
.$3,7(/#6 0HWKRGHQ
,P# IROJHQGHQ# ZLUG# HLQH# 0HWKRGH# HQWZLFNHOW/# GLH# DQKDQG# YRQ# $PLQRVlXUHVHTXHQ]HQ# PLW
EHNDQQWHU#(LJHQVFKDIW#GLH#I�U#GLH#)XQNWLRQVYRUKHUVDJH#UHOHYDQWHQ#SK\VLNRFKHPLVFKHQ#0HUN0
PDOH#ILQGHW1#0LW#GLHVHU#0HWKRGH#VROOWH#HV#P|JOLFK#VHLQ/#HLQH#YHUOl�OLFKH#$XVVDJH#�EHU#XQEH0
NDQQWH# 6HTXHQ]HQ# EH]�JOLFK# GLHVHU# )XQNWLRQ# ]X# PDFKHQ1# =XU# %HDQWZRUWXQJ# GLHVHU
)UDJHVWHOOXQJ#HLJQHQ#VLFK#.�QVWOLFKH#1HXURQDOH#1HW]H# +.11>#>444/#;5@,1#'LHVH#0HWKRGH#LVW
KLHU#ZHLWHUHQWZLFNHOW#ZRUGHQ=#(LQ#.11#PLW#DGDSWLYHU#.RGLHUXQJ# +DGDSWLYH#FRGLQJ#QHWZRUN/
$&1,# LVW# LQ#GHU#/DJH/#GLH#ZHVHQWOLFKHQ#(LJHQVFKDIWHQ/#GLH#I�U#DOOH#$PLQRVlXUHSRVLWLRQHQ# LQ
HLQHP# JHJHEHQHQ#6HTXHQ]DEVFKQLWW# JOHLFK# VLQG/# ]X# EHVWLPPHQ1#'DV# KHL�W/# HV#P�VVHQ# QLFKW
PHKU#DOOH#SK\VLNRFKHPLVFKHQ#(LJHQVFKDIWHQ#GXUFKSURELHUW#ZHUGHQ/#XP#GLH#EHVWH#.RPELQDWLRQ
]X#ILQGHQ/#VRQGHUQ#QXU#ZHQLJH#7UDLQLQJVOlXIH#UHLFKHQ#DXV/#XP#GDV#JHJHEHQH#3UREOHP#HOHJDQW
]X#O|VHQ1#'DPLW#ELHWHW#GLHVH#0HWKRGH#GLH#0|JOLFKNHLW#PLW#HLQHU#VHKU#JHULQJHQ#$Q]DKO#YRQ#]X
EHVWLPPHQGHQ#*U|�HQ#HLQH#EHVVHUH#9RUKHUVDJHJHQDXLJNHLW#]X#HU]LHOHQ1#'LHVHV#$&1#ZLUG#PLW
HLQIDFKHQ#VWDWLVWLVFKHQ#0HWKRGHQ#XQG#PLW#KHUN|PPOLFKHQ#.11#YHUJOLFKHQ1

'LHVH#0HWKRGH#NDQQ# DQVFKOLH�HQG# DXFK# I�U#GDV# UDWLRQDOH# VHTXHQ]RULHQWLHUWH#3URWHLQ0'HVLJQ
YHUZHQGHW#ZHUGHQ/#]1%1#PLWWHOV#GHU#6LPXOLHUWHQ#0ROHNXODUHQ#(YROXWLRQ#+60(/#>437@,1

'LH# $QDO\VH# YRQ# EHNDQQWHQ# 3URWHLQ03URWHLQ0:HFKVHOZLUNXQJHQ# Ol�W# 5�FNVFKO�VVH# DXI# GDV
'HVLJQ#SRWHQWLHOOHU#,QKLELWRU#3HSWLGH#]X/#GLH#]XU#(QWZLFNOXQJ#HLQHV#0RGHOOV#JHQXW]W#ZXUGHQ1#

61D *�WHNULWHULHQ
'LH#*HQHUDOLVLHUXQJVIlKLJNHLW#HLQHV#.ODVVLILNDWRUV#+HLQH#0HWKRGH/#GLH#HLQH#.ODVVLILNDWLRQ#YRQ
'DWHQ#HUP|JOLFKW,#NDQQ#PLW#+LOIH#HLQHV#7UDLQLQJV0#XQG#HLQHV#7HVWGDWHQVDW]HV#�EHUSU�IW#ZHU0



4; 0HWKRGHQ
GHQ1#'LH#9RUKHUVDJH#YRQ#7UDLQLQJVVHTXHQ]HQ#ZLUG#DOV#5HNODVVLILNDWLRQ/#GLH#YRQ#7HVWVHTXHQ]HQ
DOV#.ODVVLILNDWLRQ#EH]HLFKQHW1#0LW#3#+ÄSRVLWLY³,#ZLUG#GLH#$Q]DKO#GHU#SRVLWLYHQ#6HTXHQ]HQ/#GLH
NRUUHNW#]XJHRUGQHW#ZXUGHQ/#DEJHN�U]W>#1#+ÄQHJDWLY³,#VLQG#GLH#QHJDWLYHQ#6HTXHQ]HQ/#GLH#NRU0
UHNW#YRUKHUJHVDJW#ZHUGHQ/#2#+ÄRYHUSUHGLFWLRQ³,#LVW#GLH#$Q]DKO#GHUMHQLJHQ#6HTXHQ]HQ/#GLH#DOV
SRVLWLY#YRUKHUJHVDJW#ZHUGHQ/#MHGRFK#QHJDWLY#VLQG>#8#+ÄXQGHUSUHGLFWLRQ³,#VLQG#GLH#IDOVFK#QHJD0
WLY# ]XJHRUGQHWHQ# 6HTXHQ]HQ1#$OV#4XDOLWlWVNULWHULXP#ZXUGH# GHU#.RUUHODWLRQVNRHIIL]LHQW# +FF,
QDFK#0DWWKHZV#YHUZHQGHW=

.RUUHODWLRQVNRHIIL]LHQW#QDFK#0DWWKHZV#>::@1

+*/(,&+81*#4,

'HU#FF#KDW#HLQHQ#:HUWHEHUHLFK#YRQ#PLQXV#HLQV#ELV#SOXV#HLQV1#(U#JHZLFKWHW#DOOH#9RUKHUVDJHQ
JOHLFK#XQG#EHU�FNVLFKWLJW#QLFKW#GLH#HYHQWXHOOHQ#*U|�HQXQWHUVFKLHGH#GHU#SRVLWLYHQ#XQG#QHJDWL0
YHQ#'DWHQ1#,Q#$EELOGXQJ#;$#LVW#GLH#FF0)XQNWLRQ#I�U#GHQ#)DOO#GHU#6LJQDOVHTXHQ]HQ#GDUJHVWHOOW1
+LHU#VLQG#3RV :9#SRVLWLYH#XQG#1HJ :93#QHJDWLYH#6HTXHQ]HQ#YRUKDQGHQ1#'LH#2YHUSUHGLFWLRQ
+2,#XQG#8QGHUSUHGLFWLRQ#+8,#HUJHEHQ#VLFK#QXQ#GXUFK=

+*/(,&+81*#5,

'DGXUFK#LVW#FF#DOV#)XQNWLRQ#YRQ#3/#1/#2#XQG#8#]X#HLQHU#)XQNWLRQ#YRQ#3#XQG#1#WUDQVIRUPLHUW
ZRUGHQ1#'LH#)XQNWLRQ# LVW# LP#%HUHLFK#PLWWOHUHU#:HUWH# OLQHDU/#QXU#DQ#GHQ#(QGHQ#HUJHEHQ#VLFK
VWlUNHUH#$EZHLFKXQJHQ1#'LHVH#$EZHLFKXQJHQ# HUJHEHQ# VLFK# DXV#GHU#XQJOHLFKHQ#$Q]DKO#YRQ
3RVLWLYHQ# XQG# 1HJDWLYHQ# 'DWHQSXQNWHQ/# ZLH# HLQ# 9HUJOHLFK# PLW# GHP# 4=4# 9HUKlOWQLV# ]HLJW
+$EELOGXQJ#;%,1

,P#)DOOH#GHU#FLV0#E]Z1#WUDQV03URO\O0*UXSSHQ#VLQG#3RV 657#E]Z1#1HJ 837;#'DWHQ#YRUKDQGHQ
+$EELOGXQJ#<,1#+LHU#LVW#GDV#9HUKlOWQLV#YRQ#SRVLWLYHQ#]X#QHJDWLYHQ#PLW#4=48#QRFK#HWZDV#VFKOHFK0
WHU#DOV#EHL#GHQ#6FKQLWWVWHOOHQGDWHQ# +4=43,1#'HU#9HUODXI#GHU#.RUUHODWLRQVIXQNWLRQ#]HLJW/#GD�#LQ
%HUHLFKHQ#YRQ#VHKU#ZHQLJHQ#RGHU#VHKU#YLHOHQ#1#NOHLQH#bQGHUXQJHQ#GHV#9HUKlOWQLVVHV#YRQ#3#]X
1#UHODWLY#JUR�H#$XVZLUNXQJ#DXI#GLH#FF0:HUWH#KDEHQ1

FF 3 1 8– 2⋅⋅
3 2+( ) 3 8+( ) 1 8+( ) 1 2+( )

0000000000000000000000000000000000000000000000000000000000000000000000000000000000=

2 1HJ 1–=

8 3RV 3–=



.RGLHUXQJ#GHU#'DWHQ 4<
61E .RGLHUXQJ#GHU#'DWHQ

'LH#3URWHLQVHTXHQ]GDWHQ#OLHJHQ#DOV#.HWWHQ#YRQ#%XFKVWDEHQ#YRU1#8P#VLH#PLW#HLQHU#PDWKHPDWL0
VFKHQ#0HWKRGH#DXV]XZHUWHQ/#P�VVHQ#GLH#HLQ]HOQHQ#%XFKVWDEHQ# LQ#=DKOHQ# WUDQVIRUPLHUW#ZHU0
GHQ1#)�U#GLHVH#.RGLHUXQJ#JLEW#HV#PHKUHUH#0|JOLFKNHLWHQ1#$OOH#.RGLHUXQJHQ#RUGQHQ#MHGHU#GHU
53#$PLQRVlXUHQ#HLQH#RGHU#PHKUHUH#=DKOHQ#]X1

%HL#GHU#YHUWHLOWHQ#.RGLHUXQJ#ZLUG#MHGHU#$PLQRVlXUH#HLQ#9HNWRU#YRQ#HLQHU#(LQV#XQG#QHXQ]HKQ
1XOOHQ#]XJHRUGQHW1#'LHVH#.RGLHUXQJ#KDW#GHQ#9RUWHLO/#GD�#NHLQ#D SULRUL#:LVVHQ#LQ#GLH#.RGLH0
UXQJ#�EHUQRPPHQ#ZLUG/#GHQQ#DOOH#$PLQRVlXUHQ#ZHUGHQ#KLHU#XQDEKlQJLJ#YRQHLQDQGHU#NRGLHUW>
DOOH#9HNWRUHQ# VLQG# RUWKRJRQDO# ]XHLQDQGHU1# -HGRFK#P�VVHQ# I�U# MHGH#$PLQRVlXUH# 530GLPHQ0

$%%,/'81*#;= FF0:HUWH#DOV#)XQNWLRQ#GHU#$Q]DKO#DQ#SRVLWLYHQ#XQG#QHJDWLYHQ#%HLVSLHOHQ1#'LH#2YHUSUHGLFWLRQ#
XQG#8QGHUSUHGLFWLRQ#HUJHEHQ#VLFK#DXV#GHU#$Q]DKO#DOOHU#SRVLWLYHQ#XQG#QHJDWLYHQ#'DWHQ=#$=#3RV :9>#1HJ :93>#%=#
3RV 1HJ 43>
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$%%,/'81*#<= FF0:HUWH#DOV#)XQNWLRQ#GHU#$Q]DKO#DQ#SRVLWLYHQ#XQG#QHJDWLYHQ#%HLVSLHOHQ1#'LH#2YHUSUHGLFWLRQ#
XQG#8QGHUSUHGLFWLRQ#HUJHEHQ#VLFK#DXV#GHU#$Q]DKO#DOOHU#SRVLWLYHQ#XQG#QHJDWLYHQ#'DWHQ=#$=#3RV 657>#1HJ 837;>#
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53 0HWKRGHQ
VLRQDOH#9HNWRUHQ#HLQJHI�KUW#ZHUGHQ1#+(LJHQWOLFK#P�VVHQ#GLH#9HNWRUHQ#QXU#4<#GLPHQVLRQDO#VHLQ/
GDPLW# DOOH#$PLQRVlXUHQ# YRQHLQDQGHU# XQDEKlQJLJ# VLQG/# MHGRFK# LVW# GLH#%HVFKUHLEXQJ#PLW# 53
'LPHQVLRQHQ#HLQIDFKHU#XQG#�EHUVLFKWOLFKHU1,#8P#HLQHQ#6HTXHQ]DXVVFKQLWW#YRQ#45#$PLQRVlX0
UHQ#]X#EHVFKUHLEHQ/#ZLUG#HLQ#5730GLPHQVLRQDOHU#9HNWRU#EHQ|WLJW1

%HL#GHU#9HUZHQGXQJ#YRQ#ELQlUHQ#SK\VLNRFKHPLVFKHQ#(LJHQVFKDIWHQ#I�U#GLH#.RGLHUXQJ#ZHUGHQ
GLH#$PLQRVlXUHQ#GXUFK#HLQH#(LQV#RGHU#HLQH#1XOO#SUR#(LJHQVFKDIW#UHSUlVHQWLHUW1#6R#ZHUGHQ#GLH
$PLQRVlXUHQ#$/#*/#6# GXUFK# HLQH#(LQV# XQG# DOOH# DQGHUHQ# GXUFK# HLQH#1XOO# HUVHW]W/#ZHQQ# GLH
(LJHQVFKDIW#ÄVHKU#NOHLQ³#]XU#%HVFKUHLEXQJ#YHUZHQGHW#ZLUG# +*OHLFKXQJ#6,1#%HL#GHU#9HUZHQ0
GXQJ# YRQ# UHHOOHQ# SK\VLNRFKHPLVFKHQ# (LJHQVFKDIWHQ#ZHUGHQ# GXUFK# ([SHULPHQWH# EHVWLPPWH
UHHOOH#*U|�HQ#I�U#GLH#$PLQRVlXUHQ#HLQJHVHW]W1#'HU#1DFKWHLO#GHU#SK\VLNRFKHPLVFKHQ#.RGLHUXQ0
JHQ# OLHJW# LQ#GHQ#$QQDKPHQ/#DXI#GHQHQ#GLH#.RGLHUXQJHQ#EDVLHUHQ1#6R#NDQQ#HV# VHLQ/#GD�#GLH
JHZlKOWH#.RGLHUXQJ#QLFKW#GLH#FKDUDNWHULVWLVFKHQ#(LJHQVFKDIWHQ#GHV#3UREOHPV#EHVFKUHLEW1

$⇒ ^4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
& ⇒ ^3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
'⇒ ^3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
( ⇒ ^3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
) ⇒ ^3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
*⇒ ^3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
+⇒ ^3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
, ⇒ ^3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
.⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
/ ⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3`
0⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3/#3`
1⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3/#3`
3 ⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3/#3`
4⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3/#3`
5 ⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3/#3`
6 ⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3/#3`
7 ⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3/#3`
9⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3/#3`
:⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4/#3`
9⇒ ^3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#3/#4`



.RGLHUXQJ#GHU#'DWHQ 54
6R#ZLH# EHL# HLQHP#%RQJDUG# 3UREOHP# GLH# (LJHQVFKDIWHQ#.UHLV/#4XDGUDW# RGHU#'UHLHFN# QLFKW
JHHLJQHW#VLQG/#HLQH#=XRUGQXQJ#GHV#LQ#GHU#0LWWH#YRQ#$EELOGXQJ#44#DEJHELOGHWHQ#%HLVSLHOV#]X
HUUHLFKHQ/#N|QQHQ#DXFK#GLH#JHZlKOWHQ#(LJHQVFKDIWHQ#LQ#ELRFKHPLVFKHQ#)lOOHQ#QLFKW#JHHLJQHW
VHLQ/#GDV#JHJHEHQH#3UREOHP#]X#O|VHQ1#=XGHP#NDQQ#HLQH#(LJHQVFKDIW#DOOHLQH#QLFKW#DXVUHLFKHQ1
0HKUHUH#(LJHQVFKDIWHQ# N|QQHQ# GXUFK#=XVDPPHQVHW]HQ# YRQ#(LQ]HOHLJHQVFKDIWHQ# HQWVWHKHQ1
+'DV#0XVWHU# LP# JHZlKOWHQ#%RQJDUG# 3UREOHP# JHK|UW# ]XU#.ODVVH#$1#'DV# ]XJUXQGHOLHJHQGH
0HUNPDO#KHL�W=#=ZHLIDFK#XPVFKORVVHQH#)OlFKH/#RGHU#HLQ#2EMHNW#LQ#HLQHP#DQGHUHQ#2EMHNW1,

6ROO#HLQ#'DWHQVDW]#GXUFK#GLH#(LJHQVFKDIWHQ#ÄVHKU#NOHLQ³#XQG#ÄDOLSKDWLVFK³#EHVFKULHEHQ#ZHUGHQ/
VR#ZHUGHQ#$ODQLQ/#*O\FLQ#XQG#6HULQ#DXI#GHQ#9HNWRU

# +*/(,&+81*#6,

DEJHELOGHW>#GLH#$PLQRVlXUHQ#/HXFLQ/#,VROHXFLQ#XQG#9DOLQ#ZHUGHQ#GXUFK#

# +*/(,&+81*#7,

EHVFKULHEHQ/#DOOH#DQGHUHQ#GXUFK

1 +*/(,&+81*#8,

'LH#6HTXHQ]#$9*#ZLUG#DOVR#DXI#

" "

.ODVVH#$ .ODVVH#%

$%%,/'81*#44= %RQJDUG03UREOHP=#*HK|UW#GDV#LQ#GHU#0LWWH#DEJHELOGHWH#6\PERO#]XU#.ODVVH#$#RGHU#]XU#.ODVVH#
%"#:HOFKHV#0HUNPDO#LVW#HQWVFKHLGHQG"

$ * 6 [⇒, , 4
3

=

/ , 9 [⇒, , 3
4

=

7 & 0 3 ' 1 ( 4 . 5 + ) < : [⇒, , , , , , , , , , , , , 3
3

=



55 0HWKRGHQ
# +*/(,&+81*#9,

DEJHELOGHW1

,Q#$EVFKQLWW#61J1LLL#ZLUG#LP#=XVDPPHQKDQJ#PLW#.�QVWOLFKHQ#1HXURQDOHQ#1HW]HQ#EHVFKULHEHQ/
ZLH#HLQH#JHHLJQHWH#.RGLHUXQJ#XQWHU#%HLEHKDOWXQJ#HLQHV#P|JOLFKVW#NOHLQHQ#'DWHQUDXPV#JHIXQ0
GHQ#ZHUGHQ#NDQQ/#RKQH#VLFK#DXI#SK\VLNRFKHPLVFKH#(LJHQVFKDIWHQ#]X#EHVFKUlQNHQ1

61F 9HUJOHLFK#YRQ#.RGLHUXQJHQ

'HU#5DXP/#GHU#YRQ#GHU#YHUWHLOWHQ#.RGLHUXQJ#DXIJHVSDQQW#ZLUG/#LVW#GHU#JU|�WH#VLQQYROOH#5DXP/
LQ#GHP#GLH#6HTXHQ]HQ#GDUJHVWHOOW#ZHUGHQ#N|QQHQ1#,Q#GLHVHU#.RGLHUXQJ#ZHUGHQ#NHLQH#.RUUHOD0
WLRQHQ#]ZLVFKHQ#GHQ#$PLQRVlXUHQ#HLQJHI�KUW1#$OOH#DQGHUHQ/#NOHLQHUHQ#5lXPH/#ELOGHQ#8QWHU0
UlXPH# GHV# YHUWHLOW# NRGLHUWHQ# 5DXPHV1# 'LHVH# N|QQHQ# QDFK# ZLH# YRU# GLH# ZHVHQWOLFKHQ
=XVDPPHQKlQJH#]ZLVFKHQ#GHQ#6HTXHQ]SRVLWLRQHQ#EHLQKDOWHQ1#(V#ZLUG#QXQ#HLQH#0|JOLFKNHLW
YRUJHVWHOOW/# GLHVH# 8QWHUUlXPH#PLWHLQDQGHU# ]X# YHUJOHLFKHQ1# (LQ# 8QWHUUDXP# ZLUG# GXUFK# HLQ
%DVLVV\VWHP#DXIJHVSDQQW/#ZREHL#GDV#%DVLVV\VWHP#DXV#%DVLVYHNWRUHQ#EHVWHKW1#-HGHU#9HNWRU#KDW
GLH#'LPHQVLRQ#53/#ZREHL#MHGH#.RPSRQHQWH#HLQH#$PLQRVlXUH#UHSUlVHQWLHUW#+LQ#DOSKDEHWLVFKHU
5HLKHQIROJH#GHV#(LQEXFKVWDEHQNRGHV,1#(LQ#%DVLVV\VWHP#LVW#GLH#=XVDPPHQVHW]XQJ#YRQ#PHKUH0
UHQ#.RGLHUXQJVYHNWRUHQ#+.RGLHUXQJVPDWUL[,1#6R#EHVWHKW#GDV#%DVLVV\VWHP#GHU#YHUWHLOWHQ#.RGLH0
UXQJ#DXV#53#%DVLVYHNWRUHQ1#'LH#(LJHQVFKDIW#ÄVHKU#NOHLQ³#ZLUG#GXUFK#

+*/(,&+81*#:,

EHVFKULHEHQ1

(V#VROOHQ#QXQ#YHUVFKLHGHQH#%DVLVV\VWHPH#PLWHLQDQGHU#YHUJOLFKHQ#ZHUGHQ1#'DEHL#LVW#]XP#HLQHQ
LQWHUHVVDQW/#LQZLHZHLW#HLQ#%DVLVYHNWRU#HLQHV#%DVLVV\VWHPV#LQ#HLQHP#DQGHUHQ#%DVLVV\VWHP#GDU0
JHVWHOOW#ZLUG#XQG#ZLH# VLFK# ]ZHL#%DVLVV\VWHPH#JOHLFKHU#'LPHQVLRQ# ]XHLQDQGHU#YHUKDOWHQ1#(V
VROOWHQ#EHLGH#:HUWH#DXI#(LQV#QRUPLHUW#VHLQ/#XP#GLH#,QWHUSUHWDWLRQ#]X#HUOHLFKWHUQ1

=XQlFKVW#VROO#JH]HLJW#ZHUGHQ/#ZLH#HLQ#%DVLVYHNWRU#&#LQ#HLQHP#%DVLVV\VWHP#0  ^F4/#F5/#111/#F1`
DXV#1#%DVLVYHNWRUHQ# UHSUlVHQWLHUW# LVW1#'LH#)UDJHVWHOOXQJ# DQGHUV# IRUPXOLHUW# ODXWHW=# ,QZLHZHLW
VWLPPW#GLH#5LFKWXQJ/#GLH#GXUFK#GHQ#%DVLVYHNWRU#JHJHEHQ#LVW/#PLW#GHQ#5LFKWXQJHQ/#GLH#GXUFK#GDV
%DVLVV\VWHP#DXIJHVSDQQW#ZHUGHQ/#�EHUHLQ1#'D#QLFKW#GLH#*U|�H#GHU#.RUUHODWLRQHQ#LQWHUHVVLHUW/

$9* [⇒

4
3
3
4
4
3

=

VHKU#NOHLQ 4 3 3 3 3 4 3 3 3 3 3 3 3 3 3 4 3 3 3 3, , , , , , , , , , , , , , , , , , ,{ }=



9HUJOHLFK#YRQ#.RGLHUXQJHQ 56
VRQGHUQ#QXU#GLH#4XDOLWlW/#DOVR#QLFKW#GLH#/lQJH#GHU#9HNWRUHQ#VRQGHUQ#QXU#GLH#5LFKWXQJ/#ZHUGHQ
VRZRKO#GHU#%DVLVYHNWRU#DOV#DXFK#GLH#%DVLVYHNWRUHQ#GHV#%DVLVV\VWHPV#QRUPLHUW=

+*/(,&+81*#;,

PLW# # DOV# (LQKHLWVYHNWRU# XQG# # DOV# QRUPLHUWHP# %DVLVV\VWHP1#$QVFKOLH�HQG#ZHUGHQ# GLH
%DVLVYHNWRUHQ#GHV#%DVLVV\VWHPV#RUWKRJRQDOLVLHUW#QDFK#*UDP06FKPLGW#>87@1

+*/(,&+81*#<,

'LH#UHVXOWLHUHQGHQ#9HNWRUHQ#VLQG#MHW]W#QLFKW#PHKU#QRUPLHUW1#,KUH#/lQJH#VSLHJHOW#GLH#.RUUHODWLRQ
]ZLVFKHQ#LKQHQ#ZLGHU1#'DV#(XNOLGLVFKH#6NDODUSURGXNW#]ZLVFKHQ#GHQ#HLQ]HOQHQ#%DVLVYHNWRUHQ
XQG#GHP#%DVLVV\VWHP#HUJLEW#HLQHQ#9HNWRU#GHVVHQ#%HWUDJ/#'/#GHQ#JHPHLQVDPHQ#$QWHLO#]ZL0
VFKHQ#%DVLV#XQG#%DVLVV\VWHP#TXDQWLIL]LHUW1#

+*/(,&+81*#43,

'HU#:HUW#YRQ#'#OLHJW#]ZLVFKHQ#1XOO#XQG#(LQV1

=ZHL#%DVLVV\VWHPH#N|QQHQ#ZLH#IROJW#PLWHLQDQGHU#YHUJOLFKHQ#ZHUGHQ=#'DV#6NDODUSURGXNW#]ZL0
VFKHQ#]ZHL#Q#[#P00DWUL]HQ/#$#XQG#%/#LVW#�EHU#GLH#6SXU#DXV#GHP#3URGXNW#GHU#EHLGHQ#0DWUL]HQ
GHILQLHUW#>87@=

/ +*/(,&+81*#44,

ZREHL#7#GHU#7UDQVSRVLWLRQVRSHUDWRU#LVW1#$QVFKOLH�HQG#ZLUG#GLH#1RUPLHUXQJ#GXUFKJHI�KUW/#ZHO0
FKH#GHQ#&RVLQXV#GHV#:LQNHOV#]ZLVFKHQ#GHQ#]ZHL#0DWUL]HQ#GDUVWHOOW=

+*/(,&+81*#45,

'LHVHU#:HUW#OLHJW#VRPLW#ZLHGHU#]ZLVFKHQ#1XOO#XQG#(LQV1#'HU#&RVLQXV#LVW#MHGRFK#QLFKW#XQDEKlQ0
JLJ#YRQ#GHU#5HLKHQIROJH#GHU#HLQ]HOQHQ#%DVHQ1#-HGRFK#LVW#GLH#5HLKHQIROJH#I�U#GHQ#9HUJOHLFK#YRQ
]ZHL#.RGLHUXQJHQ#QLFKW#UHOHYDQW/#GHQQ#HLQH#.RGLHUXQJ#+K\GURSKRE/#SRODU,#VROOWH#JOHLFK#+SRODU/
K\GURSKRE,#VHLQ1#'HVKDOE#P�VVHQ#DOOH#P|JOLFKHQ#3HUPXWDWLRQHQ# I�U#HLQHV#GHU#%DVLVV\VWHPH

H&
&

& &⋅
0000000000000000=

(0
F4

F4 F4⋅
000000000000000000

F5

F5 F5⋅
000000000000000000 …

F1

F1 F1⋅
00000000000000000000, , ,

 
 
 

=

H& (0

0* *UDP6FKPLGW (0( )=

' 0* H&⋅( ) 0* H&⋅( )⋅=

$ %,〈 〉 6SXU $ %7⋅( )=

6SXU $( ) $L L,
L

∑=

$ %,( )FRV $ %,〈 〉
$ $,〈 〉 % %,〈 〉⋅

000000000000000000000000000000000000000000=



57 0HWKRGHQ
GXUFKSURELHUW#ZHUGHQ1#'HU#PD[LPDOH#:HUW#HUJLEW#GDQQ#GHQ#JHZ�QVFKWHQ#:HUW# I�U#GHQ#9HU0
JOHLFK#YRQ#]ZHL#%DVLVV\VWHPHQ1

61G ,QIRUPDWLRQVDQDO\VH

%HYRU#NRPSOH[H#$QDO\VHYHUIDKUHQ#DQJHZHQGHW#ZHUGHQ/#VROOWH#GHU#'DWHQVDW]#DXI#%HVRQGHUKHL0
WHQ#�EHUSU�IW#ZHUGHQ1#6R#NDQQ#PLWWHOV#GHU#,QIRUPDWLRQVDQDO\VH#>77/#445/#446@#�EHUSU�IW#ZHU0
GHQ/# RE# GLH# 6HTXHQ]SRVLWLRQHQ# $PLQRVlXUHQ# JOHLFKYHUWHLOW# HQWKDOWHQ/# RGHU# RE# EHVWLPPWH
$PLQRVlXUHQ#DQ#HLQ]HOQHQ#3RVLWLRQHQ#KlXILJHU#YRUNRPPHQ1

'LH#:DKUVFKHLQOLFKNHLW/#GD�#GLH#$PLQRVlXUH#$ODQLQ#DQ#HLQHU#EHVWLPPWHQ#3RVLWLRQ/# L/# LQ#GHU
6HTXHQ]#YRUNRPPW/#SL+$,/#EHUHFKQHW# VLFK# DXV#GHU#+lXILJNHLW#YRQ#$ODQLQ# DQ#GHU#3RVLWLRQ# L/
$Q]L+$,/#�EHU#GLH#$Q]DKO#GHU#%HLVSLHOVHTXHQ]HQ/#$Q]+6HTXHQ]HQ,/#GLH#YRUKDQGHQ#VLQG=

+*/(,&+81*#46,

'DEHL# LVW# GLH# 6XPPH# GHU# :DKUVFKHLQOLFKNHLWHQ# DOOHU# 53# $PLQRVlXUHQ# JOHLFK# (LQV
1#'HU#*UDG#GHU#8QEHVWLPPWKHLW#RGHU#DXFK#GLH#(QWURSLH#HLQHV#=XVWDQGHV#+3RVL0

WLRQ#L#XQG#$PLQRVlXUH#;,#EHUHFKQHW#VLFK#]X#

1 +*/(,&+81*#47,

)�U#GHQ#)DOO/#GD�#GHU#/RJDULWKPXV#]XU#%DVLV#5#EHUHFKQHW#ZLUG/#LVW#GLH#(QWURSLH#DQ#GHU#JHJHEH0
QHQ# 6HTXHQ]SRVLWLRQ# JOHLFK# GHU#$Q]DKO# GHU# ELQlUHQ# (QWVFKHLGXQJHQ/# GLH# JHWURIIHQ#ZHUGHQ
P�VVHQ/#XP#GHQ#=XVWDQG#]X#EHVWLPPHQ1#'LHVH#*U|�H#ZLUG#LQ#ELW#JHPHVVHQ1#)�U#GHQ#)DOO/#GD�
DQ#HLQHU#EHVWLPPWHQ#6HTXHQ]SRVLWLRQ#QXU#GLH#$PLQRVlXUHQ#$ODQLQ#XQG#*O\FLQ#DXIWUHWHQ/#JLEW
HV#QXU#]ZHL#P|JOLFKH#=XVWlQGH1#'LH#:DKUVFKHLQOLFKNHLWHQ#SL#I�U#GLHVHV#6]HQDULR#N|QQWHQ#SL+$,
 # 3/8# XQG# SL+*,#  # 3/8# VRZLH# SL+5HVW,#  # 3/3# VHLQ1# 'DPLW# HUJLEW# VLFK# I�U# GLH# ,QIRUPDWLRQ
318 - 0ORJ5+3/8, . 318 - 0ORJ5+3/8,# #41#(V#UHLFKW#DOVR#HLQH#)UDJH/#XP#GHQ#=XVWDQG#]X#EHVWLP0
PHQ=#,VW#HV#$ODQLQ"#:HQQ#MD/#GDQQ#LVW#HV#$ODQLQ/#ZHQQ#QHLQ/#GDQQ#LVW#HV#*O\FLQ1#

'LH#DXI#(LQV#QRUPLHUWH#,QIRUPDWLRQ#JLEW#HEHQIDOOV#HLQ#0D�#I�U#GLH#%HVWLPPWKHLW#RGHU#8QEH0
VWLPPWKHLW#HLQHV#6\VWHPV#DQ#XQG#LVW#GXUFK

+*/(,&+81*#48,

JHJHEHQ1#

SL $( )
$Q]L $( )

$Q] 6HTXHQ]HQ( )
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/LQHDUH#7UHQQYHUIDKUHQ 58
*UR�H#:HUWH#EHGHXWHQ#HLQH#JUR�H#8QEHVWLPPWKHLW/#NOHLQH#:HUWH#VDJHQ#DXV/#GD�#ZHQLJH#(QW0
VFKHLGXQJHQ#Q|WLJ#VLQG/#XP#GHQ#=XVWDQG#]X#EHVWLPPHQ1#%HL#HLQHP#NOHLQHQ#,QIRUPDWLRQVZHUW
LVW#HV#HKHU#P|JOLFK/#5HJHOQ#I�U#HLQH#.ODVVLILNDWLRQ#DE]XOHLWHQ/#DOV#EHL#JUR�HQ#:HUWHQ1

61H /LQHDUH#7UHQQYHUIDKUHQ

/LQHDUH# 7UHQQYHUIDKUHQ# JHK|UHQ# ]X# GHQ# HLQIDFKVWHQ#0HWKRGHQ# I�U# GLH# .ODVVLILNDWLRQ# YRQ
'DWHQPHQJHQ1#+LHU#ZHUGHQ#GLH#3URMHNWLRQ#DXI#GLH#6FKZHUSXQNWVJHUDGH#XQG#GHU#%D\HV03UHGLN0
WRU#YRUJHVWHOOW1

61H1L 6FKZHUSXQNWDQDO\VH#+=HQWURLG09HUIDKUHQ,

8QWHUVFKHLGHQ# VLFK# ]ZHL# 'DWHQPHQJHQ# LQ# HLQHP# JHJHEHQHQ# 5DXP/# VR# N|QQHQ# GLH# 'DWHQ
DQKDQG#GHU#3URMHNWLRQ# DXI#GLH#*HUDGH/#GLH# GLH#EHLGHQ#6FKZHUSXQNWH# +=HQWURLGH,# YHUELQGHW/
NODVVLIL]LHUW#ZHUGHQ1

'HU#6FKZHUSXQNW#HLQHU#.ODVVH#PLW#0#'DWHQ/# /#GHU#'LPHQVLRQ#1#LVW#GXUFK

+*/(,&+81*#49,

GHILQLHUW1#'HU#5LFKWXQJVYHNWRU#GHU#6FKZHUSXQNWVJHUDGHQ#LVW

1 +*/(,&+81*#4:,

'DPLW#HUJLEW#VLFK#I�U#GLH#/lQJH#GHU#3URMHNWLRQ#HLQHV#9HNWRUV# #DXI#GLH#6FKZHUSXQNWVJUDGH=

1 +*/(,&+81*#4;,

/LHJHQ#GLH#'DWHQ# LQ#]ZHL#JHWUHQQWHQ#:RONHQ#YRU/#RGHU#LVW#HLQH#GHU#0HQJHQ#DXI#HLQHQ#3XQNW
NRQ]HQWULHUW/#VR#NDQQ#HLQ#6FKZHOOHQZHUW#JHIXQGHQ#ZHUGHQ/#GHU#HLQH#.ODVVLILNDWLRQ#HUODXEW1#
LVW#VRPLW#GHU#$EVWDQG#GHU#HLQ]HOQHQ#3XQNWH#YRP#6FKZHUSXQNW#HLQHU#'DWHQPHQJH#HQWODQJ#GHU
9HUELQGXQJVJHUDGHQ1
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59 0HWKRGHQ
61H1LL %D\HV03UHGLNWRU

'HU#%D\HV03UHGLNWRU#QXW]W#YRUKDQGHQH#,QIRUPDWLRQHQ/#XP#HLQH#.ODVVLIL]LHUXQJ#GXUFK]XI�KUHQ1
$QJHZHQGHW# DXI#$PLQRVlXUHVHTXHQ]HQ#EHGHXWHW#GDV/#GD�#GLH#+lXILJNHLW#YRQ#$PLQRVlXUHQ
+;,#DQ#GHQ#YHUVFKLHGHQHQ#3RVLWLRQHQ#+L,#GHU#6HTXHQ]HQ#HLQHV#EHNDQQWHQ#'DWHQVDW]HV#JHQXW]W
ZLUG/#XP#DXI#XQEHNDQQWH#6HTXHQ]HQ#]X#VFKOLH�HQ1#'DEHL#ZHUGHQ#I�U#MHGH#.ODVVH#+α/ β,#QDFK
*OHLFKXQJ#46#GLH#UHODWLYHQ#+lXILJNHLWHQ#EHUHFKQHW1#'LH#/RJDULWKPHQ#GHU#+lXILJNHLWHQ#EHUHFK0
QHQ#VLFK#QDFK

/ +*/(,&+81*#4<,

ZREHL#L#�EHU#GLH#3RVLWLRQHQ#XQG#;#�EHU#GLH#53#$PLQRVlXUHQ#JHKW1

)�U#HLQH#XQEHNDQQWH#6HTXHQ]#ZHUGHQ#GLH#HQWVSUHFKHQGHQ# # I�U# MHGH#.ODVVH# VXPPLHUW1
'LH#6HTXHQ]#ZLUG#GHU#.ODVVH#α#]XJHRUGQHW/#ZHQQ#GLH#IROJHQGH#8QJOHLFKXQJ#HUI�OOW#LVW=

/ +*/(,&+81*#53,

DQGHUQIDOOV#ZLUG#VLH#GHU#.ODVVH#β#]XJHRUGQHW1

61I 0DKDODQRELV0'LVWDQ]DQDO\VH

'LH#0DKDODQRELV0'LVWDQ]# >:6@#NDQQ#GD]X#EHQXW]W#ZHUGHQ/#GLH#bKQOLFKNHLW#YRQ#3URWHLQHQ#]X
EHVWLPPHQ#>46@1#:LH#REHQ#EHVFKULHEHQ/#HUJHEHQ#VLFK#EHL#HLQHU#.RGLHUXQJ#PLW#&#.RGLHUXQJV0
YHNWRUHQ# LQ#HLQHP#)HQVWHU#PLW#1#$PLQRVlXUHUHVWHQ#+1-&,#'LPHQVLRQHQ1#/LHJHQ#0#3URWHLQH
YRU/#VR#JLOW#I�U#GLH#HLQ]HOQHQ#3XQNWH=#

/# +*/(,&+81*#54,

ZREHL# #GLH#HLQ]HOQHQ#.RGLHUXQJHQ#+4#ELV#&,#DQ#GHQ#3RVLWLRQHQ#+4#ELV#1,#UHSUl0
VHQWLHUHQ1

'HU#0LWWHOZHUW#ZLUG#QDFK

+*/(,&+81*#55,
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0DKDODQRELV0'LVWDQ]DQDO\VH 5:
EHUHFKQHW1

'LH#.RQQHNWLYLWlW#GHU#HLQ]HOQHQ#.RGLHUXQJVYHNWRUHQ#XQWHUHLQDQGHU#NDQQ#GXUFK#HLQH#.RUUHOD0
WLRQVPDWUL[/#6/#EHU�FNVLFKWLJW#ZHUGHQ1#.RUUHODWLRQVWHUPH#ZHUGHQ#LQ#GHU#0DWUL[

+*/(,&+81*#56,

PLW# /#

]XVDPPHQJHID�W1#$XV#*OHLFKXQJ#56#LVW#]X#HUNHQQHQ/#GD�#GLH#'LDJRQDOHOHPHQWH#GHU#0DWUL[#6
+P# # L,#GLH#6XPPHQ#GHU#TXDGUDWLVFKHQ#$EVWlQGH#]XP#6FKZHUSXQNW# # I�U#GLH#HLQ]HOQHQ
(LJHQVFKDIWHQ#XQG#3RVLWLRQHQ#VLQG1#'LH#1LFKW0'LDJRQDOHOHPHQWH#VLQG# LQ#GHU#5HJHO#YRQ#1XOO
YHUVFKLHGHQ1#'LHVH#7HUPH#EHVFKUHLEHQ#GHQ#=XVDPPHQKDQJ#MHZHLOV#]ZHLHU#(OHPHQWH1#

'LH#0DKDODQRELV0'LVWDQ]/#'/#NDQQ#QXQ#ZLH#IROJW#GHILQLHUW#ZHUGHQ=#

# +*/(,&+81*#57,

ZREHL#604#GLH#,QYHUVH#GHU#0DWUL[#6#GDUVWHOOW1#

(LQH# XQEHNDQQWH# 6HTXHQ]# NDQQ# PLW# +LOIH# GHU# 0DKDODQRELV0'LVWDQ]# HLQHU# YRQ# PHKUHUHQ
6HTXHQ]NODVVHQ#]XJHRUGQHW#ZHUGHQ1#'D]X#ZLUG#]XHUVW#GLH#600DWUL[#GHU#JHJHEHQHQ#6HTXHQ]0
NODVVH# DXIJHVWHOOW1#1XQ# NDQQ# GLH#0DKDODQRELV0'LVWDQ]# GHU# ]X# XQWHUVXFKHQGHQ#6HTXHQ]# YRQ
DOOHQ#EHNDQQWHQ#.ODVVHQ#EHUHFKQHW#ZHUGHQ1#'LH#JHVXFKWH#*UXSSH#LVW#GDEHL#GLHMHQLJH/#]X#GHU#GHU
NOHLQVWH#$EVWDQG#EHVWHKW=

# +*/(,&+81*#58,

ZREHL#T#GLH#.ODVVH#PLW#GHP#NOHLQVWHQ#$EVWDQG#XQG# #GHU#]X#XQWHUVXFKHQGH#9HNWRU# LVW1#'HU
2SHUDWRU#0LQ#OLHIHUW#GDV#NOHLQVWH#VHLQHU#$UJXPHQWH1#*OHLFKXQJ#58#EHVLW]W#DOOH#JUXQGOHJHQGHQ
(LJHQVFKDIWHQ/#GLH#HLQ#$EVWDQG#KDEHQ#VROOWH=#$QJHQRPPHQ#$/#%#XQG#&#VLQG#GUHL#3XQNWH# LP
5DXP/#LQ#GHP#GLH#0DKDODQRELV0'LVWDQ]#GHILQLHUW#LVW/#VR#IROJW#GDUDXV=#4,# /#ZREHL#GDV
*OHLFKKHLWV]HLFKHQ# QXU# I�U# GHQ# )DOO# # JLOW># 5,# ># XQG
6, #>46@1

:HLWHUH#%HLVSLHOH#I�U#GLH#$QZHQGXQJ#GHU#0DKDODQRELV0'LVWDQ]DQDO\VH#HQWKDOWHQ#GLH#$UEHLWHQ
YRQ#&KRX#HW#DO1#>46@1
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5; 0HWKRGHQ
61J .�QVWOLFKH#1HXURQDOH#1HW]H

'LH#ELVKHU#EHVFKULHEHQHQ#0HWKRGHQ#YHUZHQGHQ#VWDWLVWLVFKH#0D�H#ZLH#0LWWHOZHUWH#XP#.ODVVLIL0
NDWLRQVIXQNWLRQHQ#DE]XOHLWHQ1#(LQH#IOH[LEOH#0|JOLFKNHLW/#VRZRKO#OLQHDUH#DOV#DXFK#NRPSOH[HUH
=XVDPPHQKlQJH# GDU]XVWHOOHQ/# ELHWHQ# .�QVWOLFKH# 1HXURQDOH# 1HW]H# +.11,1# 6LH# VLQG# HLQH
PDWKHPDWLVFKH#9RUVFKULIW/#XP#'DWHQ# LQ#HLQHP#KRFKGLPHQVLRQDOHQ#5DXP# LQ#HLQHQ#QLHGULJHU
GLPHQVLRQDOHQ#5DXP#DE]XELOGHQ1#0LW# LKUHU#+LOIH# LVW#HV#RIW#P|JOLFK/#HLQH#6HTXHQ]0$NWLYLWlW0
5HODWLRQ#+6$5,#]X#EHVFKUHLEHQ1#'DEHL#GLHQHQ#6HTXHQ]GDWHQ#DOV#(LQJDEHGDWHQ#XQG#GHU#GD]XJH0
K|ULJH#$XVJDEHZHUW#TXDQWLIL]LHUW#GHQ#*UDG#HLQHU#ELRORJLVFKHQ#)XQNWLRQLDOLWlW1#+LHU#ZLUG#HLQH
.ODVVLILNDWLRQVIXQNWLRQ# VR# JHZlKOW/# GD�# HLQH# EHVWP|JOLFKH#8QWHUVFKHLGXQJ# ]ZLVFKHQ# ]ZHL
.ODVVHQ#JHWURIIHQ#ZHUGHQ#NDQQ1#=XHUVW#ZLUG#DQKDQG#GHV#HLQIDFKVWHQ#.11/#GHV#3HU]HSWURQV
JH]HLJW/#ZHOFKH#PDWKHPDWLVFKHQ#)XQNWLRQHQ#KLQWHU#GLHVHU#0HWKRGH#VWHKHQ1#$QVFKOLH�HQG#ZHU0
GHQ#PHKUODJLJH#.11#XQG# VFKOLH�OLFK# HLQ#QHXHV#.11#PLW# DGDSWLYHU#.RGLHUXQJ#YRUJHVWHOOW1
1DFK#GHU#%HVFKUHLEXQJ#GHU#)XQNWLRQ#GHU#.11#ZHUGHQ#0|JOLFKNHLWHQ#YRUJHVWHOOW/#GLH#IUHLHQ
3DUDPHWHU#]X#EHVWLPPHQ1#$XFK#6HOEVWRUJDQLVLHUHQGH#.DUWHQ#+620/#RGHU#DXFK#.RKRQHQNDUWHQ,
JHK|UHQ# ]X# GHQ#.�QVWOLFKHQ#1HXURQDOHQ#1HW]HQ1#'LH#*HZLFKWH# RGHU# IUHLHQ# 3DUDPHWHU# YRQ
.11#N|QQHQ#HLQIDFK#ELOGOLFK#GDUJHVWHOOW#ZHUGHQ1

61J1L 3HU]HSWURQ

'DV#3HU]HSWURQ#+HUVWPDOV#YRUJHVWHOOW#YRQ#5RVHQEODWW#><:@,#LVW#GDV#HLQIDFKVWH#.11#+$EELOGXQJ
45,1# (V# EHVWHKW# DXV# GHP# (LQJDEHYHNWRU# # XQG# HLQHP# $XVJDEHYHNWRU
+ ,1#'D#HV#VLFK#EHL#GHP#$XVJDEHYHNWRU#LQ#GLHVHU#$UEHLW#LPPHU#XP#HLQ#6NDODU
KDQGHOW# +T#  # 4,/# JLOW# 1# 'LH# (LQJDEHZHUWH# ZHUGHQ# GDQQ# LP# 3HU]HSWURQ# PLW# HLQHP
*HZLFKWVYHNWRU#+ ,#PXOWLSOL]LHUW1#,Q#GHU#$XVJDEHVFKLFKW#ZHUGHQ#GLHVH#(UJHEQLVVH#DGGLHUW1

+*/(,&+81*#59,

'LHVH#*HUDGH#YHUOlXIW#GXUFK#GHQ#8UVSUXQJ1#8P#GLHVH#(LQVFKUlQNXQJ#]X#XPJHKHQ/#ZLUG#HLQ
ZHLWHUHU#3DUDPHWHU/#GHU#6FKZHOOHQZHUW# + ,/#HLQJHI�KUW/#ZRPLW#VLFK#GLH#DOOJHPHLQH#*HUDGHQ0
JOHLFKXQJ#HUJLEW=

+*/(,&+81*#5:,

N N4 … NP, ,( )7=( )
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.�QVWOLFKH#1HXURQDOH#1HW]H 5<
'LH#$XVJDEHHLQKHLW#ZLUG# LQ#GHU#5HJHO#QRFK#GXUFK#HLQH#7UDQVIHUIXQNWLRQ#YHUUHFKQHW/#GLH#GLH
$XVJDEHZHUWH#DXI#HLQHQ#EHVWLPPWHQ#:HUWHEHUHLFK#DEELOGHW1#'XUFK#GDV#(LQI�KUHQ#HLQHU#QLFKW0
OLQHDUHQ#7UDQVIHUIXQNWLRQ/#ZHUGHQ#LQ#GDV#.11#1LFKW0/LQHDULWlWHQ#HLQJHI�KUW/#GLH#GDV#$SSUR[L0
PLHUHQ#EHOLHELJHU#)XQNWLRQHQ#HUP|JOLFKHQ1#,Q#GLHVHU#$UEHLW#ZLUG#GLH#K\SHUEROLVFKH#7DQJHQV0
IXQNWLRQ#+ ,#YHUZHQGHW/#GLH#HLQHQ#:HUWHEHUHLFK#YRQ#^04/4`#EHVLW]W1#'DPLW#HUJLEW#VLFK#I�U
GDV#HLQIDFKVWH#1HXURQDOH#1HW]

# +*/(,&+81*#5;,

:LUG#QXQ#GHP#(LQJDEHQHXURQ#HLQ#(LQJDEHYHNWRU# #�EHUJHEHQ/#HUJLEW#VLFK#HLQ#:HUW#]ZLVFKHQ
PLQXV#(LQV#XQG#(LQV1#'LHVHU#:HUW#PX�#DQVFKOLH�HQG#EH]�JOLFK#GHU#ELRORJLVFKHQ#)UDJHVWHOOXQJ
EHZHUWHW#ZHUGHQ1

)�U#GLH#%HZHUWXQJ#XQWHUVFKLHGOLFKHU#1HW]H#ZLUG#GHU#TXDGUDWLVFKH#)HKOHU#DOV#6XPPH#GHU#'LIIH0
UHQ]HQ#GHV#$XVJDEHZHUWHV#XQG#GHV#HUZDUWHWHQ#6ROOZHUWV#�EHU#DOOH#(LQJDEHYHNWRUHQ#EHUHFKQHW1
'DV#1HW]#PLW#GHP#JHULQJVWHQ#TXDGUDWLVFKHQ#)HKOHU#LVW#YRQ#DOOHQ#EHWUDFKWHWHQ#1HW]HQ#DP#EHVWHQ
]XU#%HVFKUHLEXQJ#GHV#3UREOHPV#JHHLJQHW1#

)�U#GLH#=XRUGQXQJ#]X#HLQHU#EHVWLPPWHQ#.ODVVH#ZLUG#GLH#6SUXQJIXQNWLRQ/#Θ/#HLQJHI�KUW/#GLH
(LQV#HUJLEW/#ZHQQ#GHU#:HUW#JU|�HU#RGHU#JOHLFK#1XOO#LVW#XQG#DQGHUQIDOOV#1XOO=

+*/(,&+81*#5<,

1XOO#VWHKW#VRPLW#I�U#HLQH#.ODVVH#XQG#(LQV#I�U#HLQH#DQGHUH#.ODVVH1

'LH#*HZLFKWH# #XQG#GHU#:HUW# #VLQG# IUHLH#3DUDPHWHU#XQG#P�VVHQ# VR#JHZlKOW#ZHUGHQ/#GD�
P|JOLFKVW#YLHOH#(LQJDEHZHUWH# #GHQ#ULFKWLJHQ#*UXSSHQ#]XJHRUGQHW#ZHUGHQ1#,Q#HLQHP#/HUQYHU0
IDKUHQ#ZHUGHQ# GLH#*HZLFKWVSDUDPHWHU# HLQHP#'DWHQVDW]# DQJHSD�W/# EHL# GHP# GLH# =XRUGQXQJ
VFKRQ#EHNDQQW# LVW# +�EHUZDFKWHV#/HUQHQ,1#$XI#YHUVFKLHGHQH#/HUQYHUIDKUHQ#ZLUG# LQ#$EVFKQLWW
61J1LY#QlKHU#HLQJHJDQJHQ1

$QKDQG#HLQHV#NXU]HQ#5HFKHQEHLVSLHOV#VROO#GLH#)XQNWLRQVZHLVH#HLQHV#3HU]HSWURQV#HUNOlUW#ZHU0
GHQ#+YHUJOHLFKH#KLHU]X#$EELOGXQJ#45#XQG#46,1#*HJHEHQ#VHLHQ#GLH#GUHL#]ZHLGLPHQVLRQDOHQ#9HN0
WRUHQ# /# #XQG# # /#ZREHL# #XQG# #]X#HLQHU#*UXSSH
JHK|UHQ#VROOHQ#XQG# #]X#HLQHU#DQGHUHQ1#'LH#9HNWRUHQ# /# #XQG# #ZHUGHQ#GHP#(LQJDEHYHN0
WRU#GHV#3HU]HSWURQV# #�EHUJHEHQ1#'LHVH#:HUWH#ZHUGHQ#PLW#GHP#*HZLFKWVYHNWRU# #PXOWLSOL0

7DQK [( )

$ 7DQK NZ θ–( )=

N

Θ [( )
3###I�U#[ 3≥
4###I�U#[ 3<




=

Z θ

N

[4 3/:8 4/8;{ }= \5 3/3>#4/3{ }= [6 4/8 3/8;{ }= [4 [6
\5 [4 \5 [6
N Z



63 0HWKRGHQ
]LHUW#XQG#GHU#$XVJDEHHLQKHLW#+ ,#�EHUJHEHQ1#+LHU#ZLUG#GLH#6XPPH#�EHU#DOOH#3URGXNWH#JHELOGHW
XQG#GLH#7UDQVIHUIXQNWLRQ#DQJHZHQGHW1

'HU#/HUQDOJRULWKPXV#+$EVFKQLWW#61J1LY,#VXFKW#QXQ#HLQH#*HUDGH/#ZHOFKH#GLH#3XQNWJUXSSHQ#P|J0
OLFKVW#NRUUHNW#DXIWHLOW1#'DEHL#ZHUGHQ#GLH#9DULDEOHQ# /# #XQG# #GHU#*HUDGHQJOHLFKXQJ

+*/(,&+81*#63,

VR#RSWLPLHUW/#GD�#HLQH#6HSDUDWLRQ#HUIROJHQ#NDQQ1#(V#JHOWHQ#ZHLWHUKLQ#IROJHQGH#%HGLQJXQJHQ=

+*/(,&+81*#64,

1DFK#HLQHU#]XIlOOLJHQ#,QLWLDOLVLHUXQJ#GHU#*HZLFKWH#ZXUGH#GLH#(YROXWLRQVVWUDWHJLH#><5@#YHUZHQ0
GHW/#XP#GLH#*HZLFKWH#]X#RSWLPLHUHQ1

$

$%%,/'81*#45= 3HU]HSWURQ#PLW#GUHL#(LQJDEHYHNWRUHQ# /#GHP#*HZLFKWVYHNWRU#Z ^3/7>#3/5>#
`#GHU#$XVJDEHVFKLFKW#$#PLW#7DQK#DOV#7UDQVIHUIXQNWLRQ#XQG#GHP#(UJHEQLV1#:HL�H#.UHLVH#ELOGHQ#

GLH#(LQJDEHQHXURQHQ/#VFKZDU]H#GHQ#:HUW#041#'LH#9HUUHFKQXQJVHLQKHLW#PLW#GHU#7UDQVIHUIXQNWLRQ#ZLUG#
GXUFK#4XDGUDWH#V\PEROLVLHUW1

N
θ 3/8–=

3/:8

3/3
4/3

4/8
3/8

[L NL
4/8 3/5

3/7
03/8

$

\L NL
3/5

3/7
03/8

$

[L NL
3/5

3/7
03/8

3/4

0316

3/9

ZL

ZL

ZL

$

Z4 Z5 θ

.4Z4 .5Z5 θ–+ 3=

*UXSSH#4=#$ θ≥
*UXSSH#5=#$#!θ

PLW#ϑ 3=



.�QVWOLFKH#1HXURQDOH#1HW]H 64
(LQ#P|JOLFKHV#(UJHEQLV#LVW#LQ#$EELOGXQJ#46#I�U#HLQHQ#6FKZHOOHQZHUW#YRQ# # #03/8#GDUJHVWHOOW1
'LH#GDUDXV#IROJHQGH#6HSDUDWLRQVJHUDGH#LVW#HEHQIDOOV#GDUJHVWHOOW1#

0LW#*OHLFKXQJ#63#XQG#*OHLFKXQJ#64#HUJLEW#VLFK#I�U#GDV#%HLVSLHO

+*/(,&+81*#65,

PLW# /# #XQG# #DOV#3DUDPHWHU#GHU#6HSDUDWLRQVJHUDGH1

61J1LL 0HKUODJLJH#1HXURQDOH#1HW]H

'LH#DOOJHPHLQH#)RUPHO#I�U#HLQ#HLQODJLJHV#1HXURQDOHV#1HW]#PLW#HLQHP#$XVJDEHZHUW#LVW=

#PLW# 1 +*/(,&+81*#66,

'XUFK#(LQI�KUHQ#YRQ#ZHLWHUHQ#6FKLFKWHQ#++LGGHQVFKLFKWHQ,#ZHUGHQ#PHKUODJLJH#1HW]H#HU]HXJW1
0LW#HLQHP#]ZHLODJLJHQ#.11#N|QQHQ#NRQNDYH#)XQNWLRQHQ#DSSUR[LPLHUW#ZHUGHQ/#ZLH#DXV#*OHL0
FKXQJ#67#HUVLFKWOLFK#LVW=

+*/(,&+81*#67,

PLW# #XQG#S#GHU#$Q]KDO#GHU#+LGGHQQHXURQHQ#+VLHKH#$EELOGXQJ#47,1#:#LVW#HLQH
+P/#S,0*HZLFKWVPDWUL[#+P# #'LPHQVLRQ#GHV#(LQJDEHYHNWRUV,1#+LHU#WUHWHQ#GLH#*HZLFKWH#DOV#TXD0
GUDWLVFKHU#7HUP#DXI1#

0LW#GUHLODJLJHQ#1HW]HQ#N|QQHQ#EHOLHELJH#)XQNWLRQHQ#DSSUR[LPLHUW#ZHUGHQ#>66@1#'LH#.RPSR0
QHQWHQ# GHU# HLQ]HOQHQ# *HZLFKWVYHNWRUHQ# N|QQHQ# VRZRKO# SRVLWLYH# DOV# DXFK# QHJDWLYH#:HUWH
DQQHKPHQ1

+*/(,&+81*#68,

θ

$%%,/'81*#46= #'DUVWHOOXQJ#GHU#9HNWRUSXQNWH#XQG#GHU#6HSDUDWLRQVJHUDGHQ#
LP#5DXP#YRQ#N4#XQG#N51

5

4

4 5

[4

[5

\4

N5

N4

3/7N4 3/5N5+ 3/8=

5/8 5N4–⇔ N5=

ϑ 3/8–= Z4 3/7= Z5 3/5=

$ I NZ θ–( )= I [( ) 7DQK [( )=

$ I Z* IS N: θ–( ) θ*–⋅( )=

IS [( ) I [4 … [S, ,( )=

$ I Z** IT IS N: θ–( ) :* θ*–⋅+( ) θ**–⋅( )=



65 0HWKRGHQ
(LQ#JUR�HU#9RUWHLO#GHU#.11#LVW#GLH#HLQIDFKH#'DUVWHOOXQJVP|JOLFKNHLW1#$EELOGXQJ#47#VWHOOW#HLQ
GUHLODJLJHV#1HW]# GDU1# 6ROOHQ# LQ# NRPSOL]LHUWHUHQ#.11#9HUELQGXQJHQ# ]ZLVFKHQ# EHVWLPPWHQ
1HXURQHQ#QLFKW#YHUZHQGHW#ZHUGHQ/#NDQQ#GLHV#GXUFK#:HJODVVHQ#GHU#HQWVSUHFKHQGHQ#/LQLHQ#GDU0
JHVWHOOW#ZHUGHQ1

61J1LLL 1HXURQDOH#1HW]H#PLW#DGDSWLYHU#.RGLHUXQJ

'LH#.RGLHUXQJ#GHU#'DWHQ#LVW#HQWVFKHLGHQG#I�U#HLQH#]XYHUOlVVLJH#0HUNPDOVH[WUDNWLRQ1#)�U#$PL0
QRVlXUHQ#JLEW#HV#HLQH#5HLKH#YRQ#%HVFKUHLEXQJVIRUPHQ/#]1%1#GLH#SK\VLNRFKHPLVFKH#(LJHQVFKDI0
WHQ1#)�U#GLH#$XVZDKO#HLQHU#JHHLJQHWHQ#.RGLHUXQJ#NDQQ#GHU#$QZHQGHU#GLH#.RGLHUXQJ#YRUJHEHQ
RGHU# GDV# 1HW]# ZlKOW# PDVFKLQHOO# DXV# HLQHP# YRUJHJHEHQHQ# 6DW]# XQWHU# VHOEVWRSWLPLHUHQGHQ
%HGLQJXQJHQ#GLH#JHHLJQHWH#DXV1#+LHU#ZLUG#HLQH#QRFK#ZHLWHUJHKHQGHUH#$XVZDKO#HLQHU#JHHLJQH0
WHQ# .RGLHUXQJ# YRUJHVWHOOW=# GLH# VHOEVWDGDSWLYH# .RGLHUXQJ1# 'LH# %HVWLPPXQJ# GHU# JHHLJQHWHQ
.RGLHUXQJ#ZLUG#LQ#GHQ#/HUQSUR]H�#GHV#.11#PLW#HLQEH]RJHQ1

(LQJDEH0
VFKLFKW

41#+LGGHQ0
VFKLFKW

51#+LGGHQ0
VFKLFKW

$XVJDEH0
VFKLFKW

$%%,/'81*#47= 6FKHPDWLVFKH#'DUVWHOOXQJ#HLQHV#GUHLODJLJHQ#1HW]HV1#:HL�H#.UHLVH#ELOGHQ#GLH#(LQJDEHQHX0
URQHQ/#VFKZDU]H#GHQ#:HUW#041#'LH#4XDGUDWH#ELOGHQ#GLH#9HUUHFKQXQJVHLQKHLWHQ/#GLH#GLH#6XPPHQ#GHU#3URGXNWH#
DXV#GHP#*HZLFKW#XQG#GHP#HQWVSUHFKHQGHQ#1HXURQ#GHU#6FKLFKW#GDYRU#GDUVWHOOHQ#XQG#�EHUJLEW#GLHVH#GHU#7UDQV0
IHUIXQNWLRQ#+]1%1#7DQK,1#'LH#*HZLFKWH#ZHUGHQ#GXUFK#9HUELQGXQJVOLQLHQ#GDUJHVWHOOW1

θ θ* θ**

N
: :*

Z**

ZHUW
$XVJDEH0



.�QVWOLFKH#1HXURQDOH#1HW]H 66
*OHLFKXQJ# 69# EHVFKUHLEW# GLH# (UZHLWHUXQJ# HLQHV# HLQODJLJHQ# 1HW]HV/# PLW# 1F# YHUVFKLHGHQHQ
.RGLHUXQJHQ# LQ# HLQHP# 6HTXHQ]IHQVWHU# GHU#/lQJH#1V1#'LH# DGDSWLYHQ#(LJHQVFKDIWHQ# N|QQHQ
QDW�UOLFK#DXFK#DXI#NRPSOH[HUH#1HXURQDOH#1HW]H#DQJHZHQGHW#ZHUGHQ1

+*/(,&+81*#69,

(LQ#9RUWHLO#GLHVHU#1HW]DUFKLWHNWXU#LQ#HLQHP#3HU]HSWURQ#ELHWHW#GLH#HLQIDFKH#$QDO\VHP|JOLFKNHLW1
'LH#QHXHQ#.RGLHUXQJHQ#N|QQHQ#PLW#EHNDQQWHQ#YHUJOLFKHQ#ZHUGHQ#XQG#GLH#$UFKLWHNWXU#GHV#3HU0
]HSWURQ#HUODXEW#HLQH#HLQIDFKH#$QDO\VH#GHU#*HZLFKWH1#'HQQRFK#LVW#GLHVHV#9HUIDKUHQ#ZHVHQWOLFK
IOH[LEOHU#DOV#GDV#HLQIDFKH#3HU]HSWURQ1

$%%,/'81*#48= 1HXURQDOHV#1HW]#PLW#DGDSWLYHU#.RGLHUXQJ#+$&1,#DQJHZHQGHW#DXI#6HTXHQ]GDWHQ1#(LQH#
6HTXHQ]#ZLUG#PLWWHOV#HLQHU#.RGLHUXQJVWDEHOOH#+FRGH4+;,/#FRGH5+;,/#FRGH6+;,/#ZREHL#;#HLQH#GHU#53#$PLQRVlXUHQ#
GDUVWHOOW,#LQ#UHHOOH#=DKOHQ#XPJHZDQGHOW1#'LH#:HUWH#GLHVHU#.RGLHUXQJVWDEHOOH#ZHUGHQ#ZlKUHQG#GHV#/HUQSUR]HVVHV#
RSWLPLHUW1#'LH#9HUUHFKQXQJVHLQKHLWHQ#+4XDGUDWH,#GLHVHU#(LQJDEHVFKLFKW#EHVLW]HQ#NHLQH#7UDQVIHUIXQNWLRQ#+I+[, [,1#
(QWVSUHFKHQG#HLQHV#KHUN|PPOLFKHQ#.11#ZHUGHQ#GLH#:HUWH#LQ#GHU#QlFKVWHQ#6FKLFKW#+$XVJDEHVFKLFKW,#PLWWHOV#GHU#
7UDQVIHUIXQNWLRQ#+I+[, 7DQK+[,,#YHUUHFKQHW1#'LH#$XVJDEH#GHV#$&1#I�U#GLH#6HTXHQ]#YRQ#α050$QWL3ODVPLQ#3UHFXU0
VRU#+$5$30+80$1,#LVW#JH]HLJW1#(V#N|QQHQ#DXFK#PHKUHUH#6FKQLWWVWHOOHQ#LQ#GHU#6HTXHQ]#YRUNRPPHQ1#'LH#GLVNUH0
WHQ#3XQNWH#VLQG#PLW#/LQLHQ#YHUEXQGHQ/#XP#HLQH#,QWHUSUHWDWLRQ#]X#YHUHLQIDFKHQ1

$ 7DQK &RGQ ;L( ) ZL Q, θ–⋅
L 4=

1V

∑
Q 4=

1F

∑ 
 
 

=



67 0HWKRGHQ
61J1LY /HUQVWUDWHJLHQ

,P# IROJHQGHQ#ZHUGHQ#GLH#EHLGHQ#YHUZHQGHWHQ#$OJRULWKPHQ# ]XU#%HVWLPPXQJ#GHU#RSWLPDOHQ
*HZLFKWH# GHU# 1HXURQDOHQ# 1HW]H# EHVFKULHEHQ1# 'LH# 2SWLPLHUXQJ# GHU# IUHLHQ# 3DUDPHWHU
+*HZLFKWH,#ZLUG#DXFK#/HUQHQ#JHQDQQW1

'HU#%DFNSURSDJDWLRQ#/HUQDOJRULWKPXV#I�KUW#GHQ#TXDGUDWLVFKHQ#)HKOHU#+$EVFKQLWW#61J1L,#HLQHV
1HXURQDOHQ#1HW]HV#DXI#VHLQH#*HZLFKWH#]XU�FN1#,P#IROJHQGHQ#ZLUG#GLH#$QZHQGXQJ#GHV#$OJR0
ULWKPXV#DXI#GLH#1HXURQDOHQ#1HW]H#PLW#DGDSWLYHU#.RGLHUXQJ#+*OHLFKXQJ#69,#YRUJHVWHOOW1#'DEHL
ZLUG#GHU#6FKZHOOHQZHUW# #LQ#GHQ#*HZLFKWVYHNWRU#PLW#HLQEH]RJHQ=

+*/(,&+81*#6:,

'LH#.RVWHQIXQNWLRQ# + ,/# LQ#XQVHUHP#)DOO#GHU#GXUFKVFKQLWWOLFKH#TXDGUDWLVFKH#)HKOHU#�EHU
DOOH# #(LQJDEHPXVWHU# /#HUJLEW#VLFK#DOV#)XQNWLRQ#DOOHU#*HZLFKWH=

+*/(,&+81*#6;,

PLW# 1#

$#HUJLEW#VLFK#DXV#*OHLFKXQJ#69#XQG# # LVW#GHU#6ROODXVJDEHZHUW/# I�U#GLH# MHZHLOLJH#%HLVSLHOVH0
TXHQ]#µ1

'LH#bQGHUXQJ#GHU#*HZLFKWH#HUJLEW#VLFK#�EHU#HLQ#*UDGLHQWHQDEVWLHJVYHUIDKUHQ=

+*/(,&+81*#6<,

ZREHL#η#GLH#/HUQVFKULWWZHLWH#DQJLEW/#GLH#LP#/DXIH#GHV#7UDLQLQJ#ODQJVDP#JHJHQ#1XOO#NRQYHU0
JLHUW1

6RPLW#EHUHFKQHQ#VLFK#GLH#QHXHQ#*HZLFKWH#]X=

+*/(,&+81*#73,

θ

Z Z4 Z5 … ZP θ, , , ,{ }=

Z4 Z5 … ZP ZP 4+, , , ,{ }=
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1P [µ

( Z( ) 4
51P
00000000000 $µ ζ–

µ
( )

5

µ
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∑=

4
51P
00000000000 7DQK Kµ( ) ζµ
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5

µ

1P

∑=

Kµ &RGQ ;L( ) ZL Q,⋅
L 4=
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∑
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∑=

ζ

∆ZL Q, η ZL Q,∂
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–=

η 4
1P
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1P

∑=

ZL Q,
QHX ZL Q,
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.�QVWOLFKH#1HXURQDOH#1HW]H 68
'LH#.RGLHUXQJHQ#VLQG#QLFKW#YRQ#L#DEKlQJLJ#XQG#HV#JLEW#DXFK#NHLQHQ#3DUDPHWHU#HQWVSUHFKHQG
GHP# 1#'DGXUFK#HUJLEW#VLFK#DQDORJ#]X#*OHLFKXQJ#6<=

+*/(,&+81*#74,

XQG#I�U#GLH#QHXH#.RGLHUXQJ#HQWVSUHFKHQG=

+*/(,&+81*#75,

'HU#]ZHLWH#$OJRULWKPXV#KDW#GHQ#9RUWHLO/#GD�#GDV#.RQ]HSW#GHU#(YROXWLRQVVWUDWHJLH#GLUHNW#DXI
MHGH#1HW]DUFKLWHNWXU#�EHUWUDJHQ#ZHUGHQ#NDQQ1#'LH#(YROXWLRQVVWUDWHJLH#><5/#43<@#LVW#HLQ#2SWL0
PLHUXQJVYHUIDKUHQ/#GDV#YRQ#GHU#1DWXU#DEJHVFKDXW#ZXUGH1#,Q#GHU#1DWXU#ZLUG#DXV#HLQHU#XQYRU0
VWHOOEDU#JUR�HQ#$Q]DKO#YRQ#0|JOLFKNHLWHQ#HLQH#EHJUHQ]WH#$Q]DKO#YRQ#IXQNWLRQHOOHQ#3URWHLQHQ
JHIXQGHQ1#6R#JLEW# HV# I�U# HLQ# UHODWLY#NOHLQHV#3URWHLQ#PLW# HLQHU#/lQJH#YRQ# 433#$PLQRVlXUHQ
53433# YHUVFKLHGHQH# 5HDOLVLHUXQJHQ1#'LH#$XVZDKO# GHU# IXQNWLRQDOHQ# 3URWHLQH# JHVFKLHKW# KLHU
GXUFK#0XWDWLRQ#XQG#6HOHNWLRQ1#%HL#GHU#%HVWLPPXQJ#GHU#RSWLPDOHQ#*HZLFKWH#HLQHV#1HXURQDOHQ
1HW]HV#PX�#HEHQIDOOV#DXV#HLQHU#VHKU#JUR�HQ#$Q]DKO#YRQ#0|JOLFKNHLWHQ#HLQH#JHHLJQHWH#.RPEL0
QDWLRQ# JHIXQGHQ# ZHUGHQ1# $XVJHKHQG# YRQ# ]XIlOOLJ# JHZlKOWHQ# 3DUDPHWHUQ# +*HZLFKWV0# XQG
.RGLHUXQJVYHNWRUHQ,#ZHUGHQ# GLHVH#:HUWH# YDULLHUW/# XP# λ#1DFKNRPPHQ# ]X# HU]HXJHQ1# -HGHV
,QGLYLGXXP#EHVLW]W#HLQHQ#HLJHQHQ#6DW]#YRQ#3DUDPHWHUQ/# VRZLH#HLQHQ#]XVlW]OLFKHQ#3DUDPHWHU
+σ,/#GHU#GLH#/HUQVFKULWWZHLWH#RGHU#GLH#9DULDWLRQ#GHU#1DFKNRPPHQ#EHVWLPPW1#)�U#MHGHQ#6DW]#+λ
6W�FN,#DQ#3DUDPHWHUQ#ZHUGHQ#GLH#5HVXOWDWH#GHV#$&1#I�U#GLH#7UDLQLQJVGDWHQ#EHVWLPPW1#hEHU
GHQ#TXDGUDWLVFKHQ#)HKOHU#Ol�W#VLFK#GHU#EHVWH#6DW]#DQ#3DUDPHWHUQ#EHVWLPPHQ1#,Q#GHU#YRUOLHJHQ0
GHQ#$UEHLW#ZXUGH# LPPHU#GDV#EHVWH#1HW]# I�U#GLH#*HQHULHUXQJ#GHU#1DFKNRPPHQ#YHUZHQGHW/
RKQH#GLHVHV# LQ#GLH#QlFKVWH#*HQHUDWLRQ#PLW#DXI]XQHKPHQ1#'LHVH#9RUJHKHQVZHLVH#ZLUG#DOV# +4/
λ,06WUDWHJLH# +Ä4#.RPPD# ODPEGD# 6WDWHJLH³,# EH]HLFKQHW1#%HL# HLQHU# +Q.λ,06WUDWHJLH# +Ä4# 3OXV
ODPEGD#6WDWHJLH³,#ZHUGHQ#GLH#Q#EHVWHQ#3DUDPHWHUVlW]H#]XU#*HQHUDWLRQ#GHU#1DFKNRPPHQ#YHU0
ZHQGHW#XQG#LQ#GLH#QlFKVWH#*HQHUDWLRQ#PLWJHQRPPHQ1#*OHLFKXQJ#76#]HLJW#GLH#%HUHFKQXQJVYRU0
VFKULIW#I�U#HLQ#QHXHV#*HZLFKW# >#GDEHL#VLQG# #XQG# #=XIDOOV]DKOHQ#]ZLVFKHQ#1XOO#XQG#(LQV1

+*/(,&+81*#76,

/#GLH#/HUQUDWH/#ZLUG# HEHQIDOOV# LP#/DXIH#GHU#=HLW#YHUlQGHUW1#+LHUEHL# HUKlOW# MHZHLOV# 426#GHU
1DFKNRPPHQ#GHQ#:HUW# /# 426#EHKlOW#GLH#/HUQUDWH#XQG# 426#HUKlOW#GHQ#:HUW# 1#6R# LVW

θ

∆&RGQ ;L( ) η &RGQ ;L( )∂
∂(

–=

η 4
1P 1V⋅
000000000000000000 ζµ $µ

–( )7DQK* Kµ( )ZL Q,
µ

1P

∑=
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ZQHX X X*
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η
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69 0HWKRGHQ
JHZlKUOHLVWHW/#GD�#GDV#6\VWHP#]X#HLQHU#/HUQUDWH#YRQ#1XOO#NRQYHUJLHUW/#GD#VLFK#NOHLQHUH#/HUQUD0
WHQ#I�U#GDV#(UOHUQHQ#YRQ#GHWDLOOLHUWHQ#*HZLFKWHQ#EHVVHU#HLJQHQ1

'LHVHV#9HUIDKUHQ#ZLUG# VRODQJH#ZLHGHUKROW# ELV# HLQH# EHVWLPPWH#*�WH# HUUHLFKW# LVW# RGHU# HLQH
EHVWLPPWH#$Q]DKO#YRQ#=\NOHQ#GXUFKODXIHQ#ZXUGH1#

61J1Y ,GHQWLILNDWLRQ#YRQ#6FKQLWWVWHOOHQ#LQ#6HTXHQ]HQ#XQWHU#9HUZHQGXQJ#YRQ#
.�QVWOLFKHQ#1HXURQDOHQ#1HW]HQ

(LQ#WUDLQLHUWHV#.11#VROOWH#LQ#GHU#/DJH#VHLQ/#GLH#ULFKWLJH#6FKQLWWVWHOOH#]X#HUNHQQHQ1#(V#LVW#MHGRFK
QLFKW# DXVJHVFKORVVHQ/# GD�# DXFK# ZHLWHUH# 6HTXHQ]DEVFKQLWWH# DOV# SRWHQWLHOOH# 6FKQLWWVWHOOHQ
HUNDQQW#ZHUGHQ#+$EELOGXQJ#48,1#:LH#NDQQ#GLH#ULFKWLJH#YRQ#GHQ#IDOVFKHQ#6HTXHQ]HQ#XQWHUVFKLH0
GHQ#ZHUGHQ"#'D#GDV#6LJQDOSHSWLG#DP#107HUPLQXV#GHV#3UlSURWHLQV#ORNDOLVLHUW#LVW/#VLQG#QXU#GLH
MHZHLOV#HUVWHQ#93#$PLQRVlXUHSRVLWLRQHQ#EHU�FNVLFKWLJW#ZRUGHQ1#'LH#OlQJVWH#9RUOlXIHUVHTXHQ]
LP# YHUZHQGHWHQ#'DWHQVDW]# LVW# 7;#$6# ODQJ1#%HLP# 7UDLQLQJ# GHU#1HW]H#ZXUGHQ# DOV# QHJDWLYH
'DWHQSXQNWH#GLH#HUVWHQ#43#$PLQRVlXUHIHQVWHU#GHV#PDWXUHQ#3URWHLQV#YHUZHQGHW1#'HVKDOE#VROOWH/
]XPLQGHVW# 43#3RVLWLRQHQ# LQ#5LFKWXQJ#&07HUPLQXV#YRQ#HLQHU#SRWHQWLHOOHQ#6FKQLWWVWHOOH/#NHLQH
ZHLWHUH#6FKQLWWVWHOOH#YRUNRPPHQ1#

'D#GDYRQ#DXVJHJDQJHQ#ZLUG/#GD�#GLH#EHWUDFKWHWHQ#3URWHLQH#HLQH#6FKQLWWVWHOOH#EHVLW]HQ/#NDQQ
VRPLW#GHU#$OJRULWKPXV#]XU#6HOHNWLRQ#GHU#NRUUHNWHQ#6FKQLWWVWHOOH#ZLH#IROJW#EHVFKULHEHQ#ZHUGHQ=

L,#%HVWLPPH#DOOH#SRWHQWLHOOHQ#6FKQLWWVWHOOHQ#GHU#HUVWHQ#93#$PLQRVlXUHQ#+]1%1#GXUFK#$QZHQGHQ
GHV#.11,1

LL,#%HJLQQH#DP#107HUPLQXV#XQG#VXFKH#GLH#QlFKVWH#SRWHQWLHOOH#6FKQLWWVWHOOH/#VRODQJH#HV#LQQHU0
KDOE#GHU#QlFKVWHQ#43#3RVLWLRQHQ#HLQH#ZHLWHUH#SRWHQWLHOOH#6FKQLWWVWHOOH#JLEW1

LLL,#0DUNLHUH#GLH#OHW]WH#VR#HUPLWWHOWH#SRWHQWLHOOH#6FKQLWWVWHOOH#DOV#NRUUHNW#XQG#EHHQGH#GHQ#$OJR0
ULWKPXV1

61J1YL 6HOEVWRUJDQLVLHUHQGH#.DUWHQ#+.RKRQHQNDUWHQ/#62.,

.RKRQHQNDUWHQ# >89/# 439@# VLQG#PDWKHPDWLVFKH#)XQNWLRQHQ/# GLH# LP#*HJHQVDW]# ]X# GHQ#.11/
GXUFK#HLQHQ#QLFKW0�EHUZDFKWHQ#/HUQSUR]H�#WUDLQLHUW#ZHUGHQ1#6LH#ELOGHQ#HLQHQ#KRFKGLPHQVLRQD0
OHQ#(LQJDEHYHNWRU# DXI# HLQHQ#QLHGULJGLPHQVLRQDOHQ#5DXP# +4#RGHU# 5#GLPHQVLRQDO,# DE1#:HQQ
%H]LHKXQJHQ# ]ZLVFKHQ# HLQ]HOQHQ#(LQJDEHYHNWRUHQ# LQ# QLHGULJHU#2UGQXQJ# YRUOLHJHQ/#ZHUGHQ
GLHVH#:HUWH#DXI#HLQHU#HODVWLVFKHQ#2EHUIOlFKH#EHQDFKEDUW#DQJHRUGQHW1#'LHVH#2EHUIOlFKH#ZLUG
GXUFK#5HIHUHQ]SXQNWH#DXIJHVSDQQW/#GLH#GXUFK#GLH#(LQJDEHGDWHQ#GHILQLHUW#ZHUGHQ1#(LQH#$EELO0



3HSWLG#'RFNLQJ 6:
GXQJ#DXV#HLQHP#KRFKGLPHQVLRQDOHQ#5DXP#DXI# HLQHQ#QLHGULJ#GLPHQVLRQDOHQ#5DXP# LVW# VRPLW
GHILQLHUW1#6ROFK#HLQH#$EELOGXQJ#NDQQ#GD]X#EHQXW]W#ZHUGHQ/#JHRUGQHWH#%H]LHKXQJHQ# LQ#HLQHU
(LQJDEHPHQJH# ]X# YLVXDOLVLHUHQ1#:LH# DQGHUH# QLFKW0�EHUZDFKWH# .ODVVLILNDWLRQVPHWKRGHQ# LVW
DXFK#GLH#.RKRQHQNDUWH#LQ#GHU#/DJH/#&OXVWHU#LQ#GHU#0HQJH#GHU#(LQJDEHYHNWRUHQ#]X#ORNDOLVLHUHQ
XQG#HLQHQ#XQEHNDQQWHQ#'DWHQYHNWRU#PLW#HLQHP#GLHVHU#&OXVWHU#]X#LGHQWLIL]LHUHQ1#

+LHU#ZXUGH# GDV# 3URJUDPPSDNHW# 620B3$.#9HUVLRQ# 614# YRQ# 7HXYRQ#.RKRQHQ# YHUZHQGHW
+IWS=22FRFKOHD1KXW1IL2SXE2VRPBSDN2#>890#93@,1

61K 3HSWLG#'RFNLQJ

)�U# GDV# GH QRYR#'HVLJQ# YRQ# ,QKLELWRUSHSWLGHQ# JHJHQ# GDV#6FKQXSIHQYLUXV#+59# 47#ZXUGHQ
]ZHL#YHUVFKLHGHQH#9HUIDKUHQ#DQJHZHQGHW1#

=XP#HLQHQ#ZXUGH#GLH#YRQ#6FKQHLGHU#XQG#:UHGH#HQWZLFNHOWH#0HWKRGH#GHU#6LPXOLHUWHQ#0ROHNX0
ODUHQ#(YROXWLRQ#+60(,#DQJHZHQGHW#>437/#43</#443@1#'LH#60(#YHUZHQGHW#HEHQVR#ZLH#GLH#(YR0
OXWLRQVVWUDWHJLH# HLQHQ# HYROXWLRQlUHQ# $OJRULWKPXV# ]XU# 9HUEHVVHUXQJ# YRQ# 3HSWLGHQ1# ,P
*HJHQVDW]#]XP#YRUKHU#EHVFKULHEHQHQ#(YROXWLRQVDOJRULWKPXV#ZHUGHQ#EHL#GHU#60(#QLFKW#GLH
*HZLFKWH#RSWLPLHUW/#VRQGHUQ#GLH#(LQJDEHVHTXHQ]HQ#HLQHV#EHUHLWV#WUDLQLHUWHQ#.111#'DPLW#VWHOOW
DOVR#GDV#.11#GLH#)LWQHVVIXQNWLRQ#GDU1#

,P#/DXIH#GHV#7UDLQLQJV#ZLUG#HEHQIDOOV#DXI#HLQHQ#P|JOLFKVW#NOHLQHQ#$XVJDEHIHKOHU#KLQ#RSWL0
PLHUW1#'LH#]X#RSWLPLHUHQGHQ#3DUDPHWHU#VLQG#LP#)DOOH#GHU#60(#NHLQH#=DKOHQ/#VRQGHUQ#$PLQR0
VlXUHQ1#8P#JUR�H#XQG#NOHLQH#0XWDWLRQVVFKULWWH#]X#HUODXEHQ/#PX�#HLQ#$EVWDQG#]ZLVFKHQ#]ZHL
6HTXHQ]HQ# GHILQLHUW# ZHUGHQ1# $QGHUHQIDOOV# LVW# HV# QLFKW# P|JOLFK# HLQH# V\VWHPDWLVFKH# 6XFKH
GXUFK]XI�KUHQ1#(V#PX�#P|JOLFK#VHLQ/#VRZRKO#HQJ#YHUZDQGWH#DOV#DXFK#ZHLW#HQWIHUQWH#1DFKNRP0
PHQ#]X#HU]HXJHQ1#'HVKDOE#ZHUGHQ#VSH]LHOOH#bKQOLFKNHLWVWDEHOOHQ#YHUZHQGHW/#GLH#GDV#(U]HXJHQ
YRQ#0XWDQWHQ#PLW#lKQOLFKHQ#(LJHQVFKDIWHQ#HUP|JOLFKHQ1#+LHU#ZXUGH#HLQH#bKQOLFKNHLWVWDEHOOH
EDVLHUHQG#DXI#SK\VLNRFKHPLVFKHQ#(LJHQVFKDIWHQ#YHUZHQGHW1#'LH#/HUQUDWH#ZLUG#EHL#MHGHU#*HQH0
UDWLRQ#ZLH#LQ#61J1LY#EHVFKULHEHQ#DQJHSD�W1#(V#ZHUGHQ#VR#YLHOH#*HQHUDWLRQHQ#EHUHFKQHW#ELV#GLH
/HUQUDWH#VR#NOHLQ#LVW/#GD�#NHLQH#0XWDWLRQHQ#PHKU#DXIWUHWHQ1

'HV#ZHLWHUHQ#ZXUGH#HLQH#0HWKRGH#HQWZLFNHOW/#XP#3HSWLGH#PLW#QHXDUWLJHQ#6HTXHQ]HQ# LQ#HLQH
YRUJHJHEHQH#GUHL0GLPHQVLRQDOH#$PLQRVlXUHXPJHEXQJ# HLQ]XSDVVHQ/# VR#GD�# HLQH# VWDUNH#%LQ0
GXQJ#]X#HUZDUWHQ#LVW1#'LH#%LQGXQJVVWlUNHQ#GHU#VR#HUVWHOOWHQ#3HSWLGH#ZXUGHQ#LQ#GHU#*UXSSH#YRQ
3URI1#'U1#=HLFKKDUGW# +,QVWLWXW# I�U# ,QIHNWLRQVPHGL]LQ/#)UHLH#8QLYHUVLWlW#%HUOLQ,# H[SHULPHQWHOO
EHVWLPPW1



6; 0HWKRGHQ
'LHVH#0HWKRGH#LVW#HLQ#ZLVVHQVEDVLHUWHU#$QVDW]/#GHU#GLH#UHODWLYHQ#+lXILJNHLWHQ#YRQ#.RQWDNWHQ
LQ#EHNDQQWHQ#(Q]\P0,QKLELWRU#.RPSOH[HQ#EHQXW]W/#XP#SRWHQWLHOOH#'RFNLQJSDUWQHU#YRU]XVFKOD0
JHQ1#)�U#MHGH#$PLQRVlXUH#HLQHV#PLW#HLQHP#5H]HSWRU#ELQGHQGHQ#3HSWLGHV#ZHUGHQ#GLH#$PLQR0
VlXUHQ# GHV# %LQGXQJVSDUWQHUV# LQ# HLQHP# YRUJHJHEHQHQ# 5DGLXV# JH]lKOW1# 'LH# VR# EHVWLPPWHQ
UHODWLYHQ#+lXILJNHLWHQ#ZHUGHQ# GD]X# EHQXW]W/# XP# LQ# HLQHU# YRUJHJHEHQHQ# GUHL0GLPHQVLRQDOHQ
8PJHEXQJ#$PLQRVlXUHQ#DOV#%LQGXQJVSDUWQHU#YRU]XVFKODJHQ1#'DEHL#ZXUGH#GLH#&DQ\RQUHJLRQ
GHV# 5KLQRYLUXV# DOV# %HLVSLHOXPJHEXQJ# YHUZHQGHW1# 0LW# +LOIH# GHV# %,26<0# 3URJUDPPV
,16,*+7#,,#+06,,#ZHUGHQ#DQ#HLQHU#EHOLHELJHQ/#DXVVLFKWVUHLFKHQ#3RVLWLRQ#GLH#$PLQRVlXUHQ#DQ
GHU#&DQ\RQREHUIOlFKH#JH]lKOW1#$XIJUXQG#GLHVHU#'DWHQ#HUJLEW#VLFK#DXV#GHU#7DEHOOH#GHU#UHODWLYHQ
+lXILJNHLWHQ#HLQH#5HLKHQIROJH#YRQ#P|JOLFKHQ#$PLQRVlXUHQ/#GLH#DQ#GLH#EHWUHIIHQGH#6WHOOH#ELQ0
GHQ#N|QQHQ1#(V#ZLUG#YHUVXFKW/#GLH#$PLQRVlXUHQ#LQ#GHU#1lKH#GHU#2EHUIOlFKH#]X#SOD]LHUHQ/#VR
GD�#NHLQH#hEHUVFKQHLGXQJHQ#PLW#&DQ\RQ0$PLQRVlXUHQ#DXIWUHWHQ#XQG#GHU#.RQWDNW#]ZLVFKHQ
$PLQRVlXUH#XQG#2EHUIOlFKH# MHGRFK#P|JOLFKVW#JUR�# LVW1#'LH#QlFKVWH#$PLQRVlXUH#ZLUG#XQWHU
GHQ#JOHLFKHQ#9RUUDXVVHW]XQJHQ#DQ#GLH#HUVWH#JHEXQGHQ1#$XI#GLHVH#:HLVH#N|QQHQ#OlQJHUNHWWLJH
3HSWLGH#HQWZLFNHOW#ZHUGHQ1
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