9V5AM=Dj 1. %m%\%C%H%"!<%‘$N1?F0J}Dx<0$H$=$N@-<A 2. >iD9$J0lHL2=:BI8!&94B+NO!&Dc<!852= 3. Hs@~7A%7%9%F%‘$N0BDj@-2r@O 4. %b%G%k%Y!<%950F;DI=>@)8fK! ( J,2rB.EY@)8f!&J,2r2CB.EY@)8f ) 5. VSS 50F;DI=>@)8f 6. 4X@a$K9d@-$rM-$9$k>l9g$N@)8fK!!&%U%l%-%7%V%k%"!<%‘$N@)8f 7. %$%s%T!<%@%s%9@)8f 8. NO$H0LCV$N%O%$%V%j%C%I@)8f 9. %^%9%?!&%9%l!<%V%7%9%F%‘ (VIM !&DL?.CY$l$N$"$k>l9g ) 10. E,1~@)8f ( %b%G%k%Y!<%9 ) 11. E,1~@)8f (ANN %Y!<%9 ) 12. 3X=,@)8f 13. <VN>7?0\F0%m%\%C%H$N@)8f ( Nm%@%$%J%_%C%/%9$HNmE@$N4X78 ) 2 Bh 1 >O Lagrange $N1?F0J}Dx<0$H$=$N@-<A 1.0.1 Lagrange $N1?F0J}Dx<0$N4pK\E*@-<A 0lHL:BI8 q , $=$l$KAPBP$J0lHL2=NO � $K$h$C$F Lagrange $N1?F0J}Dx<0$r5-=R$9$k$H D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � (1.1) $H$J $k!# $3 $3 $G!" D ( q ) � q $O 47 @- 9‘!" C ( q ; _ q ) _ q $O Cf ?4!& %3 %j %* %j NO 9‘!" G ( q ) $O =E NO 9‘ $G $" $k!# ( F3 =P Ey >\ :Y $K 4X $7 $F $O%m%\%C%H9)3XBh0l;qNA;2>H$N$3$H ) $3$N1?F0J}Dx<0$K4X$9$k@-<A$r$^$H$a$k$H<!$N$h$&$K$J$k!# !N@-<A#1!O D ( q ) $OBP>N9TNs!# !N@-<A#2!O D ( q ) $O @5 Dj 9T Ns $G $" $j!" 4X @a $, 2s E> %8%g %$ %s %H $G $" $k >l 9g $K $O <! $N IT Ey <0 K~ B- $9 $k @5 $N Dj ?t � m ; � M $,B8:_$9$k!# 0 < M m � � ( D ( q )) (1.2) � � ( D ( q )) � M M < 1 (1.3) $?$@$7!" � ( M ) $O9TNs M $N:G>.8GM-CM!" � � ( M ) $O:GBg8GM-CM$rI=$9 !N@-<A#3!O C ( q ; _ q ) $O _ q $K4X$7$FM-3&!"$D$^$j jj C ( q ; _ q ) jj � C M jj _ q jj (1.4) !N@-<A#4!O C ( q ; � ) $O<!$N@-<A$rK~$?$9!# C ( q ; x ) y = C ( q ; y ) x (1.5) C ( q ; x + �y ) = C ( q ; x ) + �C ( q ; y ) (1.6) !N@-<A#5!O K := _ D ( q ) � 2 C ( q ; _ q ) $OODBP>N!"$D$^$j K + K T = 0 $^$?$O x T K x = 0 f or 8 x (1.7) !N@-<A#6!O =ENO9‘ G ( q ) $OM-3&$J q $KBP$7$FM-3&$H$J$k!# !N@-<A#7!O E, Ev $J %Q %i %a!< %? %Y %/ %H %k a $r A* Br $9 $k $3 $H $K $h $j!" (1.1) $N 1& JU $O!" 4{ CN 4X ?t $r MW AG $H $9 $k 9T Ns Y $H a $H$N@Q$GI=8=$9$k$3$H$,=PMh$k!#$D$^$j!" Y ( q ; _ q ; � q ) a = � (1.8) 3

4 Bh 1 >O LA GRANGE $N1?F0J}Dx<0$H$=$N@-<A 1.0.2 1?F0J}Dx<0$N:BI8JQ49 A0@a $G $O!"0l $D $N0l HL 2= :BI8 q $K $h$C $F 1?F0 J} Dx<0 $r 5- =R$7!" $= $N@- <A $r 5DO@ $7 $? $,!"@) 8f LdBj $K $h$C $F$O :G =i$K Dj<0 2= $7$? :B I8$H $O $3 $H$J $k :B I8$K $h$C $F7O $r 5- =R$7 $? J}$, JX Mx $J>l 9g $,$" $k!# Nc $($P!" %m %\%C%H %"!< %‘ $N@) 8f $r 9M $($? >l 9g!"1? F0 J} Dx<0 $O %m %\%C%H %"!< %‘$N <j @h $N:B I8 $K $h$C$F 5- =R $5$l $? J}$, ET 9g $,$h $$!# $^ $?!"0[ $J $k :BI8 $r F3 F~ $9$k $3 $H$K $h $j!"JQ ?t $,43 >D $7$J $$ %7%s %W %k $JI= 8= $rF@ $k $3$H $, 2DG= $J >l9g $b $" $k!#$= $N $?$a $K!" $3$3 $G $O0l $D $N :B I8$G5-=R$5$l$?1?F0J}Dx<0$rB>$N:BI8$K$h$kI=8=$K$h$C$F5-=R$9$kJ}K!$r@bL@$9$k!# :#!"7A<0E*$K85$N:BI8$r q !"?7$7$$:BI8$r x $K$h$j5-=R$7!" ( Hs@~7A$J ) :BI8JQ49 x = f ( q ) (1.9) $K $h $j 4X 78 $E $1 $i $l $F $$ $k $H $9 $k!# $? $@ $7!" f $O 6I =j E* $K Hy J, F1 7A ( Hy J, 2D G= $J 5U 4X ?t $, B8 $9 $k ) $G $" $k $H $9 $k!# $3 $l$h$j!"N>JU$r;~4V$GHyJ,$7$F!" _ x = @ f @ q _ q = J ( q ) _ q ; J ( q ) := @ f @ q (1.10) � x = J ( q ) � x + _ J _ q (1.11) $J$k4X78$,F@$i$l!"$3$l$rMxMQ$7$F<!$N4X78$,F@$i$l$k!# q = f � 1 ( x ) (1.12) _ q = J � 1 _ q (1.13) � q = J � 1 � � x � _ J J � 1 _ x � (1.14) $3$l$i$N4X78$r7A<0E*$K<0 (1.1) $KBeF~$9$k$H D ( f � 1 ( x )) J � 1 � x + � C ( f � 1 ( x ) ; J � 1 _ x ) � D ( f � 1 ( x ) _ J ) � J � 1 _ x + G ( f � 1 ( x )) = � (1.15) $H$J$k!# $7$+ $7!"$3 $N$^ $^$G $O1& JU$O 85$N 0lHL 2=:B I8 q $KBP $9$k 0lHL 2=NO $N$^ $^$G $"$k $N$G!" $3$l $r?7 $7$$ :BI8 x $K BP 1~ $9 $k $b $N $K =q $- 49 $( $k!# :#!" 0l HL 2= :B I8!" 0l HL 2= NO $N Dj 5A $K $h $j $" $k NO � $K $h$C $F � q $@ $1 q $, JQ 2= $7 $? $H $9 $k $H!"$=$N;~$N;E;v � W $O � W = � T � q (1.16) $G$"$k!#$3$N � $HF1Ey$JNO$,7O$K:nMQ$7$F!"?7$7$$:BI8$G � x $@$1JQ2=$7$?$H$9$k$H!"JQ2=NL$O � x = J � q ! � q = J � 1 � x (1.17) $N4X78$,$"$j!"$J$5$l$?;E;v$OEy$7$/$J$1$l$P$J$i$J$$$N$G � W = � T � q = � T J � 1 � x = � J � T � � T � x (1.18) $H$J$k!#=>$C$F!"?7$7$$:BI8$KEy2AE*$KF/$/0lHL2=NO$r f $H$9$k$H f = J � T � (1.19) $G $J $1 $l $P $J $i $J $$ $3 $H $, J, $+ $k!# =>$C $F!" <0 (1.15) $N NL JU $K J � T $r :8 $+ $i 3] $1 $k $3 $H $K $h $j ?7 $7 $$ :B I8 $G $N NO $N D‘9g$$<0$K$J$k!#$D$^$j!" J � T D ( f � 1 ( x )) J � 1 � x + J � T � C ( f � 1 ( x ) ; J � 1 _ x ) � D ( f � 1 ( x )) _ J � J � 1 _ x + J � T G ( f � 1 ( x )) = J � T � (1.20) $3$3$G!" M x ( x ) := J � T D ( f � 1 ( x )) J � 1 C x ( x; _ x ) := J � T � C ( f � 1 ( x ) ; J � 1 _ x ) � D ( f � 1 ( x )) _ J � J � 1 G x ( x ) := J � T G ( f � 1 ( x )) $HDj5A$9$k$H!"?7$7$$:BI8$G$N1?F0J}Dx<0$O7A<0E*$K<0 (1.1) $HA4$/F1$87A$N<!$N<0$H$J$k!# M x ( x ) � x + C x ( x; _ x ) _ x + G x ( x ) = f (1.21) $3$N ?7 $7 $/ F3 =P $5 $l $? 1? F0 J} Dx <0 $b 6I =j E* $K $O 85 $N 1? F0 J} Dx <0 $H F1 MM [ @- <A #1 ] !A [ @- <A #7 ] $, @. $j N) $D!# ( Nc $( $P!" $b $H$N1?F0J}Dx<0$N [ @-<A#5 ] $rF3$$$F$_$h!# )

5 1.0.3 94B+1?F0$NI=8= ( >iD9<+M3EY$K$h$k1?F0J}Dx<0I=8= ) ?M4V 7? $N%m %\%C %H $N$h $& $K!" 4X@a $K $h$C $F9d BN $, J#;( $K $+ $i$_ $"$C $F $$$k 7O $N >l9g!" Jb 9T $dE> E] $K $h$C$F 1? F0 $N 94 B+$, JQ2= $9 $k2D G= @- $,$" $k!# $=$N $h $&$J >l 9g!">u 67 $K1~ $8 $?FH N) $J0l HL 2=:B I8 $rF3 F~ $7$F 7O $N1? F0 J}Dx <0 $r5- =R $9 $k $h$j $b!"FH N) $G$J $$ 0lHL 2= :BI8 $r F3F~ $7 $F>i D9 $K7O $r 5-=R $7 $?J} $, 1?F0 J} Dx<0 $r 4J7i $J 7A$K $h $j5- =R $9$k J} $,E, $7 $F $$$k >l 9g$, $" $k!#$3 $3 $G$O!" >i D9 $J0l HL 2=:B I8 $r F3F~ $7!" $=$l $i $N=> B0 4X 78$r B. EY94 B+ $N7A $K $h $jL@ <( E*$K 5- =R $7!" 1?F0J}Dx<0$rF@$kJ}K!$K$D$$$F@bL@$9$k!# B.EY94B+$NI=8= #2$D$N0lHL2=:BI8 q 1 ; q 2 ( q 1 2 R m 1 ; q 2 2 R m 2 ) $,$"$j!"<0 f ( q 1 ; q 2 ) = 0 ; f : R m 1 � R m 1 ! R n (1.22) $K$h$j94B+$,I=$5$l$F$$$k>l9g$r9M$($k!#$b$A$m$s!"FC<l$J%1!<%9$H$7$F q 2 = f 0 ( q 1 ) (1.23) $HI=$5$l$k>l9g$b$"$k$,!"$3$l$O � f 0 ( q 1 ) + q 2 = 0 $H9M$($k$3$H$K$h$j!"<0 (1.22) $HF1$8$K$J$k!#<0 (1.22) $NN>JU$r;~4V$GHyJ,$9$k$H @ f @ q 1 _ q 1 + @ f @ q 2 _ q 2 = 0 (1.24) $H$J$j!"B.EY$N94B+<0$N7A$N=q$-I=$9$3$H$,$G$-$k!#$3$l$r4JC1$N$?$a$K!" J c _ q = 0 (1.25) $?$@$7!" J c := � @ f @ q 1 @ f @ q 2 � _ q := " _ q 1 _ q 2 # $H $9 $k!# ( :# $O $3 $N B. EY $N 94 B+ $r ( q 1 ; q 2 ) $N 4X ?t $h $j F3 $$ $? $,!" ;0 NX 0\ F0 %m %\%C %H $J $I $N $h $& $K D> @\ $3 $N 4X 78 <0 $, M? $($i$l$k>l9g$b$"$k!# ) 94B+>r7oIU1?F0J}Dx<0 :#!" q $K 4X $7 $F A4 $/ 94 B+ $, $J $/ FH N) $G $" $k $H $7 $F 1? F0 J} Dx <0 $r N) $F $k $H!" 7A <0 E* $K $O <0 (1.1) $H $J $k!# $7 $+ $7!" $3 $N 1? F0 J} Dx <0 $K $h$C $F :B I8 $, JQ 2= $9 $k $H!" 0l HL $K <0 (4.23) $r K~ $? $5 $J $$!# <B :] $N %7 %9 %F %‘ $, <0 (4.23) $r K~ $? $9 $? $a $K!" 30 $+ $i 2C $o $k NO � 0J 30 $K!" 94 B+ $r K~ $? $9 $? $a $N NO $r 9M $( $k!# $3 $N NO $N $3 $H $r 94 B+ NO $H $$ $$ 7A <0 E* $K F c $H I= $9 $3 $H$K$9$k!#$D$^$j!"1?F0J}Dx<0$r D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � � F c (1.26) $H $9 $k!# $3 $N F c $O 7A $J $I $r J] $D 94 B+ $N NO $G $" $k $N $G!" 7O $K BP $7 $F ;E ;v $r $7 $F $O $J $i $J $$!# :# 9M $( $F $$ $k :B I8 $K BP $9 $k F c $,$9$k;E;v$O � W = F T c � q (1.27) $G$"$k$N$G!"$3$l$ONm$G$J$1$l$P$J$i$J$$!#$3$l$rK~$?$94pDl%Y%/%H%k$O<0 (4.23) $N J c $r J c = 2 6 4 c T 1 � c T r 3 7 5 (1.28)

6 Bh 1 >O LA GRANGE $N1?F0J}Dx<0$H$=$N@-<A $HI=$9$H!" F c = r X i =1 c i � i = J T c �; � = 2 6 4 � 1 � � r 3 7 5 (1.29) $HI=$5$l $k!#$?$@$7!" � i $O L$CN$J<B ?t$G$" $k!#$3$l$O!" J c _ q = 0 $h$j L@$i$+ $G$"$k!#$3 $N F c $rMQ $$$F1?F0 J}Dx<0$r I=$9$H!" D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � � J c � (1.30) $H$J $k!# 85 $N J}Dx <0 $G $O!" >u BV ( q ; _ q ) $H � $,M? $( $i $l $k $H!"2C B. EY $, J, $+$l $P $= $l $i$r ;~ 4V $G @Q J,$9 $k $3 $H $K $h$j!" 0J8e $N >uBV $, J,$+ $k $H$$ $& $3$H $G!" L$CN ?t $O � q $@ $1 $G$"$C $?!# $3$N >l 9g $K$O!" J} Dx<0 $N ?t$H � q $N MWAG $N ?t$, Ey $7$/!" M ( q ) $, @5 B’ $G $" $k $+ $.$j 3, $O 0l 0U $K 2r $1$k!# $7 $+ $7!" � $N F3 F~ $K$h $j L$ CN ?t $N ?t $,J} Dx <0 $N ?t $h $j $bB? $/ $J $j!" $3 $N$^ $^ $G $O ( � q ; � ) $r 2r$/ $3 $H $, $G$- $J $$!# $= $3$G!" $3 $l $r 2r$/ $? $a $K!"B> $N J} Dx <0$r F@ $k I, MW$, $" $k!# $3 $N$? $a $K!" B.EY94B+<0$r;~4V$GHyJ,$9$k$3$H$K$h$j!" J c � q = � _ J c _ q (1.31) $J$k <0$r F@!" � q $K4X $9 $k$b $& 0l$D $N J}Dx <0 $rF@ $k $3$H $, $G$- $k!# $3$l $H 85$N 1? F0J} Dx <0 $rO" N) $7$F!" K\ <AE* $J L$CN JQ ?t$G$"$k ( � q ; � ) $K4X$7$FJ}Dx<0$r9TNsI=8=$9$k$H " D ( q ) J T c J c 0 # " � q � # = " � C ( q ; _ q ) _ q � G ( q ) + � � _ J c _ q # (1.32) $H$J$k!#$3$3$G!" rank " D ( q ) J T c J c 0 # = m 1 + m 2 + r (1.33) $G$"$l$P1?F0$O0l0U$KDj$^$k$3$H$K$J$k!# 7A<0E*$J<+M3EY$NDc8: >e=R$NJ} K!$G$O!" � $rL@ <(E*$K 5a$a$k $3$H$,$G $-$k!#$7 $+$7!" � $r5a$a $kI,MW $,$J$$>l 9g$K$O!" 0J2<$N$h $&$K9M $( $kJ}Dx<0$N<!85$r7A<0E*$K8:$i$9$3$H$,$G$-$k!#:#4JC1$N$?$a$K r = m 2 $G$"$k$H$7!" J c = [ J 1 J 2 ] (1.34) $H$7$? $H$-!" rank J 2 = r $G $"$k $H2>Dj $9$k!# ( q 1 ; q 2 $NMW AGE, Ev$J Ns$YBX $($K $h$j I,$:$3 $N>r 7o$rK~ $?$9 $h$& $K$G$- $k!# ) $3$&2>Dj$9$k$H!" J 2 $O@5J}$J2D5U9TNs$H$J$k$N$G!" J c $K:8$+$i J � 1 2 $r>h$8$k$H J � 1 2 J c = � J � 1 2 I r � =: � � J 1 I r � (1.35) $H$J$k!#$3$N9TNs$r � J c $HDj5A$7$F!"1?F0J}Dx<0$r=q$-49$($k$H D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � � � J T c � � (1.36) $?$@$7!" � � := J � T 2 � $G$"$k!#$3$3$G � J c $rMQ$$$k$H!"<0 (4.23) $h$j _ q 2 = � � J 1 _ q 1 (1.37) $H=q$-I=$;$k$3$H$,J,$+$k!#=>$C$F!" _ q $O _ q = " I m 1 � � J 1 # _ q 1 =: J _ q 1 ; J := " I m 1 � � J 1 # (1.38) $H=q$-$"$i$;$k!#$3$l$h$j7A<0E*$K94B+NO$r>C5n$7!"<0 (1.36) $r q 1 $N$_$GI=8=$9$k$3$H$,$G$-$k!#$?$@$7!" q 2 ( t ) = q 2 (0) � Z t 0 � J 1 _ q 1 ( � ) d� (1.39)

7 $K$h$j7W;;$9$k$b$N$H$9$k!# <B:]!"<0 (1 : 37) $h$j � q = J � q 1 + _ J _ q 1 (1.40) $G$"$k$N$G!"$3$l$r<0 (1.36) $KBeF~$7$F!":8$+$i J T $r3]$1$k$H!" J T J T c = [ I m 1 � � J T 1 ] " � J T 1 I r # = � J T 1 � � J T 1 = 0 (1.41) $K$J$k$3$H$rCm0U$9$k$H J T D J � q 1 + J T ( C J + D _ J ) _ q 1 + J T G = J T � (1.42) $H$J$k!#$3$3$G!" D 1 := J T D J C 1 := J T ( C J + D _ J ) G 1 := J T G � 1 := J T � $HDj5A$9$k$H!" m 1 <!85$N1?F0J}Dx<0 D 1 � q 1 + C 1 _ q 1 + G 1 = � 1 (1.43) $rF@$k!#$3$3$GCm0U$7$J$1$l$P$J$i$J$$$N$O!"B.EY94B+$,:G=i$KM?$($i$l$?>l9g$K$OI,$:$7$b q 2 = f 0 ( q 1 ) (1.44) $H$$$&$h$&$K$OI=8=$G$-$J$$$3$H$,$"$k$?$a!" D 1 ( q ) $OI,$:$7$b q 1 $N$_$N4X?tI=8=$,F@$i$l$k$H$O8B$i$J$$!# ( $b$A $m$s!":G=i$+$i q 2 = f 0 ( q 1 ) $K$h$C$FI=$5$l$k>l9g$K$OEvA3$=$N4X78$,;H$($k!# ) 40A4HsCF@->WFM$N%b%G%j%s%0 %m%\%C %H $NB- $r %4%‘ $J $I$N D7 $MJV $j $N$J $$ $b $N$G :n $j!"Jb 9T ;~$K B- $r$D $$ $?=V 4V $K B.EY $, ITO" B3 $KJQ 2= $9$k $h $& $J 8= >] $r %b %G %j %s %0 $9 $k $3 $H $r 9M $( $k!# $3 $l $O!" J# ;( $J %j %s %/ 5! 9= $N 7O $, >W FM $9 $k :] $N 1? F0 2r @O $K $O IT 2D 7g $G $" $k!# $3 $3 $G $O!" >W FM $O N% ;6 ;~ 4V E* $K 5/ $3 $k $H $7!" 0l $D $N >W FM $N 5/ $- $? ;~ 9o $r 0 ;~ 9o $H 9M $(!" >W FM A0 $N B. EY $r _ q � !" >W FM D> 8e $N B. EY $r _ q + $K $h $j I= $9!# 40 A4 Hs CF @- >W FM $N >l 9g!" $" $k <+ M3 EY $O >W FM $N :] $K 94 B+ $5 $l $F $7 $^ $& $H 9M $( $i $l $k!# $D $^ $j!" J c ( q ) _ q + = 0 (1.45) $,K~$?$5$l$k$H$9$k!#$3$N8=>]$r2r@O$9$k$?$a$K!" (0 � ; 0 + ) $N4V$K%G%k%?4X?tE*$J94B+NO$,F/$/$H2>Dj$7!"$3$l$r F c = J T c ^ � ( t ) ; ^ � 2 R r (1.46) $HI=$9!#$?$@$7!" ^ � $ODj?t%Y%/%H%k$G$"$k!#$3$l$r1?F0J}Dx<0$KF~$l$k$H!"94B+1?F0$r9M$($?$H$-$HF1MM$K D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � � J T c ^ � ( t ) $HI=$5$l$k!#$3$3$G30ItF~NO ( @)8fF~NO ) $K$O � 4X?t$,4^$^$l$J$$$H$7!"N>JU$r;~4V$K$h$j 0 � $+$i 0 + $^$G@QJ,$9$H!" Z 0 + 0 � ( D ( q ) � q + C ( q ; _ q ) _ q + G ( q )) dt = Z 0 + 0 � ( � � J T c ^ � ( t )) dt (1.47) $H$J $j!"$3 $3$G 0 � ! 0 ; 0 + ! 0 $H $9$k $H _ q $OIT O"B3 $+$b $7$l $J $$$, M-8B $NCM $r <h$k $?$a @QJ, $K$O 1F 6A$; $:!"$^ $? q $O$=$N@QJ,6h4V$G0lDj$H$_$J$;$k$?$a!" D ( q ) q + � D ( q ) q � = � J T c ^ � (1.48)

8 Bh 1 >O LA GRANGE $N1?F0J}Dx<0$H$=$N@-<A $H$J$k!#<0 (1.45) $H<0 (1.48) $rO"N)$9$k$H " D ( q ) J T c J c 0 # " _ q + ^ � # = " D ( q ) _ q � 0 # (1.49) $H$J$k!#$=$3$G!"$3$NJ}Dx<0$,2r$r;}$F$P>WFM8=>]$O0l0U$K2r$/$3$H$,$G$-$k!#$3$l$r ^ � $K$D$$$F2r$/$H ^ � = ( J c D � 1 J T c ) � 1 J c _ q � (1.50) $H$J$j!"$3$l$rMQ$$$F _ q + $O _ q + =: P _ q � ; P := ( I n � D � 1 J T c ( J c D � 1 J T c ) � 1 J c ) (1.51) $H $J $k!# $3 $N P $O _ q � $r _ q + $N 94 B+ 6u 4V $K <M 1F $7 $F $$ $k <M 1F 9T Ns $H $J$C $F $$ $k!# (PP= P $G $" $k $3 $H $r 3N $+ $a $F $_ $h!# )

9 l ( x 2 ; y 2 ) ( x 1 ; y 1 ) mg mg x y ?^ 1.1: 94B+$5$l$?#2<AE@7O 1.0.4 Nc >e5-$N$3$H$r4JC1$JNc$K$h$C$F3N$+$a$F$_$h$&!# >iD9$J:BI8$rMQ$$$?1?F0J}Dx<0 ?^ 1.0.4 $N$h$&$K$=$l$>$l$N<ANL$, m $N#2$D$N<AE@$,=E$5$N$J$$D9$5 l K@$K$h$C$F$D $J $,$C $F 1? F0 $7 $F $$ $k >u 67 $r 9M $( $k!#$= $l $> $l $N <A E@ $K $D $$ $F 94 B+ $r L5 ;k $7 $F 1? F0 J} Dx <0 $r N) $F $k $H!" <A E@ #1 $K4X$7$F m � x 1 = 0 (1.52) m � y 1 = � mg (1.53) <AE@#2$K4X$7$F$O m � x 2 = 0 (1.54) m � y 2 = � mg (1.55) $H$J$k!#$3$l$KBP$7$F<B:]$K$O<!$N%[%m%N%_%C%/$J94B+!’ ( x 1 � x 2 ) 2 + ( y 1 � y 2 ) 2 = l 2 (1.56) $,B8:_$9$k!#$3$l$rN>JU;~4V$GHyJ,$7$F!"B.EY94B+<0$r7W;;$9$k$H!"<!$N<0$rF@$k!# [2( x 1 � x 2 ) 2( y 1 � y 2 ) � 2( x 1 � x 2 ) � 2( y 1 � y 2 )] 2 6 6 6 6 4 _ x 1 _ y 1 _ x 2 _ y 2 3 7 7 7 7 5 = 0 (1.57) =>$C$F!"94B+NO$rMQ$$$?<B:]$N1?F0J}Dx<0$O 2 6 6 6 6 4 m m m m 3 7 7 7 7 5 2 6 6 6 6 4 � x 1 � y 1 � x 2 � y 2 3 7 7 7 7 5 + 2 6 6 6 6 4 0 mg 0 mg 3 7 7 7 7 5 = � 2 6 6 6 6 4 2( x 1 � x 2 ) 2( y 1 � y 2 ) � 2( x 1 � x 2 ) � 2( y 1 � y 2 )] 3 7 7 7 7 5 � (1.58) $H$J$k!#1?F0Cf$N94B+NO$N@.J, � $O<!$N#2$D$N<0!’ 2 6 6 6 6 4 � x 1 � y 1 � x 2 � y 2 3 7 7 7 7 5 = 2 6 6 6 6 4 0 � g 0 � g 3 7 7 7 7 5 � 2 m 2 6 6 6 6 4 ( x 1 � x 2 ) ( y 1 � y 2 ) � ( x 1 � x 2 ) � ( y 1 � y 2 )] 3 7 7 7 7 5 � (1.59) 2[( x 1 � x 2 ) ( y 1 � y 2 ) � ( x 1 � x 2 ) � ( y 1 � y 2 )] 2 6 6 6 6 4 � x 1 � y 1 � x 2 � y 2 3 7 7 7 7 5 = � 2 � ( _ x 2 1 � _ x 2 2 ) + ( _ y 2 1 � _ y 2 2 ) (1.60)

10 Bh 1 >O LA GRANGE $N1?F0J}Dx<0$H$=$N@-<A $rO"N)$7$F!" � = m 4 l 2 � ( _ x 2 1 � _ x 2 2 ) + ( _ y 2 1 � _ y 2 2 ) (1.61) $rF@$k!# 7A<0E*$JDc<!852= :# 1?F0 J} Dx <0$N JQ ?t$N ?t $r 8:>/ $5 $; $k$? $a $K!"<0 $N Cf $+$i _ y 2 $r >C 5n$9 $k $3 $H$r 9M $( $k!#$= $N $?$a y 1 � y 2 6 = 0 $r2>Dj$7$h$&!#$=$&$9$k$H!"94B+<0$h$j _ y 2 = 1 y 1 � y 2 (( x 1 � x 2 ) _ x 1 + ( y 1 � y 2 ) _ y 1 � ( x 1 � x 2 ) _ x 2 ) (1.62) $H$J$k!#$3$l$h$j 2 6 6 6 6 4 _ x 1 _ y 1 _ x 2 _ y 2 3 7 7 7 7 5 = J 2 6 4 _ x 1 _ y 1 _ x 2 3 7 5 (1.63) $?$@$7!" J := 2 6 6 6 6 4 1 1 1 ( x 1 � x 2 ) = � ( y 1 � y 2 ) = � � ( x 1 � x 2 ) = � 3 7 7 7 7 5 ; � := y 1 � y 2 (1.64) $J$k4X78$rMQ$$$F1?F0J}Dx<0$r=q$-D>$9$H 2 6 4 1 ( x 1 � x 2 ) = � 1 ( y 1 � y 2 ) = � 1 � ( x 1 � x 2 ) = � 3 7 5 2 6 6 6 6 4 m m m m 3 7 7 7 7 5 2 6 6 6 6 4 1 1 1 ( x 1 � x 2 ) = � ( y 1 � y 2 ) = � � ( x 1 � x 2 ) = � 3 7 7 7 7 5 2 6 4 � x 1 � y 1 � x 2 3 7 5 + mJ T _ J 2 6 4 _ x 1 _ y 1 _ x 2 3 7 5 = � 2 2 6 4 1 ( x 1 � x 2 ) = � 1 ( y 1 � y 2 ) = � 1 � ( x 1 � x 2 ) = � 3 7 5 2 6 6 6 6 4 x 1 � x 2 y 1 � y 2 � ( x 1 � x 2 ) � ( y 1 � y 2 ) 3 7 7 7 7 5 � (1.65) $H$J$k!#$3$3$G1&JU$ONm$H$J$k$N$G!"7k6I m 2 6 6 4 1 + ( x 1 � x 2 ) 2 � 2 ( x 1 � x 2 )( y 1 � y 2 ) � 2 � ( x 1 � x 2 ) 2 � 2 1 + ( y 1 � y 2 ) 2 � 2 � ( y 1 � y 2 )( x 1 � x 2 ) � 2 � 1 + ( x 1 � x 2 ) 2 � 2 3 7 7 5 + mJ T _ J 2 6 4 _ x 1 _ y 1 _ x 2 3 7 5 + 2 6 4 ( x 1 � x 2 ) � mg (1 + y 1 � y 2 � ) mg � ( x 1 � x 2 ) � mg 3 7 5 = 0 (1.66) (1.67) $H$J$k!#$3$3$GCm0U$7$J$1$l$P$J$i$J$$$3$H$O!"E,Ev$KJQ?t$r>C5n$9$k$H!":#$N>l9g$N$h$&$K!" y 1 � y 2 = 0 $N ;~ _ x 2 $r>C5n$9$k$J$I!"B>$NJQ?t$r>C5n$9$k$h$&$K?7$7$$:BI8$r7hDj$7$J$1$l$P$J$i$J$$!# Bg0hE*$JJQ?t$K$h$k1?F0J}Dx<0$NDc<!852= A0 $N Nc $G $O!" C1 =c $K #1 $D $N JQ ?t $r B> $N JQ ?t $K $h$C $F I= $9 $3 $H $K $h $j JQ ?t $N ?t $r 8: $i $9 $3 $H $r 9M $( $? $,!" $3 $3 $G $O 0c $& JQ ?t $r F3 F~ $9 $k $3 $H $K $h$C $F 1? F0 J} Dx <0 $N JQ ?t $N ?t $r 8: $i $9 $3 $H $r9M$($k!#$3$N$?$a$K?7$7$$JQ?t$H$7$FK@$N2sE>3Q � $rF3F~$9$k!#$3$l$K$h$C$F!" x 2 = x 1 + l cos � (1.68) y 2 = y 1 + l sin � (1.69) _ x 2 = _ x 1 � l sin _ � (1.70) _ y 2 = _ y 1 + l cos _ � (1.71)

11 $H$J$k!#$3$N4X78$r9TNsI=8=$7$F!" 2 6 6 6 6 4 _ x 1 _ y 1 _ x 2 _ y 2 3 7 7 7 7 5 = 2 6 6 6 6 4 1 1 1 � l sin � 1 l cos � 3 7 7 7 7 5 2 6 4 _ x 1 _ y 1 _ � 3 7 5 (1.72) $7$F!"A0$NNc$HF1MM$K1?F0J}Dx<0$r:BI8JQ49$9$k$H m 2 6 4 2 � l sin � 2 l cos � � l sin � l cos � l 2 3 7 5 2 6 4 � x 1 � y 1 � � 3 7 5 + m 2 6 4 � l cos � _ � � l sin � _ � 3 7 5 + 2 6 4 0 2 mg l cos � mg 3 7 5 = 0 (1.73) $H$J$k!#99$K!"=E?4$K4X$7$F1?F0J}Dx<0$r=q$-D>$9$?$a$K=E?4$N:BI8 ( x g ; y g ) $rF3F~$9$k$H x 1 = x g � l 2 cos � (1.74) y 1 = y g � l 2 sin � (1.75) $N 4X 78 $, @. $j N) $D $N $G!" $3 $N 4X 78 $r MQ $$ $F 1? F0 J} Dx <0 $r :B I8 JQ 49 $9 $k $H!" =E ?4 2s $j $K $9 $0 $K N) $F $k $3 $H $N $G $- $k Newton $N1?F0J}Dx<0!& Euler $N1?F0J}Dx<0$G$"$k m 2 6 4 2 2 l 2 2 3 7 5 2 6 4 � x g � y g � � 3 7 5 + 2 6 4 0 2 mg 0 3 7 5 = 0 (1.76) $,F@$i$l$k!# ( F3$$$F$_$h!# ) 40A4HsCF@->WFM$rH<$&>WFM :#!" 9M $( $F $$ $k #2 <A E@ 7O $, 2s E> $7 $J $, $i D7 $M JV $j 78 ?t $, #0 $N >2 $K >W FM $7 $F $= $N $^ $^ 1? F0 $9 $k $3 $H $r9M $( $k!# $3 $3 $G $O 2s E> $7$J $, $i ( x 1 ; y 1 ) $N :B I8 $G <( $5$l $k <A E@ $, >W FM $9 $k $H9M $( $F!" <0 (1.73) $G I= $5 $l $k 1? F0 J} Dx <0 $r MQ $$ $k $3 $H $K $9 $k!# JI $H >W FM $9 $k $3 $H $K $h$C $F 0l =V ( x 1 ; y 1 ) $, 94 B+ $5 $l $k $H 9M $( $k $H!" >W FM8e$NB.EY$r ( _ x 1+ ; _ y 1+ ; _ � + ) $H$9$k$H>WFM$N:]$NB.EY94B+$O " 1 0 0 0 1 0 # 2 6 4 _ x 1+ _ y 1+ _ � + 3 7 5 = 0 (1.77) $H $J $k!# >W FM $N A0 $N B. EY $r ( _ x 1 � ; _ y 1 � ; _ � � ) !" 94 B+ %$ %s %Q %k %9 $N 78 ?t $r ( � 1 ; � 2 ) $H $9 $k $H!" $D $. $N 4X 78 <0 $, @. $j N)$D!# 2 6 4 2 m 0 � ml sin � 0 2 m ml cos � � ml sin � ml cos � ml 2 3 7 5 2 6 4 _ x 1+ _ y 1+ _ � + 3 7 5 = 2 6 4 2 m 0 � ml sin � 0 2 m ml cos � � ml sin � ml cos � ml 2 3 7 5 2 6 4 _ x 1 � _ y 1 � _ � � 3 7 5 + 2 6 4 1 0 0 1 0 0 3 7 5 " � 1 � 2 # (1.78) $3$N4X78$H>WFM8e$NB.EY94B+$H$rO"N)$7$FJ}Dx<0$r ( � 1 ; � 2 ) $K$D$$$F2r$/$H " � 1 � 2 # = m " 1 + cos 2 � sin � cos � sin � cos � 1 + sin 2 � # " _ x 1 � _ y 1 � # (1.79) $H $J $k!# $3 $3 $G Cm 0U $9 $Y $- $3 $H $O!" 94 B+ NO $O %b!< %a %s %H $N D‘ 9g $$ $N <0 $N 0l HV 2< $N It J, $K $O 1F 6A $r M? $( $:!" $= $N ItJ,$NNL$O>WFM$NA0$H8e$G$OJQ2=$7$J$$$H$$$&$3$H$G$"$k!#$3$NNc$G$O!" � ml sin � _ x 1+ + ml cos � _ y 1+ + ml 2 _ � + = [0 0 1] 2 6 4 l cos � l sin � 0 3 7 5 � 2 6 4 m _ x 1+ m _ y 1+ 0 3 7 5 = � ml sin � _ x 1 � + ml cos � _ y 1 � + ml 2 _ � � (1.80) $H$J$j!" ( x 1 ; y 1 ) 2s$j$N2sE>$N%b!<%a%s%H$,J]B8$5$l$k$3$H$K$J$k!#

12 Bh 1 >O LA GRANGE $N1?F0J}Dx<0$H$=$N@-<A

Bh 2 >O Hs@~7A%7%9%F%‘$N0BDj@-2r@O @~7A ;~ ITJQ $J %7%9 %F %‘$N >l 9g!"0B Dj @-$r 2r @O $9$k $K $O%7 %9 %F%‘ $N 6K$r D4 $Y$l $P NI $$$,!" F~ NO$K 4X $9$k @~ 7A@-!" =i 4| CM $K4X $9$k @~ 7A@- $N $J $$Hs @~ 7A%7 %9 %F%‘ $N >l9g $K $O$= $N $h$& $J <jK! $r MQ$$ $k $3$H $, $G$- $J $$!#$^ $?!" @~7A %7 %9%F %‘ $N >l 9g$K $O!" M-3& $J 30Mp ?. 9f$, 0B Dj $J%7 %9 %F%‘ $K F~$C $?>l 9g $K$O!" %7 %9%F %‘ $r IT0B Dj $K$9 $k $3$H $, $J $$$,!" Hs @~7A $N %7 %9 %F%‘ $N >l9g $K $O$= $N $h$& $J $3 $H$, @. $jN) $? $J $$!#$h$C $F!" Hs@~ 7A $N%7 %9 %F %‘$N 0B Dj@- $r 2r@O $9 $k $K$O!" B> $N<j K! $r MQ $$$kI,MW$,$"$j!"$^$?<h07$b?5=E$K$9$kI,MW$,$"$k!# $3$3$G$O!"<!$N>uBV6u4VI=8=$GM?$($i$l$k;~ITJQ$JHs@~7A%7%9%F%‘$r9M$($k!# _ x = f ( x ) ; x (0) = x 0 (2.1) $?$@$7!" x e $OJ?9U>uBV$G f ( x e ) = 0 (2.2) $rK~$?$9$H$9$k!# $^$: MQ 8l$N Dj 5A$r $7 $h$&!# ;~ IT JQ@~ 7A $J%7 %9 %F %‘$N >l 9g!"0B Dj $H8@ $( $P DL>o ;X ?t0B Dj $N$3 $H $G $"$k $,!" Hs@~ 7A $N %7 %9%F%‘$r07$&>l9g$K$O9M$($k0BDj@-$,B?MM$K$J$k!# [Ly apuno v $N0UL#$G$N0BDj ( 0BDj )] <!$N4X78$,@.$jN)$D;~!"J?9UE@ x e $O Ly apuno v $N0UL#$G0BDj$H$$$&!# ( ?^ 2.1 ;2>H ) 8 � > 0 ; 9 � ( � ) > 0 ; k x 0 � x e k < � ! k x ( t ) � x e k < � (2.3) Ly apuno v $N0UL#$G$N0BDj@-$,@.N)$7$F$$$F$b!" x ( t ) $O;~4V$,7P$C$F$b x e $K<}B+$9$kJ]>Z$O$J$$$3$H$KCm0U$9$k!# [ 6I=jA26a0BDj ] %7%9%F%‘$, Ly apuno v $N0UL#$G0BDj$G!" 9 � > 0 ; k x 0 � x e k < � ! lim t !1 k x ( t ) � x e k = 0 (2.4) $N$H$-!"J?9UE@ x e $O6I=jA26a0BDj$G$"$k$H$$$&!# $3$N0B Dj@- $O!">u BV$O:G =*E* $K$O x e $K Mn$A Ce$/$3 $H$r J]>Z $7$F$$ $k$,!" $I$l $/$i $$$NAa $5$G x e $K <}B+ $9$k $+$O0l @ZJ] >Z $7$F $$ $J$$!# $= $N 0UL# $G!" $" $^$j <B MQE* $G $J $$>l 9g $,$" $k!# $? $@$7!" ;~ ITJQ @~ 7A %7%9 %F %‘$N >l 9g!" A26a 0B Dj @- $O;X?t0BDj@-$r0UL#$9$k!# [ 6I=j;X?t0BDj ] 6I=jA26a0BDj$G!" 9 � > 0 ; c > 0 ! k x ( t ) � x e k � ce � �t k x 0 � x e k (2.5) >e 5- $N >r 7o $, A4 $F $N =i 4| CM x 0 $K BP $7 $F @. $j N) $D ;~!" $= $l $> $l $N 0B Dj @- $O Bg 0h E* 0B Dj!" Bg 0h E* A2 6a 0B Dj!" Bg 0h E* ;X ?t0BDj$H8F$P$l$k!# $3$l$i$N0BDj@-$NCf$G!"A26a0BDj@-$rH=JL$9$kJ}K!$H$7$F!"<!$NDjM}$GM?$($iF@$kJ}K!$,$h$/MQ$$$i$l$F$$$k!# [Ly apuno v $N0BDjDjM} ] (2.1) $G M? $( $i $l $k %7 %9 %F %‘ $K BP $7 $F!" <! $N >r 7o $r K~ $? $9 %9 %+ %i 4X ?t V ( x ) $, x e $N 6a K5 $G B8 :_ $9 $k $H $-!" x e $O 6I =j A26a0BDj$G$"$k!# 13

14 Bh 2 >O Hs@~7A%7%9%F%‘$N0BDj@-2r@O x 1 x 2 � x e x 0 x ( t ) � ?^ 2.1: 0BDj@-$NDj5A 1. V ( x ) > 0 ; V ( x e ) = 0 2. V ( x ) $O;~4V$GO"B3HyJ,2DG=$G!" _ V ( x ) < 0 ( x 6 = x e ) $3$N $h $& $J@- <A $r K~ $?$9 V ( x ) $r Ly apuno v 4X ?t $H$$ $&!# $3 $N $h$& $J 4X ?t $N0l HL E* $J7h Dj J} K! $OB8 :_ $7 $J $$$,!" J* M}E*$J%(%M%k%.$K4X$9$k$b$N$, Ly apuno v 4X?t$H$7$F;H$o$l$k>l9g$,B?$$!# $3$NDjM}$N1~MQNc$H$7$F!"<!$N%7%9%F%‘$r9M$($k!# _ x = � k sin ( x ) ; k > 0 (2.6) $3 $N %7 %9 %F %‘ $N 0l $D $N J? 9U E@ $O x e = 0 $G $" $k!# $3 $N J? 9U E@ $, A2 6a 0B Dj $G $" $k $+ $I $& $+ $r D4 $Y $k $? $a $K!" <! $N Ly a- puno v 4X?t$N8uJd$r9M$($k!# V ( x ) = 1 2 x 2 (2.7) $3$N4X?t$OL@$i$+$K V ( x ) > 0( � � < x < � ; x 6 = 0) $G$"$k!#$^$?!" _ V ( x ) = x _ x = � k xsin ( x ) < 0 ( � � < x < � ; x 6 = 0) (2.8) $H$J$k!#=>$C$F!"$3$NJ?9UE@$O6I=jA26a0BDj$G$"$k!# $3$N$h$&$K!" Ly apuno v $N0BDjDjM}$rMQ$$$k$H!"J}Dx<0$N2r$r<B:]$K2r$/$3$HL5$/J?9UE@$N0BDj@-$,H=Dj$G$-$k!# <!$K!"<!$NHyJ,J}Dx<0$GI=$5$l$k<ANL!"%@%s%Q!"%P%M$+$i9=@.$5$l$k5!3#7O$N0BDj@-$r9M$($k!# m � x + c _ x + k x = 0 (2.9) $3$N#2<!$N%7%9%F%‘$N6K$OFC@-J}Dx<0 ms 2 + cs + k = 0 (2.10) $N 2r $G M? $( $i $l $k $,!" Routh !& Hurwitz $N 0B Dj @- H= JL $h $j!" $3 $N %7 %9 %F %‘ $, 0B Dj $G $" $k $? $a $N I, MW == J, >r 7o $O %Q %i %a!< %? m; c; k A4 $F $, @5 $G $" $k $3 $H $G $" $k!# $3 $N $3 $H $O!" Ia CJ 8+ $+ $1 $k <A NL!" %@ %s %Q!" %P %M 7O $, ;~ 4V $, 7P $D $H ?6 F0 $r ;_$a$k $3$H $h$j L@$+$G $b$" $k!#$3 $N%7 %9%F%‘ $N0B Dj@- $r Ly apuno v $N 0BDjDj M}$K $h$C$F H=JL $9$k$3 $H$r 9M$( $h$&!# $3 $N$?$a$K!"$3$N%7%9%F%‘$N;}$C$F$$$kNO3XE*%(%M%k%.$r Ly apuno v 4X?t$N8uJd$H$7$F9M$($F$_$h$&!#$D$^$j!" V ( x ) = 1 2 m _ x 2 + 1 2 k x 2 (2.11) $H$9$k!# $3$N %7%9 %F%‘ $N>u BV$O x = [ x; _ x ] T , J? 9U>u BV$O x e = [0 ; 0] T $G $"$k!# =>$C$F!" V ( x ) > 0( x 6 = x e ) $G$" $k$3 $H$OL@$+$G$"$k!#0lJ}!" V ( x ) $N2r50F;$K1h$C$?;~4VJQ2=$O _ V ( x ) = _ xm � x + k x _ x

2.1. ;~JQ%7%9%F%‘$N0BDj@-H=JL 15 $G$"$k$,!" (2.10) $N4X78<0$rBeF~$9$k$H _ V ( x ) = _ x ( � c _ x � k x ) + k x _ x = � c _ x 2 � 0 (2.12) $H$J $k!# $D $^ $j!" x = [ x; 0] T $H$$ $& >u BV $K BP $7 $F$O!" >o $K _ V ( x ) = 0 $H $J $j!" V ( x ) < 0 ( x 6 = x e ) $H $$ $&>r 7o $r K~$?$5$J$$!#$3$N$h$& $K!"J*M}E*D>4Q$+$iF3 $+$l$? Ly apuno v 4X?t$N 8uJd$, Ly apuno v 4X?t$K $J$i$J$$>l9g$,$h $/$" $k!#$3$N$h$&$K Ly apuno v $N 0BDjDjM}$O;H$$$K $/$$LL$,$"$k!#$3$N E@$r2~A1$9$k$?$a $K!" Ly apuno v $NDjM}$r3H D%$7 $? LaSalle $NDjM}$,$k!# [LaSalle $NDjM} ] (2.1) $G M? $( $i $l $k %7 %9 %F %‘ $K BP $7 $F!" <! $N >r 7o $r K~ $? $9 %9 %+ %i 4X ?t V ( x ) $, x e $N 6a K5 $G B8 :_ $9 $k $H $-!" x e $O 6I =j A26a0BDj$G$"$k!# 1. V ( x ) > 0 ; V ( x e ) = 0 2. V ( x ) $O;~4V$GO"B3HyJ,2DG=$G!" _ V ( x ) � 0( x 6 = x e ) 3. _ V ( x ) � 0 $r2>Dj$7$?;~!"HyJ,J}Dx<0$N2r$, x ( t ) = x e $@$1$G$"$k!# $3$N Dj M} $, Ly apuno v $N 0B DjDj M} $H K\<A E* $K 0[ $J$k E@ $O!" _ V ( x ) $N >r 7o $KEy 9f $r 5v $7$F $$ $k E@ $G$" $k!# $3 $NDj M} $r @hDx$N5!3#7O$KE,MQ$7$F$_$k$H!"#2$DL\$^$G$N>r7o$OK~$?$7$F$$$k$N$G!":G8e$N>r7o$N$_$r%A%’%C%/$9$l$P$h$$!# _ x ( t ) � 0 (2.13) $r2>Dj$9$k$H!" � x ( t ) � 0 (2.14) $H$J$k!#$5$i$K$3$N4X78$h$j (2.10) $rMQ$$$k$H k x = 0 (2.15) $H $J $k!# :#!" k > 0 $G $" $k $N $G x = 0 $H $J $j!" _ V � 0 $r 2> Dj $7 $? :] $N 2r $O x ( t ) = x e $H $J $j!" B> $N 2r $O B8 :_ $7 $J $$!#=>$C$F!" LaSalle $NDjM}$h$j x e $OA26a0BDj$G$"$k$3$H$,J,$+$k!# 2.1 ;~JQ%7%9%F%‘$N0BDj@-H=JL 2.1.1 Ly apuno v $N0BDjDjM} <!$K;~JQ%7%9%F%‘$N0BDj@-$K$D$$$F$N>r7o$rM?$($k$?$a!"<!$N;~JQ%7%9%F%‘$r9M$($k!# _ x = f ( x; t ) ; x (0) = x 0 (2.16) $?$@$7!" f ( x e ; t ) = 0 (2.17) $G$"$k$H$9$k!#$3$N%7%9%F%‘$N0BDj@-$rH=JL$9$k>r7o$rM?$($k$?$a$K!"<!$N4X?t$N%/%i%9$rDj5A$9$k!# [ %/%i%9 K 4X?t ] R + $+$i R + $X$N%9%+%i4X?t � $,<!$N>r7o$rK~$?$9$H$-!"4X?t � $O%/%i%9 K $N4X?t$G$"$k$H$$$&!# 1. � (0) = 0 2. � ( p ) > 0 8 p > 0 3. � $OHs8:>/4X?t $3$N4X?t$rMQ$$$F;~JQ7O$N%7%9%F%‘$N Ly apuno v $NDjM}$O<!$NDjM}$K$h$C$FM?$($i$l$k!# [Ly apuno v $N0BDjDjM} ( ;~JQ%7%9%F%‘ )] 9M$($F$$$k%7%9%F%‘$,<!$N>r7o$rK~$?$9;~!" x e = 0 $O ( 6I=j ) 0lMMA26a0BDj$G$"$k!#

16 Bh 2 >O Hs@~7A%7%9%F%‘$N0BDj@-2r@O 1. $"$k%/%i%9 K 4X?t � ; � $,B8:_$7$F V ( x; t ) $,<!$N>r7o$rK~$?$9!# � ( k x k ) � V ( x; t ) � � ( k x k ) (2.18) 2. $"$k%/%i%9 K 4X?t $,B8:_$7$F!" _ V ( x; t ) $,<!$N>r7o$rK~$?$9!# _ V ( x; t ) � � ( k x k ) (2.19) $3 $3 $GCm 0U $9 $Y $- E@$O %/ %i %9 K 4X ?t $O0z ?t $K BP $9 $k@E E* $J 4X ?t $G!";~ 4V t $K $O 0M B8 $7$J $$ $3 $H $G $"$k!# ;~ JQ %7 %9 %F %‘ $N Ly apuno v $N 0B Dj Dj M} $N 1~ MQ $r 0l HL $K Fq $7 $/ $7 $F $$$k $N $O!" $3 $N $h $& $J ;~ 4V $K 0M B8 $7 $J $$ 4X ?t $r 8+ $D $1$J$1$l$P$J$i$J$$$3$H$G$"$k!# 2.1.2 Barbalet( %P!<%P%i ) $NJdBj Ly apuno v $N0B Dj DjM} $O J*M} E* $J%( %M%k %.!< $N3H D% $G$" $k Ly apuno v 4X ?t $N8: >/$K $h$C $F%7 %9 %F%‘ $N0B Dj @-$r 5D O@ $9$k$b $N$G $"$C$?!# $7$+ $7!"<B:] $N1~ MQ$G $O Ly apuno v 4X ?t$r 8+$D$1 $k$3 $H$, MF0W $G$J $$>l9g $bB? $$!#$= $N$h $&$J ;~ $K!"$" $k4X ?t $,<} B+ $9 $k$3 $H $r<( $7 $F!"$= $N ;~4V Hy J,$, Nm $K$J $k $3$H $r MxMQ $7 $F%7 %9 %F%‘ $N 0BDj @- $r<( $9 $3$H $, $G $- $k!# $= $N $? $a $K NI $/ ;H $o $l $k $N $, Barbalet $N Jd Bj $G $" $k!# $3 $N Jd Bj $O $" $k 3j $i $+ $J 4X ?t $, <} B+ $9 $l $P $= $N Hy J, $O Nm $K<} B+$9 $k $H$$ $& $b $N$G $" $k$,!" 0l HL$N 4X ?t$K BP $7$F $O $3$N $h $&$J ;v $,@. $j N)$? $J $$$N $G!" $^$: $= $NE@ $r ;XE& $7 $F $* $/!# <!$N#3$D$N@-<A$K$D$$$F$OLC5-$7$F$*$/I,MW$,$"$k!#;~4V4X?t f ( t ) $K4X$7$F<!$N@-<A$,$"$k!# 1. _ f ! 0 ) = f $, t = 1 $G<}B+$9$k!#Nc$($P!" f(t) = log t $J$I!# 2. f $, t = 1 $G<}B+$9$k ) = _ f ! 0 Nc$($P!" f ( t ) = exp ( � at ) cos( exp ( bt ))( b > a > 0). 3. f ( t ) $O2<$KM-3&$G _ f � 0 ) f $O t = 1 $G<}B+$9$k!# Barbalet $NJdBj$r@bL@$9$k$?$a$K!"4X?t$N0lMMO"B3@-$K$D$$$F;W$$=P$7$F$*$3$&!# [ 4X?t$N0lMMO"B3@- ] 4X?t f ( t ) $,<!$N>r7o$rK~$?$9$H$-!"0lMMO"B3$G$"$k$H$$$&!# 8 R > 0 ; 9 � ( R ) > 0 ; t 1 � 0 ; t 2 � 0 ; j t 1 � t 2 j < � ) j f ( t 1 ) � f ( t 2 ) j < R 0l MM O" B3 @- $N Dj 5A $N K\ <A $O R $, t $K 0M B8 $7 $F $$ $J $$ $3 $H $G $" $k!# Nc $( $P!" exp( t ) $O O" B3 $G $O $" $k $,!" 0l MM O" B3 $G $O$J$$!#$3$l$i$N=‘Hw$N2<$G Barbalet $NJdBj$O$D$.$N$h$&$KM?$($i$l$k!# [Barbalet $NJdBj ] 4X?t f $,HyJ,2DG=$G!" t = 1 $G<}B+$7!" _ f $,0lMMO"B3$G$"$k$J$i _ f ! 0( t ! 1 ) !# $3$NJdBj$N7O$H$7$F$D$.$N$b$N$,NI$/MQ$$$i$l$k!# [ 7O ] 4X?t f $,HyJ,2DG=$G!" t = 1 $G<}B+$7!" � f $,M-3&$G$"$k$J$i _ f ! 0( t ! 1 ) !# $3$N7O$O!"HyJ,$,M-3&$J4X?t$OI,$:0lMMO"B3$K$J$k$3$H$h$jF3$+$l$k!# 99$K ?. 9f$N F~ =PNO FC @-$h $j F3$+ $l $kDj M} $H $7$F <! $N$b $N $,NI $/ MQ$$ $i $l$k!# I= 8= $r4J C1 $K$9 $k $?$a $K!" 4X?t $N =8 9g $r4v$D$+Dj5A$9$k!# L p (0 ; 1 ) = � f ( t ) � � � � Z 1 0 j y ( � ) j p d� < 1 � (2.20) L 1 (0 ; 1 ) = f f ( t ) j ess : sup j f ( t ) j < 1 f or t 2 (0 ; 1 ) g (2.21) $? $@ $7!" @Q J, $O Leb esgue( %k %Y!< %0 ) @Q J, $N 0U L# $G 9M $( $k!# $^ $?!" ess : sup $O 2D B, $G $J $$ It J, $r =| $$ $? It J, $G $N sup $G$"$j!" O"B3 $J4X?t $N>l 9g$K $O sup $K0lCW $9$k!# $b$& 0l$DI, MW$J Dj5A $H$7$F!" EAC# 4X?t $K4X$9 $k$b $N$r M?$($k!# EAC# 4X?t H ( s ) $,0B Dj$G 5u<4 >e$K 6K$r ;} $?$J $$$H $-$= $NEA C#4X ?t$O strictly stable( 87L) $K0B Dj ) $G$" $k$H $$$$!" H ( 1 ) = 0 $N$H$-!" strictly prop er( 87L)$K%W%m%Q!< ) $G$"$k$H$$$&!# $3$l$i$N=‘Hw$N2<$K4X?t$N<}B+@-$O<!$N$h$&$KI=8=$G$-$k!#

2.1. ;~JQ%7%9%F%‘$N0BDj@-H=JL 17 [ JdBj#1 ] 87L)$K%W%m%Q!<$G87L)$K0BDj$JEAC#4X?t H ( s ) $,$"$j!" u 2 L 2 (0 ; 1 ) $G$"$k;~!" Y ( s ) = H ( s ) U ( s ) (2.22) $K$h$C$F y $rM?$($k$H!" y 2 L 2 (0 ; 1 ) \ L 1 (0 ; 1 ) $G$"$j!" _ y 2 L 2 (0 ; 1 ) !# $3$l$i$N4X?t6u4V$N4X78$H@hDx$N Barbalet $NJdBj$rAH$_9g$o$;$?$b$N$H$7$F<!$N$b$N$,$"$k!# [ JdBj#2 ] 4X?t f $, f 2 L 2 (0 ; 1 ) $G$=$NHyJ,$, _ f 2 L 1 $G$"$k$H$-!" f $O0lMMO"B3$G f ( t ) ! 0( t ! 1 ) !# JdBj #2 $O g ( t ) = R t 0 j f ( � ) j 2 � $J $k4X ?t $r 9M$( $k $H!" $3$l $O >e $KM- 3& $G $"$j!" C1 D4 A}2C 4X ?t $G$" $k $N$G <} B+ $9$k!# $5 $i$K$=$NHyJ,$, _ f 2 L 1 $h$j0lMMO"B3$G$"$k$N$G!" Barbalet $NJdBj$rMQ$$$F _ g ! 0 $,8@$($k$N$G$"$k!# $3$l$i$NJdBj$rMQ$$$k$3$H$K$h$C$F!" f ( t ) $H$7$F >uBV$N%N%k%‘$r<h$k$3$H$K$h$C$FA2 6a0BDj@-$r5DO@$9$k$3$H$,2D G=$K$J$k!#

18 Bh 2 >O Hs@~7A%7%9%F%‘$N0BDj@-2r@O

Bh 3 >O 50F;DI=>@)8f %m%\%C%H%"!<%‘$K$h$C$F:n6H$r$5$;$h$&$H$7$?>l9g!"<j@h$N:BI8$r@)8f$9$kI,MW$,$"$k!#$3$N@)8f$NJ}K!$K 1. PTP(P oin t T o P oin t) @)8f 2. CP (Con tin uous P ath) @)8f $, $" $k!# PTP @) 8f $O >c 32 J* $J $$ $h $& $J :n 6H 6u 4V $K $* $$ $F!" <j @h $r $" $k 0L CV $+ $i B> $N 0L CV $K 0\ F0 $5 $; $k @) 8f $G!" ES Cf $N50 F;$O 9M N8$7 $J $$@) 8f $G$" $k!# CP @) 8f$O 6u 4VFb $K Dj$a $i $l$? O" B3$J 50 F;$r DI =>$5 $; $k@) 8f $G$" $j!" J#;( $J 4D6- 2< $G$N:n6H$G$OI,$:I,MW$H$J$k@)8f$G$"$k!# $^$?!" $3 $l$i $N @) 8f$r <B 8= $9$k $? $a $K!"%U%#!< %I %P%C %/7O $r $I $N:B I8 7O $G9= @. $9 $k$+ $K $h$C $F$b @) 8f $O0J 2< $N $h $& $KJ,N‘$5$l$k!# 1. 4X@a6u4V$G$N%U%#!<%I%P%C%/ 2. :n6H6u4V$G$N%U%#!<%I%P%C%/ 4X @a 6u 4V $G $N %U%#!< %I %P%C %/ $G $O!" $^ $:!" <j @h $N L\ I8 $N 0L CV x d $r 4X @a $G $N L\ I8 3Q EY q d $K 5U 1? F0 3X $K $h$C $F JQ 49 $9 $k!#$= $7 $F!" 8=:_ $N q $r 4Q B, $9$k $3 $H $K $h$C$F %U%#!< %I %P%C %/7O $r 9= @. $9$k $b $N $G$" $k!# 0l J}!" :n6H 6u 4V $G $N%U%#!< %I%P%C%/$G$O!"8=:_$N<j@h$N0LCV x $r7WB,!"$^$?$O q $h$j=g1?F03X$K$h$j$b$H$a x d $H$NJP:9$K$h$jD>@\%U%#!<%I%P%C %/7O $r 9= @.$9 $k $b $N$G $" $k!# $7$+ $7!" $3 $l $i$N @) 8f 7O$O 3F!9 D9 =j$H C; =j $r ;}$C$F $$ $k!# 4X@a 6u 4V $G$N %U%#!< %I %P%C %/ $N@)8f$NMxE@$O � <B;~4V$G$N7W;;NL$,>/$J$$!# � 4X@a$K%b%G%k2=$7$F$$$J$$CF@-FC@-$,$"$C$F$bIT0BDj$K$J$j$K$/$$!# � FC0[;Q@*$N1F6A$r9MN8$7$J$/$F$bNI$$!# 7gE@$O � M[$K5U1?F03X$r2r$/I,MW$,$"$k!# 0lJ}!" :n 6H6u 4V $G $N%U%#!< %I %P%C %/$N FC D’$O 4X @a 6u4V $G $N FCD’ $r 5U $K$7 $? $b$N $H $J $k!#$3 $3 $G $O!":G =i $K 4X@a 6u 4V $K $*$1$k PTP @)8f$r@bL@$7$?8e!":n6H6u4V$G$N CP @)8f$K$D$$$F@bL@$9$k!# 3.1 4X@aFHN)@)8f :#!"<j @h$N L\I8 0LCV x d $KBP 1~$9 $k 4X@a 3Q q d $, M? $($i $l$F $$$k $H $7!"A4 $F$N 4X @a$, 2sE> 4X@a $G!" 3F!9$N 4X@a $,%b!< %? $K $h$C $F 6n F0 $5 $l $F $$ $k $H $9 $k!# %j %s %/ i � 1 $H %j %s %/ i $r 9M $( $F!" %j %s %/ i � 1 $K %b!< %? %9 %F!< %? $, 8G Dj $5 $l!" %b!<%?$N%m!<%?$,8:B.4o$K$h$C$F%j%s%/ i $K$D$J$,$l$F$$$k$H$9$k!# (3.1) ( %b!<%?$N2sE>$H%H%k%/$NJ}8~$KCm0U!# ) %b!<%? $N 2s E> B. EY $r ! m !" 47@- %b!< %a %s %H $r J m , G4 @- $r � m , %H %k %/ Dj ?t $r K $H $9 $k $H D> N. %b!<%? $N 1? F0 J} Dx <0 $O <!$N$h$&$K$J$k!# J m _ ! m + � m ! m = K v � � i (3.1) 19

20 Bh 3 >O 50F;DI=>@)8f 1:n Link i Link i-1 Join t i z i � 1 _ q i , � i ! m , � m v ?^ 3.1: %j%s%/ i $r6nF0$9$k%b!<%? 0lJ}!"%.%"Hf$r 1 BP n $H$9$k$H ! m = n _ q i (3.2) n� m = � i (3.3) $G$"$k$+$i!"$3$N4X78$r (3.1) $KBeF~$7$F!" _ q i $NJ}Dx<0$KD>$9$H n 2 J m � q + n 2 � m = nK v � � i (3.4) $H$J$k!#%b!<%?!<7O$r9MN8$7$J$$%^%K%T%e%l!<%?$N1?F0J}Dx<0$O D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � $G$"$j!" i 9TL\$NJ}Dx<0$r<h$j=P$9$H X j d ij � q + h i ( q ; _ q ) = � i (3.5) $H$J$k!#$?$@$7!" h i ( q ; _ q ) $O%3%j%*%j!"Cf?4NO!"=ENO9‘$rA4$FB-$79g$o$;$?9‘$G$"$k!#$3$3$G!" f i ( q ; _ q ; � q ) = X j =1 ;j 6 = i d ij � q j + h i ( q ; _ q ) (3.6) $HDj5A$7!" (3.4) $r (3.5) $KBeF~$9$k$H ( d ii ( q ) + n 2 J m ) � q i + n 2 � m _ q i + f i ( q ; _ q ; � q ) = nK v (3.7) $H$J$k!#:#!"E,Ev$JDj?t$N;Q@* � q ( q $N%N%_%J%kCM ) $rA*$s$G � d ii = d ii ( � q ) (3.8) $r0l Dj$N CM$H $9 $k$+!" n $, ;: 6HMQ %m%\%C %H $N$h $&$J >l 9g?t ==$+ $i 100 $N CM$r $H $k$N $G!" d ii ( q ) $N J} $rL5 ;k$7 $F � d ii = 0 $H$9$k$H!"J}Dx<0$O:G=*E*$K ( � d ii + n 2 J m ) � q i + n 2 � m _ q i = � i � f i ( q ; _ q ; � q ) (3.9) $H$J$k!# f i $N9‘$r30Mp$H8+$J$7$F!"7O$rEAC#4X?t$GI=$9$H<!$N$h$&$K$J$k!#

3.2. =ENOJd=~IU$- PD @)8f 21 nK v q i f i ( q ; _ q ; � q ) _ q i 1 n 2 J m s 2 + n 2 � m 1 s � ?^ 3.2: 4X@a$NF0FC@-$NEAC#4X?tI=8= $3$N EA C# 4X?t $O!" F~ NO$K 30 Mp f i $r ;} $D!"%H %k %/ Dj ?t nK !" 47 @- %b!< %a%s %H � d ii + n 2 J m !" G4 @-K‘ ;$ 78 ?t n 2 � $r ;}$D %b!< %? $H F1 $8 $b $N $G $" $k!# =>$C $F!" $3 $N 7O $K BP $7 $F %b!< %? $N %5!< %\ 7O $r AH $a $P $h $$ $3 $H $K $J $k!# ( f i $K $O =E NO 9‘ $, 4^ $^$l$F $$$k$N $G!"#17? $N%5!< %\7O$K $7$J $$$HDj >oJP:9 $,;D $k$3$H $K$J$k!# ) $7$+$7!" 30Mp $H9M$( $F$$$k f i $O<B :]$K$O 30@8 ?. 9f $G $O $J $/!" ( q ; _ q ; � q ) $N 4X ?t $G $" $k $N $G!" q $, � q $+ $i Bg $- $/ $: $l $? >l 9g $K $O!" 1~ Ez FC @- $, Cx $7 $/ 0- 2=$7 $? $j!" :G0- $N >l9g $O IT0B Dj $K$J$C $F $7$^ $& >l9g $, $" $k!#$D $^ $j!"$3 $N $h$& $K @_7W $7 $?@) 8f 7O $O6I =j E*$K $7 $+0B Dj @-$, J] >Z $5 $l$J$$$N$G$"$k!#$3$l$KBP$7$F!"0J9_$G$OBg0hE*$K0BDj@-$,J]>Z$5$l$k@)8f7O$K$D$$$F9M$($k!# 3.2 =ENOJd=~IU$- PD @)8f A0 @a $G @b L@ $7 $? 0B Dj Dj M} $r Mx MQ $9 $k $H!" Hs >o $K 4J C1 $J @) 8f $G Bg 0h E* $K 0L CV $N JP :9 $, %< %m $K $J $k PTP @) 8f 7O $r F3 =P $9$k $3 $H $, $G$- $k!# :# =i 4| 3QEY $, q 0 $GB. EY $, %< %m $N>u BV $+ $i 3Q EY q d $G!" B. EY $, %<%m $N >u BV $K %^%K %T%e %l!< %? $r @)8f $7$?$$$H$9$k!#$3$N;~!"@)8fF~NO � $r<!$N$h$&$K7hDj$9$k!# � = � K d _ q ( t ) � K p ( q ( t ) � q d ) + G ( q ) (3.10) $?$@ $7!" K d ; K p $O @5 Dj BP >N $J 9T Ns $H $9 $k!# $3$N ;~!" %7 %9 %F %‘ $N >u BV $r x = [ q T ; _ q T ] T $H $9$k $H!" x $O K> $^ $7 $$ >u BV x d = [ q T d ; 0 T ] T $KA26a<}B+$9$k!#>ZL@$O0J2<$NMM$K!" LaSalle $NDjM}$rMQ$$$F9T$o$l$k!# @)8fF~NO (3.10) $r%^%K%T%e%l!<%?$N1?F0J}Dx<0$KBeF~$9$k$H D ( q ) � q + C ( q ; _ q ) _ q + K d _ q + K p ( q � q d ) = 0 (3.11) $3$3$G!" q d $,Dj?t$G $"$C$?$3$H $r;W$$=P $9$H!" e := q � q d $H$9 $k$H _ q = _ e; � e = � q $H$J$k!#$3$N 4X78$r>e $N<0$KBe F~ $7$F!" ( e; _ e ) $NJ}Dx<0$K$9$k$H D ( e + q d ) � e + C ( e + q d ; _ e ) _ e + K d _ e + K p e = 0 (3.12) $H $J $k!# :#!" <0 $N Cf $K $O q d $, F~$C $F $$ $k $,!" q d $, Dj ?t $G $" $k $? $a!" $3 $N Hy J, J} Dx <0 $O >u BV $r ( e; _ e ) $H $9 $k ;~ IT JQ $J Hs@~ 7A %7 %9 %F %‘ $H$J $k!# $3 $N %7 %9 %F %‘$K BP $7 $F!" (0 ; 0) $, A2 6a 0BDj $G $" $k $3 $H $r <($; $P!" L\ E* $r C# @. $9$k $3 $H $r <( $; $k!#$3$N$?$a$K!"<!$N Ly apuno v 4X?t$N8uJd$r9M$($k!# V ( e; _ e ) = 1 2 _ e T D ( q ) _ e + 1 2 e T K p e (3.13) 1?F0J}Dx<0$N@-<A$h$j!" D ( q ) $O@5DjBP>]$G$"$k$N$G$"$j!" K p $N>r7o$+$i V ( e; _ e ) > 0 ( e; _ e 6 = (0 ; 0)) $G$"$k!#<!$K V $N;~4VHyJ,$r9M$($k$H!" _ V = _ e T D ( q ) � q + 1 2 _ e T _ D ( q ) _ e + e T K p _ e (3.14) $3$3$G!"JD%k!<%W%7%9%F%‘$N1?F0J}Dx<0$N4X78 (3.12) $rBeF~$9$k$H _ V = _ e T ( � C ( e + q d ; _ e ) _ e � K d _ e � K p e ) + 1 2 _ e T _ D ( q ) _ e + e T K p _ e (3.15)

22 Bh 3 >O 50F;DI=>@)8f $H$J$k!#>C5n=PMh$k9‘$r>C$7$F@0M}$9$k$H!" _ V = 1 2 _ e T ( _ D ( e + q d ) � 2 C ( e + q d ; _ e )) _ e � _ e T K d _ e (3.16) $H$3$m$,!" _ D ( e + q d ) � 2 C ( e + q d ; _ e ) = _ D ( q ) � 2 C ( q ; _ q ) $G$"$j!"$3$l$OOD$_BP>N$G$"$k$N$G$3$NFs<!7A<0$O%<%m$H $J$k!#7k6I _ V = � _ e T K d _ e � 0 (3.17) $H$J $k!# $3 $l$G LaSalle $N Dj M} $N #2HV L\ $^ $G $N>r 7o $, @. N)$7 $? $3 $H $K$J $k!# <! $K :G8e $N >r 7o$, @. N) $7 $F$$ $k $3 $H $r8+ $k$?$a$K _ V = � _ e T K d _ e � 0 (3.18) $r2>Dj$9$k!#$3$l$H!" K d $N2>Dj$h$j _ q � 0 $H$J$j!" � q � 0 $H$J$k!#$3$N4X78$r (3.12) $KBeF~$9$k$H K p e = 0 (3.19) $H$J$j!" K p $N 2>Dj$h$j e = 0 $H$J$k!#$3 $l$O ( e; _ e ) = (0 ; 0) $, _ V � 0 $r2>Dj$7$?:]$N (3.12) $NM#0l2r$G $"$k$3$H$r <($7 $F $$ $k!# $h$C $F ( e; _ e ) = (0 ; 0) $O A26a 0B Dj $G $" $k!# $3$N @- <A $O =i 4| CM $N<h $j J} $K $h $i $J$$ $+ $i!" Bg 0h E* A2 6a0B Dj $G$"$k!# $3$3 $G!"$3$N @)8f7O $O K d ; K p $rBP3Q 9TNs$K <h$k$H 0l8+4X @aKh$N FHN)@) 8f$K$J $k$,!"=E NOJd=~ 9‘$r7W ;;$9$k :]$K!"A4BN$N;Q@* q $rI,MW$H$9$k$N$G4X@aFHN)@)8f$K$O$J$C$F$$$J$$$3$H$KCm0U$9$k!# 3.3 J,2rB.EY@)8f >e $G @b L@ $7 $? J} K! $O!" K> $^ $7 $$ <j @h $N 0L CV x d ( t ) $, M? $( $i $l $? >l 9g!" $3 $l $r 5U 1? F0 3X Ld Bj $r 2r $$ $F q d ( t ) $K JQ 49 $7 $F4X @a 3QEY $G $N %U%#!<%I %P%C %/ 7O$r 9= @.$9 $k J} K!$G $"$C $?!# $7$+ $7!" 5U 1?F0 3X LdBj $O 0l HL$K 2r @O E*$K 2r $/ $3$H $O $G $- $:!" $^ $? $" $i $+ $8 $a q d ( t ) $r 7W ;; $7 $F $* $/ $3 $H $O 7P :Q E* $G $J $$!# $^ $?!" <B MQ E* $J %^ %K %T%e!< %? %7 %9 %F %‘ $G $O!" 0L CV $d %H %k %/ $G $O $J $/ B. EY %5!< %\ 7O $, AH $^ $l $F $$ $k $3 $H $, B? $/!" B. EY %l %Y %k $G @) 8f $9 $k $3 $H $, MF 0W $K $J$C $F $$ $k >l 9g $, B? $$!# $= $N $h $& $J >l 9g $K M- 8z $J J} K! $H $7 $F J, 2r B. EY @) 8f $, $" $k!# ( $? $@ $7!" $3 $N J} K! $G $O!" G$ 0U $N ;~ 4V L\ I8 CM $X $N Bg 0h E*A26a<}B+@-$r<($9$3$H$O$G$-$J$$!# ) $^$:!"5U1?F03X$N?tCME*2rK!$+$i9M$($h$&!#:#B?JQ?t$N:BI8JQ494X?t f $, x = f ( q ) (3.20) $K $h$C $F M? $( $i $l $F $$ $k $H $7 $h $&!# $3 $N 4X ?t $, M? $( $i $l $k $H $-!" x d $+ $i q d $r 5a $a $k $N $, 5U 1? F0 3X Ld Bj $G $"$C $?!# :#!"FC<l$J;Q@*$H$7$F x s $KBP$9$k q s $,M?$($i$l$F$$$k$H$7$h$&!#$D$^$j!" x s = f ( q s ) (3.21) $3$3$G!" x s $NHy>.JQ2=$H$7$F � x $r9M$($k$H x s + � x = f ( q s + � q ) (3.22) $,Hy>.$J � q $KBP$7$F@.$jN)$D!#:#!" f $,2r@OE*$J4X?t$G$"$k$H$9$k$H!" x s + � x � f ( q s ) + J ( q ) � q ; J := @ f @ q (3.23) $,@.$jN)$D!#$7$?$,$C$F!" J $,@5B’$G$"$k$H2>Dj$9$k$H � q = J � 1 � x (3.24) $H$J $j!" <j @h $G $N 0\ F0 NL � x $K BP 1~ $9 $k 4X @a $G $N 0\ F0 NL $, 7W ;; $G $- $k!# $7 $? $,$C $F!" x d $K BP $7 $F Hy >. $J JP :9 � x $, @8 $8$?>l9g$K$O!" - J � 1 � x $@$14X@a$G0\F0$5$;$F$d$l$P$h$$!#0lJ}!"<j@h$K=i4|JP:9$,$J$/!" _ q d = J � 1 ( q d ) _ x d (3.25)

3.4. 7W;;%H%k%/K! ( J,2r2CB.EY@)8f ) 23 $G!" _ q = _ q d $,<B8=$5$l$F$$$l$P _ x = J ( q d ) J � d _ x d ; x ( t ) = x s + Z t 0 _ x d d� (3.26) $H$J$j!"$J$j40A4$KL\I8CM$K0lCW$9$k!#$3$l$i$N$3$H$h$j!"J,2rB.EY@)8f$G$O4X@a$G$NL\I8B.EY _ q d $r _ q d = J � 1 ( q ) ( _ x d � K p ( x � x d )) (3.27) $K$h$jM?$($k!#$3$NL\I8CM$KBP$7$F!" _ q $,@53N$KDI=>$9$l$P _ q � J � 1 ( q ) ( _ x d � K p ( x � x d )) (3.28) $H$J$j!" _ x = _ x d � K p ( x � x d ) (3.29) $H$J$C$F!" e := x � x d $H$9$k$H _ e + K p e = 0 (3.30) $,6a ;w E* $K @. N) $7!" K p $r @5 Dj $K <h$C $F $*$1 $P ;X ?t E* $K JP :9$O <} B+ $9 $k $3 $H$K $J $k!# $3 $N $h $& $K!"K> $^ $7 $$ 1? F0 $rB. EY$N %l %Y%k $K Mn$7 $F 9M$( $k $N$, J, 2rB. EY @) 8f$G $" $k!#$7 $+ $7!":# =R $Y$F Mh $?J} K! $O 6a;w E* $K$7 $+ @.$j N) $?$J $$ $? $a!" Bg0hE*$J;X?t0BDj@-$r<($9$3$H$OFq$7$$!# 3.4 7W;;%H%k%/K! ( J,2r2CB.EY@)8f ) A0 A0 @a $G @b L@ $7 $? =E NO Jd =~ IU $- PD @) 8f $O!" 4p K\ E* $K PTP @) 8f $G $" $j!" CP @) 8f $K $O 8~ $+ $J $$!# $^ $?!" A2 6a <} B+ $OJ] >Z $5$l $F $$$k $b $N $N!"F0 $- $O $8$a $J $I$N 3F <4 $N43 >D $,;D$C $F $* $j!"5s F0 $NM= B, $, Hs>o $K Fq$7 $$!# $^ $?!"A0 @a $G @b L@$7 $? J,2r B. EY@) 8f $G$O!" Bg 0hE* $J 0BDj @- $r 87L) $J 0UL# $G <($9 $3 $H$O $G $-$J $$!# $3 $3$G $O!" J,2r B. EY@) 8f $N9M $( J} $r 2CB. EY$N %l %Y%k $K 3H D%$7!" 3F <4$N FC @-$N 43 >D$r $J $/$7 $F!" 4pK\ E* $K@~ 7A %7%9 %F %‘@) 8f M}O@ $r E,MQ $G $-$k $h $&$K ?7 $7 $$ F~NO$+$i>uBV$^$G$N4X78$,@~7A$K$J$k$h$&$J@)8fB’$r@bL@$9$k!# 7W;;%H%k%/K!$N@)8fF~NO$O<!$N$h$&$K$J$k!# � = D ( q ) v + C ( q ; _ q ) _ q + G ( q ) (3.31) $?$@$7!" v $O?7$7$$F~NO$G!"2CB.EY$HF1$8<!85$r;}$D?.9f$G$"$k!#$3$NF~NO$r%7%9%F%‘$KF~$l$k$H!" D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = D ( q ) v + C ( q ; _ q ) _ q + G ( q ) (3.32) $G$"$j!" D ( q ) $,2D5U$G$"$k$?$a!" � q = v ( q i = v i ; i = 1 ; � � � ; n ) (3.33) $H$J$j!"2CB.EY$rD>@\@)8f$9$k$3$H$K$J$k!# $^$?$O!" v $+$i q $,Fs=E@QJ,4o$NEAC#4X?t$H$J$C$F$$$k$H2r<a$9$k$3$H $b$G$-$k!# ( ?^ 3.3 ;2>H!# ) $3$N%7%9%F%‘$KBP$7$F!" q $, q d $KDI=>$9$k@)8f7O$r@_7W$9$l$PNI$$$N$G!" e := q � q d ; ( e i = q i � q di ) (3.34) $H$7$F!" v = � q d � K d _ e � K p e (3.35) $H$9$k!#$@$@$7!" K d ; K p $O@5DjBP>N$J%U%#!<%I%P%C%/%2%$%s$G$"$k!# (3.33) $K>e$N<0$rBeF~$9$k$H � e + K d _ e + K p e = 0 (3.36) $H$J$k!#$3$N%7%9%F%‘$O;X?t0BDj$G$"$k$,!"A26a0BDj@-$O V = 1 2 _ e T _ e + 1 2 e T K p e (3.37) $r Ly apuno v 4X?t $H$7 $FA0 $N@a$H F1MM $K<( $9$3 $H$,$G $-$k!# $3$N J}K! $G$O!"=i 4|$N >uBV $N8m :9$,%< %m$N >l9g!" JP:9 $O 91Ey E* $K%< %m $H$J $j!" @)8f F~ NO$O 40 A4$J DI => $KI, MW $J%H %k %/$r 7W ;;$7 $F $$$k $3 $H $K$J $k!# $3$N $? $a!"$3 $N J}K! $O 7W ;;

24 Bh 3 >O 50F;DI=>@)8f D ( q ) q ; _ q D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � C ( q ; _ q ) _ q + G ( q ) v q I s 2 ?^ 3.3: ?7$7$$F~NO$+$i8+$?Ey2AEAC#4X?t %H%k %/ K!$H 8F $P$l $k!# $^$?!" I, MW$J ?. 9f$r 2C B. EY$N %l %Y%k $G 9M$( $F @)8f $9 $k$N $G!" J, 2r2C B. EY@) 8f $H8F $P $l$k $3 $H $b $"$k!#$^$?!" K d = diag ( k d 1 ; � � � ; k dn ) ; K p = diag ( k p 1 ; � � � ; k pn ) (3.38) $H$9$k$H3F e i $KBP$7$F!" � e i + k di _ e i + k pi e i = 0 (3.39) $H$J$j!"3F<4$N1?F0$,B>$N<4$H$O40A4$KHs43>D2=$5$l$k!#$7$+$7!"<B:]$K$O!"%b%G%k2=8m:9$,B8:_$7$F!"@)8fF~NO$O � = ^ D ( q ) v + ^ C ( q ; _ q ) _ q + ^ G ( q ) (3.40) $H$7 $+ 7W ;; $9 $k $3 $H $, $G $- $J$$!# $3 $3 $G!" ^ $N IU $$ $F $$ $k 9‘ $O $= $N 4X ?t$, F1 Dj $^ $? $O ?t CM 7W ;; $K $h $j7h Dj $5 $l $? %Q %i %a!<%?$rMQ$$ $F7W;;$5 $l$F$$$k $3$H$r<( $7$F$$$k!# $3$N8m:9 $r5[<}$9 $k$?$a$N 0l$D$NJ} K!$H$7$F $O!" (3.35) $N@)8fB’ $K@QJ,F0:n$rIU2C$7$F!"L\I8CM$N2CB.EY9‘$HJP:9$N PID 9‘$h$j9=@.$9$kJ}K!$G$"$k!# v = � q d � K d _ e � K p e � K i Z e ( � ) d� (3.41) K d ; K p ; K i $N7hDjK!$O d dt 2 6 4 R ed� e _ e 3 7 5 = 2 6 4 0 I 0 0 0 I 0 0 0 3 7 5 2 6 4 R ed� e _ e 3 7 5 + 2 6 4 0 0 I 3 7 5 v (3.42) $KBP$7$F6KG[CVLdBj$d:GE,%l%.%e%l!<%?LdBj$r2r$1$P$h$$!# <!$K!" F1 MM $J9M $( J} $G :n6H 6u 4V $G$N %U%#!< %I %P%C %/$r 9M $( $k!# $=$N $? $a $K!"$^ $: 1? F0 J}Dx <0 $r :B I8JQ 49 $9 $k!# :#!" 4X@a$G$N:BI8$H:n6H6u4V$G$N:BI8$,4X78$E$1$i$l$F$$$k$H$9$k!# x = f ( q ) (3.43) _ x = J _ q (3.44) � x = J � q + _ J _ q (3.45) $3$l$h$j!" J ( q ) $N5U9TNs$,B8:_$9$k$H2>Dj$7!" _ q = J � 1 _ q (3.46) � q = J � 1 ( � x � _ J _ q ) (3.47)

3.5. %9%i%$%G%#%s%0%b!<%I@)8f 25 $H$7$F!"1?F0J}Dx<0$KBeF~$9$k$H J � T D ( q ) J � 1 � x + J � T ( C ( q ; _ q ) � J � T D ( q ) _ J ) J � 1 _ x + J � T G ( q ) = J � T � (3.48) $H$J$k!#$3$3$G!"7A<0E*$K D x ( x ) := J � T D ( q ) J � 1 (3.49) C x ( x; _ x ) := J � T ( C ( q ; _ q ) � J � T D ( q ) _ J J � 1 (3.50) G x ( x ) := J � T G ( q ) (3.51) � x := J � T � (3.52) $HDj5A$9$k$H!"J}Dx<0$O D x ( x ) � x + C x ( x; _ x ) _ x + G x ( x ) = � x (3.53) $H$J$j!"4X@a$N:BI8$GI=8=$7$?1?F0J}Dx<0$HF1$87A$K$J$k!#$7$?$,$C$F!":n6H:BI87O$G$NL\I80LCV$r x d $H$7!" e x := x � x d (3.54) $GDj5A$9$k$H!"@)8fF~NO$r � x = D x ( x ) v x + C x ( x; _ x ) _ x + G x ( x ) (3.55) v x = � x d � K dx _ e x � K p e x (3.56) $H$9 $l$P NI$$ $3$H $,$o $+$k!# $3$3 $G =EMW $J$3 $H$O!" $3$N @)8f F~NO $r 7W;; $9$k $?$a $K$O!" x d $+ $i q d $r5a $a$k $H$$ $&5U 1?F03X$r2r$/I,MW$,$J$$$H$$$&$3$H$G$"$k!#$^$?!"$3$NJQ49$O:BI8JQ49$G$"$k$N$G!" D x ( x ) $N@5Dj$d!" _ M x � 2 C x $, OD$_BP>N$G$"$k$h$&$J@-<A$OJ]B8$5$l$k!# ( <($7$F$_$h!# ) 3.5 %9%i%$%G%#%s%0%b!<%I@)8f A0$N @a $G$O!" %7 %9%F %‘ $N %Q%i %a!< %? $,Aj Ev $J@: EY $G J,$C$F $$ $k;~ $K Hs >o$K M- 8z$J @) 8f B’$K $D $$$F =R $Y $?$,!" <B :] $K $O%7%9%F%‘$N%Q%i%a!<%?$, ==J,$J@:EY$GB,Dj$5$l $F$$$k$H$O8B$i$J$$!# $3$N$h$&$J%7%9%F %‘$KBP$7$F!"F~NO$N?6I} $, ==J,$KBg$-$$;~$K!"%Q%i%a!<%?$KBg$-$J8m:9$,4^$^$l$F$$$F$bNI$$@)8f@-G=$,F@$i$l$kJ}K!$K$D$$$F=R$Y$k!# 0lHL$K!"%7%9%F%‘$N>uBV$,4QB,$G$-$k$H$-$K!">uBV$K1~$8$F@)8fB’$r@Z$jBX$($k@)8f$r2DJQ9=B$@)8f (V ariable Struc- ture Con trol:VSC) $H $$$&!# $3$N $h $&$J @)8f $rMQ $$$k $H!"0l $D$N %Y%/ %H%k >l $@$1 $G$O IT0B Dj$J %7%9 %F%‘ $G$b!" IT0B Dj $J#2$D$N%Y%/ %H%k>l$r>u BV$K1~$8$F@Z $jBX$($k$3 $H$K$h$j0B Dj$J%7%9%F%‘ $rF@$k$3$H $,$G$-$k$3 $H$,$"$k!# ( ?^ 3.4 ;2 >H!# ) $3 $N @) 8f0l $D $K %9%i %$ %G%# %s%0 %b!< %I (Sliding Mo de Con trol:SMC) @) 8f$, $" $j!" $3$l $O %7 %9%F %‘ $N >uBV $r >u BV6u 4V$N $J $+$K @_ Dj $5$l $? D6J? LL $K94 B+ $9$k $h $&$K!" >u BV$N 94 B+LL $K BP$9 $k AjBP 0L CV4X 78 $K$h$C $F @)8f B’ $r@Z $j BX $( $k$b$N$G$"$k!# @)8fB’$r F3=P$9 $k$?$a$K!" <!$N2> Dj$rCV $/!#A4$F$N 4X@a$, 2sE>4X @a$G<! $NITEy<0 $rK~$? $9Dj?t � �; � $NCM $,J,$C$F$$ $k$H$9$k!# � � � sup q � ( M ( q )) (3.57) � � inf q � ( M ( q )) (3.58) $?$@$7!" � () $O9TNs$N8GM-CM$rI=$9$b$N$H$9$k!# $3$3$G@)8fB’$r<!$N$h$&$K$9$k!# � = ^ C ( q ; _ q ) _ q + ^ G ( q ) � k ( q ; _ q ; � q d ) S g n ( S ) (3.59) $?$@$7!" S g n ( S ) = ( S k S k k S k 6 = 0 0 k S k = 0 (3.60)

26 Bh 3 >O 50F;DI=>@)8f x 1 x 2 x 1 x 2 x 1 x 2 ?^ 3.4: 2DJQ9=B$@)8f$K$h$kA26a0BDj2= $G!" � $r@5Dj9TNs$H$7$F S $O<!<0$GDj5A$5$l$k!# S ( e; _ e ) := _ e + � e (3.61) $^$?!"<!$NITEy<0$rK~B-$9$k8m:9$NI>2A4X?t h ( q ; _ q ) $,J,$C$F$$$k$H$7!" k C ( q ; _ q ) _ q + G ( q ) � ^ C ( q ; _ q ) _ q + ^ G ( q ) k =: k ~ h k � � h ( q ; _ q ) (3.62) %2%$%s k () $O k ( q ; _ q ; _ q d ; � q d ) = � � � � + � h ( q ; _ q ) � + k � q d k + k � _ e k � (3.63) $GDj5A$9$k!# $3$N@)8fB’$N<}B+@-$r8+$k$?$a$K!"<!$N;XI84X?t V ( S ) $r9M$($k!# (Ly apuno v 4X?t$G$J$$$3$H$KCm0U!# ) V ( S ) := 1 2 k S k 2 = 1 2 S T S (3.64) $3$N4X?t$N;~4VHyJ,$r<h$k$H!" _ V = k S k _ k S k = S T ( D � 1 ( q )( u � ~ h ) � � q d + � _ e ) (3.65) $H$J$k!#1&JU$r%N%k%‘$GI>2A$9$k$H!" _ V = � k S T D � 1 S= k S k + S T ( D � 1 ~ h � � q d + � _ e ) (3.66) � � k k S k � � + k S k ( � h � + k � q d k + k � _ e k ) (3.67) = � � k S k (3.68) $H$J$k!# k S k 6 = 0 $H$7$FN>JU$r k S k $G3d$k$H k S k � � � (3.69) $7$?$,$C$F!"N>JU$r@QJ,$9$k$H k S k � � �t + k S k (0) (3.70) $7$?$,$C$F!" t � k S k (0) =� $G k S k $O%<%m$H$J$j!"$=$l0J8e$O%<%m$H$J$k!#$7$?$,$C$F!" k S k = 0 $N>uBV$G$O _ e = � � e (3.71)

3.5. %9%i%$%G%#%s%0%b!<%I@)8f 27 $G$" $k $+$i!" ;X ?tE* $K e $O %<%m $K $J $k!#$3 $N @-<A $O BP >]$N %@ %$%J %_%C %/%9 $K $" $^$j 0M B8$; $: @. $jN) $D $3$H $K Cm0U $7 $h $&!#0J >e$N 5D O@$O 7A <0 E*$J $b $N$G!" Hy J,J} Dx <0$N 1& JU$, 6I =jO" B3 E*$K @Z $jBX $o $i$J $$ $J$I $N LdBj $G ?t3X E* $K$O 87 L) $J <h$j 07 $$$r MW 5a$5 $l $k!# $7$+ $7!" K\ <AE* $K $O>e $N 5D O@$, Ev $F$O $^ $k!# $5$i $K!" <B:] $N 1~ MQ$G $O!" ;~4V %< %m $GCM $, @Z $j BX$o $k $h$& $J S= k S k $, 9=@. $G $-$J $? $a!"%A%c %? %j %s%0 $H 8F$P $l $k?6 F0 $rNe 5/ $7 $F$7 $^ $&!#$3 $N $?$a $K!" S= k S k $r K0 OB4X?t$G$"$k S at ( S ) = S k S k + � (3.72) $H$9$k$3$H$bB?$$!#

28 Bh 3 >O 50F;DI=>@)8f

Bh 4 >O 303&$H$N43>D$rM[$K9MN8$7$?@)8f7O 4.1 94B+$N$"$k%7%9%F%‘$N1?F0J}Dx<0 :#0lHL2=%Y%/%H%k q 2 R n $rMQ$$$F!"94B+$N<0$, c i ( q ) = 0 ; ( i = 1 ; � � � ; m ) (4.1) $NMQ$KI=$5$l$F$$$k$H$9$k!#$3$l$r4JC1$K%Y%/%H%kI=8=$7$F C ( q ) = 0 ; C 2 R m (4.2) 99$K!"4v2?3XE*$J94B+$r<u$1$J$$%7%9%F%‘$N1?F0J}Dx<0$, D ( q ) _ q + h ( q ) = � (4.3) $K$h$C$FI=8=$5$l$F$$$k$H$7$h$&!#$=$&$9$k$H!"94B+>r7o$N<0 (4.2) $rHyJ,$7$F!" _ C ( q ) = J c _ q = 0 (4.4) $?$@$7!" J c := @ C @ q (4.5) $3 $3 $G!" J c $N 3F 9T %Y %/ %H %k $O _ q $K D> 8r $7 $F $$ $k $3 $H $r <( $7 $F $$ $k!# $3 $l $O!" 3F 9T $, q $N 94 B+ LL $N K! @~ $r I= $7 $F $$ $k$3$H$r<($7$F$$$k!# (4.3) $G $O 94 B+ $N >r 7o $r L5 ;k $7 $F $$ $k $,!"<B :] $K $O 94 B+ $+ $i $/ $k NO $, 1& JU $K 2C$o $j!" $= $N 0l HL 2= NO $r � c $H $9$k $H!" (4.3) $O D ( q ) _ q + h ( q ) = � + � c (4.6) $H$J$k!#$7$+$7!"$3$N94B+NO$O;E;v$r$7$J$$$N$G!" � T c _ q = 0 (4.7) $G$J$1$l$P$J$i$J$$!#$H$3$m$,!" _ q $HD>8r$9$k%Y%/%H%k$O (4.5) $K$h$C$FM?$($i$l$F$$$k$N$G!"7k6I94B+NO$O � c = � J T c �; � 2 R m (4.8) $K$h$C$FM?$($i$l$k;v$K$J$k!#$3$3$GM?$($i$l$?94B+NO$O (4.5) $r$b$&0lEY;~4V$GHyJ,$7$F!" J c � q + _ J c _ q = 0 (4.9) $rF@!"$3$l$H (4.6) $rO"N)$7$F!" " D ( q ) J T c ( q ) J c ( q ) 0 # " � q � # = " � � h ( q ; _ q ) � _ J c _ q # (4.10) $K $h$C $F M? $( $i $l $k!# $3 $l $h $j!" � q , � $, 0l 0U $K Dj $^ $k $? $a $K $O!" (4.10) $N :8 JU $N 9T Ns $, @5 B’ $G $" $k I, MW $, $" $k $3 $H $,J,$+$k!# 29

30 Bh 4 >O 303&$H$N43>D$rM[$K9MN8$7$?@)8f7O 4.2 NO$H0LCV$N%O%$%V%j%C%I@)8f $$$^!" %m %\%C%H $K %d %9%j $r ;} $?$; $F!" 6b B0I= LL $r Ka$/ $h $& $J:n 6H $r 9M$( $h $&!# $3$N ;~!" %d %9%j $O I= LL$K BP $7 $F!" E, Ev$J 2! $7$D $1 NO$r J] $A$J $, $i!" E,Ev $J B.EY $G I= LL$K 1h$C $F0\ F0 $7$J $1 $l $P$J $i $J$$!# $3 $N$h $& $K!" $"$k J} 8~$K $O 0L CV $dB.EY!"$=$l0J30$NJ}8~$KNO$r@)8f$9$kJ}K!$rNO$H0LCV$N%O%$%V%j%C%I@)8f$H8F$V!# :#!"94B+$7$?$$D6J?LL$NJ}Dx<0$,%G%+%k%H:BI8 x $rMQ$$$F<!$NMM$KM?$($i$l$F$$$k$H$9$k!# C ( x ) = 0 (4.11) $3$l$h$j!" x $N@\J?LL$NJ}Dx<0$O @ C @ x _ x = 0 (4.12) $H$J $k!# $3$3 $G!" 3F9T $O J? LL$K BP $9 $kK! @~ %Y%/ %H %k $H$J$C $F $*$j!" H/ @8 $G$- $k NO$N 4p Dl %Y%/ %H %k$H $J$C $F $$$k $3 $H $K Cm0U$9$k!#99$K!"$3$3$G$O E f $N3F9T$O$=$ND9$5$,#1$K5,3J2=$5$l$F$$$k$H$9$k!#$3$l$rL@<(E*$KI=8=$9$k$?$a$K!" E f = @ C @ x 2 R m � n (4.13) $H $9 $k!# $3 $3 $G!" C ( x ) $K $O >i D9 $J 94 B+ $, $J $$ $h $& $K!" E f $O 9T %U %k %i %s %/ $G $" $k $H $9 $k!# 0l J}!" 0L CV $" $k $$ $O!" B. EY$r@)8f$G$-$k$N$O$3$NJd6u4V$K$J$k$N$G!"$=$N5,3J2=$5$l$?4pDl%Y%/%H%k$r2#$KJB$Y$?$b$N$r E p $H$9$k!#$?$@$7!" r ank " E p E f # = n (4.14) $H$J$k$h$$$&$K E p $rA*$V!# :#!"0lHL2=:BI8 q $H%G%+%k%H:BI8 x $, x = f ( q ) (4.15) $^$?!"B.EY4X78$, _ x = J _ q ; J := @ f @ q (4.16) $H$7$FM?$($i$l$F$$$k$H$9$k!#:#!"%m%\%C%H$,94B+$rK~$?$7$F1?F0$7$F$$$k$H$9$k$H!" _ C ( x ) = 0 ! E f J _ q = 0 (4.17) $H$J$j!"A0@a$N5DO@$h$j%m%\%C%H$N1?F0J}Dx<0$O D ( q ) � q + h ( q ; _ q ) = � � J T E T f � (4.18) $H$J$k!# 0lJ}!" E p $N 3F 9T $O 5, 3J2= $5 $l $? 4p Dl %Y %/ %H %k$G $" $k $+ $i!" _ x $H 3F 9T $N Fb @Q$O $= $N 4p Dl $N @. J,!" $D $^$j $= $N J} 8~ $N B.EY$H$J$k!#$D$^$j!"0\F0J}8~$NB.EY%Y%/%H%k$r _ x p $H$9$k$H!" _ x p = E p _ x (4.19) $HI=8=$G$-$k!#$3$l$H94B+$N<0$r9g$o$;$k$H!" E _ x = " _ x p 0 # ; E := " E p E f # (4.20) $rF@$k!#99$K!"$3$N<0$rHyJ,$7$F!" E � x + _ E _ x = " I 0 # � x p (4.21) $rF@!" (4.16) $rHyJ,$7$F � x = J � q + _ J _ q (4.22)

4.2. NO$H0LCV$N%O%$%V%j%C%I@)8f 31 $H$J$k!#$3$N4X78$H1?F0J}Dx<0$N4X78$rMQ$$$k$H!" (4.21) $O " I 0 # � x p = E J � 1 ( D � 1 ( � � h � J T E T f � ) � _ J _ q ) + _ E J _ q (4.23) $3$3 $G!" %O%$ %V %j%C %I@) 8f 7O $r9= @. $9$k $N $K!" NO$H 0L CV $,8+ $+ $1 >eJL!9 $N %k!<%W $G Hs 43>D $J @) 8f$, $G $- $k$3 $H $, K> $^$7$$!#$3$N$?$a$K!"2CB.EY$HNO$KBP1~$9$k?7$7$$F~NO u 1 $H u 2 $r9M$($F!" � x p = u 1 (4.24) � = u 2 (4.25) $H$J$k$h$&$KHs43>D@~7A2=$9$k$3$H$r9M$($k!#$3$N$?$a$NI,MW>r7o$H$7$F!"$3$N4X78$r (4.23) $KBeF~$7$F!" " I 0 # u 1 = E J � 1 ( D � 1 ( � � h � J T E T f u 2 ) � _ J _ q ) + _ E J _ q (4.26) $rF@$k!#$3$N<0$O � $K$D$$$F0l0U$K2r$1$F!" � = D ( J E � 1 " I 0 # u 1 � _ E J _ q ! + h + J T E T f u 2 ) (4.27) $H$J$k!# <!$K!"$3$NF~NO$,==J,$G$"$k$3$H$r<($9!#$3$NF~NO$r (4.23) $KBeF~$7$F!"@0M}$9$k$H " I 0 # � x p = " I 0 # u 1 + E J D � 1 J T E T f ( u 2 � � ) (4.28) $rF@$k!#$3$N<0$K:8$+$i!" [0 I ] $r3]$1$k$H!" 0 = E f J D � 1 J T E T f ( u 2 � � ) (4.29) $H$J$j!" E f $, 9T%U%k %i%s%/$G $"$k$+ $i!" E f J D � 1 J T E T f $O@5B’ $H$J$j!" 7k6I u 2 = � $H $J$k!#$5 $i$K!"$3 $N4X78$r (4.28) $K Be F~$9 $k $H!" � x p = u 1 $rF@ $k!# =>$C$F!" 0L CV x p $N L\ I8CM $r x d , $= $NJP :9$r e p := x p � x d $H $7!"NO � $N L\ I8CM$r � d , $=$NJP:9$r e f := � � � d $H$9$k$H!" u 1 = � x d � K 1 e p � K 2 _ e p ; K 1 > 0 ; K 2 > 0 (4.30) u 2 = � d � K 3 Z t 0 e f ( � ) d� ; K 3 > 0 (4.31) $H$9$l$PNI$$$3$H$,J,$+$k!# 4.2.1 %a%+%K%+%k!&%$%s%T!<%@%s%9@)8f NO$H 0L CV$N %O %$ %V%j%C %I @) 8f$O!" 4D 6-$N 4v 2? 3XE* %Q %i %a!<%? $, @5 3N$K J,$C $F$$ $k ;~ $K$O!" Hs >o $KNI $$ @) 8f7k 2L $r M? $($k $,!" 4D6- $K IT3N Dj @-$, $" $k >l9g $K $O4D 6- $r GK2u $7 $?$j!" <+ J,<+ ?H $r 2u$7 $F $7$^ $& 62$l $, $" $k!#$3 $l $O!"50 F; $r ;X Dj$7 $F $$$k J} 8~$K >c 32J* $, M- $j!"@Q J, @)8f $K $h $j%* %U %;%C%H $N $J$$ @) 8f $r;H$C $F $$$? >l 9g$K $O!" >c 32J* $r L5M} Lp M} FM $-H4 $1$F ?J $b$& $H $9 $k$? $a $KL5 M} $JNO $r H/@8 $9 $k2D G= @-$, $" $k$? $a $G$" $k!# $3$l $r Hr$1 $k $K$O!" >c 32J* $K @\?( $7 $? ;~ $K!">c 32 J*$K Bg $-$J NO $r2C $( $k$3 $H $J$/!" =@ Fp $K50 F; $rJQ 99 $7$F 2s HrF0 :n $^$? $O 50 F;$r Dd ;_$9 $k 5!G= $, I,MW $H $J $k!# $^$?!" ?M 4V$H D> @\@\ $9 $k $h$& $J %5!< %S%9 $r $9$k %m %\%C %H$J $I $O!"$3 $N 5! G=$, I, ?\$N >r 7o $H$J $k!# $3$N $h $& $J5! G= $r <B 8=$9 $k @)8f K! $N0l $D $, %a%+ %K %+ %k!&%$ %s %T!<%@ %s %9 @)8f $G $"$k!# EE 5$ 2sO) $N %$%s %T!< %@ %s%9 FC @-$O!" M? $( $i$l $k EE 05 $K BP $7 $F N. $l $k EE N. $, $I $N $h $& $K $J $k $+ $N FC @- $r M? $( $k $,!" 5! 3# 7O $G $O $3 $N %" %J %m %8!< $H $7 $F!" M? $( $i $l $k NO $K BP $7$F 5! 3#E* $J B.EY $, $I$N $h $& $K$J $k $+$r I= $9 $b$N $, %a%+ %K %+%k!& %$ %s %T!<%@ %s %9$H 8F $P$l $F $$ $k!#%a %+ %K%+ %k!& %$ %s %T!<%@ %s %9@) 8f $O!"M? $( $i $l$? %a %+ %K%+ %k!& %$%s %T!< %@ %s%9 FC @-$r!" M? $( $i$l $? :BI8 7O $G @)8f BP >]$, ;} $D $h$& $K @) 8f $9$k%b%G%k%^%C%A%s%0@)8f!"%b%G%kDI=>@)8f6qBNNc$G$"$k$H8@$($k!#

32 Bh 4 >O 303&$H$N43>D$rM[$K9MN8$7$?@)8f7O ?^ 4.1: R CC $N86M} %b%G%k%^%C%A%s%0$K4p$E$/@)8fB’ :#!"30NO$r:n6H:BI87O$G F e $H$7$FI=$7!"$=$N30NO$,F/$/E@$^$G$N%d%3%S%d%s$r J $H$9$H!"1?F0J}Dx<0$O D ( q ) _ q + h ( q ) = � � J T F e (4.32) $H$J$k!#Kt!"$3$N1?F0J}Dx<0$r:n6H:BI87O$K:BI8JQ49$9$k$H J � T D ( q ) J � 1 � x + J � T ( C ( q ; _ q ) � J � T D ( q ) _ J ) J � 1 _ x + J � T G ( q ) = J � T � � F e (4.33) $H $J $k!# :#!" F e $K BP $7 $F!" x; _ x $N 1? F0 $, <! $N 1? F0 J} Dx <0 ( %a %+ %K %+ %k!& %$ %s %T!< %@ %s %9 ) $K $h $j I= $5 $l $F $$ $k $H $9 $k!# M m � e + D m _ e + K m e = F e (4.34) $?$@ $7!" e = x � x d $G x d $O:G =i $KM? $( $i$l $F $$$k L\ I850 F; $G$" $k!# :#!" F e $,4Q B, =PMh $k $H$7 $F!"J, 2r 2CB. EY @)8f $,;H$($k$H$9 $k!#<0 (4.34) $,@.$j N)$C$F$$$k$H $9$k$H!"2CB. EY � q $,$I $N$h$&$J<0 $rK~$?$5$J $$$J$i$J $$$+$r7W;; $9$k $H!" � x = M � 1 m ( � x d � D m _ e � K m e + F e ) (4.35) $H $J $k!# $7 $? $,$C $F!" :# 7h Dj $7 $J $1 $l $P $J $i $J $$ $N $O @) 8f F~ NO � $G $" $k $N $G!" $3 $N 4X 78 $r <0 (4.33) $K Be F~ $7 $F � $r 5a$a$k$H!" � = J � J � T D ( q ) J � 1 M � 1 m ( � x d � D m _ e � K m e + F e ) + J � T ( C ( q ; _ q ) � J � T D ( q ) _ J ) J � 1 _ x + J � T G ( q ) + F e � (4.36) $H$J$k!#$3$l$O!"30NO F e $rF~NO$G0lC6%-%c%s%;%k$7!"J,2r2CB.EY@)8f$NK>$^$7$$2CB.EY$r M � 1 m ( � x d � D m _ e � K m e + F e ) $H $7 $? $b $N $K Ey $7 $$ $3 $H $, J, $k!# $7 $+ $7!" $3 $N 9= @. K! $O BP >] $N %W %i %s %H $N %@ %$ %J %_%C %/%9 $r K> $^ $7 $$ $b $N $K 40 A4 $K0lCW$5$;$k$h$& $K@)8f$9$k$b $N ( 40A4%b%G%k%^%C%A %s%0@)8f ) $G$"$k$N $G!"%Q%i%a!<%?$K8m :9$,$"$k>l9g$K $O!"%b%G %k$N1~Ez$H<B:]$N$b$N$H$N4V$K%*%U%;%C%H$r@8$8$F$7$^$&2DG=@-$,$"$k!# 4.2.2 1s3V%3%s%W%i%$%"%sCf?4 :#!"?^ 4.1(a) $N$h$& $K!"K@$r7j $KA^F~$7 $h$&$H$9 $k:n6H$r %m%\%C%H $K$5$;$k $3$H$r9M $($k!#$3$N :]!"K@$N B&LL$,7j $N%(%C %8 $K@\ ?( $9$k $H!" ?^ $N$h $& $J 2sE> NO $,@8 $8 $F $7$^ $$!" $&$^ $/ K@ $r7j $K A^F~ $9 $k $3$H $, $G$- $J $$!# $b$7!" =E ?4 $r 2>A[E* $K (b) $N Rcc $NE@$K 0\F0$9 $k$3$H $,$G$- $l$P!" <+A3$H ;Q@*$r N)$FD> $74J C1$KK@ $r7j$K A^F~$9 $k$3$H $,$G $-$k!# $3$N$h $&$K 2>A[ E*$K 9M$($? =E?4 $N$3 $H$r 1s3V %3%s %W%i%$ %"%s %9Cf ?4 (R CC:Remote Compliance Cen ter) $H$$$&!# A0 @a$N %$ %s%T!< %@ %s%9 %b %G %k$G $O!" 1? F0$N Cf ?4$r $I $N $h$& $K @_Dj $9 $k $+$O 8@ 5Z$7 $J $+$C $?$,!" %$ %s%T!< %@ %s %9$N Cf ?4 $O

4.2. NO$H0LCV$N%O%$%V%j%C%I@)8f 33 $3 $N $h $& $K %? %9 %/ $K 1~ $8 $F @_ Dj $9 $k I, MW $, $" $k!# $3 $3 $G $O!" NO %; %s %5!< $, $" $k $H $7 $F!" @) 8f $K $h$C $F R CC $r <B 8= $9 $kJ}K!$K$D$$$F@bL@$9$k!# ?^ (a) $N85$NK@$N1?F0J}Dx<0$O!"K@$r9dBN$H$_$J$9$H<!$NJ}Dx<0$GM?$($i$l$k!# M _ v + G = f c + f (4.37) I _ ! + ! � I ! = � c + r � f (4.38) $?$@$7!" v ; ! $O=E?4$NJB?JB.EY!"=E?4<~$j$N2sE>B.EY$G$"$j!" f c ; � c $O@)8f$G$-$kNO5Z$S%H%k%/$G$"$k!# <!$K!" Rcc <~$j$G$NK>$^$7$$1?F0J}Dx<0$r<!$N<0$GM?$($k!# M d _ v d = f (4.39) I d _ ! d + ! d � I d ! d = r c � f (4.40) $?$@$7!" v d ; ! d $O Rcc $NK>$^$7$$ JB?JB.EY!"2sE>B.EY $G$"$k!#$3$N4X78$, @.$jN)$D$h$&$K!" f c ; � c $r7h$a$k$N$,:#$N LdBj$G$"$k!#%b%G%k%^%C%A%s%0$N9M$(J}$K=>$C$F!"<0 (4.38) $H<0 (4.40) $rHf$Y$k$H!" � c $O � c = � r � f + r c � f = l � f (4.41) $H$9$l$PNI$$$3$H$,J,$+$k!#0lJ}!"JB?JB.EY$K4X$7$F$O!" v = v d + ! d � l (4.42) _ v = _ v d + _ ! d � l + ! d � ! d � l (4.43) $N4X78$,$"$k$N$G!" _ v = _ v d = M � 1 d f (4.44) $H$J$k$h$&$K!" f c $r5U;;$9$k$PNI$$!#6qBNE*$K$O!" M � 1 ( f c + f � G ) = M � 1 d f + _ ! d � l + ! d � ! d � l (4.45) $G$"$k$N$G!" f c = M ( M � 1 d f + _ ! d � l + ! d � ! d � l ) � f + G (4.46) $H$J$k!#$?$@$7!" _ ! d = I � 1 d ( r c � f � ! � I d ! ) (4.47) $G$"$k!# 4.2.3 %b%G%kDI=>@)8f$K4p$E$/@)8fB’ >e$G =R $Y$? <B 8=$N J} K! $O!"%Q %i %a!< %?$, 40 A4$K J, $+$C $F$$ $k $H$7 $F!" I, MW$J 2C B.EY $r <B 8=$9 $k $h$& $K F~ NO$r 7h Dj $9 $k$b $N $G$"$C $?!# $3 $N$h $& $J @)8f $N >l 9g!"@) 8f $K MQ$$ $F $$ $k%Q %i %a!< %?$H!" <B :] $N%Q %i %a!< %?$N 4V $K 8m:9 $, 9g$C $? >l 9g!"@) 8f 7O$, 0B Dj$K $J$C $? $H$7 $F $b <g$K =E NO9‘ $N Jd =~8m :9 $K$h$C $F Dj >oE* $J JP:9 $r Hr $1$k $3 $H$, $G $- $J$$!# $= $3 $G!" >uBV $^$G $b 4^$a $? 40 A4$J DI =>$r D| $a$F!" A2 6aE* $K %7%9 %F %‘$N 5s F0$, L\ I8$N $= $l$K 0l CW$9 $k @)8f 7O $r9M $( $k!#$3 $l $, %b %G%k DI =>@) 8f 7O$G $" $k!#FC $K!" $3$3 $G $ODj CM 30 Mp$, B8 :_$9 $k $P$" $K $bM- 8z $J%b %G %k DI=> @) 8f7O $r 9M$( $k!# $3$N @) 8f 7O $rFC$K2>A[FbIt%b%G%k (VIM) DI=>@)8f$H8F$V$3$H$b$"$k!# A4@a$N$h$& $K!"K>$_ $N%$%s%T!< %@%s%9FC @-$r<B8= $7$?>l9g!" $=$N2CB. EY$O (4.35) $rK~$? $5$J$1 $l$P$J$i $J$$!#$=$3 $G!"$3$N<0$N1&JU$r 2~$a$FK>$^$7 $$2>A[$NL\I8CM (Virtual Reference) $H9M$( $F � x r $HCV$/!#99$K!"J, 2r2CB.EY@)8f7O $r9=@.$7$?>l9g!"?7$7$$F~NO v $KBP$7$F � x = v (4.48) $H$9$k$3$H$,$G$-$k!#:#!"<B:]$N0LCV x $H2>A[L\I8CM$NJP:9$r e := x � x r (4.49)

34 Bh 4 >O 303&$H$N43>D$rM[$K9MN8$7$?@)8f7O $H$9$k$H!" � e = v � � x r (4.50) $H$J$k!#$3$3$G u := v � � x r $HCV$-!"DjCM30Mp$KBP$9$kDj>oJP:9$rNm$K$9$k$9$k$h$&$K<!$N3HBg7O$r9M$($k!# d dt 2 6 4 e _ e � e 3 7 5 = 2 6 4 0 I 0 0 0 I 0 0 0 3 7 5 2 6 4 e _ e � e 3 7 5 + 2 6 4 0 0 I 3 7 5 _ u (4.51) $3$N%7%9%F%‘$KBP$7$F x T = [ e; _ e T ; � e T ] $H _ u $KBP$7$F!"JD%k!<%W7O$,FbIt0BDj$K$J$k$h$&$K!"<!$NI>2A4X?t J = Z 1 0 x T Qx + _ u T R _ udt (4.52) $r:G>.$K$9$k#2<!7A<0:GE,@)8f7O$r@_7W$9$k$H _ u = � F x 0 (4.53) $J$k@)8fB’$,F@$i$l$k!#$3$l$r x (0) = 0 $H2>Dj$7$FN>JU$r@QJ,$9$k$H u ( t ) = � F Z x� = � F 2 6 4 R ed� e _ e 3 7 5 (4.54) $H $J $k!# $3 $N Jd =~ 4o $K $O @Q J, Jd =~ 4o $r 4^ $‘ $N $G!" Dj CV 30 Mp $K BP $7 $F $O JP :9 e $O Nm $K $J $k!# ( $^ $? $O!" >e $N <+ M3 1~ Ez 7O $NA26a<}B+@-$h$j$bL@$i$+!# ) <B:]$NF~NO$O v = � x r � F 2 6 4 R ed� e _ e 3 7 5 (4.55) $H$J$k!#

Bh 5 >O 1s3VA‘:n7O$N@_7W 1’Ch C5::!" ?< 3$C5 :: $J $I?M 4V $,8= >l $XD> @\ 9T$/ $3 $H$, 4m 81$G $" $k>l 9g $d!"FC <l $J@l Lg 5;G= $r ;}$D 0e ;U$, 1s 3VCO $K $$ $k 45<T $N <j=Q $r $9$k $J $I!"1s 3V $K$" $k $b$N $r A‘ :n@- $h $/07 $& $3$H $, MW5a $5 $l$k $h $& $K$J$C $F $-$F $$ $k!#$3 $l $r<B 8= $9 $k 0l$D $N J}K! $H $7$F!" 1s 3VCO $K $*$+ $l $?%m %\%C %H %7%9 %F %‘$H 5! 9=E* Ey 2A$J $b $N$r A‘ :n <T$, $$ $kB& $K $bMQ 0U $7!"$= $l $r A‘ :n $9 $k $3 $H $K $h$C $F 1s 3V $N %7 %9 %F %‘ $r A‘ :n $9 $k $b $N $r %^ %9 %?!< %9 %l!< %V %7 %9 %F %‘ $H 8F $V!# $3 $N :]!" A‘ :n <T ( %* %Z %l!< %? ) $, A‘ :n $9 $k $b $N $r %^ %9 %? %7 %9 %F %‘!" 1s 3V CO $K CV $+ $l $? $b $N $r %9 %l!< %V %7 %9 %F %‘ $H 8F $V!# $3 $N %7 %9 %F %‘ $G $O!" 4p K\ E*$K %^ %9%?!< %7 %9%F %‘ $N F0:n $r %9 %l!<%V B& $N%7 %9 %F %‘$, Ci <B$K :F 8= $9$k $3 $H$r 4p K\ $K$7 $F $$$k!# $3 $N %^%9 %?!< %9 %l!< %V%7%9%F%‘$O!"%7%9%F%‘4V$NDL?.$N$d$j<h$j$N;EJ}$K$h$C$F � %f%K%i%F%i%k!&%^%9%?%9%l!<%V%7%9%F%‘ � %P%$%i%F%i%k!&%^%9%?%9%l!<%V%7%9%F%‘ $KBg JL $5$l $k!# %f%K %i %F %i%k!& %^ %9 %?%9 %l!< %V%7 %9 %F %‘$O %^ %9%? $+ $i %9%l!< %V B&$X $N 0l J}8~ $N DL?. $N $_ $,9T $o $l!" DL >o%^ %9 %?$N ;Q @*!? B. EY$N >p Js$, Aw $i$l $k!# $3 $N%7 %9 %F%‘ $G $O!"%9 %l!< %V%7 %9 %F%‘ $, 2? $i$+ $N >c32 J* $K>W FM $7$? $h $& $J >l 9g $G $b!" $= $N >p Js $O %^ %9 %? B& $X $O EA $( $i $l $J $$!# $3 $N $? $a!" A‘ :n @- $O 0l HL $K NI $/ $J $$!# $3 $N 7g E@ $r 9n I~ $9 $k $h $& $K!" %9 %l!< %V B& $+ $i $b ?. 9f $r %^ %9 %? B& $O JV $9 $h $& $K $7 $? $b $N $, %P %$ %i %F %i %k!& %^ %9 %? %9 %l!< %V %7 %9 %F %‘ $G $" $k!# DL >o$N %P%$%i%F%i%k!& %^%9%?%9%l!<%V%7%9%F%‘ $G$O!"%9%l!<%V$,303&$+ $i46$8$?NO>pJs$,%^%9 %?B&$KDL?.$5$l$k!#$7 $+ $7!"%9 %l!< %V$H %^ %9 %?$G $N AP J}8~ DL ?.$r <B 8= $9$k $? $a $K!"%7 %9 %F %‘A4 BN $H$7 $F %U%#!< %I%P%C %/ 7P O)$, 7A @. $5$l $F $7 $^ $$!"DL ?. $K$h $k $‘$@ ;~ 4V$, L5 ;k $G$- $J $$$h $& $J >l9g $K $OIT 0B Dj$J %7 %9 %F%‘ $H $J$C$F $7 $^$& $3 $H $,$" $k!# K\@a $G $O!" $3 $NIT0BDj@-$r$I$N$h$&$K2sHr$9$k$+$r@bL@$9$k!# 5.1 %P%$%i%F%i%k7O$NEy2AI=8=$HEAAwCY$lJd=~ 5.1.1 %O%$%W%j%C%I9TNs$H%9%-%c%?%j%s%09TNs <!$N#2C<;RBPLV$K4X$7$F!" " F 1 ( s ) � v 2 ( s ) # = H ( s ) " v 1 ( s ) F 2 ( s ) # (5.1) $rK~$?$99TNs H ( s ) $r%O%$%V%j%C%I9TNs$H$$$&!#0lJ}!" " F 1 ( s ) � v 1 ( s ) F 2 ( s ) + v 2 ( s ) # = S ( s ) " F 1 ( s ) + v 1 ( s ) F 2 ( s ) � v 2 ( s ) # (5.2) $rK~$?$99TNs S ( s ) $r%9%-%c%?%j%s%09TNs$H$$$&!#$3$l$i#2$D$N4X78$h$j H ( s ) $H S ( s ) $O<!$N4X78$,$"$k!# S ( s ) = " 1 0 0 � 1 # ( H ( s ) � I )( H ( s ) + I ) � 1 (5.3) 35

36 Bh 5 >O 1s3VA‘:n7O$N@_7W 5.1.2 <uF0@-$H%9%-%c%?%j%s%09TNs n- C<;RBPLV$,<uF0E*$G$"$k$H$O!" Z T 0 F T ( t ) v ( t ) dt � � � ; � � 0 f or 8 T (5.4) $rK~$?$9$H$-$G$"$k!# $3$N>r7o$O%9%-%c%?%j%s%09TNs$rMQ$$$F%N%k%‘ ( H 1 %N%k%‘ ) $N>r7o$KCV$-49$($k$3$H$,=PMh$k!# [ DjM} ] n- C<;RBPLV$,<uF0E*$G$"$k$?$a$NI,MW$+$D==J,>r7o$O k S ( s ) k 1 � 1 (5.5) $?$@$7!" k S ( s ) k 1 = sup ! p � max ( S � ( ! ) S ( j ! )) = sup k S x k 2 k x k 2 S � ( j ! ) = S T ( � j ! ) ; k x k 2 = Z 1 0 x T ( t ) x ( t ) dt $G!" k x k 2 $O L 2 %N%k%‘!#

5.1. %P%$%i%F%i%k7O$NEy2AI=8=$HEAAwCY$lJd=~ 37 [ >ZL@ ]( ==J,@-$N$_ ) k S ( s ) k � 1 $H$9$k$H!" k F + v k 2 � k F � v k 2 (5.6) 4 < F ; v > � 0 ; < F ; v > := Z 1 0 F T ( t ) v ( t ) dt (5.7) $H$J$j<uF0E*$G$"$k$3$H$,$o$+$k!# 5.1.3 ?.CY$l$H<uF0@-$NJx2u :##2C<;RBPLV$KEAC#CY$l$,B8:_$7$F<!$N$h$&$J4X78$,$"$k$H$9$k!# v 2 ( t ) = v 1 ( t � T ) (5.8) F 1 ( t ) = F 2 ( t � T ) (5.9) $?$@$7!" T $O$‘$@;~4V!# $3$l$h$j!" " F 1 ( s ) � v 2 ( s ) # = " 0 e � T s � e � T s 0 # " v 1 ( s ) F 2 ( s ) # (5.10) $H$J$k$N$G!"%O%$%V%j%C%I9TNs$O H ( s ) = " 0 e � T s � e � T s 0 # (5.11) $H$J$k!#$3$l$KBP1~$7$F!"%9%-%c%?%j%s%09TNs$O S ( s ) = " � tanh ( T s ) sech ( T s ) sech ( T s ) tanh ( T s ) # (5.12) $3$N S $KBP$7$F H 1 %N%k%‘$r7W;;$7$F$_$k$H!" S T ( j ! ) S ( j ! ) = " tan 2 ( ! T ) + sec 2 ( ! T ) 2 j tan ( ! T ) sec ( ! T ) � 2 j tan ( ! T ) sec ( ! T ) tan 2 ( ! T ) + sec 2 ( ! T ) # (5.13) $G$"$k$N$G!"3F ! $KBP$9$k8GM-CM � $O � = ( j tan ( ! T ) j + j sec ( ! T ) j ) 2 ; ( jj tan ( ! T ) j � j sec ( ! T ) jj ) 2 (5.14) $H$J$k!#=>$C$F!" k S ( s ) k 1 = sup ! q � max ( S T ( � j ! ) S ( j ! )) = sup ! j tan ( ! T ) j + j sec ( ! T ) j = 1 (5.15) $H$J$j!"$3$N2sO)$O<uF0E*$G$J$$$3$H$,$o$+$k!# 5.1.4 =ENOJd=~$r;\$7$?%m%\%C%H%"!<%‘$N<uF0@- %m%\%C%H$N4X@a$KK‘;$$N$J$$1?F0J}Dx<0$O<!$N$h$&$K$J$k!# D ( q ) � q + C ( q ; _ q ) _ q + G ( q ) = � (5.16) $?$@$7!" q : 0lHL2=:BI8%Y%/%H%k ( A4$F$N4X@a$,2sE>4X@a$J$i q T = [ � 1 ; � � � ; � n ] � : 0lHL2=F~NO%Y%/%H%k D ( q ) : 47@-%F%s%=%k C ( q ; _ q ) _ q : Cf?4NO!"%3%j%*%jNO9‘ G ( q ) : =ENO9‘ $G$"$k!#

38 Bh 5 >O 1s3VA‘:n7O$N@_7W $3$3$GCm0U$9$kE@$O!" _ D ( q ) � 2 C ( q ; _ q ) (5.17) $,OD $_ BP >N $K $J $k $h $& $J 9TNs C ( q ; _ q )( 0l 0U $G $O $J $$ ) $, B8 :_ $9$k $3 $H $G $" $k!# $? $@ $7!" 9T Ns P $, OD $_ BP >N 9T Ns $G $"$k >r7o$O!" P T = � P (5.18) $,@.$jN)$D$3$H$G$"$k!#$3$N$h$&$J9TNs$G$O!"#2<!7A<0$r:n$k$H$I$s$J x $KBP$7$F$b x T P x = 0 (5.19) $H$J$k!# :#@)8fF~NO$H$7$F!"=ENO9‘$r40A4$KJd=~$9$k$h$&$K � = G ( q ) + F (5.20) $H$9$k!#$?$@$7!" F $O?7$7$$F~NO$G$"$k!#$3$&$9$&$H!" F $+$i8+$?1?F0J}Dx<0$O D ( q ) _ v + C ( q ; v ) v = F (5.21) $H$J $k!# $? $@ $7!" _ q := v $H $7$?!# $3 $N $h $& $K I= 8= $9 $k $H!" F $+ $i v $O<u F0 E* $H $J $k!# <B :]!" :# 4X ?t V ( q ; v )( 1? F0 %( %M%k%. ) $r V ( q ; v ) = 1 2 v T D ( q ) v (5.22) $GDj5A$9$k$H!"47@-%F%s%=%k$O@5DjBP>N9TNs$G$"$k$N$G V ( q ; v ) � 0 (5.23) $G$"$k!#:# V $r;~4V$GHyJ,$9$k$H!" _ V = v T ( D _ v + 1 2 _ D ( q ) v ) = v T ( F � C ( q ; v ) v + 1 2 _ D ( q )) v = v T F + 1 2 v T ( _ D ( q ) � 2 C ( q ; v )) v = v T F =>$C$F!">e<0$NN>JU$r 0 $+$i T $^$G;~4V$G@QJ,$9$k$H Z T 0 v T F dt = V ( T ) � V (0) � � V (0) (5.24) $H$J$j!"<uF0E*$G$"$k$3$H$,$o$+$k!#<0 (5.21) $N%7%9%F%‘$rEE5$2sO)$H$N%"%J%m%8$G<!$N$h$&$KI=8=$9$k!#

5.1. %P%$%i%F%i%k7O$NEy2AI=8=$HEAAwCY$lJd=~ 39 5.1.5 4pK\E*$J%P%$%i%F%i%k%^%9%?!&%9%l!<%V7O$N9=@. :#!" <0 (5.21 $G I= $5 $l $k $h $& $J %m %\%C %H $r #2 Bf MQ 0U $7 $F!" NO 5" 4T 7? $N %^ %9 %?!& %9 %l!< %V %7 %9 %F %‘ $r 9= @. $9 $k $3 $H $r 9M$($k!##2Bf$N%m%\%C%H$N=ENO$rJd=~$7$?8e$N1?F0J}Dx<0$r<!$N$h$&$KI=$9!# D m ( q m ) _ v m + C m ( q m ; v m ) v m = � F cm + F o (5.25) D s ( q s ) _ v s + C s ( q s ; v s ) v s = F cs � F e (5.26) $?$@$7!" F o : A‘:n<T$,%^%9%?!<%"!<%‘$K2C$($kA‘:nNO F e : 303&$,%9%l!<%V%"!<%‘$K2C$($k30NO $G$"$k!# :#9M$($F$$$k%P%$%i%F%i%k%^%9%?!&%9%l!<%V7O$NL\E*$O 1. v s $r v m $K0lCW$5$;$k!# ( %^%9%?!<$NF0$-$K%9%l!<%V$r0lCW$5$;$k!# ) 2. F o $r F e $K0lCW$5$;$k!# ( A‘:n<T$,%9%l!<%V$N30NO$r@53N$K46$8$k!# ) $G$"$k!#$3$N$?$a$K<!$N:G$b4JC1$J@)8f7O$r9M$($k!# %9%l!<%V$X$N@)8fF~NO F cs : F cs = K v e + K p R edt; e := v m � v s %^%9%?!<$X$N@)8fF~NO F cm : F cm = F cs L^O@!" $3 $N@) 8f B’$G $O A‘:n <T $, %^%9 %? %"!<%‘ $N 47 @-$r D> @\46 $8 $F$7 $^ $& $?$a $" $^$j NI $$@) 8f $G $O$J $$ $,!"$3 $3 $G $O 4JC1$N$?$a$K$=$NE@$OL5;k$9$k!#%9%l!<%V$N@)8f$O0LCV$K4X$7$F $O PD @)8f7O$K$J$C$F$$$k!#$^$?!" v s = v m = 0 $N >l9g!"1?F0J}Dx<0$h$j F cs = F e F m = � F cm $H $J $k $N $G!" F cm = F cs $H $9 $k $H J? 9U >u BV $G $O F m = F e $H $J $k!# NO $N J} $b!" %"!< %‘ $, 1? F0 $7 $F $$ $k >l 9g $K $O!" 47 @-!"@) 8f B’$N 1F 6A$r <u $1$F @5 3N$J >p Js$O EA $o $i$J $$ $,!"$= $N E@$b $3 $3$G $O L5;k $9 $k!# $3$N @) 8f7O $r E,MQ $7 $?>l 9g $N %7 %9%F %‘ A4 BN$N Ey 2A 2sO) $r <! $K<( $9!#$3 $N 2s O)$h $j!" F m ; F e $, Nm ( C; Mm $7 $?>l 9g ) $K $O 2sO) $O <u F0AG ;R $N $_ $+$i $J $j!" 2sO)A4BN$H$7$F$b<uF0E*$G$"$k$3$H$,$o$o$jIT0BDj$K$J$k$3$H$O$J$$!# <! $K %^ %9 %? %7 %9 %F %‘ $H %9 %l!< %V %7 %9 %F %‘ $, 1s 3V $K N% $l $F CV $+ $l!" DL ?. $K ;~ 4V $, $+ $+ $k >l 9g $r 9M $( $k!# $D $^ $j!" v m $H F c $,;~4VCY$l$F$rH<$C$F$=$l$>$lAj<j$N%7%9%F%‘$KAw$i$l$k>l9g$r9M$($k!#:#!" v sd ( t ) = v m ( t � T ) F md ( t ) = F cs ( t � T ) $H $9 $k $H!" EA Aw O) $O <! $N ?^ $N $h $& $K #2 C< ;R BP LV $H $J $k $,!" $3 $l $O >e $N 2r @O $h $j <u F0 E* $G $O $J $$!#$7 $? $,$C $F!" $3 $N EA Aw O) $r AH $_ 9~ $^ $l $? 2s O) $O <u F0 E* $G $J $/ $J $k!# ( <u F0 E* $G $O $J $$ $H $$ $& $@ $1 $G!" I, $: $7 $b IT 0B Dj $K $J $k $o $1 $G $O $J $$!# ) $7 $+ $7!" <B :] $K $3 $N $h $& $J 9= @. $N %7 %9 %F %‘ $r :n@. $9 $k $H!" >. $5 $J EA Aw CY $l $G 4J C1 $K 7O A4 BN $, IT0B Dj $K $J$C $F $7 $^$&!#

40 Bh 5 >O 1s3VA‘:n7O$N@_7W 5.1.6 EAAwO)$N<uF02= >e$G8+$?$h$&$KEAAwO)$O<uF0E*$G$J$$$N$G!"$3$l$r<uF02=$9$k$?$a$K " F md ( s ) � v m ( s ) F cs ( s ) + v sd ( s ) # = S ( s ) " F md ( s ) + v m ( s ) F cs ( s ) � v sd ( s ) # (5.27) $?$@$7!" S ( s ) = " 0 e � sT e � sT 0 # $r 9M $( $k!# $3 $N ;~ S � ( j ! ) S ( j ! ) = I $H $J $k $N $G!" k S ( s ) k 1 = 1 $H $J $j $3 $N #2 C< ;R BP LV $O <u F0 E* $K $J $k $3 $H $, $o $+ $k!#?.9f$N;~4VNN0h$G$NI=8=$O F md ( t ) = v m ( t ) + ( F cs � v sd )( t � T ) v sd ( t ) = � F cs ( t ) + ( F md + v m )( t � T ) $H $J $j F~ <j 2D G= $J ?. 9f $+ $i @8 @. $G $- $k $3 $H $, $o $+ $k!# $^ $?!" EA C# CY $l T $, Nm $N ;~ $K $O F md = F cs ; v sd = v m $H $J $j!"DL?.2sO)$,$J$$>l9g$K0lCW$9$k$3$H$KCm0U$9$k!#$3$NJQ49$r%V%m%C%/@~?^$GI=$9$H<!$N$h$&$K$J$k!# $3 $N <j K! $N FC D’ $O!" %^ %9 %? %7 %9 %F %‘!" %9 %l!< %V %7 %9 %F %‘ $, $= $l $> $l <u F0 @- $N 35 G0 $K 4p $E $$ $F @_ 7W $5 $l $F $$ $l $P!" DL?. CY $l $, B8:_ $7 $F $b $=$N %Q %i %a!< %?$r JQ 99 $7 $J$/ $H $b!" T $NBg $- $5 $K 4X 78$J $/ 0B Dj @-$, J] B8 $5 $l$k E@ $G $" $k!# ( L^ O@!"@-G=$O0lHLE*$K T $,Bg$-$/$J$k$H0-$/$J$k!# ) 5.1.7 F0E*%7%9%F%‘$N2>A[<B8= :#!"N% $l $?CO E@ $KCV $+ $l$? ?M $,F1 $8 F0E* %7 %9 %F%‘ $r 6&M- $7 $F$$ $k $h$& $J %7%9 %F %‘ $r:n $k $3$H $r 9M$( $k!# $=$l $> $l $N ?M$O!" F m ; � F e $r2C$($k$3$H$,$G$-$k$H$9$k!#$3$N;~!"6&M-$9$k2>A[$N%7%9%F%‘$N1?F0J}Dx<0$r D v ( q v ) _ v v + C v ( q v ; v v ) v v + K v q v = F m � F e (5.28) $GM? $( $i $l $k$H 9M $( $k!# $3 $3$G!" K v $O %P %M $K $h$k I| 85 NO $N 9‘$G $" $k!# $3 $NJ} Dx <0 $G 9- $$%/ %i %9 $N 5! 3#%7 %9 %F %‘ $OI= 8=$9$k$3$H$,$G$-$k!#$3$N1?F0J}Dx<0$HEy2A$J2sO)I=8=$O<!$N$h$&$K$J$k!#

5.1. %P%$%i%F%i%k7O$NEy2AI=8=$HEAAwCY$lJd=~ 41 $3$N 2sO) $b L@$i $+ $K <uF0 E* $G$" $k!# $3$N F0 $-$r #2 $D$N CO E@$K CV $+$l $? 5!3# E* $J%7 %9 %F%‘ $G $=$N F0 :n$r LO Jo$9 $k $? $a $N:G$b4JC1$J@)8f7O$O%^%9%?!&%9%l!<%V%7%9%F%‘$HF1MM$K<!$N$h$&$K$J$k!#

42 Bh 5 >O 1s3VA‘:n7O$N@_7W

5.1. %P%$%i%F%i%k7O$NEy2AI=8=$HEAAwCY$lJd=~ 43