDPW�]HLJW�VLFK��GD��GLH�%HGLQJXQJ�YRQ�PLQGHVWHQV�YLHU�)OlFKHQHOHPHQWHQ
SUR�'HPDQG�1RGH�GLH�$SSUR[LPDWLRQVJ�WH�GHV�3DUWLWLRQLHUHQV�EHVFKUlQNW��'LH
$SSUR[LPDWLRQVJ�WH�HUUHLFKW�GDQQ�HLQ�0D[LPXP��ZHOFKHV�DXFK�GXUFK�HLQH�(U�
K|KXQJ�GHU�=DKO�GHU�'HPDQG�1RGHV�QLFKW��EHUVFKULWWHQ�ZHUGHQ�NDQQ��'D�]X�
VlW]OLFK�QXU�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�HLQH�=ZHLHUSRWHQ]�VHLQ�PX���HUJLEW
VLFK�HLQH�VWDUNH�5HVWULNWLRQ�GLHVHV�9HUIDKUHQV��,P�)DOOH�GHV�:�U]EXUJHU�*HELHWV
]�%���NDQQ�EHLP�UHNXUVLYHQ�3DUWLWLRQLHUHQ�NHLQH�K|KHUH�$SSUR[LPDWLRQVJ�WH�HU�
UHLFKW�ZHUGHQ��DOV�GLH�GHU�9HUWHLOXQJ�PLW�2048�'HPDQG�1RGHV�

,Q�$EELOGXQJ��������ZHUGHQ�GLH�)HKOHUNXUYHQ�EHLGHU�9HUIDKUHQ�YHUJOLFKHQ��%HLP
3DUWLWLRQLHUHQ�NDQQ�NHLQH�K|KHUH�*HQDXLJNHLW�HUUHLFKW�ZHUGHQ�DOV�GLH�GHU�JHUD�
GH�EHVFKULHEHQHQ�.XUYH��%HLP�=XVDPPHQIDVVHQ�YRQ�.QRWHQ�NDQQ�GLH�$SSUR[L�
PDWLRQVJ�WH� GHU� 9HUNHKUVYHUWHLOXQJ� GXUFK� (UK|KHQ� GHU� $Q]DKO� GHU� 'HPDQG�
1RGHV�ELV�]XU�hEHUHLQVWLPPXQJ�PLW�GHU�9HUNHKUVPDWUL[�HUK|KW�ZHUGHQ�

4.2.6 Untersuchung der Auswirkung der Flächenbegrenzung

(LQH�QXU�LQ�GHP�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRUKDQGHQH�)XQNWLRQ�LVW�GLH
0|JOLFKNHLW� ]XU� %HJUHQ]XQJ� GHU� )OlFKH�� GLH� HLQ� 'HPDQG�1RGH� UHSUlVHQWLHUW�
'LH� )OlFKHQEHJUHQ]XQJ� EHZLUNW� YHUVFKLHGHQH� (IIHNWH� EHL� GHU� 9HUWHLOXQJ� GHU
'HPDQG�1RGHV��'LH�'HPDQG�1RGHV� OLHJHQ�GXUFK�GLH�%HJUHQ]XQJ� LKUHU�)OlFKH
LQ�%HUHLFKHQ�PLW�QLHGULJHP�.RPPXQLNDWLRQVYHUNHKU�GLFKWHU��:HLWHUKLQ�HQWKlOW
MHGH�5HJLRQ��GHUHQ�)OlFKH�JU|�HU�LVW�DOV�GHU�:HUW�GHU�)OlFKHQEHJUHQ]XQJ��PLQ�
GHVWHQV�HLQHQ�'HPDQG�1RGH�
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'HU�.RPPXQLNDWLRQVYHUNHKU�GLHVHU�LQ�GHU�)OlFKH�EHJUHQ]WHQ�'HPDQG�1RGHV�LVW
RIIHQVLFKWOLFK�QLHGULJHU�DOV�GHU�PD[LPDO�P|JOLFKH�.RPPXQLNDWLRQVYHUNHKU�Tmax�
'DGXUFK�ZLUG�]XP�HLQHQ�GLH�*HVDPW]DKO�GHU�'HPDQG�1RGHV�LP�3ODQXQJVJHELHW
HUK|KW��=XP�DQGHUHQ�ZLUG�LKUH�9HUNHKUVYHUWHLOXQJ�QHJDWLY�EHHLQIOX�W��GD�ZHQL�
JHU�'HPDQG�1RGHV�GHQ�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU�HUUHLFKHQ�
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Abbildung 4.2.16: Würzburger Gebiet, verbesserte Optimierung
 mit Flächenbegrenzung der Demand-Nodes auf 0.2 NP2

%HL�HLQHP�VHKU�NOHLQHQ�:HUW�YRQ�]�%��0.2 NP2�I�U�GLH�)OlFKHQEHJUHQ]XQJ�HUJLEW
VLFK�GLH� LQ�$EELOGXQJ��������JH]HLJWH�9HUNHKUVYHUWHLOXQJ��'RUW� VLQG�� ]XVlW]OLFK
]X�GHU�DP�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU��PHKUHUH�6SLW]HQ�YRQ�'HPDQG�
1RGHV�PLW� JOHLFKHP�.RPPXQLNDWLRQVYHUNHKU� ]X� HUNHQQHQ�� 'D� GHU� .RPPXQL�
NDWLRQVYHUNHKU�LQ�JUR�HQ�%HUHLFKHQ�GHV�*HELHWV�NRQVWDQW�LVW��ZLH�LQ�.DSLWHO����
EHVFKULHEHQ�� VWHOOW� MHGH�6SLW]H�'HPDQG�1RGHV�PLW�PD[LPDOHU� )OlFKH� LQ� HLQHP
%HUHLFK� GHV� 3ODQXQJVJHELHWHV�PLW� HLQHP�EHVWLPPWHQ� .RPPXQLNDWLRQVYHUNHKU
GDU�� %HL� HLQHP� VLQQYROOHP�:HUW� I�U� GLH� )OlFKHQEHJUHQ]XQJ� YRQ� ]�%�� 0.75 NP2

HUJLEW�VLFK�HLQH�9HUWHLOXQJ�ZLH� LQ�$EELOGXQJ���������EHL�GHU�DQVRQVWHQ�GLH�JOHL�
FKHQ�3DUDPHWHU�ZLH�KLHU�YHUZHQGHW�ZHUGHQ�

'LH�$Q]DKO�GHU�'HPDQG�1RGHV�HUK|KW� VLFK�EHL�GLHVHU� H[WUHPHQ�:DKO�GHU�)Ol�
FKHQEHJUHQ]XQJ� VWDUN�� GD� NHLQH� )OlFKH� JU|�HU� DOV� 0.2 NP2� LP� 3ODQXQJVJHELHW
RKQH� HLQHQ� 'HPDQG�1RGH� LVW�� 'LH� 9HUWHLOXQJ� GHU� 'HPDQG�1RGHV� LVW� LQ
$EELOGXQJ� ������� GDUJHVWHOOW�� ZHOFKH� GLUHNW� PLW� GHU� 9HUWHLOXQJ� PLW� HLQHU� )Ol�
FKHQEHJUHQ]XQJ� YRQ� 0.75 NP2� DXV� $EELOGXQJ� ������� YHUJOLFKHQ� ZHUGHQ� NDQQ�
'HXWOLFK�LVW�]X�VHKHQ��GD��DXFK�LQ�GHQ�%HUHLFKHQ�PLW�VHKU�QLHGULJHP�.RPPXQL�
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NDWLRQVYHUNHKU�GLH�'HPDQG�1RGHV�GLFKW�OLHJHQ��XQG�NHLQH�JU|�HUH�)OlFKH�RKQH
HLQHQ�'HPDQG�1RGH� LVW��'HU�.RPPXQLNDWLRQVYHUNHKU� GHU� HLQ]HOQHQ�'HPDQG�
1RGHV�LVW�DEHU�KLHU�VHKU�XQWHUVFKLHGOLFK��'LH�'HPDQG�1RGHV�LQ�GHU�6WDGW�KDEHQ
]�%��HLQHQ�ZHVHQWOLFK�K|KHUHQ�.RPPXQLNDWLRQVYHUNHKU�DOV�GLH� LQ�GHQ�:DOGJH�
ELHWHQ�� GHUHQ�.RPPXQLNDWLRQVYHUNHKU� GXUFK� GLH� )OlFKHQEHJUHQ]XQJ� EHJUHQ]W
ZLUG��'LH�'LFKWH�GHU�'HPDQG�1RGHV�LQ�HLQHP�%HUHLFK�HUODXEW�GRUW�NHLQH�GLUHNWH
$XVVDJH�PHKU��EHU�GLH�+|KH�GHV�.RPPXQLNDWLRQVYHUNHKUV�

Abbildung 4.2.17: Demand-Nodes des Würzburger Gebiets
mit Flächenbegrenzung der Demand-Nodes auf 0.2 NP2

=XP�9HUJOHLFK�GHU�$SSUR[LPDWLRQVJ�WH�YHUVFKLHGHQHU�:HUWH�GHU�)OlFKHQEHJUHQ�
]XQJ� ZHUGHQ� YLHU� 3DUDPHWHUVlW]H� YHUZHQGHW�� GLH� LQ� 7DEHOOH� ������ DXIJHOLVWHW
ZHUGHQ��'DPLW�GLH�)OlFKHQEHJUHQ]XQJ�DXFK�ZLUNVDP�LVW��VHW]W�PDQ�]XU�%HUHFK�
QXQJ�GLH�YHUEHVVHUWH�2SWLPLHUXQJ�PLW�6WDQGDUGZHUWHQ�HLQ��2KQH�2SWLPLHUXQJ
HUUHLFKHQ�YLHOH�'HPDQG�1RGHV�QLFKW�GHQ�PD[LPDOHQ�9HUNHKU��REZRKO�VLH�QRFK
QLFKW�GLH�PD[LPDOH�)OlFKH�HUUHLFKW�KDEHQ��:LH� LQ�GHQ�.DSLWHOQ�����XQG�����EH�
VFKULHEHQ�ZLUG��UHSUlVHQWLHUHQ�QDFK�GHU�2SWLPLHUXQJ�QDKH]X�QXU�GLH�'HPDQG�
1RGHV�PLW�EHJUHQ]WHU�)OlFKH�HLQHQ�QLHGULJHUHQ�9HUNHKU�

$OV� 9HUJOHLFK� GLHQW� GDEHL� GLH� .XUYH� RKQH� )OlFKHQEHJUHQ]XQJ�� $OV� HUVWH� 9HU�
JOHLFKVNXUYH�ZLUG�GLH�PD[LPDOH�)OlFKH�HLQHV�'HPDQG�1RGHV�DXI�1.00 NP2� EH�
VFKUlQNW�� 'LHV� ]HLJW� NDXP� HLQH� $XVZLUNXQJ�� GD� IDVW� NHLQ� 'HPDQG�1RGH� HLQH
JU|�HUH� )OlFKH� UHSUlVHQWLHUHQ�Z�UGH��%HL� GHU� GULWWHQ�.XUYH�ZLUG� GHU�:HUW� 0.3
NP2�I�U�GLH�PD[LPDOH�)OlFKH�YHUZHQGHW��$X�HUGHP�HUK|KW�PDQ�GHQ�PD[LPDOHQ
.RPPXQLNDWLRQVYHUNHKU�HLQHV�'HPDQG�1RGHV�VR��GD��GLH�$Q]DKO�GHU�HU]HXJWHQ
'HPDQG�1RGHV� XQJHIlKU� GHU� RKQH� )OlFKHQEHJUHQ]XQJ� HQWVSULFKW�� 'DGXUFK
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ZLUG�GLH�9HUJOHLFKEDUNHLW�GHU�EHLGHQ�.XUYHQ�VLFKHUJHVWHOOW��%HL�GHU�YLHUWHQ�.XUYH
ZLUG� GLH� )OlFKHQEHJUHQ]XQJ� DXI� 0.2 NP2� VHKU� UHVWULNWLY� JHVHW]W�� ZRGXUFK� GLH
PHLVWHQ� 'HPDQG�1RGHV� LQ� LKUHU� )OlFKH� EHJUHQ]W� ZHUGHQ�� 'DEHL� HUK|KW� VLFK
DXFK�GLH�$Q]DKO�GHU�'HPDQG�1RGHV�VWDUN�

Kurve Max.
Verkehr

Max.
Fläche

Anzahl N der
Demand-Nodes

Keine
Flächenbegrenzung, N‘

0.07 unbe-
schränkt

1226

Flächenbegrenzung, N ≈ N‘ 0.07 1.0 km2 1238

Flächenbegrenzung, N = N‘ 0.088 0.3 km2 1226

Flächenbegrenzung, N > N‘ 0.07 0.2 km2 1672

Tabelle 4.2.5: Parametersätze für die Untersuchung der Flächenbegrenzung
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Abbildung 4.2.18: Untersuchung der Flächenbegrenzung bei kleiner Testfläche

,Q�$EELOGXQJ��������VLQG�GLH�(UJHEQLVVH�I�U�GLH�YLHU�3DUDPHWHUVlW]H�GDUJHVWHOOW�
'LH� .XUYH� PLW� HLQHU� %HJUHQ]XQJ� GHU� )OlFKH� DXI� 1.00 NP2� XQWHUVFKHLGHW� VLFK
NDXP�YRQ�GHU�RKQH�%HJUHQ]XQJ��'LH�.XUYH�PLW�H[WUHPHU�%HJUHQ]XQJ�GHU�)OlFKH
DXI�0.2 NP2�]HLJW�YRU�DOOHP�LP�%HUHLFK�NOHLQHU�7HVWIOlFKHQ�HLQHQ�GHXWOLFK�QLHGUL�
JHUHQ�)HKOHU��'LHV�ZLUG�]XP�7HLO�DEHU�GXUFK�GLH�KRKH�$Q]DKO�DQ�'HPDQG�1RGHV
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KHUYRUJHUXIHQ�� ,QWHUHVVDQWHU� LVW� GLH�.XUYH�PLW�0.3 NP2� )OlFKHQEHJUHQ]XQJ�� GD
VLH�XQJHIlKU�GLH�JOHLFKH�$Q]DKO�'HPDQG�1RGHV�EHVLW]W�ZLH�GLH�.XUYH�RKQH�)Ol�
FKHQEHJUHQ]XQJ��$XFK�KLHU� LVW� LP�%HUHLFK� YRQ�NOHLQHQ�7HVWIOlFKHQ� HLQ� VLJQLIL�
NDQW�QLHGULJHUHU�)HKOHU�EHREDFKWEDU�

'HU�%HUHLFK�JU|�HUHU�5DGLHQ�GHU�7HVWIOlFKHQ� LVW� LQ�$EELOGXQJ��������EHVVHU�]X
HUNHQQHQ��'LH�)OlFKHQEHJUHQ]XQJ�]HLJW� LKUH�$XVZLUNXQJ�YRU�DOOHP� LP�%HUHLFK
NOHLQHU� 7HVWIOlFKHQ�� %HL� JUR�HQ� 5DGLHQ� LVW� GLH� .XUYH�PLW� 0.3 NP2� %HJUHQ]XQJ
VRJDU�VFKOHFKWHU�DOV�GLH�.XUYH�RKQH�%HJUHQ]XQJ�GHU�)OlFKH��'LHV�Ol�W�VLFK�OHLFKW
GXUFK� GHQ� K|KHUHQ�PD[LPDOHQ�.RPPXQLNDWLRQVYHUNHKU� HLQHV�'HPDQG�1RGHV
EHL�GLHVHP�3DUDPHWHUVDW]�HUNOlUHQ��'HU�K|KHUH�.RPPXQLNDWLRQVYHUNHKU�LVW�Q|�
WLJ��GDPLW�WURW]�)OlFKHQEHJUHQ]XQJ�XQJHIlKU�GLH�JOHLFKH�$Q]DKO�'HPDQG�1RGHV
HU]HXJW�ZLUG�ZLH� LP�)DOO� RKQH�%HJUHQ]XQJ�GHU� )OlFKH��'LH� .XUYH�PLW� GHU� %H�
VFKUlQNXQJ� DXI� 0.2 NP2� LVW� QLFKW� EHVRQGHUV� DXVVDJHNUlIWLJ�� GD� EHL� LKU� DOOHLQH
GXUFK�GLH�KRKH�$Q]DKO�GHU�'HPDQG�1RGHV�GHU�)HKOHU�LP�JDQ]HQ�%HUHLFK�NOHLQHU
LVW�
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0.3 km   Flächenbegrenzung, N = N’

2

2

2

Abbildung 4.2.19: Untersuchung der Flächenbegrenzung bei großer Testfläche

'HU�+DXSWYRUWHLO�GHU�)OlFKHQEHJUHQ]XQJ�OLHJW�GDULQ��GD��VHOEVW�LQ�*HELHWHQ�PLW
VHKU� QLHGULJHU� 9HUNHKUVGLFKWH� NHLQ� %HUHLFK� JU|�HU� DOV� GLH� )OlFKHQEHJUHQ]XQJ
RKQH� HLQHQ� 'HPDQG�1RGH� EOHLEW�� 'DGXUFK� NDQQ� QLFKW� QXU� LQ� GLHVHP� %HUHLFK
HLQH� 9HUVRUJXQJ� GHV� .RPPXQLNDWLRQVYHUNHKUV� VLFKHUJHVWHOOW� ZHUGHQ�� VRQGHUQ
DXFK� HLQH� 9HUVRUJXQJ� GHU� )OlFKH�� 'LHVHU� 9RUWHLO� NDQQ� GXUFK� GDV� VWDWLVWLVFKH
0H�YHUIDKUHQ�QLFKW�HIIHNWLY��EHUSU�IW�ZHUGHQ��'XUFK�GLH�0LWWHOXQJ�GHV�)HKOHU�
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PD�HV� �EHU� GDV� JHVDPWH� 3ODQXQJVJHELHW� ZLUNW� VLFK� GLH� EHVVHUH� $SSUR[LPDWL�
RQVJ�WH�LQ�%HUHLFKHQ�PLW�QLHGULJHP�9HUNHKU�NDXP�LQ�GHU�0H�NXUYH�DXV�

4.3 Repräsentation der Landnutzungsklassen

%HL�GHU�%HZHUWXQJ�GHU�YHUVFKLHGHQHQ�9HUIDKUHQ�]XU�&OXVWHUXQJ�VLQG�]XP�HLQHQ
GLH�$EZHLFKXQJHQ�GHU�9HUNHKUVYHUWHLOXQJ�GHU�'HPDQG�1RGHV�YRQ�GHU�9HUNHUV�
PDWUL[� LQWHUHVVDQW�� =XP� DQGHUHQ� LVW� DXFK� GLH� *HQDXLJNHLW� GHU� 5HSUlVHQWDWLRQ
GHU�/DQGQXW]XQJVNODVVHQ�GXUFK�GLH�'HPDQG�1RGHV�ZLFKWLJ��GD�VLH�I�U�GLH�:HO�
OHQDXVEUHLWXQJVPRGHOOH�Q|WLJ�VLQG��'LHVH�/DQGQXW]XQJVNODVVHQ�OHJHQ�IHVW��ZHO�
FKH�0RGHOOH�XQG�3DUDPHWHU�]XU�%HVWLPPXQJ�GHU�6LJQDOVWlUNH��GLH��EHU�GLH�9HU�
VRUJXQJ� HLQHV� 7HLOQHKPHUV� HQWVFKHLGHW�� ]XJUXQGH� JHOHJW� ZHUGHQ�� $XV� GLHVHP
*UXQG� P�VVHQ� GLH� /DQGQXW]XQJVNODVVHQ� GHU� 'HPDQG�1RGHV� GLH� ZLUNOLFKH
/DQGQXW]XQJ�P|JOLFKVW�JHQDX�ZLHGHUJHEHQ��'LH�'DWHQ��EHU�GLH�/DQGQXW]XQJV�
NODVVH�DQ�HLQHU�3RVLWLRQ�ZHUGHQ�LQ�GHU�/DQGQXW]XQJVPDWUL[�JHVSHLFKHUW��GHUHQ
(UVWHOOXQJ�LQ�.DSLWHO�������HUOlXWHUW�ZLUG�

4.3.1 Meßverfahren

=XU�%HZHUWXQJ�GHU�*�WH�GHU�5HSUlVHQWDWLRQ�GHU�/DQGQXW]XQJVNODVVHQ� LP�3OD�
QXQJVJHELHW�ZHUGHQ� GLH� VHOEHQ� 7HVWV� ZLH� LQ� .DSLWHO� ���� YHUZHQGHW�� 1XQ�ZLUG
DEHU�GLH�9HUWHLOXQJ�GHU�/DQGQXW]XQJVNODVVHQ�LQQHUKDOE�GHU�7HVWIOlFKH�EHVWLPPW
XQG�QLFKW�GHU�.RPPXQLNDWLRQVYHUNHKU�VXPPLHUW�

=XP�HLQHQ�PL�W�PDQ�GLHVH�9HUWHLOXQJ�LQQHUKDOE�GHU�/DQGQXW]XQJVPDWUL[��ZLH�LQ
$EELOGXQJ������� JH]HLJW��'DEHL�ZLUG� I�U� MHGH� /DQGQXW]XQJVNODVVH� i� GLH� $Q]DKO
GHU�)OlFKHQHOHPHQWH�NM(i)�LQQHUKDOE�GHU�7HVWIOlFKH�EHVWLPPW��'DUDXV�Ol�W�VLFK
GLH�9HUWHLOXQJ�DM(i)�GHU�HLQ]HOQHQ�/DQGQXW]XQJVNODVVHQ� LQ�GHU�0DWUL[�EHUHFK�
QHQ��ZREHL�GLH�/DQGNODVVHQ�YRQ�1�ELV�L�GXUFKQXPHULHUW�ZHUGHQ�

∑
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=XP�DQGHUHQ�ZLUG�GLH�9HUWHLOXQJ�GHU�/DQGQXW]XQJVNODVVHQ�GHU�'HPDQG�1RGHV
LQQHUKDOE�GHU�7HVWIOlFKH�EHUHFKQHW��ZLH�LQ�$EELOGXQJ�������GDUJHVWHOOW�ZLUG�
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+LHUEHL� ZLUG�PLW�ND(i)� GLH� $Q]DKO� GHU� 'HPDQG�1RGHV�PLW� GHU� /DQGQXW]XQJV�
NODVVH�i LQQHUKDOE�GHU�7HVWIOlFKH�EH]HLFKQHW�

:LFKWLJ�GDEHL�LVW��GD��GLHVH�9HUWHLOXQJ�QXU�GDQQ�EHVWLPPW�ZHUGHQ�NDQQ��ZHQQ
LQQHUKDOE�GHU�7HVWIOlFKH�PLQGHVWHQV�HLQ�'HPDQG�1RGH� OLHJW��$QGHUQIDOOV�NDQQ
NHLQH�$XVVDJH��EHU�GLH�/DQGQXW]XQJVNODVVH�GXUFK�GLH�'HPDQG�1RGHV�JHPDFKW
ZHUGHQ�� ,Q� GHU� 3UD[LV� WULWW� GLHVHU� )DOO� QLFKW� DXI�� GD� NHLQ� 6HQGHU� HLQH� 9HUVRU�
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JXQJVIOlFKH�KDW��GLH�NHLQHQ�.RPPXQLNDWLRQVYHUNHKU YHUVRUJW�� G�K�� NHLQHQ� HLQ�
]LJHQ�'HPDQG�1RGH��EHUGHFNW�

Abbildung 4.3.1: Landnutzungsklassen in der Matrix

Abbildung 4.3.2: Landnutzungsklassen der Demand-Nodes

'LH�EHLGHQ�9HUWHLOXQJHQ�GHU�/DQGQXW]XQJVNODVVHQ�VROOWHQ�LP�,GHDOIDOO�LGHQWLVFK
VHLQ�� =XP�9HUJOHLFK� YHUVFKLHGHQHU�'HPDQG�1RGH�9HUWHLOXQJHQ�ZLUG� IROJHQGHV
)HKOHUPD��GHILQLHUW�
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'LH�'HILQLWLRQ�YRQ�∆RL�LVW�GDEHL�VR�DQJHOHJW��GD��VLFK�GHU�:HUW�0�HUJLEW��IDOOV�GHU
SUR]HQWXDOH�$QWHLO�MHGHU�/DQGQXW]XQJVNODVVH�VRZRKO�LQ�GHU�0DWUL[��DOV�DXFK�EHL
GHQ� 'HPDQG�1RGHV� �EHUHLQVWLPPW�� )DOOV� DOOH� 'HPDQG�1RGHV� HLQH� DQGHUH
/DQGQXW]XQJVNODVVH� EHVLW]HQ� DOV� GLH� HQWVSUHFKHQGHQ� )OlFKHQHOHPHQWH� LQ� GHU
0DWUL[��VR� OLHIHUW�∆RL�GHQ�PD[LPDOHQ�:HUW�YRQ�1.0��'HU�:HUW�GHV�)HKOHUPD�HV
∆RL�HUP|JOLFKW�HLQH�JHQDXH�$XVVDJH��EHU�GLH�$SSUR[LPDWLRQVJ�WH�GHU�/DQGQXW�
]XQJVNODVVHQ�LQ�GHU�7HVWIOlFKH�

=XU�(UOlXWHUXQJ�ZLUG�DOV�%HLVSLHO�GHU�:HUW�YRQ�∆RL� I�U�GLH�NOHLQHUH�GHU�EHLGHQ
7HVWIOlFKHQ�LQ�$EELOGXQJ�������EHUHFKQHW�

)�U�GLH�0DWUL[�HUJHEHQ�VLFK�GLH�LQ�7DEHOOH�������DXIJHOLVWHWHQ�:HUWH�

Landnutzungsklasse NM(i) DM(i)

Rot 4

14

4

Grün 10

14

10

Gelb 0

14

0

Tabelle 4.3.1: Landnutzung der Testfläche in der Matrix

)�U�GLH�'HPDQG�1RGHV�HUJHEHQ�VLFK�GLH�:HUWH�DXV�7DEHOOH�������

Landnutzungsklasse ND(i) DD(i)

Rot 2 0.4

Grün 2 0.4

Gelb 1 0.2

Tabelle 4.3.2: Landnutzung der Testfläche der Demand-Nodes

'DV�)HKOHUPD��∆RL�Ol�W�VLFK�QXQ�EHUHFKQHQ�]X�

31,02,0
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)�U�HLQ�VWDWLVWLVFK�DXVVDJHNUlIWLJHV�(UJHEQLV�ZLUG��DQDORJ�]X�GHQ� LQ�GHQ�.DSL�
WHOQ�������ELV�������EHVFKULHEHQHQ�9HUIDKUHQ��GLH�PLWWOHUH�$EZHLFKXQJ�∆RLmean�LQ
$EKlQJLJNHLW�YRP�5DGLXV�r�EHVWLPPW��'LH�)XQNWLRQ�∆RLmean(r)�ZLUG�DOV�*�WHPD�
I�U�GLH�$SSUR[LPDWLRQVJ�WH�GHU�/DQGQXW]XQJ�KHUDQJH]RJHQ�

4.3.2 Meßergebnisse

,Q� GHU� $EELOGXQJ� ������ LVW� GDV� *�WHPD��∆RLmean(r)� I�U� EHLGH� 9HUIDKUHQ� GDUJH�
VWHOOW��,Q�GHU�*UDILN�IlOOW�GHU�ZDQQHQI|UPLJH�9HUODXI�GHU�.XUYH�GHV�=XVDPPHQ�
IDVVHQV�DXI��GLH�EHL�HLQHP�5DGLXV�YRQ�HWZD�1000 P�HLQ�0LQLPXP�HUUHLFKW�

0.1
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1000
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6000300

Abbildung 4.3.3: Vergleich der Landnutzungsklassen beider Verfahren

'HU�K|KHUH�)HKOHU�EHL�VHKU�NOHLQHQ�5DGLHQ�LVW�GDPLW�]X�HUNOlUHQ��GD��RIW�QXU�HLQ
RGHU�HLQLJH�'HPDQG�1RGHV�LQ�GHU�7HVWIOlFKH�OLHJHQ��XQG�GDPLW�GLH�*HQDXLJNHLW
GHU�'DUVWHOOXQJ�JHULQJHU� LVW��'HU� $QVWLHJ� GHV� )HKOHUV�PLW�ZDFKVHQGHP�5DGLXV
NRPPW�GDKHU��GD��GLH�SUR]HQWXDOH�9HUWHLOXQJ�GHU�/DQGQXW]XQJVNODVVHQ�LQ�GHU
0DWUL[� QLH� JHQDX� GHU� 9HUWHLOXQJ� GHU� 'HPDQG�1RGHV� HQWVSUHFKHQ� NDQQ�� 'HU
*UXQG�LVW�GHU�8QWHUVFKLHG� LQ�GHU�*UDQXODULWlW�GHU�'DWHQ��EHU�GLH�9HUNHKUVYHU�
WHLOXQJ�]ZLVFKHQ�GHU�9HUNHKUVPDWUL[�XQG�GHQ�'HPDQG�1RGHV�

,Q�GHU�*UDILN�LVW�GHXWOLFK�GHU�9RUWHLO�GHV�9HUIDKUHQV�GHV�=XVDPPHQIDVVHQV�YRQ
.QRWHQ�]X�VHKHQ��GHVVHQ�)HKOHU�LQ�DOOHQ�%HUHLFKHQ�QLHGULJHU�DXVIlOOW��9RU�DOOHP
LP� ZLFKWLJHQ� %HUHLFK� GHU� 9HUVRUJXQJVJHELHWH� PLW� HLQLJHQ� .LORPHWHUQ� 'XUFK�
PHVVHU� LVW�GLHVHV�9HUIDKUHQ��EHUOHJHQ��ZDV�DQ�GHP�EHVVHUHQ�$OJRULWKPXV� ]XU
)HVWOHJXQJ� GHU� /DQGQXW]XQJVNODVVH� HLQHV�'HPDQG�1RGHV� OLHJW�� 'HU� EHLP� =X�
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VDPPHQIDVVHQ�YHUZHQGHWH�$OJRULWKPXV�]XU�)HVWOHJXQJ�GHU�/DQGQXW]XQJVNODVVH
ZLUG� LQ�.DSLWHO���������XQG�GHU�EHLP�9HUIDKUHQ�GHV�3DUWLWLRQLHUHQV�HLQJHVHW]WH
LQ�.DSLWHO�������EHVFKULHEHQ�

,Q� $EELOGXQJ� ������ LVW� GHU� )HKOHU� EHL� XQWHUVFKLHGOLFKHU� $Q]DKO� YRQ� 'HPDQG�
1RGHV�GDUJHVWHOOW��9RU�DOOHP�GHU�)HKOHU�EHL�NOHLQHQ�5DGLHQ�QLPPW�PLW�K|KHUHU
$Q]DKO�GHU�'HPDQG�1RGHV�DE��ZREHL�GDV�0LQLPXP�GHV�)HKOHUV�IU�KHU�HUUHLFKW
ZLUG��%HL�JU|�HUHQ�5DGLHQ�HUJLEW�VLFK�NDXP�HLQ�8QWHUVFKLHG�]ZLVFKHQ�GHQ�HLQ�
]HOQHQ�.XUYHQ�� %HLP�9HUIDKUHQ� GHV� 3DUWLWLRQLHUHQV� Ol�W� VLFK� GHU� )HKOHU� GXUFK
(UK|KXQJ�GHU�$Q]DKO�GHU�'HPDQG�1RGHV�QXU�ZHQLJ�YHUULQJHUQ�

Partitionieren, N = 512
Partitionieren, N = 1024
Partitionieren, N = 2048
Zusammenfassen, N = 563
Zusammenfassen, N = 1089
Zusammenfassen, N = 2150
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1000
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Abbildung 4.3.4: Vergleich bei verschiedener Anzahl der Demand-Nodes
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5 Anwendungsbeispiele der Clusterung

,P� IROJHQGHQ�ZHUGHQ�YHUVFKLHGHQH�%HUHLFKH� YRUJHVWHOOW�� EHL�GHQHQ�GLH�&OXVWH�
UXQJ�HLQH�5ROOH�VSLHOW��$X�HUGHP�ZHUGHQ�$QZHQGXQJVEHLVSLHOH�I�U�GLH�GXUFK�GLH
&OXVWHUXQJVYHUIDKUHQ�HU]HXJWHQ�3XQNWPXVWHU�DXIJH]HLJW��'LH�PHLVWHQ�%HLVSLHOH
VLQG�DXV�GHP�%HUHLFK�0RELOIXQN��REZRKO�GDV�.RQ]HSW�GHU�'HPDQG�1RGHV�XQL�
YHUVHOO�]XU�3ODQXQJ�YRQ�9HUVRUJXQJVVWDQGRUWHQ�GLHQHQ�NDQQ�

5.1 Einfluß der Clusterung der Teilnehmer auf die sub-
jektive Dienstgüte

,Q�]HOOXODUHQ�PRELOHQ�.RPPXQLNDWLRQVV\VWHPHQ�LVW�GLH�9HUWHLOXQJ�GHU�7HLOQHK�
PHU� LP�9HUVRUJXQJVJHELHW�KlXILJ�JHFOXVWHUW�� G�K��GLH�7HLOQHKPHUNRQ]HQWUDWLRQ
VFKZDQNW� VWDUN� DEKlQJLJ� YRQ� GHU� 3RVLWLRQ�� 'LHVHQ� (IIHNW� ]X� EHU�FNVLFKWLJHQ�
GHU�GLH�VXEMHNWLYH�'LHQVWJ�WH�GHU�HLQ]HOQHQ�7HLOQHKPHU�EHHLQIOX�W��LVW�HLQ�ZLFK�
WLJHU�$VSHNW�EHL�GHU�1HW]ZHUNSODQXQJ��'LH�VXEMHNWLYH�'LHQVWJ�WH��LP�(QJOLVFKHQ
DOV� ÅTXDOLW\� RI� VHUYLFH´� �4R6�� EH]HLFKQHW�� KlQJW� LQ� HQWVFKHLGHQGHP�0D�� YRP
&KDUDNWHU�GHU�&OXVWHUXQJ�DE��ZREHL�YRU�DOOHP�GLH�,QWHQVLWlW�GHU�&OXVWHUXQJ�DXV�
VFKODJJHEHQG�LVW�� ,Q�>��@�ZHUGHQ�GD]X�YHUVFKLHGHQH�]ZHLGLPHQVLRQDOH�VWRFKD�
VWLVFKH�3UR]HVVH�XQWHUVXFKW��GLH�]XU�0RGHOOLHUXQJ�GHU�&OXVWHUXQJ�GHU�7HLOQHK�
PHU�KHUDQJH]RJHQ�ZHUGHQ�N|QQHQ��$XIJUXQG�GLHVHU�3UR]HVVH�ZLUG�GLH�VXEMHNWL�
YH� 'LHQVWJ�WH� EHUHFKQHW�� GLH� HLQ� 7HVWWHLOQHKPHU� GRUW� HUIDKUHQ� Z�UGH�� 'LHVH
3UR]HVVH�ZHUGHQ� LQ�GHU� HQWVSUHFKHQGHQ�/LWHUDWXU� >�@� XQG� >��@� DXVI�KUOLFK� EH�
VFKULHEHQ��)�U�GLH�NRUUHNWH�:DKO�HLQHV�0RGHOOV�GHU�VWRFKDVWLVFKHQ�3UR]HVVH�LVW
GLH�ZLUNOLFKH�6WUXNWXU�GHU�&OXVWHUXQJ�GHU�7HLOQHKPHU�HQWVFKHLGHQG��'LHVH�8Q�
WHUVXFKXQJ��EDVLHUHQG�DXI�GHQ�'DWHQ�GHV�:�U]EXUJHU�XQG�GHV�'DOODV�*HELHWV�
LVW�HLQH�9DOLGLHUXQJ�XQG�(UZHLWHUXQJ�PLW�0H�ZHUWHQ�GHU�(UJHEQLVVH�YRQ�>��@�

5.1.1 Modellierung der subjektiven Dienstgüte

'HU� (LQIOX�� GHU� 6WUXNWXU� GHU� &OXVWHUXQJ� DXI� GLH� VXEMHNWLYH� 'LHQVWJ�WH� HLQHV
7HLOQHKPHUV� ZLUG� LP� IROJHQGHQ� XQWHUVXFKW�� 'D]X� ZLUG� HLQ� 7HVWWHLOQHKPHU� LP
1HW]� EHWUDFKWHW�� )DOOV� GLHVHU� LQ� HLQHU�8PJHEXQJ�PLW� &OXVWHUXQJ� OLHJW�� XQG� GLH
7HLOQHKPHUNRQ]HQWUDWLRQ�GXUFK�GLH�&OXVWHUXQJ�QLFKW�EHL�GHU�1HW]ZHUNSODQXQJ
EHU�FNVLFKWLJW� ZXUGH�� ZLUG� GLH� VXEMHNWLYH� 'LHQVWJ�WH� GLHVHV� 7HVWWHLOQHKPHUV
YHUULQJHUW��8P�GLH� 6HQNXQJ�GHU�'LHQVWJ�WH�ZHJHQ�.RQ]HQWUDWLRQVHIIHNWHQ� GHU
&OXVWHUXQJ�TXDQWLWDWLY�]X�EHVFKUHLEHQ��ZLUG�DQJHQRPPHQ��GD��EHL�GHU�3ODQXQJ
GHU� 9HUVRUJXQJVJHELHWH� GLH� &OXVWHUXQJ� YHUQDFKOlVVLJW� ZXUGH�� 'LHV� HQWVSULFKW
HLQHP�3ODQXQJVDQVDW]��EHL�GHP�QXU�GLH�JHRJUDSKLVFKH�)OlFKH�YHUVRUJW�ZLUG�XQG
QLFKW�GHU�.RPPXQLNDWLRQVYHUNHKU��'LHVHQ�NODVVLVFKHQ��DQDO\WLVFKHQ�3ODQXQJV�
DQVDW]�� GHU� LQ� >�@�� >��@� XQG� >��@� EHVFKULHEHQ� ZLUG�� YHUZHQGHQ� YLHOH� EHNDQQWH
3ODQXQJVYHUIDKUHQ�XQG�²ZHUN]HXJH��ZLH�]�%��3(*$626�>��@�RGHU�3/$1(7�>��@�



99

5.1.2 Beschreibung des verwendeten Modells

,P�IROJHQGHQ�ZLUG�HLQ�7HVWWHLOQHKPHU�LQ�HLQHP�PRELOHQ�1HW]�PLW�&OXVWHUXQJ�GHU
%HQXW]HU�XQWHUVXFKW��'LH�6WUXNWXU�GHU�&OXVWHUXQJ�ZLUG�GXUFK�HLQHQ�]ZHLGLPHQ�
VLRQDOHQ�3XQNWSUR]H��EHVFKULHEHQ��'DV�9HUVRUJXQJVJHELHW�HLQHV�6HQGHUV��DXFK
DOV�=HOOH�EH]HLFKQHW��EHGLHQW�KLHU�HLQH�$Q]DKO�X�YRQ�7HLOQHKPHUQ��'LH�=HOOH�EH�
GHFNW�GDEHL�GLH�)OlFKH�F�XQG�YHUI�JW��EHU�K�.DQlOH��'XUFK�GLH�&OXVWHUXQJ�LVW�GLH
$Q]DKO� GHU� ]X� YHUVRUJHQGHQ� 7HLOQHKPHU� EHL� HLQHU� IUHL� JHZlKOWHQ� =HOOH� QLFKW
NRQVWDQW��'HVKDOE�ZLUG�GLH�$Q]DKO�DOV�=XIDOOVYDULDEOH�X�GHILQLHUW�� ,Q�$EELOGXQJ
������ZLUG�GDV�0RGHOOV\VWHP�GDUJHVWHOOW��)�U�GLH�=XIDOOVYDULDEOH�X�N|QQHQ�YHU�
VFKLHGHQH� 9HUWHLOXQJHQ� DQJHQRPPHQ� ZHUGHQ�� GLH� VLFK� GXUFK� GLH� UlXPOLFKH
9HUWHLOXQJ� GHU� 7HLOQHKPHU� LP� *HELHW� HUJHEHQ�� )�U� GLHVH� UlXPOLFKH� 9HUWHLOXQJ
N|QQHQ�DOV�0RGHOO�YHUVFKLHGHQH�]ZHLGLPHQVLRQDOH�VWRFKDVWLVFKH�3XQNWSUR]HV�
VH�DQJHQRPPHQ�ZHUGHQ��=XVlW]OLFK�NDQQ�GLH�ZLUNOLFKH�9HUWHLOXQJ�LP�3ODQXQJV�
JHELHW��GLH�GXUFK�GLH�'HPDQG�1RGHV�UHSUlVHQWLHUW�ZLUG��JHPHVVHQ�ZHUGHQ�

Abbildung 5.1.1: Modell einer Zelle mit Clusterung der Teilnehmer

'HU�9HUNHKUVSUR]H��GHU�7HLOQHKPHU�LVW� LQ�GDV�0RGHOO�HLQHV�9HUOXVWV\VWHPV�PLW
HQGOLFKHU� 4XHOOHQ]DKO� HLQJHEHWWHW�� (LQ� 7HLOQHKPHU� NDQQ� GDEHL� ]ZHL� =XVWlQGH
DQQHKPHQ��3DVVLY� RGHU�$NWLY�� 'LH� /lQJH� GHU� =HLWLQWHUYDOOH�� LQ� GHQHQ� GHU� 7HLO�
QHKPHU�LQ�HLQHU�GHU�EHLGHQ�=XVWlQGH�YHUKDUUW��ZLUG�DOV�H[SRQHQWLHOO�YHUWHLOW�DQ�

JHQRPPHQ�� 'LH� =XIDOOVYDULDEOH� I� PLW� HLQHP�0LWWHOZHUW� YRQ�
α
1
� EHVFKUHLEW� GLH

$XIHQWKDOWV]HLW� LP�=XVWDQG�3DVVLY��1DFK�GHP�(QGH�HLQHV�*HVSUlFKV� EOHLEW� HLQ
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7HLOQHKPHU�LQ�GLHVHP�=XVWDQG��ELV�HU�GHQ�QlFKVWHQ�$QUXI�VWDUWHW��)DOOV�GHU�9HU�
VXFK� HLQHV� $QUXIV� ]XU�FNJHZLHVHQ� ZLUG�� GD� NHLQ� .DQDO� IUHL� LVW�� YHUEOHLEW� GHU
7HLOQHKPHU� LP�=XVWDQG�3DVVLY��'DV�=HLWLQWHUYDOO� LP�=XVWDQG�$NWLY�ZLUG�PLW�GHU

=XIDOOVYDULDEOH�B� PLW� HLQHP�0LWWHOZHUW� YRQ�
µ
1
� EHVFKULHEHQ�� ZREHL� GLHVHU� =X�

VWDQG�GLH�1XW]XQJ�HLQHV�.DQDOV�GDUVWHOOW��6RODQJH�GHU�7HLOQHKPHU�YHUEXQGHQ�LVW�
YHUEOHLEW�HU�LQ�GLHVHP�=XVWDQG�XQG�JHKW�QDFK�GHP�(QGH�GHU�9HUELQGXQJ�ZLHGHU
LQ�GHQ�=XVWDQG�3DVVLY��EHU�

'LH�9HUNHKUVDNWLYLWlW�� GLH� HLQ�7HLOQHKPHU�EHZLUNW�� G�K��GLH�:DKUVFKHLQOLFKNHLW�
GD�� HLQ� 7HLOQHKPHU� DNWLY� LVW�� IDOOV� HLQH� HYHQWXHOOH� %ORFNLHUXQJ� YHUQDFKOlVVLJW
ZLUG��LVW�

*

*

11 a

a
M +

=
+

=

µ
α

µ
α

ρ ��

'DV�9HUNHKUVDQJHERW��ZHOFKHV�LQ�GLHVHU�$UEHLW�]XU�3ODQXQJ�KHUDQJH]RJHQ�ZLUG�
HUJLEW�VLFK�]X�

µ
α=*a ��

+LHUEHL�EHVFKUHLEW�a*�DXFK�GLH�9HUNHKUVLQWHQVLWlW��GLH�GXUFK�GHQ�.RPPXQLNDWL�
RQVYHUNHKU� HLQHV� 7HLOQHKPHUV� HU]HXJW� ZLUG�� 'LHVHU� :HUW� ZLUG� KlXILJ� I�U� GLH
1HW]ZHUNSODQXQJ� YHUZHQGHW� XQG� LQ� GHU� 3VHXGRHLQKHLW� Å(UODQJ´� >(UO@� DQJHJH�
EHQ��(U�OLHJW�LP�%HUHLFK�YRQ�0.015 (UO�ELV�0.05 (UO��'LH�9HUNHKUVLQWHQVLWlW�LVW�GHU
:HUW��GHU�LQ�GHU�9HUNHKUVPDWUL[�DEJHOHJW�ZLUG�XQG�DOV�*UXQGODJH�]XU�(UVWHOOXQJ
GHU�'HPDQG�1RGHV� GLHQW�� 8P�GLH� 9HUNHKUVLQWHQVLWlW� ]X� EHUHFKQHQ�� GLH� GXUFK
PHKUHUH� 7HLOQHKPHU� HU]HXJW� ZLUG�� ZHUGHQ� GLH� HLQ]HOQHQ� 9HUNHKUVDQJHERWH a*

VXPPLHUW�

'DV�0RGHOO�HLQHU�=HOOH�VWHOOW�HLQ�6WDQGDUG�9HUOXVWV\VWHP�PLW�K�%HGLHQHLQKHLWHQ
XQG�HLQHU�HQGOLFKHQ�$Q]DKO�X�YRQ�4XHOOHQ�GDU��ZLH�HV�]�%�� LQ�>��@�EHVFKULHEHQ
ZLUG��'LH�=XIDOOVYDULDEOH�X��EH]HLFKQHW�GLH�]XIlOOLJH�$Q]DKO�GHU�7HLOQHKPHU��GLH
VLFK�EHL�HLQHU�EHOLHELJHQ�3RVLWLRQLHUXQJ�HLQHU�=HOOH�HUJLEW��RKQH�GDEHL�GLH�&OX�
VWHUXQJ�]X�EHU�FNVLFKWLJHQ�

5.1.3 Definition der subjektiven Dienstgüte

'LH�VXEMHNWLYH�'LHQVWJ�WH�ZLUG�GHILQLHUW�DOV�GLH�%ORFNLHUXQJVZDKUVFKHLQOLFKNHLW�
GLH�HLQ�EHOLHELJHU�7HVWWHLOQHKPHU�LP�XQWHUVXFKWHQ�*HELHW�VLHKW�

0LW� )()( iXPix == � HUJLEW� VLFK� GLH�:DKUVFKHLQOLFKNHLW� )(ix∗ �� GD�� GHU� 7HVWWHLO�

QHKPHU�VLFK�LQ�HLQHU�=HOOH�PLW�X = i�7HLOQHKPHUQ�DXIKlOW��QDFK�>��@�]X�
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E[X]
ixiix

1
)()( ⋅⋅=∗ ��

'LH�:DKUVFKHLQOLFKNHLW� )(ix∗ �LVW�SURSRUWLRQDO�]XU�$Q]DKO�GHU�7HLOQHKPHU�i�LQ�GHU

=HOOH� XQG� ]XU� $XIWULWWVZDKUVFKHLQOLFKNHLW� )()( iXPix == � HLQHU� =HOOH�PLW� i 7HLO�

QHKPHUQ�� :HLWHUKLQ� PX�� ∑
∞

=

=⋅⋅
1

1)(
i

ixic � JHOWHQ�� ZRUDXV�
E[X]

c
1= � UHVXOWLHUW�

,QVJHVDPW�HUJLEW�VLFK�GDUDXV�GLH�RELJH�)RUPHO�I�U� )(ix∗ �

0LW�GHU�9HUZHQGXQJ�GHU�DXV�>��@�EHNDQQWHQ�(QJVHW�)RUPHO�EHNRPPW�PDQ�GLH
EHGLQJWH�%ORFNLHUXQJVZDKUVFKHLQOLFKNHLW� GHV� 7HVWWHLOQHKPHUV�� IDOOV� HU� LQ� HLQHU
=HOOH�PLW�X = i�7HLOQHKPHUQ�LVW�

)(ipB  { }( )iXP = | esen"zurückgewihmer Testteilne"

Gleichung 5.1.1

 

∑
=






 −






 −

K

k

k

K

a
k

i

a
K

i

0

*

*

1

1

��

%HLGH�*OHLFKXQJHQ�]XVDPPHQ�JHEHQ�GLH�%ORFNLHUXQJVZDKUVFKHLQOLFKNHLW�HLQHV
EHOLHELJHQ�7HVWWHLOQHKPHUV�DQ��GLH�GHU�REHQ�EHVFKULHEHQHQ�VXEMHNWLYHQ�'LHQVW�
J�WH�HQWVSULFKW�

∑
∞

+=

∗=
1

)()(
Ki

BB ixipp ��

5.1.4 Modelle der Verteilung der Teilnehmer

)�U�GLH�=XIDOOVYDULDEOH�X�N|QQHQ�IROJHQGH�9HUWHLOXQJHQ�KHUDQJH]RJHQ�ZHUGHQ�

• 'HWHUPLQLVWLVFKH�9HUWHLOXQJ��'LH�$Q]DKO�GHU�7HLOQHKPHU�LQ�HLQHU�=HOOH
LVW�NRQVWDQW�



 =

==
sonst0

für 1
)(

di
iXP ��

PLW� dE[X] = �� 0=Xc ��

• 3RLVVRQ�9HUWHLOXQJ�

y
i

e
i

y
iXP −==

!
)( ��

PLW� yE[X] = �� 1=Xc ��
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• 1HJDWLY�ELQRPLDOH�9HUWHLOXQJ�

( ) iy qq
i

iy
iXP −⋅




 −+
== 1

1
)( ��

PLW�
q

yq
E[X]

−
=

1
��

yq
cX

1= ��

ZREHL� VLFK�GLH�3DUDPHWHU�\�XQG�T�DXFK�DXV�JHJHEHQHQ�E[X]�XQG�cx

EHVWLPPHQ�ODVVHQ�

2

1

XcE[X]
q

⋅
= ���

1−⋅
=

XcE[X]

E[X]
y ��

• 0HVVXQJ�GHU�9HUWHLOXQJ�PLW�+LOIH�YRQ�7HVW]HOOHQ��GLH�EHOLHELJ��EHU�GDV
*HELHW�JHOHJW�ZHUGHQ�

0LW�E[X]�ZLUG�KLHUEHL�GHU�0LWWHOZHUW�GHU�=XIDOOVYDULDEOH�X�XQG�PLW�cX�LKU�9DULDWL�
RQVNRHIIL]LHQW�EH]HLFKQHW�

,P� IROJHQGHQ�.DSLWHO�ZLUG�GDV�0HVVHQ�GHU�9HUWHLOXQJ�GHU�=XIDOOVYDULDEOH�;� LP
:�U]EXUJHU�XQG�LP�'DOODV�*HELHW�EHVFKULHEHQ�

5.1.5 Messung der Verteilung der Teilnehmer

)�U�GLH�0HVVXQJ�GHU�=XIDOOVYDULDEOH�X�ZLUG�DXVJHQXW]W��GD��MHGHU�'HPDQG�1RGH
GLH�7HLOQHKPHU�LQ�VHLQHU�)OlFKH�]XVDPPHQID�W�XQG�LKUHQ�.RPPXQLNDWLRQVYHU�
NHKU�VXPPLHUW��'D]X�ZLUG�HLQH�0HQJH�YRQ�7HVWNUHLVHQ�PLW�NRQVWDQWHU�)OlFKH�F
]XIlOOLJ� LQ�GDV�*HELHW�JHOHJW��XQG�GHU�.RPPXQLNDWLRQVYHUNHKU� LQQHUKDOE� MHGHV
7HVWNUHLVHV�VXPPLHUW��ZLH�LQ�$EELOGXQJ�������JH]HLJW��'DUDXV�HUJHEHQ�VLFK�I�U�N

7HVWV� GLH� 9HUNHKUVZHUWH� )1( NjTj ≤≤ �� EHL� NRQVWDQWHP� 5DGLXV�
π
F

r = � GHU

7HVWNUHLVH�

'DV�PLWWOHUH�9HUNHKUVDQJHERW�SUR�7HLOQHKPHU�NDQQ�DXV�GHU�PLWWOHUHQ�$NWLYLWlW
HLQHV�7HLOQHKPHUV� Mρ �EHUHFKQHW�ZHUGHQ�

M

M
meana

ρ
ρ
−

=
1

* ��

0LW�+LOIH�GHV�PLWWOHUHQ�9HUNHKUVDQJHERWV�a*
mean�XQG�GHQ�9HUNHKUVZHUWHQ�Tj�ZHU�

GHQ� GLH� :HUWH� I�U� GLH� =XIDOOVYDULDEOH� X� EHUHFKQHW�� GLH� QLFKW� JDQ]]DKOLJ� VHLQ
P�VVHQ�

)1(,
*

Nj
a

T
X

mean

j
j ≤≤∀= �
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'LH�:DKUVFKHLQOLFKNHLW� )( iXP = �HUJLEW�VLFK�GDQQ�]X�

N

iM
iXP

)(
)( == ��

0LW�M(i)�ZLUG�GLH�0HQJH�GHU�,QGL]HV�j�GHU�=XIDOOVYDULDEOHQ�X�EH]HLFKQHW��EHL�GHU
Xj�JHUXQGHW�HLQH�$Q]DKO�YRQ�i�7HLOQHKPHUQ�GDUVWHOOW�

{ }iXiNjiM j ≤<−≤≤= 1|1)( ��

)(iM � JLEW� GLH� $Q]DKO� GHU� 7HVWNUHLVH� DQ�� GLH� i� 7HLOQHKPHU� HQWKDOWHQ�� ZREHL

∑
∞

=

=
0

)(
i

NiM LVW�

'DUDXV�Ol�W�VLFK�GHU�0LWWHOZHUW�E[X]�YRQ�X�EHUHFKQHQ�

∑
=

=⋅=
N

j

iXPiE[X]
1

)( ��

'HU�0LWWHOZHUW�E[X]�KlQJW�GDEHL�YRQ�GHU�*U|�H�GHU�7HVWNUHLVH��G�K��YRQ�GHUHQ
5DGLXV�r�DE��=X�HLQHP�YRUJHJHEHQHP�E[X]�NDQQ�I�U�HLQHQ�EHVWLPPWHQ�:HUW�YRQ
ρM� HLQ� JHHLJQHWHU� 5DGLXV� GHU� 7HVWNUHLVH� JHIXQGHQ� ZHUGHQ�� 'LH� VXEMHNWLYH
'LHQVWJ�WH�HUJLEW�VLFK�GDQQ�DXV�GHU�9HUWHLOXQJ�GHU�PLW�GLHVHP�5DGLXV�JHPHVVH�
QHQ�=XIDOOVYDULDEOHQ�X�

Abbildung 5.1.2: Beispiel für zufällige Testkreise
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5.1.6 Ergebnisse der subjektiven Dienstgüte

%HL�GHQ�EHLGHQ�IROJHQGHQ�.XUYHQ�ZLUG�GLH�VXEMHNWLYH�'LHQVWJ�WH� I�U�HLQH�=HOOH
PLW�K = 7� .DQlOHQ� JHPHVVHQ�� ZDV� HLQHU� W\SLVFKHQ� $Q]DKO� YRQ� .DQlOHQ� HLQHU
=HOOH� LQ�*60�6\VWHPHQ� HQWVSULFKW�� 'DUJHVWHOOW� ZLUG� GLH� VXEMHNWLYH� 'LHQVWJ�WH
I�U�GLH�)lOOH�HLQHU�GHWHUPLQLVWLVFKHQ��HLQHU�3RLVVRQ�XQG�YHUVFKLHGHQHU�QHJDWLY�
ELQRPLDOHU�9HUWHLOXQJHQ��%HL�GHU�QHJDWLY�ELQRPLDOHQ�9HUWHLOXQJ�ZLUG�GLH�'LHQVW�
J�WH�I�U�HLQHQ�9DULDWLRQVNRHIIL]LHQWHQ�c YRQ 0.5, 0.7, 1.0 XQG 2.0�DXIJHWUDJHQ��,Q
$EELOGXQJ� ������ VLQG� ]XVlW]OLFK� GLH�0H�ZHUWH� GHV�:�U]EXUJHU�*HELHWV� XQG� LQ
$EELOGXQJ�������GLH�0H�ZHUWH�GHV�'DOODV�*HELHWV�HLQJHWUDJHQ�
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Abbildung 5.1.3: Subjektive Dienstgüte bei E[X] = 30, K = 7, Würzburger Gebiet

'DV� JHQHUHOOH� 9HUKDOWHQ� I�U� DOOH� $UWHQ� GHU� 7HLOQHKPHUYHUWHLOXQJ� VLHKW� lKQOLFK
DXV��ZREHL� GHU� 8QWHUVFKLHG� ]ZLVFKHQ� HLQHU� QDFK� 3RLVVRQ� YHUWHLOWHQ� XQG� HLQHU
IHVWHQ�$Q]DKO�YRQ�7HLOQHKPHUQ�SUR�=HOOH�NOHLQ� LVW��'LH�'LHQVWJ�WH�QLPPW�DEHU
VWDUN�DE��IDOOV�GLH�9HUWHLOXQJ�GHU�7HLOQHKPHU�HLQHU�QHJDWLY�ELQRPLDOHQ�9HUWHLOXQJ
IROJW��%HL�GHU�QHJDWLY�ELQRPLDOHQ�9HUWHLOXQJ�PLW�c = 1�LVW�GLH�'LHQVWJ�WH�XP�GHQ
)DNWRU�10�ELV�100�JHULQJHU�DOV�EHL�GHU�3RLVVRQ�9HUWHLOXQJ�PLW�c = 1��ZDV�DXI�HL�
QHQ�VWDUNHQ�(LQIOX��GHU�K|KHUHQ�0RPHQWH�GHU�9HUWHLOXQJ�KLQZHLVW�

,P�)DOOH� HLQHU� JOHLFKPl�LJHQ� 9HUWHLOXQJ� GHU� 7HLOQHKPHU� LP�*HELHW� HUJLEW� VLFK
RIIHQVLFKWOLFK�GLH�EHVWH�'LHQVWJ�WH��)DOOV�GLH�3ODQXQJ�GHU�=HOOHQ�RKQH�%HU�FN�
VLFKWLJXQJ�GHU�&OXVWHUXQJ�GHU�7HLOQHKPHU�GXUFKJHI�KUW�ZXUGH��ZLUG�GLH�'LHQVW�
J�WH� LQ� *HELHWHQ� PLW� VWlUNHUHU� &OXVWHUXQJ�� G�K�� JU|�HUHQ� 8QWHUVFKLHGHQ� GHU
7HLOQHKPHUGLFKWH��VWDUN�DEQHKPHQ�
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Abbildung 5.1.4: Subjektive Dienstgüte bei E[X] = 30, K = 7, Dallas Gebiet

5.1.7 Modellierung mit Wiederholungsversuchen

'DV� 0RGHOO� HLQHU� =HOOH�� ZHOFKHV� LQ� GHQ� YRUKHUJHKHQGHQ� .DSLWHOQ� XQWHUVXFKW
ZXUGH��ZLUG�LP�IROJHQGHQ�PRGLIL]LHUW��'DV�7HLOQHKPHUPRGHOO�DXV�]ZHL�=XVWlQ�
GHQ� ZLUG� HUVHW]W� GXUFK� HLQ� 0RGHOO� PLW� :LHGHUKROXQJVYHUVXFKHQ�� ZHOFKHV� LQ
$EELOGXQJ�������GDUJHVWHOOW�ZLUG�

'LHVHV� 0RGHOO� ZLUG� DXVI�KUOLFK� LQ� >��@� XQG� >��@� XQWHUVXFKW�� (LQ� 7HLOQHKPHU
NDQQ�VLFK�GRUW�LQ�GUHL�=XVWlQGHQ�EHILQGHQ��$NWLY��3DVVLY�RGHU�:DUWHQG��'HU�=X�
VWDQG�:DUWHQG�VWHOOW�GLH�=HLW�]ZLVFKHQ�:LHGHUKROXQJVYHUVXFKHQ�GDU��GLH�N�U]HU
LVW�DOV�GLH�]ZLVFKHQ�QHXHQ�*HVSUlFKVDQIRUGHUXQJHQ�

'LH�=XIDOOVYDULDEOH�R�PLW�HLQHP�0LWWHOZHUW�YRQ�
β
1
�EHVFKUHLEW�GLH�$XIHQWKDOWV]HLW

LP� =XVWDQG�:DUWHQG�� :HQQ� GLH� *HVSUlFKVDQIRUGHUXQJ� DEJHZLHVHQ� ZLUG�� JHKW
GHU�7HLOQHKPHU�PLW�GHU�:DKUVFKHLQOLFKNHLW�θ��LQ�GHQ�=XVWDQG�:DUWHQG��EHU��0LW
GHU�:DKUVFKHLQOLFKNHLW�1 - θ �YHUKDUUW�HU� LP�=XVWDQG�3DVVLY��ELV�HU�GLH�QlFKVWH
*HVSUlFKVDQIRUGHUXQJ� VWDUWHW�� )DOOV� GLHVH� IHKOVFKOlJW�� EOHLEW� HU�PLW� GHU�:DKU�
VFKHLQOLFKNHLW�θ ZHLWHUKLQ�LP�=XVWDQG�:DUWHQG��XQG�PLW�GHU�:DKUVFKHLQOLFKNHLW

θ−1 �JHKW�HU�LQ�GHQ�=XVWDQG�3DVVLY��EHU�

(LQH�JHQDXHUH�$QDO\VH�GHU�VXEMHNWLYHQ�'LHQVWJ�WH� LVW� LQ� >��@� HQWKDOWHQ��ZREHL
GRUW�GLH�$Q]DKO�GHU�7HLOQHKPHU� LQ� HLQHU� =HOOH� NRQVWDQW� LVW�� )�U� HLQ�*HELHW�PLW
&OXVWHUXQJ�PX�� GLH�:DKUVFKHLQOLFKNHLW� pB� DXV� GHU� *OHLFKXQJ� ������ GXUFK� GLH
QXPHULVFK�JHZRQQHQH�:DKUVFKHLQOLFKNHLW�DXV�>��@�HUVHW]W�ZHUGHQ�
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Abbildung 5.1.5: Modell einer Zelle mit Wiederholungsversuch
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Abbildung 5.1.6: Subjektive Dienstgüte mit Wiederholungsversuch
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,Q�$EELOGXQJ�������ZLUG�GDV�(UJHEQLV� I�U�GLH�:LHGHUKROXQJVZDKUVFKHLQOLFKNHL�
WHQ� 0.0=θ �XQG� 9.0=θ �JH]HLJW��ZREHL�GLH�7HLOQHKPHU�MHZHLOV�JHPl��HLQHU�3RLV�
VRQ�XQG�HLQHU�QHJDWLY�ELQRPLDOHQ�9HUWHLOXQJ�YHUWHLOW�VLQG��=XVlW]OLFK�LVW�GLH�LP
:�U]EXUJHU�*HELHW�JHPHVVHQH�9HUWHLOXQJ� I�U�EHLGH�:LHGHUKROXQJVZDKUVFKHLQ�
OLFKNHLWHQ�DXIJHWUDJHQ��'LH��EULJHQ�3DUDPHWHU�HQWVSUHFKHQ�GHP�)DOO�RKQH�:LH�
GHUKROXQJVYHUVXFK�

'DV�$XVVHKHQ�GHU�.XUYHQ�HQWVSULFKW�LQ�HWZD�GHP�)DOO�RKQH�:LHGHUKROXQJVYHU�
VXFK��ZREHL�GLH�:LHGHUKROXQJVYHUVXFKH�GLH�'LHQVWJ�WH� LQ�K|KHUHP�0D�H�EH�
HLQIOXVVHQ�� %HL� GHQ�:LHGHUKROXQJVYHUVXFKHQ� WULWW� HLQ� 6HOEVWYHUVWlUNXQJVHIIHNW
DXI��GD�HLQH�K|KHUH�6\VWHPDXVODVWXQJ�]X�PHKU�:LHGHUKROXQJHQ�I�KUW��GLH�ZLH�
GHUXP�GLH�6\VWHPODVW�ZHLWHU�HUK|KHQ�

5.1.8 Bewertung der Ergebnisse

'LH�0H�ZHUWH� ]HLJHQ�� GD�� LQ� EHLGHQ�7HVWJHELHWHQ� HLQH� VWDUNH�&OXVWHUXQJ� YRU�
OLHJW��GLH�LP�'DOODV�*HELHW�ZHVHQWOLFK�JU|�HU�DXVIlOOW��'LH�KlXILJ�JHPDFKWH�$Q�
QDKPH�YRQ�QDFK�3RLVVRQ�YHUWHLOWHQ�7HLOQHKPHUQ�LVW�DOV�YROONRPPHQ�IDOVFK�DE�
]XOHKQHQ�� GD� GLH� %ORFNLHUZDKUVFKHLQOLFKNHLW� LP� 9HUJOHLFK� ]XU� ZLUNOLFKHQ� 9HU�
WHLOXQJ� ELV� ]XP� )DNWRU� 105� ]X� QLHGULJ� DQJHQRPPHQ� Z�UGH�� 'LH� VXEMHNWLYH
'LHQVWJ�WH�HLQHV�7HLOQHKPHUV�ZlUH�LQ�:LUNOLFKNHLW�XP�GLHVHQ�)DNWRU�VFKOHFKWHU�
%HL� GHU� 3ODQXQJ� YRQ�0RELOIXQNQHW]HQ� LVW� HV� DXV� GLHVHP�*UXQG� HVVHQWLHOO�� GLH
&OXVWHUXQJ� GHU� 7HLOQHKPHU�� RGHU� 9HUNHKUVYHUWHLOXQJ� ]X� EHU�FNVLFKWLJHQ�� XP
NRUUHNWH�3ODQXQJVUHVXOWDWH�]X�HU]LHOHQ�

,QWHUHVVDQW� LVW� DXFK�� GD�� I�U� GLH� %HUHFKQXQJ� GHU� VXEMHNWLYHQ� 'LHQVWJ�WH� GLH
ZLUNOLFKH�9HUWHLOXQJ�GHU�7HLOQHKPHU�VHKU�JHQDX�GXUFK�GLH�]ZHLSDUDPHWULJH�QH�
JDWLY�ELQRPLDOH� 9HUWHLOXQJ� EHVFKULHEHQ� ZHUGHQ� NDQQ�� 9HUWHLOXQJHQ�PLW� HLQHP
3DUDPHWHU��ZLH� ]�%��3RLVVRQ��N|QQHQ�GLH�JUR�H�'\QDPLN�GHU�9HUWHLOXQJ�GXUFK
GLH�&OXVWHUXQJ�QLFKW�EHVFKUHLEHQ�

5.1.9 Stochastische Punktprozesse als Planungsmodell

,Q�%H]XJ�DXI�GLH�VXEMHNWLYH�'LHQVWJ�WH�Z�UGH�HV�DXVUHLFKHQ��HLQH�9HUWHLOXQJ�GHU
7HLOQHKPHU� ]X� HU]HXJHQ�� GLH� HLQH�QHJDWLY�ELQRPLDOH� 9HUWHLOXQJ�GHU� REHQ� GHIL�
QLHUWHQ�=XIDOOVYDULDEOH�X� OLHIHUW��0DQ�P��WH�GDQQ�QLFKW�DXV�RIW�XQ]XOlQJOLFKHQ
'DWHQ� �EHU� GHQ� .RPPXQLNDWLRQVYHUNHKU� GLH� 'HPDQG�1RGHV� EHUHFKQHQ�� $XV
GHQ�RELJHQ�(UJHEQLVVHQ�]HLJW�VLFK�DEHU�DXFK��GD��HLQ�HLQIDFKHU�]ZHLGLPHQVLR�
QDOHU�3UR]H���ZLH�GLH�KRPRJHQH�UlXPOLFKH�3RLVVRQ�9HUWHLOXQJ��DOV�0RGHOO�QLFKW
DXVUHLFKW�

8P� HLQH� NRPSOH[HUH� 9HUWHLOXQJ� GHU� =XIDOOVYDULDEOH� X�� ]�%�� HLQH� QHJDWLY�
ELQRPLDOH� 9HUWHLOXQJ�� GXUFK� HLQHQ� ]ZHLGLPHQVLRQDOHQ� 3XQNWSUR]H�� ]X� HU]HX�
JHQ�� IHKOHQ�JHHLJQHWH�9HUIDKUHQ��%LV� MHW]W� LVW�NHLQ�9HUIDKUHQ�EHNDQQW��GDV�HLQH
]ZHLGLPHQVLRQDOH�3XQNWYHUWHLOXQJ�HU]HXJHQ�NDQQ��EHL�GHU�GLH�=XIDOOVYDULDEOH�X
HLQHU�QHJDWLY�ELQRPLDOHQ�9HUWHLOXQJ�PLW�JHJHEHQHQ�3DUDPHWHUQ�JHKRUFKW�
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5.2 Integriertes Planungstool ICEPT

(LQH�HIIL]LHQWH�3ODQXQJ�YRQ�PRELOHQ�.RPPXQLNDWLRQVQHW]HQ�ZLUG�LPPHU�ZLFK�
WLJHU��GD�GHU�%HGDUI�DQ�GUDKWORVHU�.RPPXQLNDWLRQ�VWDUN�JHVWLHJHQ�LVW�XQG�ZHLWHU
DQVWHLJW�� 'LH� 5HVVRXUFHQ� GHU� hEHUWUDJXQJVNDQlOH�� G�K�� GHU� YHUI�JEDUH� )UH�
TXHQ]EHUHLFK��VLQG�DEHU�VWDUN�EHJUHQ]W��,QGHV�P�VVHQ�I�U�QHXH�'LHQVWH�]XVlW]�
OLFKH� 6\VWHPH� DXIJHEDXW� RGHU� YRUKDQGHQH� RSWLPLHUW�ZHUGHQ�� 'D]X�ZXUGH� GDV
LQWHJULHUWH� 3ODQXQJVWRRO� I�U� .RPPXQLNDWLRQVQHW]H� ,&(37� �,QWHJUDWHG� QHWZRUN
&(OOXODU�3ODQQLQJ�7RRO��DP�/HKUVWXKO� I�U�YHUWHLOWH�6\VWHPH� �,QIRUPDWLN� ,,,�� GHU
8QLYHUVLWlW�:�U]EXUJ� HQWZLFNHOW�� 'LHVHV� 6\VWHP� ]XU� DXWRPDWLVFKHQ� (UVWHOOXQJ
XQG�2SWLPLHUXQJ�YRQ�PRELOHQ�.RPPXQLNDWLRQVV\VWHPHQ�ZLUG�LQ�>��@�XQG�>��@
EHVFKULHEHQ�� :HLWHUH� ,QIRUPDWLRQHQ� �EHU� GDV� 3ODQXQJVWRRO� EHILQGHQ� VLFK� LQ
>��@�

Transportnetzknoten

Transportnetz

Funknetz

Gesprächsübergabe

Zellen

Planungsgebiet

Basisstation

Teilnehmer

Übergang ins Festnetz

Abbildung 5.2.1: Schematischer Aufbau eines mobilen Kommunikationsnetzes

5.2.1 Struktur heutiger mobiler Kommunikationsnetze

,Q� PRGHUQHQ� PRELOHQ� .RPPXQLNDWLRQVQHW]HQ� LVW� GDV� VRJHQDQQWH� ]HOOXODUH
.RQ]HSW�YHUZLUNOLFKW��G�K��GLH�JHVDPWH�9HUVRUJXQJVIOlFKH�ZLUG�GLFKW�YRQ�=HOOHQ
�EHUGHFNW�� -HGH�=HOOH�VWHOOW�GDEHL�GDV�9HUVRUJXQJVJHELHW�HLQHV�6HQGHUV�GD��ZLH
LQ�$EELOGXQJ�������GDUJHVWHOOW�ZLUG��'LH�=HOOJU|�H�VFKZDQNW�YRQ�ZHQLJHU�DOV�HL�
QHP�.LORPHWHU�'XUFKPHVVHU�EHL�0LNUR]HOOHQ�ELV�]X��EHU����NP� LQ� IODFKHQ�*H�
ELHWHQ�PLW�ZHQLJ�.RPPXQLNDWLRQVYHUNHKU��'LH�)RUP�HLQHU�=HOOH�LVW�LQ�GHU�3UD[LV
QLFKW�NUHLVI|UPLJ��VRQGHUQ�KlQJW�YRQ�GHU�:HOOHQDXVEUHLWXQJ�DE�

'DV�ZLFKWLJVWH�3UREOHP�EHL�GHU�3ODQXQJ�HLQHV�PRELOHQ�.RPPXQLNDWLRQVQHW]HV
LVW� GLH� 3RVLWLRQLHUXQJ� YRQ� 6HQGHUQ� XQG� GLH� %HVWLPPXQJ� LKUHU� .DSD]LWlW�� 'LH
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HIIL]LHQWH� $XVQXW]XQJ� GHV� ]XU� 9HUI�JXQJ� VWHKHQGHQ� EHJUHQ]WHQ� )UHTXHQ]EH�
UHLFKV�]ZLQJW�]X�HLQHU�RSWLPDOHQ�3ODQXQJ�GHU�.DSD]LWlW�HLQHV�6HQGHUV�

5.2.2 Planung mobiler Kommunikationssysteme mit ICEPT

,Q�,&(37�ZLUG�HLQ�QHXHU�$QVDW]�]XU�)XQNQHW]SODQXQJ�XQG�2SWLPLHUXQJ�YHUZHQ�
GHW��*UXQGODJH�KLHU]X�LVW�GLH�9HUWHLOXQJ�GHV�9HUNHKUVDXINRPPHQV�LP�3ODQXQJV�
JHELHW��$XV�JHRJUDSKLVFKHQ�'DWHQ�ZLUG�JHPl��GHP� LQ�������GDUJHOHJWHQ�.RQ�
]HSW�HLQH�0DWUL[��EHU�GHQ�%HGDUI�DQ�.RPPXQLNDWLRQ�HUVWHOOW��$XI�GLHVHU�*UXQG�
ODJH�ZHUGHQ�GLH�'HPDQG�1RGHV�PLW�+LOIH�HLQHV�GHU�EHLGHQ�LQ�GLHVHU�$UEHLW�YRU�
JHVWHOOWHQ�9HUIDKUHQV�HU]HXJW��'XUFK�GDV�.RQ]HSW�GHU�'HPDQG�1RGHV�ZLUG�GDV
NRQWLQXLHUOLFKH�3UREOHP�GHU�9HUVRUJXQJ�GHV�9HUNHKUVEHGDUIV�LP�3ODQXQJVJHELHW
HUVHW]W�GXUFK�HLQ�GLVNUHWHV�3UREOHP�GHU�hEHUGHFNXQJ�YRQ�3XQNWHQ��'DV�=LHO�GHU
3ODQXQJ�LVW�QXQ�GLH�9HUVRUJXQJ�YRQ�P|JOLFKVW�YLHOHQ�'HPDQG�1RGHV�GXUFK�HLQH
P|JOLFKVW� NOHLQH� =DKO� YRQ�=HOOHQ�� (LQ�'HPDQG�1RGH�ZLUG� KLHUEHL� DOV� YHUVRUJW
DQJHVHKHQ�� IDOOV� GLH� 6LJQDOVWlUNH� QDFK� HLQHP�:HOOHQDXVEUHLWXQJVPRGHOOH��ZLH
+DWD� >�@� RGHU�&267���� >��@�� EHL�%HU�FNVLFKWLJXQJ� HWZDLJHU� 6W|UXQJHQ� LQIROJH
YRQ�,QWHUIHUHQ]�DXVUHLFKHQG�KRFK�LVW�

Verkehrsaufkommen
Frequenzbeschränkungen

Bevölkerungsstruktur
Verkehrsaufkommen

Ressourcen-
Verwaltung

System-
Architektur

Standards (GSM, IS95)
Übertragungsverfahren
(TDMA, CDMA)

Automatischer
Entwurf

Leistungsbewertung

Mobilfunknetz

Funkwellen-
ausbreitung

Benutzer-
verhaltenAusbreitungsmodell

Geographische Daten

Abbildung 5.2.2: Hauptentwurfskriterien mobiler Kommunikationssysteme

=XU�%HVWLPPXQJ� GHU� =HOOHQ�� GLH� GDV� 3ODQXQJVJHELHW� YHUVRUJHQ� VROOHQ��ZLUG� LQ
,&(37 GDV�.RQ]HSW�GHU�hEHUGHFNXQJ�PLW�0HQJHQ�YHUZHQGHW��)�U�MHGHQ�6HQGHU
ZLUG�GLH�0HQJH�GHU�YRQ�LKP�YHUVRUJWHQ�'HPDQG�1RGHV�EHVWLPPW��=XU�3ODQXQJ
ZHUGHQ�GLH�6HQGHU�JHPl��YRUJHJHEHQHU�3DUDPHWHU�LP�3ODQXQJVJHELHW�SRVLWLR�
QLHUW��ZLH� LQ�>��@�EHVFKULHEHQ��=XU�$XVZDKO�HLQHU�HQGJ�OWLJHQ�0HQJH�YRQ�6HQ�
GHUVWDQGRUWHQ�ZHUGHQ�GLH�9HUVRUJXQJVJHELHWH�GHU�6HQGHU�NRPELQLHUW��ZREHL�DXI
%DVLV�GHU�0HQJHQ�YRQ�YHUVRUJWHQ�'HPDQG�1RGHV�JHDUEHLWHW�ZLUG��'LH�3ODQXQJ
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GHV�1HW]HV�ZLUG�VRPLW�DXI�HLQ�NRPELQDWRULVFKHV�3UREOHP�]XU�FNJHI�KUW��I�U�GDV
EHNDQQWH�9HUIDKUHQ�H[LVWLHUHQ��=XU�:DKO�GHU�RSWLPDOHQ�.RPELQDWLRQ�ZLUG�HLQH
+HXULVWLN� ]XU�*HZLQQXQJ� HLQHU�PD[LPDOHQ�hEHUGHFNXQJ�QDFK� >��@� YHUZHQGHW�
'DV� (UJHEQLV� LVW� HLQH� RSWLPLHUWH�0HQJH� YRQ� 6HQGHUSRVLWLRQHQ� XQG� GHU� GDPLW
YHUVRUJWHQ�'HPDQG�1RGHV�

$XIJUXQG�GLHVHU�9HUVRUJXQJVJHELHWH�XQG�GHU�6\VWHPSDUDPHWHU�GHV�YHUZHQGHWHQ
.RPPXQLNDWLRQVV\VWHPV�ZLUG�]XVlW]OLFK�GLH�HUIRUGHUOLFKH�.DSD]LWlW�GHU�6HQGHU�
G�K�� GLH� $Q]DKO� GHU� EHQ|WLJWHQ� .DQlOH�� EHUHFKQHW�� :HLWHUKLQ� LVW� GLH� %HOHJXQJ
YRQ� )UHTXHQ]HQ� I�U� GLH� .DQlOH� EHL� %HU�FNVLFKWLJXQJ� GHU� SK\VLNDOLVFKHQ� (LQ�
VFKUlQNXQJHQ�� ZLH� ]�%�� GHV� :LHGHUKROXQJVDEVWDQGV�� LQWHJULHUW�� ,Q� $EELOGXQJ
������ZHUGHQ�GLH�YRQ�,&(37�EHU�FNVLFKWLJWHQ�(QWZXUIVNULWHULHQ�GDUJHVWHOOW�

=XU�9LVXDOLVLHUXQJ�GHU�(UJHEQLVVH�HQWKlOW�GDV�7RRO�HLQH�JUDSKLVFKH�2EHUIOlFKH
XQWHU�;�:LQGRZ��GLH�LQ�$EELOGXQJ�������GDUJHVWHOOW�ZLUG��'DV�JDQ]H�3URJUDPP
OlXIW�XQWHU�YHUVFKLHGHQHQ�8QL[�9DULDQWHQ��ZLH�6RODULV�RGHU�/LQX[��%HL�9HU]LFKW
DXI� GLH� JUDSKLVFKH� 2EHUIOlFKH� NDQQ� GDV� 3ODQXQJVPRGXO� DXFK� XQWHU� GHP� %H�
WULHEVV\VWHP�:LQGRZV����17�HLQJHVHW]W�ZHUGHQ�

Abbildung 5.2.3: Bildschirmdarstellung von ICEPT



111

5.2.3 Planungsergebnisse von ICEPT

,Q�$EELOGXQJ�������LVW�HLQ�3ODQXQJVHUJHEQLV�YRQ�,&(37�I�U�GDV�:�U]EXUJHU�*H�
ELHW� GDUJHVWHOOW��'D]X�ZXUGH� GLH� .RQILJXUDWLRQ� YRQ� VLHEHQ� 6HQGHUQ�PLW� ,&(37
EHVWLPPW��,Q�GHU�$EELOGXQJ�VLQG�]XVlW]OLFK�GLH�9HUVRUJXQJVJHELHWH�GHU�MHZHLOL�
JHQ� 6HQGHU� HLQJH]HLFKQHW�� 'LH� hEHUODSSXQJ� GHU� 9HUVRUJXQJVJHELHWH� LVW� Q|WLJ�
GDPLW�HLQ�VLFK�EHZHJHQGHU�7HLOQHKPHU�DQ�GHU�*UHQ]H�]ZHLHU�*HELHWH�YRQ�HLQHP
6HQGHU� ]XP� DQGHUHQ� �EHUJHEHQ�ZHUGHQ� NDQQ�� RKQH� GDEHL� GLH� 9HUELQGXQJ� ]X
YHUOLHUHQ��'LHVHU�9RUJDQJ�ZLUG�DOV�Å+DQGRYHU´�EH]HLFKQHW�

'LH�'HPDQG�1RGHV� VLQG� LQ�GHU�)DUEH� LKUHV� YHUVRUJHQGHQ�6HQGHUV� HLQJH]HLFK�
QHW�� ZREHL� QLFKW� YHUVRUJWH�'HPDQG�1RGHV� JUDX� JHIlUEW� VLQG�� %HL� GHQ� 9HUVRU�
JXQJVJHELHWHQ� LVW� DXIIlOOLJ�� GD�� LKUH�)RUP�VHKU�XQWHUVFKLHGOLFK� LVW��ZDV�GXUFK
GLH�*HRJUDSKLH� YHUXUVDFKW�ZLUG��'LH� LQ� GHU� 9HUNHKUVSODQXQJ� I�U�GLH� )RUP�GHU
9HUVRUJXQJVJHELHWH� YHUZHQGHWHQ� .UHLVH� RGHU� +H[DJRQH� WUHIIHQ� LQ� GHU� 3UD[LV
NDXP� ]X�� 'LH� ZLUNOLFKH� )RUP� KlQJW� YRQ� GHU�:HOOHQDXVEUHLWXQJ� ]ZLVFKHQ� GHU
)XQNVWDWLRQ� XQG� GHQ� 7HLOQHKPHUQ� DE�� %HL� YLHOHQ� 3ODQXQJVWRROV� ZHUGHQ� NHLQH
UHDOLWlWVQDKHQ� 9HUVRUJXQJVJHELHWH� EHL� GHU� 3ODQXQJ� YHUZHQGHW�� 'XUFK� GLHVH
0D�QDKPH�ZLUG�GLH�.RPSOH[LWlW�GHU�3ODQXQJ�ZHVHQWOLFK�YHUULQJHUW��'LH�ZLUNOL�
FKH�9HUVRUJXQJVJ�WH�GHU�%HQXW]HU�NDQQ�GDPLW�DEHU�QXU�VHKU�HLQJHVFKUlQNW�EH�
VWLPPW�ZHUGHQ�

Abbildung 5.2.4: Versorgungsgebiete des Würzburger Gebiets, [29]
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5.3 Bedarfsabschätzungswerkzeug CUTE

'DV�DXI�*UXQGODJH�GLHVHU�'LSORPDUEHLW� I�U�GLH�%HWULHEVV\VWHPIDPLOLH�:LQGRZV
���17�HQWZLFNHOWH�3URJUDPP�&87(� �&8VWRPHU�7UDIILF�(VWLPDWLRQ�7RRO��VROO�GLH
3ODQXQJ�YRQ�.RPPXQLNDWLRQVQHW]HQ�HUOHLFKWHUQ��(V�GLHQW�GD]X��DXV�JHRJUDSKL�
VFKHQ� 'DWHQ� ,QIRUPDWLRQHQ� �EHU� GHQ� .RPPXQLNDWLRQVEHGDUI� LQ� HLQHP� 3OD�
QXQJVJHELHW�]X�HU]HXJHQ��'LHVHV�:HUN]HXJ�LVW�GDEHL�QLFKW�DXI�PRELOH�.RPPX�
QLNDWLRQVV\VWHPH�EHVFKUlQNW��VRQGHUQ�I�U�EHOLHELJH�3UREOHPH�JHGDFKW��EHL�GH�
QHQ�HLQ�EHVWLPPWHU�%HGDUI�PRGHOOLHUW�ZHUGHQ�VROO��,Q�>��@�ZLUG�GLH�$QZHQGXQJ
GLHVHV�.RQ]HSW�LQ�PRELOHQ�.RPPXQLNDWLRQVV\VWHPHQ�EHVFKULHEHQ�

'LH� $UEHLW� YRQ�&87(� LVW� LQ� YLHU� JHWUHQQWH�� LQ� VLFK� DEJHVFKORVVHQH� $EVFKQLWWH�
DXIJHWHLOW��GLH� LQ�$EELOGXQJ�������JH]HLJW�ZHUGHQ��'DGXUFK� LVW�HV�P|JOLFK��HLQ�
]HOQH�7HLOH�]X�HUVHW]HQ��XP�GDV�6\VWHP�GHQ�XQWHUVFKLHGOLFKHQ�%HG�UIQLVVHQ�GHU
.XQGHQ�DQ]XSDVVHQ�

Eingabefilter mit
Vorverarbeitung

Verkehrsschätzer Erzeugung der
Demand-Nodes

Ausgabefilter

ATKIS Format Anwendung A

Anwendung BMAPINFO Format

Erzeugung einer
Verkehrsmatrix
anhand der Daten
über die Landnutzung

Erzeugung der
Demand-Nodes
anhand der 
Verkehrsmatrix

Abbildung 5.3.1: Aufbau von CUTE

$OV�(LQJDEHGDWHQ�ZHUGHQ�JHRJUDSKLVFKH�,QIRUPDWLRQHQ�YHUVFKLHGHQHU�)RUPDWH�
ZLH�]�%��$7.,6�>�@�RGHU�0$3,1)2 >��@��JHQRPPHQ��'LHVH�'DWHQ�ZHUGHQ�LP�HU�
VWHQ�6FKULWW�YRUYHUDUEHLWHW��ZREHL�YHUVFKLHGHQH�,QNRQVLVWHQ]HQ�HQWIHUQW�ZHUGHQ�
ZLH� LQ�>��@�EHVFKULHEHQ�ZLUG��$OV�(UJHEQLV�ZLUG�HLQH�0DWUL[�PLW� ,QIRUPDWLRQHQ
�EHU�GLH�/DQGQXW]XQJ�LP�3ODQXQJVJHELHW�HUVWHOOW��*HQDXHUH�$QJDEHQ�GD]X�ILQ�
GHQ�VLFK�DXFK�LQ�.DSLWHO�������

,P� ]ZHLWHQ� 6FKULWW� DUEHLWHW� GHU� 9HUNHKUVVFKlW]HU� XQG� HU]HXJW� DXV� GHQ� 'DWHQ
�EHU�GLH�/DQGQXW]XQJ�HLQH�9HUNHKUVPDWUL[��GLH�GHQ�.RPPXQLNDWLRQVYHUNHKU�DQ
MHGHU�6WHOOH�LP�3ODQXQJVJHELHW�DQJLEW��'DEHL�ZHUGHQ�GLH�(LQVWHOOXQJHQ�GHV�$Q�
ZHQGHUV� EHL� GHU� %HUHFKQXQJ� GHV�.RPPXQLNDWLRQVYHUNHKUV� DXV� GHQ� /DQGQXW�
]XQJVGDWHQ�YHUZHQGHW�

,P�GULWWHQ�6FKULWW�ZHUGHQ�GLH�'HPDQG�1RGHV�JHPl��GHU�9HUNHKUVPDWUL[�QDFK
GHP�9HUIDKUHQ�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�HU]HXJW�
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'LH�'DWHQ�GHU�'HPDQG�1RGHV�ZHUGHQ�LP�YLHUWHQ�6FKULWW�GXUFK�HLQHQ�$XVJDEH�
ILOWHU�DQ�GDV�YRP�%HQXW]HU�EHQ|WLJWH�)RUPDW�DQJHSD�W��GDPLW�VLH�GLUHNW�ZHLWHU�
YHUDUEHLWHW�ZHUGHQ�N|QQHQ�

,Q�GHU�$EELOGXQJ�������LVW�GLH�2EHUIOlFKH�YRQ�&87(�]X�VHKHQ��ZREHL�GLH�'DWHQ
GHV� :�U]EXUJHU� *HELHWV� GDUJHVWHOOW� ZHUGHQ�� ,Q� GLHVHU� $EELOGXQJ� N|QQHQ� GLH
EHUHLWV� EHVFKULHEHQHQ� 6FKULWWH� ]XU� (U]HXJXQJ� GHU� 'HPDQG�1RGHV� QRFKPDOV
QDFKYROO]RJHQ�ZHUGHQ��$XV�GHQ�OLQNV�REHQ�DEJHELOGHWHQ�JHRJUDSKLVFKHQ�'DWHQ�
GLH� LQ� HLQHP�9HNWRUIRUPDW� YRUOLHJHQ��ZLUG� GLH� UHFKWV� REHQ� DEJHELOGHWH�0DWUL[
�EHU�GLH�/DQGQXW]XQJVNODVVHQ�HU]HXJW��'HU�9HUNHKUVVFKlW]HU�EHUHFKQHW�GDUDXV
GLH�UHFKWV�XQWHQ�GDUJHVWHOOWH�9HUNHKUVPDWUL[��'XUFK�GDV�9HUIDKUHQ�GHV�=XVDP�
PHQIDVVHQV�YRQ�.QRWHQ�ZHUGHQ�GDUDXV�GLH�OLQNV�XQWHQ�JH]HLFKQHWHQ�'HPDQG�
1RGHV�HUVWHOOW��'LHVH�ZHUGHQ�DXFK�LP�)HQVWHU�GHU�JHRJUDSKLVFKHQ�'DWHQ�DQJH�
]HLJW��XP�GLH�5HSUlVHQWDWLRQ�GLHVHU�'DWHQ�GXUFK�GLH�'HPDQG�1RGHV�YHULIL]LHUHQ
]X�N|QQHQ�

'DV�3ODQXQJVWRRO�&87(�ZLUG�NRQWLQXLHUOLFK�ZHLWHUHQWZLFNHOW�XQG�PLW� ]XVlW]OL�
FKHQ�)XQNWLRQHQ�DXVJHVWDWWHW��,Q�GLHVHU�$UEHLW�NDQQ�QXU�HLQH�VHKU�IU�KH�9HUVLRQ
GLHVHV�7RROV�EHVFKULHEHQ�ZHUGHQ��'HU� LQWHUHVVLHUWH�/HVHU�P|JH�VLFK�DNWXHOOHUH
,QIRUPDWLRQHQ�YRQ�>�@�HUZHUEHQ�

Abbildung 5.3.2: Bildschirmdarstellung von CUTE
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5.4 Senderpositionierung anhand der Demand-Nodes

(LQH�0|JOLFKNHLW�]XU�3RVLWLRQLHUXQJ�YRQ�6HQGHUQ�LVW�HV��GLH�3RVLWLRQHQ�YRQ�'H�
PDQG�1RGHV� GLUHNW� DOV� 6WDQGRUWH� I�U� 6HQGHU� ]X� YHUZHQGHQ�� 'D]X� NDQQ� GDV
9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV� YRQ� .QRWHQ� KHUDQJH]RJHQ� ZHUGHQ�� 8P� GLH
3RVLWLRQHQ�GHU�'HPDQG�1RGHV�GLUHNW� DOV� 6HQGHUVWDQGRUWH� YHUZHQGHQ� ]X� N|Q�
QHQ�� ZHUGHQ� JHQDXVR� YLHOH� 'HPDQG�1RGHV� HU]HXJW�� ZLH� 6HQGHU� JHSODQW� VLQG�
'D]X�P�VVHQ�GLH�3DUDPHWHU�GHV�$OJRULWKPXV�HQWVSUHFKHQG�JHVHW]W�ZHUGHQ��'LH
PD[LPDOH� .DSD]LWlW� HLQHV� 6HQGHUV�PX�� GDEHL� EHU�FNVLFKWLJW�ZHUGHQ�� G�K�� GHU
PD[LPDOH�.RPPXQLNDWLRQVYHUNHKU�GHU�'HPDQG�1RGHV�GDUI�QLFKW�K|KHU�HLQJH�
VWHOOW� ZHUGHQ� DOV� GLH� JU|�WP|JOLFKH� .DSD]LWlW� HLQHV� 6HQGHUV�� 'XUFK� GLH� )Ol�
FKHQEHVFKUlQNXQJ�EHLP�(U]HXJHQ�GHU�'HPDQG�1RGHV�NDQQ�GLH�%HVFKUlQNXQJ
GHU�5HLFKZHLWH�HLQHV�6HQGHUV�VLPXOLHUW�ZHUGHQ��'LH�+|KH�GHV�.RPPXQLNDWLRQV�
YHUNHKUV�HLQHV�'HPDQG�1RGHV�JLEW�GDQQ�GLUHNW�GHQ�]X�YHUVRUJHQGHQ�.RPPX�
QLNDWLRQVYHUNHKU�GLHVHV�6HQGHUV�DQ��'LH�)OlFKH�GHU�'HPDQG�1RGHV�HQWVSULFKW
GDEHL�GHU�9HUVRUJXQJVIOlFKH�GHV�6HQGHUV�

%HL� GLHVHP� 9HUIDKUHQ� ZLUG� GLH� :HOOHQDXVEUHLWXQJ� ]ZLVFKHQ� 6HQGHU� XQG� 7HLO�
QHKPHU� �EHUKDXSW� QLFKW� EHU�FNVLFKWLJW�� 'HU� ZLUNOLFKH� 9HUVRUJXQJVJUDG� GHU
7HLOQHKPHU� NDQQ� DXV� GLHVHP� *UXQG� QLFKW� EHVWLPPW� ZHUGHQ�� 2IW� UHLFKHQ� GLH
'DWHQ�EHL�GHU� 3ODQXQJ� DXFK�QLFKW� I�U� HLQH� NRUUHNWH�0RGHOOLHUXQJ�GHU�:HOOHQ�
DXVEUHLWXQJ�DXV�

Abbildung 5.4.1: Sender auf Positionen von Demand-Nodes im Würzburger
Gebiet
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,Q� $EELOGXQJ�������ZLUG� I�U�GDV�:�U]EXUJHU�*HELHW� GLH� /DJH� YRQ� 6HQGHUQ� JH�
]HLJW��GLH�VLFK�DQ�GHU�3RVLWLRQ�YRQ�QHXQ�'HPDQG�1RGHV�EHILQGHQ��'LH�)OlFKHQ�
EHJUHQ]XQJ�ZDU�GDEHL�DEJHVFKDOWHW��'HU�.RPPXQLNDWLRQVYHUNHKU�ZLUG�]LHPOLFK
JXW� YHUVRUJW��ZREHL�ZHJHQ� GHU� IHKOHQGHQ� )OlFKHQEHJUHQ]XQJ� GLH�:DOGJHELHWH
NDXP� �EHUGHFNW� ZHUGHQ�� 0LW� ]XVlW]OLFKHQ� 6HQGHUQ� XQG� EHL� 9HUZHQGXQJ� GHU
)OlFKHQEHJUHQ]XQJ�N|QQWHQ�DXFK�GLHVH�*HELHWH� YHUVRUJW�ZHUGHQ��'LH� 3RVLWLR�
QHQ�GHU�6HQGHU�VLQG�LP�%HUHLFK�GHU�6WDGW�:�U]EXUJ�VLQQYROO�JHZlKOW��HLQ�6HQ�
GHU� LQ�GHU� ,QQHQVWDGW�ZLUG� YRQ� I�QI�6HQGHUQ�DP�5DQGH�GHV�6WDGWJHELHWV� IODQ�
NLHUW��GLH�DXFK�GHQ�.RPPXQLNDWLRQVYHUNHKU�GHU�JUR�HQ�VWDGWQDKHQ�*HPHLQGHQ
YHUVRUJHQ�

(LQH�DQGHUH�0|JOLFKNHLW�LVW�HV��ZHVHQWOLFK�PHKU�P|JOLFKH�3RVLWLRQHQ�YRQ�6HQ�
GHUQ�]X�EHVWLPPHQ��DOV� I�U�GLH�HQGJ�OWLJH�9HUVRUJXQJ�GHV�*HELHWV�YRUJHVHKHQ
VLQG��'DEHL�N|QQHQ�HQWZHGHU�GLH�3RVLWLRQHQ�GHU�'HPDQG�1RGHV�DOV�SRWHQWLHOOH
6WDQGRUWH�KHUDQJH]RJHQ�ZHUGHQ��RGHU�PDQ�SRVLWLRQLHUW�GLH�6HQGHU�XQDEKlQJLJ
YRQ�GHQ�'HPDQG�1RGHV�]�%��JHPl��HLQHV�5DVWHUV��9HUVFKLHGHQH�0|JOLFKNHLWHQ
GD]X�VLQG�LQ�>��@�]X�ILQGHQ��$OV�(UJHEQLV�ZLUG�HLQH�$XVZDKO�GHU�6HQGHU�JHOLHIHUW�
GLH� DXIJUXQG� JHJHEHQHU� %HGLQJXQJHQ� RSWLPDO� LVW�� 'DV� 3UREOHP� GHU� $XVZDKO
HQWVSULFKW� GDEHL� JHQDX� GHU� 3UREOHPVWHOOXQJ�� HLQH�PD[LPDOH�hEHUGHFNXQJ� YRQ
3XQNWHQ�PLW�+LOIH�JHJHEHQHU�)OlFKHQ�YRUGHILQLHUWHU�)RUP�]X�ILQGHQ��'LHV�LVW�HL�
QH�EHNDQQWH�)UDJHVWHOOXQJ�DXV�GHU�*UDSKHQWKHRULH��GLH�LQ�GHU�DOOJHPHLQHQ�)RUP
13�YROOVWlQGLJ� LVW�� 'HVKDOE� ZHUGHQ�PHLVW� +HXULVWLNHQ�� ZLH� ]�%�� GLH� LQ� GHP� LQ
.DSLWHO� ���� EHVFKULHEHQHQ� 7RRO� ,&(37,� ]XU� 3ODQXQJ� KHUDQJH]RJHQ�� =XVlW]OLFK
P�VVHQ�GLH�SK\VLNDOLVFKHQ�%HGLQJXQJHQ�GHU�:HOOHQDXVEUHLWXQJ��ZLH�]�%��,QWHU�
IHUHQ]��EHU�FNVLFKWLJW�ZHUGHQ�

%HL�GHP�QHXHQ�=XJULIIVYHUIDKUHQ�&'0$��ZHOFKHV� LQ� >��@�XQG� >��@�EHVFKULHEHQ
ZLUG�� JLEW� HV�NDXP� ,QWHUIHUHQ]� ]ZLVFKHQ�GHQ�HLQ]HOQHQ�.DQlOHQ��'DV�JHVDPWH
YHUI�JEDUH� )UHTXHQ]VSHNWUXP� ZLUG� GRUW� YRQ� DOOHQ� 7HLOQHKPHUQ� XQG� 6HQGHUQ
JHPHLQVDP� JHQXW]W�� 'XUFK� GLH� 9HUZHQGXQJ� YRQ� RUWKRJRQDOHQ� &RGHV� EHL� GHU
0RGXODWLRQ� LVW� HV� WURW]GHP� P|JOLFK�� DXV� GHQ� �EHU� GHP� JHVDPWHQ� 6SHNWUXP
YHUWHLOWHQ�6LJQDOHQ�GLH�'DWHQ�MHGHV�HLQ]HOQHQ�7HLOQHKPHUV�]X�VHSDULHUHQ��'D]X
LVW�HV�DEHU�Q|WLJ��GD��DOOH�7HLOQHKPHU�YRP�6HQGHU�PLW�XQJHIlKU�JOHLFKHU�)HOG�
VWlUNH� HPSIDQJHQ� ZHUGHQ�� :HJHQ� GHU� JHPHLQVDPHQ� 1XW]XQJ� GHV� JHVDPWHQ
6SHNWUXPV�LVW�DXFK�NHLQ�:LHGHUKROXQJVDEVWDQG�]ZLVFKHQ�6HQGHUQ�JOHLFKHU�)UH�
TXHQ]��ZLH�EHLP�*60�6\VWHP��PHKU�Q|WLJ��,QVJHVDPW�LVW�EHL�&'0$�GLH�3ODQXQJ
LQ�ZHVHQWOLFKHQ�3XQNWHQ�HLQIDFKHU��ZHQQJOHLFK�]XVlW]OLFKH�$VSHNWH�EHU�FNVLFK�
WLJW�ZHUGHQ�P�VVHQ��'DV�3RVLWLRQLHUHQ�YRQ�6HQGHUQ�DQKDQG�GHV�.RPPXQLNDWL�
RQVYHUNHKUV� GHU� 'HPDQG�1RGHV� HUVFKHLQW� JHUDGH� GHVKDOE� EHL�&'0$� VHKU� HU�
IROJYHUVSUHFKHQG�� 'LH� :LFKWLJNHLW� GLHVHV� =XJULIIVYHUIDKUHQV� ]HLJW� VLFK� DXFK
GXUFK�VHLQH�9HUZHQGXQJ�LP�]XN�QIWLJHQ�0RELOIXQNV\VWHP�GHU�GULWWHQ�*HQHUDWL�
RQ�8076��8QLYHUVDO�0RELOH�7HOHFRPPXQLFDWLRQV�6\VWHP���%HUHLWV�LP�(LQVDW]�LVW
HV�LP�DPHULNDQLVFKHQ�0RELOIXQNVWDQGDUG�,6����
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6 Zusammenfassung und Ausblick

,Q�GLHVHU�$UEHLW�KDW�VLFK�JH]HLJW��GD��LQ�YLHOHQ�%HUHLFKHQ�2EMHNWH�QLFKW�JOHLFK�
Pl�LJ� YHUWHLOW� DXIWUHWHQ�� VRQGHUQ�PHLVW� $QKlXIXQJHQ� YRQ�2EMHNWHQ�PLW� lKQOL�
FKHQ�(LJHQVFKDIWHQ� YRUOLHJHQ�� 'LHVH� &OXVWHUXQJ� WULIIW� QDFK� >��@� I�U� GLH� %HY|O�
NHUXQJVYHUWHLOXQJ��QDFK�>��@�I�U�GHQ�'DWHQVWURP�LQ�1HW]ZHUNHQ�XQG�VFKOLH�OLFK
DXFK�I�U�GHQ�9HUNHKUVEHGDUI�LQ�.RPPXQLNDWLRQVQHW]HQ�]X��ZLH�LQ�GLHVHU�$UEHLW
JH]HLJW�ZLUG��'LH�EHL�7HOHIRQJHVSUlFKHQ�J�OWLJH�$QQDKPH�HLQHU�3RLVVRQ�9HUWHL�
OXQJ�GHU�*HVSUlFKV]HLWSXQNWH�LVW�LQ�REHQ�JHQDQQWHQ�%HUHLFKHQ�XQ]XWUHIIHQG��GD
GRUW� VWDUNH� $EKlQJLJNHLWHQ� GHU� 2EMHNWH� XQWHUHLQDQGHU� YRUOLHJHQ�� )DOOV� GLHVH
&OXVWHUXQJ� QLFKW� EHU�FNVLFKWLJW� ZLUG�� N|QQHQ� YROONRPPHQ� IDOVFKH� (UJHEQLVVH
HU]LHOW�ZHUGHQ��ZLH�LQ�.DSLWHO�����JH]HLJW�ZLUG��8P�GLH�&OXVWHUXQJ�OHLFKW�]X�PR�
GHOOLHUHQ��LVW�HV�LPPHQV�ZLFKWLJ��GLH�(LJHQVFKDIWHQ�GHU�&OXVWHUXQJ�DXI�HLQIDFKH
:HLVH�]X�EHVFKUHLEHQ��'D]X�LVW�GDV�LQ�.DSLWHO�����HLQJHI�KUWH�.RQ]HSW�GHU�'H�
PDQG�1RGHV�VHKU�KLOIUHLFK�

0LW�+LOIH�GLHVHU�'HPDQG�1RGHV�NDQQ�GLH�&OXVWHUXQJ�YRQ�2EMHNWHQ�GLUHNW�GXUFK
HLQH�9HUWHLOXQJ� YRQ�3XQNWHQ�GDUJHVWHOOW�ZHUGHQ��2EZRKO� GHU�%HJULII�'HPDQG�
1RGH� DXV� GHP� %HUHLFK� 0RELOIXQN� VWDPPW�� LVW� GDV� .RQ]HSW� XQLYHUVHOO� I�U� GLH
PHLVWHQ�3UREOHPVWHOOXQJHQ�GHU�6WDQGRUWSODQXQJ�HLQVHW]EDU�� ,Q�DOOHQ�)lOOHQ�� LQ
GHQHQ�HLQ�EHVWLPPWHU�RUWVDEKlQJLJHU�%HGDUI�GXUFK� HLQH�$Q]DKO� 9HUVRUJHU� EH�
GLHQW�ZHUGHQ�PX���LVW�HV�GLUHNW�YHUZHQGEDU�

=XU�(U]HXJXQJ�GHU�'HPDQG�1RGHV�VLQG�VSH]LHOOH�$OJRULWKPHQ�Q|WLJ��GLH�PD��
JHEOLFK��EHU�GLH�$SSUR[LPDWLRQVJ�WH�GHU�9HUNHKUVYHUWHLOXQJ�GXUFK�GLH�HUVWHOOWHQ
'HPDQG�1RGHV�HQWVFKHLGHQ��'D]X�ZXUGHQ�]ZHL�9HUIDKUHQ��GDV�Å5HNXUVLYH�3DU�
WLWLRQLHUHQ´�XQG�GDV�Å=XVDPPHQIDVVHQ�YRQ�.QRWHQ´��YRUJHVWHOOW�XQG�GHWDLOOLHUW
DQDO\VLHUW�� 'DV� UHNXUVLYH� 3DUWLWLRQLHUHQ� ZHLVW� HQWVFKHLGHQGH� 0lQJHO� DXI�� GLH
VHLQH�(LQVDW]P|JOLFKNHLWHQ�UHVWULQJLHUHQ��'DV�LP�5DKPHQ�GLHVHU�$UEHLW�HQWZLN�
NHOWH� 9HUIDKUHQ� GHV� =XVDPPHQIDVVHQV� YRQ� .QRWHQ� EHVHLWLJW� GLHVH� (LQVFKUlQ�
NXQJHQ�XQG�HUVFKOLH�W�QHXH�$QZHQGXQJVJHELHWH�I�U�GDV�.RQ]HSW�GHU�'HPDQG�
1RGHV��,Q�.DSLWHO�����ZLUG�HLQ�.RQ]HSW�]XU�3ODQXQJ�PRELOHU�.RPPXQLNDWLRQV�
V\VWHPH�DXI�%DVLV�YRQ�'HPDQG�1RGHV�JH]HLJW��,Q�GHP�LQ�.DSLWHO�����EHVFKULH�
EHQHQ� 3ODQXQJVWRRO� ,&(37� ZLUG� GLHVHV� .RQ]HSW� HUIROJUHLFK� DQJHZDQGW�� (LQH
DOOJHPHLQHUH�$QZHQGXQJ�GHU�'HPDQG�1RGHV� LVW�GLH�$EVFKlW]XQJ�GHV�%HGDUIV�
GLH�LQ�GHP�LQ�.DSLWHO�����EHVFKULHEHQHQ�:HUN]HXJ�&87(�HLQJHVHW]W�ZLUG�

=XU� %HZHUWXQJ� GHU�*�WH� GHU�'HPDQG�1RGHV�� G�K�� GHU�*HQDXLJNHLW� GHU� 5HSUl�
VHQWDWLRQ�GHU�&OXVWHUXQJ��LVW�HLQ�TXDQWLWDWLYHV�*�WHPD��KLOIUHLFK��'D]X�ZXUGH�LQ
GHU�$UEHLW�HLQ�DXV�GHU�UlXPOLFKHQ�6WDWLVWLN�EHNDQQWHV�9HUIDKUHQ�HLQJHI�KUW��ZHO�
FKHV�PLW�+LOIH�YRQ�]XIlOOLJ�SRVLWLRQLHUWHQ�7HVWIOlFKHQ�HLQ�9HUJOHLFKVPD��OLHIHUW�
0LW�GLHVHP�)HKOHUPD��LVW�HLQ�TXDQWLWDWLYHU�9HUJOHLFK�GLIIHUHQWHU�$XVSUlJXQJHQ
YRQ� 'HPDQG�1RGHV� P|JOLFK�� 'HU� 9HUJOHLFK� EHLGHU� 9HUIDKUHQ� DQKDQG� XQWHU�
VFKLHGOLFKHU� .ULWHULHQ�ZHLVW� DXFK� TXDQWLWDWLY� HVVHQWLHOOH� 9RUWHLOH� GHV� $OJRULWK�
PXV�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ�QDFK��'LH�$SSUR[LPDWLRQVJ�WH�GHU�&OX�
VWHUXQJ�GXUFK� GLH� 'HPDQG�1RGHV� LVW� EHL� GLHVHP� 9HUIDKUHQ�ZHVHQWOLFK� K|KHU�
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,QVJHVDPW�LVW�GLHVHV�QHX�HQWZLFNHOWH�&OXVWHUXQJVYHUIDKUHQ�I�U�GLYHUVH�3UREOHP�
VWHOOXQJHQ�EHVVHU�JHHLJQHW�DOV�GDV�UHNXUVLYH�3DUWLWLRQLHUHQ�

)�U�GLH�0RELOIXQNSODQXQJ�N|QQHQ�GLH�'HPDQG�1RGHV�QXW]EULQJHQG�]XU�0RGHO�
OLHUXQJ� GHV� %HQXW]HUYHUNHKUV� HLQJHVHW]W�ZHUGHQ��ZLH� LQ� GHQ� .DSLWHOQ� ���� XQG
����JH]HLJW�ZLUG��'LH�3ODQXQJ�YRQ�6HQGHUVWDQGRUWHQ�DQKDQG�GHV�GXUFK�GLH�'H�
PDQG�1RGHV� UHSUlVHQWLHUWHQ� .RPPXQLNDWLRQVYHUNHKUV� ZLUG� GRUW� HUIROJUHLFK
GXUFKJHI�KUW�� *HUDGH� DXFK� I�U� GLH� 3ODQXQJ� YRQ� PRELOHQ� .RPPXQLNDWLRQVV\�
VWHPHQ�GHU�GULWWHQ�*HQHUDWLRQ�ZLH�8076��GLH�GDV�&'0$�=XJULIIVYHUIDKUHQ�EH�
QXW]HQ��LVW�GLH�9HUZHQGXQJ�YRQ�'HPDQG�1RGHV�]XU�9HUNHKUVUHSUlVHQWDWLRQ�HLQ
VLQQYROOHV�0LWWHO�

,Q�>�@�XQG�.DSLWHO�����ZLUG�GDV�3URJUDPP�&87(�]XU�$EVFKlW]XQJ�GHV�9HUNHKUV�
EHGDUIV� LQ�HLQHP�3ODQXQJVJHELHW� YRUJHVWHOOW��'LHVHV�7RRO� YHUZHQGHW�GHQ�$OJR�
ULWKPXV�GHV�=XVDPPHQIDVVHQV�YRQ�.QRWHQ��XP�'HPDQG�1RGHV�DXIJUXQG�JHR�
JUDSKLVFKHU�'DWHQ�]X�HU]HXJHQ��'XUFK�GHQ�DOOJHPHLQHQ�$QVDW]�PLW�$GDSWLRQV�
P|JOLFKNHLWHQ� DQ� XQWHUVFKLHGOLFKH� $QIRUGHUXQJHQ�� NDQQ� HV� ]XU� 3ODQXQJ� GHV
%HGDUIV�EHL�PDQQLJIDOWLJHQ�3UREOHPVWHOOXQJHQ�YHUZHQGHW�ZHUGHQ�

=XN�QIWLJ� VROO� GDV� .RQ]HSW� GHU� 'HPDQG�1RGHV� DXFK� I�U� GLH� 3ODQXQJ� YRQ� ,3�
1HW]ZHUNHQ�GLHQHQ��ZREHL�KLHU�GHU�%HGDUI� DQ�%DQGEUHLWH� HLQHV�hEHUWUDJXQJV�
PHGLXPV�GXUFK�GLH�'HPDQG�1RGHV�GDUJHVWHOOW�ZLUG��%HL�GHU�3ODQXQJ�HLQHV�QHX�
HQ� .RPPXQLNDWLRQVQHW]HV� NDQQ� GDPLW� GLH� EHQ|WLJWH� .DSD]LWlW� HLQ]HOQHU� /HL�
WXQJHQ�GLPHQVLRQLHUW�ZHUGHQ��1RFK�ZLFKWLJHU� LVW�ZRKO�GHU�)DOO��EHL�HLQHP�EH�
VWHKHQGHQ� 1HW]� GLH� $XVODVWXQJ� RGHU� YHUVFKLHGHQH� 'LHQVWTXDOLWlWHQ� LQ� $EKlQ�
JLJNHLW� YRQ� XQWHUVFKLHGOLFKHQ� $QQDKPHQ� �EHU� GHQ� %HGDUI� GHU� 7HLOQHKPHU� ]X
EHUHFKQHQ�� 'XUFK� GDV� .RQ]HSW� GHU� 'HPDQG�1RGHV� LVW� HV� OHLFKW�P|JOLFK�� ]�%�
HLQHQ�K|KHUHQ�%HGDUI�DQ�.RPPXQLNDWLRQVYHUNHKU�GHU�7HLOQHKPHU�DQ]XQHKPHQ
XQG�I�U�GLHVHQ�)DOO�RELJH�*U|�HQ�GHV�.RPPXQLNDWLRQVQHW]HV�]X�EHVWLPPHQ�

=XVDPPHQJHID�W�LVW�GDV�.RQ]HSW�GHU�'HPDQG�1RGHV�LQ�YLHOHQ�%HUHLFKHQ�DXFK
DX�HUKDOE�GHV�0RELOIXQNV�HLQVHW]EDU��XP�GHQ�%HGDUI�YRQ�7HLOQHKPHUQ�]X�PR�
GHOOLHUHQ��ZREHL�GLH�&OXVWHUXQJ�GHV�%HGDUIV�EHU�FNVLFKWLJW�ZLUG��'LH�&OXVWHUXQJ�
GLH�KLHU�YRU�DOOHP�GLH�8QJOHLFKPl�LJNHLW�GHU�9HUWHLOXQJ�GHV�%HGDUIV�EHVFKUHLEW�
KDW� LQ� YLHOHQ� %HUHLFKHQ� HLQHQ� VWDUNHQ� (IIHNW�� GHU� QLFKW� YHUQDFKOlVVLJW�ZHUGHQ
GDUI�� 'DV� QHX� HQWZLFNHOWH� &OXVWHUXQJVYHUIDKUHQ� GHV� =XVDPPHQIDVVHQV� YRQ
.QRWHQ�HUZHLWHUW�GDV�(LQVDW]JHELHW�GHU�GDPLW�HUVWHOOWHQ�'HPDQG�1RGHV�HUKHE�
OLFK��1HEHQ�GHQ�EHUHLWV�HUZlKQWHQ�(LQVDW]P|JOLFKNHLWHQ�ZLUG�GLHVHV�9HUIDKUHQ
LQ�GHU�=XNXQIW�ZHLWHUH�QHXH�$QZHQGXQJVJHELHWH�I�U�GDV�.RQ]HSW�GHU�'HPDQG�
1RGHV�HUVFKOLH�HQ�



118

7 Literaturverzeichnis

[1] $7.,6���������$PWOLFKHV�7RSRJUDSKLVFKHV�.DUWRJUDSKLVFKHV�,QIRUPDWLRQV�
V\VWHP��%D\HULVFKHV�/DQGHVYHUPHVVXQJVDPW��0�QFKHQ�

[2] &UHVVLH��1��$����������6WDWLVWLFV�IRU�VSDWLDO�GDWD��1HZ�<RUN��:LOH\�

[3] 'XEHV��5��XQG�$��.�� -DLQ� ��������$OJRULWKPV� IRU� &OXVWHULQJ�'DWD�� 3UHQWLFH
+DOO�DGYDQFHG�UHIHUHQFH�VHULHV��1HZ�-HUVH\��3UHQWLFH�+DOO

[4] (UODQJ��$��.����������6ROXWLRQ�RI�VRPH�SUREOHPV�LQ�WKH�WKHRU\�RI�SUREDELOL�
WLHV�RI�VLJQLILFDQFH�LQ�DXWRPDWLF�WHOHSKRQH�H[FKDQJHV��$�7�6��7UDQVDFWLRQV
RI�WKH�'DQLVK�$FDGHP\�RI�7HFKQLFDO�6FLHQFHV�9RO��,,��6HLWH����������&RSHQ�
KDJHQ�

[5] )ULWVFK��7K���.��7XWVFKNX�XQG�.��/HLEQLW]���������)LHOG�VWUHQJWK�SUHGLFWLRQ
E\�UD\�WUDFLQJ�IRU�DGDSWLYH�EDVH�VWDWLRQ�SRVLWLRQLQJ�LQ�PRELOH�FRPPXQLFD�
WLRQ�QHWZRUNV��3URFHHGLQJV�RI�WKH��QG�,7*�&RQIHUHQFH�RQ�0RELOH�&RPPX�
QLFDWLRQ�
����1HX�8OP�

[6] *DPVW��$���(��*��=LQQ��5��%HFN�XQG�5��6LPRQ���������&HOOXODU�UDGLR�QHWZRUN
SODQQLQJ��,(((�$HURVSDFH�DQG�(OHFWURQLF�6\VWHPV�0DJD]LQH����6HLWH������

[7] *KRVK�� $�� XQG� 6�� /��0F/DIIHUW\� ��������/RFDWLRQ� VWUDWHJLHV� IRU� UHWDLO� DQG
VHUYLFH�ILUPV��0DVVDFKXVHWWV��/H[LQJWRQ�%RRNV�

[8] +DWD��0�� �������� (PSLULFDO� IRUPXOD� IRU� SURSDJDWLRQ� ORVV� LQ� ODQG� PRELOH
UDGLR� VHUYLFHV�� ,(((� 7UDQVDFWLRQV� RQ� 9HKLFXODU� 7HFKQRORJ\� ������� 6HLWH
��������

[9] ,QIR6LP� �������� &XVWRPHU� 7UDIILF� (VWLPDWLRQ� 7RRO� &87(. ,QWHUQHWVHLWH�
http://www.infosim-usa.com��,UYLQH��,QIR6LP�86$�,QF�

[10] .OHLQURFN��/����������4XHXHLQJ�6\VWHPV��9RO�����7KHRU\��1HZ�<RUN��:LOH\�

[11] .U�JHU�� 0�� XQG� 5�� %HFN� �������� *5$1'� ²� (LQ� 3URJUDPPV\VWHP� ]XU
)XQNQHW]SODQXQJ��3KLOLSV��7HFKQLVFKH�0LWWHLOXQJ����6HLWH������

[12] /DPEUHFKW�� )�� XQG� $�� %DLHU� ��������0HWKRGLN� GHU� )XQNQHW]SODQXQJ� I�U
]HOOXODUH� 0RELOIXQNV\VWHPH�� ��� ,7*�)DFKWDJXQJ� 0RELOH� .RPPXQLNDWLRQ�
6HLWH���������

[13] /HLEQLW]��.��XQG�.��7XWVFKNX���������,QWHUQHWVHLWH�GHV�3ODQXQJVV\VWHPV
,&(37��,QWHJUDWHG�QHWZRUN�&(OOXODU�3ODQQLQJ�7RRO��
http://www-info3.informatik.uni-wuerzburg.de/icept�



119

[14] /HVNLHQ��7����������(UIDVVXQJ�XQG�&KDUDNWHULVLHUXQJ�JHRJUDSKLVFKHU�'DWHQ
I�U� GLH� 3ODQXQJ� YRQ�0RELOIXQNV\VWHPHQ�� 'LSORPDUEHLW� DP� /HKUVWXKO� I�U
,QIRUPDWLN�,,,��8QLYHUVLWlW�:�U]EXUJ��,QVWLWXW�I�U�,QIRUPDWLN�

[15] /LHEOHU��3����������2SWLPL]DWLRQ�DOJRULWKPV�IRU�WKH�GHVLJQ�RI�FHOOXODU�FRP�
PXQLFDWLRQV� V\VWHPV��'LSORPDUEHLW� DP�/HKUVWXKO� I�U� ,QIRUPDWLN� ,,,�� 8QL�
YHUVLWlW�:�U]EXUJ��,QVWLWXW�I�U�,QIRUPDWLN�

[16] 0DQQDUVDOR�� 3��� $�� .RVNL� XQG� ,�� 1RUURV� �������� 7HOHFRPPXQLFDWLRQ� QHW�
ZRUNV� DQG� PXOWLIUDFWDO� DQDO\VLV� RI� KXPDQ� SRSXODWLRQ� GLVWULEXWLRQ�
&267����

[17] 0$3,1)2�� ,QWHUQHWVHLWH�� http://www.mapinfo.com�� 1<�� 0DS,QIR� &RUSRUD�
WLRQ�

[18] 0RELOH�6\VWHPV�,QWHUQDWLRQDO�/WG���������3/$1(7�7HFKQLFDO�UHIHUHQFH�JXL�
GH��06,�

[19] 5DSSDSRUW��7��6����������:LUHOHVV�&RPPXQLFDWLRQV�²�3ULQFLSOHV�	�3UDFWLFH�
1HZ�-HUVH\��3UHQWLFH�+DOO�

[20] 6LPRQ��5��HW�DO����������5HFKQHUJHVW�W]WHU�LQWHJULHUWHU�)XQNQHW]HQWZXUI�I�U
]HOOXODUH�)XQNV\VWHPH��17*�)DFKWDJXQJ�%HZHJOLFKH�)XQNGLHQVWH��6HLWH����
����0�QFKHQ�

[21] 6WR\DQ��'���:��.HQGDOO�XQG�-��0HFNH� ��������6WRFKDVWLF�*HRPHWU\�DQG� ,WV
$SSOLFDWLRQV��&KLFKHVWHU��:LOH\�

[22] 7UDQ�*LD�� 3�� ��������hEHUODVWSUREOHPH� LQ� UHFKQHUJHVWHXHUWHQ� )HUQVSUHFK�
YHUPLWWOXQJVV\VWHPHQ�� 0RGHOOELOGXQJ� XQG� $QDO\VH�� 'RNWRUDUEHLW�� 8QLYHU�
VLWlW�*HVDPWKRFKVFKXOH�6LHJHQ�

[23] 7UDQ�*LD��3�� ��������=HLWGLVNUHWH�$QDO\VH� YHUNHKUVWKHRUHWLVFKHU�0RGHOOH� LQ
5HFKQHU��XQG�.RPPXQLNDWLRQVV\VWHPHQ��8QLYHUVLWlW�6WXWWJDUW��,QVWLWXW�I�U
1DFKULFKWHQYHUPLWWOXQJ�XQG�'DWHQYHUDUEHLWXQJ�

[24] 7UDQ�*LD�� 3�� �������� $QDO\WLVFKH� /HLVWXQJVEHZHUWXQJ� YHUWHLOWHU� 6\VWHPH�
%HUOLQ��6SULQJHU�

[25] 7UDQ�*LD��3��XQG�0��0DQGMHV���������0RGHOLQJ�RI�FXVWRPHU�UHWULDO�SKHQR�
PHQRQ�LQ�FHOOXODU�PRELOH�QHWZRUNV��)RUVFKXQJVEHULFKW��3UHSULQW�5HLKH�1U�
�����8QLYHUVLWlW�:�U]EXUJ��,QVWLWXW�I�U�,QIRUPDWLN�

[26] 7UDQ�*LD��3��XQG�1��*HUOLFK���������,PSDFW�RI�FXVWRPHU�FOXVWHULQJ�RQ�PR�
ELOH� QHWZRUN� SHUIRUPDQFH�� )RUVFKXQJVEHULFKW�� 3UHSULQW�5HLKH� 1U�� ����
8QLYHUVLWlW�:�U]EXUJ��,QVWLWXW�I�U�,QIRUPDWLN�



120

[27] 7XWVFKNX�� .�� �������� 'HPDQG�EDVHG� UDGLR� QHWZRUN� SODQQLQJ� RI� FHOOXODU
PRELOH�FRPPXQLFDWLRQ�V\VWHPV��,(((�,QIRFRP�������6DQ�)UDQFLVFR�

[28] 7XWVFKNX�� .�� XQG� 3�� 7UDQ�*LD� ��������6SDWLDO� WUDIILF� HVWLPDWLRQ� DQG� FKD�
UDFWHUL]DWLRQ� IRU�PRELOH� FRPPXQLFDWLRQ� QHWZRUN� GHVLJQ�� ,(((� -RXUQDO� RI
6HOHFWHG�$UHDV�LQ�&RPPXQLFDWRQV�²�6SHFLDO�LVVXH�RQ�DGYDQFHV�LQ�FRPSXWD�
WLRQDO�DVSHFWV�RI�WHOHWUDIILF�PRGHOV��(UVFKHLQW�+HUEVW������

[29] 7XWVFKNX�� .��� .�� /HLEQLW]� XQG� 3�� 7UDQ�*LD� �������� ,&(37� ²� $Q� LQWHJUDWHG
FHOOXODU�QHWZRUN�SODQQLQJ� WRRO�� ,(((�&RQIHUHQFH�RQ�9HKLFXODU�7HFKQRORJ\
������3KRHQL[�

[30] 7XWVFKNX��.���1��*HUOLFK�XQG�3��7UDQ�*LD���������$Q�LQWHJUDWHG�DSSURDFK�WR
FHOOXODU� QHWZRUN� SODQQLQJ�� 3URFHHGLQJV� RI� WKH� �WK� ,QWHUQDWLRQDO� 1HWZRUN
3ODQQLQJ�6\PSRVLXP��1HWZRUNV������6\GQH\�

[31] 9LWHUEL��$�� -�� ��������&'0$�²� 3ULQFLSOHV� IRU� VSUHDG� VSHFWUXP� FRPPXQLFD�
WLRQV��0$��$GGLVRQ�:HVOH\

[32] 9RKUD��5��9��XQG�1��*��+DOO���������$�SUREDELOLVWLF�DQDO\VLV�RI�WKH�PD[LPDO
FRYHULQJ� ORFDWLRQ� SUREOHP��'LVFUHWH� $SSOLHG� 0DWKHPDWLFV� ���� 6HLWH� ����
����

[33] :LOOLQJHU��:���:��(��/HODQG��0��6��7DTTX�XQG�'��9��:LOVRQ���������2Q�WKH
VHOI�VLPLODU�QDWXUH�RI�HWKHUQHW�WUDIILF��$&0�6,*&RPP�����6DQ�)UDQFLVFR�



121

8 Abbildungsverzeichnis

Abbildung 2.1.1: Phasen der Planung eines mobilen Kommunikationssystems...........................8
Abbildung 2.2.1: Diskretisierung einer kontinuierlichen Funktion zu einer Matrix .......................14
Abbildung 2.2.2: Landnutzungsklassen des Würzburger Gebiets...............................................15
Abbildung 2.2.3: Verkehrsdichte des Würzburger Gebiets .........................................................17
Abbildung 2.3.1: Verkehrsdichte des Dallas Gebiets ..................................................................19
Abbildung 2.3.2: Verkehrsdichte des synthetischen Gebiets ......................................................20
Abbildung 3.1.1: 1. Schritt des Algorithmus.................................................................................24
Abbildung 3.1.2: 2. Schritt des Algorithmus.................................................................................25
Abbildung 3.1.3: Ergebnis des Algorithmus für T = 4 Teilungen .................................................26
Abbildung 3.1.4: Position des Demand-Nodes............................................................................27
Abbildung 3.1.5: Bestimmung der Landklasse ............................................................................27
Abbildung 3.1.6: Demand-Nodes des Würzburger Gebiets ........................................................29
Abbildung 3.1.7: Demand-Nodes des Dallas Gebiets .................................................................29
Abbildung 3.1.8: Demand-Nodes des synthetisches Gebiets .....................................................30
Abbildung 3.1.9: Demand-Nodes des konstanten Gebiets .........................................................30
Abbildung 3.2.1: Verkehrsmatrix..................................................................................................34
Abbildung 3.2.2: Algorithmus des Zusammenfassens von Knoten.............................................34
Abbildung 3.2.3: Zufällige Auswahl eines Knotens......................................................................35
Abbildung 3.2.4: Nachbarn eines Knoten ....................................................................................36
Abbildung 3.2.5: Suchfolge..........................................................................................................36
Abbildung 3.2.6: Zum Vereinigen ausgewählter Knoten N ..........................................................37
Abbildung 3.2.7: Aus der Vereinigung hervorgegangener neuer Knoten Z.................................38
Abbildung 3.2.8: Position des Demand-Nodes............................................................................39
Abbildung 3.2.9: Wahl der Landklasse ........................................................................................40
Abbildung 3.2.10: Demand-Nodes des Würzburger Gebiets ......................................................41
Abbildung 3.2.11: Demand-Nodes des Dallas Gebiets ...............................................................41
Abbildung 3.2.12: Demand-Nodes des synthetischen Gebiets ...................................................42
Abbildung 3.2.13: Demand-Nodes des konstanten Gebiets .......................................................42
Abbildung 3.2.14: Vekehrshistogramm des Würzburger Gebiets ...............................................44
Abbildung 3.2.15: Verkehrshistogramm des Dallas Gebiets .......................................................45
Abbildung 3.3.1: Algorithmus mit Optimierung ............................................................................46
Abbildung 3.3.2: Algorithmus des Löschens von verkehrsarmen Knoten...................................47
Abbildung 3.3.3: Algorithmus für zu optimierenden Knoten ........................................................48
Abbildung 3.3.4: Beispiel für zwei zu löschende Knoten.............................................................49
Abbildung 3.3.5: Gebiet nach der Entfernung der zwei Knoten ..................................................49
Abbildung 3.3.6: Würzburger Gebiet, mit Tmin = 0.6 ⋅Tmax, RTmax = 1.1 ...........................................51
Abbildung 3.3.7: Dallas Gebiet, mit Tmin = 0.6 ⋅Tmax, RTmax = 1.1 ....................................................51
Abbildung 3.3.8: Algorithmus der Optimierung von Flächenelementen ......................................53
Abbildung 3.3.9: Beispiel zur Feldauswahl der Optimierung.......................................................55
Abbildung 3.3.10: Felder nach der Optimierung..........................................................................55
Abbildung 3.3.11: Würzburger Gebiet, mit Parametern gemäß Tabelle 3.3.1 ............................56
Abbildung 3.3.12: Dallas Gebiet, mit Parametern gemäß Tabelle 3.3.1 .....................................57
Abbildung 3.3.13: Würzburger Gebiet, verbesserte Optimierung................................................59
Abbildung 3.3.14: Dallas Gebiet, verbesserte Optimierung ........................................................59
Abbildung 3.3.15: Konstantes Gebiet ..........................................................................................60
Abbildung 3.3.16: Demand-Nodes des Würzburger Gebiets ......................................................63



122

Abbildung 3.3.17: Demand-Nodes des Dallas Gebiets ...............................................................63
Abbildung 4.1: Kommunikationsverkehr eines Testkreises auf der Matrix..................................66
Abbildung 4.2: Kommunikationsverkehr der Demand-Nodes eines Testkreises ........................66
Abbildung 4.1.1: Mögliche Positionen von Testkreisen...............................................................68
Abbildung 4.1.2: Kreisförmige und quadratische Testfläche .......................................................69
Abbildung 4.1.3: Algorithmus der Berechnung einer Meßreihe...................................................70
Abbildung 4.2.1: Maximaler quadratischer Fehler im Würzburger Gebiet ..................................76
Abbildung 4.2.2: Mittlerer relativer Fehler im Würzburger Gebiet ...............................................76
Abbildung 4.2.3: Vergleich beider Verfahren im Würzburger Gebiet ..........................................77
Abbildung 4.2.4: Vergleich beider Verfahren im Dallas Gebiet ...................................................78
Abbildung 4.2.5 Vergleich beider Verfahren im konstanten Gebiet.............................................79
Abbildung 4.2.6: Vergleich mit quadratischer Testfläche im synthetischen  Gebiet....................80
Abbildung 4.2.7: Vergleich mit quadratischer Testfläche im konstanten Gebiet .........................80
Abbildung 4.2.8: Vergleich verschiedener Parameter im Würzburger Gebiet.............................83
Abbildung 4.2.9: Vergleich verschiedener Parameter im Dallas Gebiet......................................83
Abbildung 4.2.10: Vergleich verschiedener Parameter im synthetischen Gebiet .......................84
Abbildung 4.2.11: Vergleich verschiedener Parameter im konstanten Gebiet............................85
Abbildung 4.2.12: Vergleich der Demand-Node Anzahl beim Zusammenfassen .......................86
Abbildung 4.2.13: Vergleich der Demand-Node Anzahl beim Partitionieren...............................86
Abbildung 4.2.14: Vergleich der Demand-Node Anzahl beim Partitionieren...............................87
Abbildung 4.2.15: Vergleich der Demand-Node Anzahl beider Verfahren..................................88
Abbildung 4.2.16: Würzburger Gebiet, verbesserte Optimierung  mit Flächenbegrenzung der

Demand-Nodes auf 0.2 NP2............................................................................89
Abbildung 4.2.17: Demand-Nodes des Würzburger Gebiets mit Flächenbegrenzung der

Demand-Nodes auf 0.2 NP2............................................................................90
Abbildung 4.2.18: Untersuchung der Flächenbegrenzung bei kleiner Testfläche.......................91
Abbildung 4.2.19: Untersuchung der Flächenbegrenzung bei großer Testfläche.......................92
Abbildung 4.3.1: Landnutzungsklassen in der Matrix ..................................................................94
Abbildung 4.3.2: Landnutzungsklassen der Demand-Nodes ......................................................94
Abbildung 4.3.3: Vergleich der Landnutzungsklassen beider Verfahren ....................................96
Abbildung 4.3.4: Vergleich bei verschiedener Anzahl der Demand-Nodes ................................97
Abbildung 5.1.1: Modell einer Zelle mit Clusterung der Teilnehmer............................................99
Abbildung 5.1.2: Beispiel für zufällige Testkreise ......................................................................103
Abbildung 5.1.3: Subjektive Dienstgüte bei E[X] = 30, K = 7, Würzburger Gebiet ....................104
Abbildung 5.1.4: Subjektive Dienstgüte bei E[X] = 30, K = 7, Dallas Gebiet.............................105
Abbildung 5.1.5: Modell einer Zelle mit Wiederholungsversuch................................................106
Abbildung 5.1.6: Subjektive Dienstgüte mit Wiederholungsversuch .........................................106
Abbildung 5.2.1: Schematischer Aufbau eines mobilen Kommunikationsnetzes......................108
Abbildung 5.2.2: Hauptentwurfskriterien mobiler Kommunikationssysteme .............................109
Abbildung 5.2.3: Bildschirmdarstellung von ICEPT...................................................................110
Abbildung 5.2.4: Versorgungsgebiete des Würzburger Gebiets, [29] .......................................111
Abbildung 5.3.1: Aufbau von CUTE...........................................................................................112
Abbildung 5.3.2: Bildschirmdarstellung von CUTE....................................................................113
Abbildung 5.4.1: Sender auf Positionen von Demand-Nodes im Würzburger Gebiet...............114


