
!""#$#%&''()*+,-.&)/0+1&%$-%$+
2%".+3")4-%$&/")$+

5"&4+6%#7(+&)8+9:;-+<-=>-."?-%+
@)(4-%$(#?+"2+A&$B()*#")+

!"#$%&'())&



C&$;+D%(-)#-8+E(&>"*+
,5,CFG+ B"H+0&)+(+B->'+?":+I+

@,FJ+ (+K+8+>(;-+#"+*"+2%".+%(0B.")8+#"+&#>&)/0+0(#?+")+L:)-+$-4-)#B+

,5,CFG+ >-&4()*+%(0B.")8+")+#B:%$8&?M+L:)-+$-4-)#B+&%%(4()*+()+&#>&)/0+0(#?+>-&4()*+&#+
HB&#+/.-+I+

@,FJ+ -(*B#+&N+.N+

,5,CFG+ >-&4()*+()+#B-+."%)()*+HB&#+&(%>()-+H":>8+?":+'%-2-%+I+

@,FJ+ :N+$N+&(%++

,5,CFG+ (+0:%%-)#>?+B&4-+?":+>-&4()*+%(0B.")8+")+#B:%$8&?M+L:)-+$-4-)#B+()+#B-+
."%)()*+&%%(4()*+()+&#>&)/0+0(#?+O?()*+")+:N+$N+&(%+N+($+#B($+0"%%-0#+I+

@,FJ+ ?-$++

,5,CFG+ "+N+;+N+#B-)+N+HB-%-+H":>8+?":+>(;-+#"+*"+)-P#+I+

@,FJ+ %(0B.")8+

Q0")4-%$&/")+0")/):-$R+



C&$;+D%(-)#-8+E(&>"*+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+*"()*+#"+HB(0B+0(#?I++
@,FJS+ +>")8")++
,5,CFGS+ +&%%(4()*+()+>")8")+-)*>&)8N+HB&#+8&#-+H":>8+?":+>(;-+#"+

8-'&%#+&#>&)#&I+
@,FJS+ +$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

System fails!



E(&>"*+&)8+,-.&)/0$+

•  G&)?+8(&>"*+$?$#-.$+:$-+$-.&)/0+'&%$-%$N+



E(&>"*+&)8+,-.&)/0$+

•  G&)?+8(&>"*+$?$#-.$+:$-+$-.&)/0+'&%$-%$N+
•  ,:'-%4($-8+>-&%)()*+"2+$:0B+'&%$-%$+($+
-P'-)$(4-N+



E(&>"*+&)8+,-.&)/0$+

•  G&)?+8(&>"*+$?$#-.$+:$-+$-.&)/0+'&%$-%$N+
•  ,:'-%4($-8+>-&%)()*+"2+$:0B+'&%$-%$+($+
-P'-)$(4-N+

•  3&)+0".':#-%$+>-&%)+#B%":*B+%&H+
0")4-%$&/")$I+



9-&%)()*+2%".+3")4-%$&/")$+

•  V:.&)W.&0B()-+8(&>"*$+&(.+#"+&0B(-4-+&+*+,-N+



9-&%)()*+2%".+3")4-%$&/")$+

•  V:.&)W.&0B()-+8(&>"*$+&(.+#"+&0B(-4-+&+*+,-N+
•  6+H->>W8-U)-8+*"&>+&>>"H$+#B-+$?$#-.+#"+
./0+1/.+2%".+2&(>:%-$N+



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

System fails!



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
System fails!



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+*"()*+#"+HB(0B+0(#?I++



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+*"()*+#"+HB(0B+0(#?I++
@,FJS+ +>")8")++
+



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+*"()*+#"+HB(0B+0(#?I++
@,FJS+ +>")8")++
,5,CFGS+ +&%%(4()*+()+>")8")+-)*>&)8N+HB&#+8&#-+H":>8+?":+>(;-+#"+

8-'&%#+&#>&)#&I+
+
+



,?$#-.+J-0"4-%?+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+*"()*+#"+HB(0B+0(#?I++
@,FJS+ +>")8")++
,5,CFGS+ +&%%(4()*+()+>")8")+-)*>&)8N+HB&#+8&#-+H":>8+?":+>(;-+#"+

8-'&%#+&#>&)#&I+
@,FJS+ +$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+



3".'>-P+%-X:-$#+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+

3>&%(U0&/")+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+

3>&%(U0&/")+ J-H"%8()*+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+

3>&%(U0&/")+ J-H"%8()*+ 688(/")&>+
-P'>&)&/")+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+

3>&%(U0&/")+ J-H"%8()*+ 688(/")&>+
-P'>&)&/")+

3".'>-#-+#&$;+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

,'-0(U0+
()2"%.&/")+

3>&%(U0&/")+ J-H"%8()*+ 688(/")&>+
-P'>&)&/")+

3".'>-#-+#&$;+

9-&%)()*+
$(*)&>+



3".'>-P+%-X:-$#+

,?$#-.+2&(>$+

++Y"&>+

9-&%)()*+
$(*)&>+

J-.-8(&/")$+

Z"($?+$(*)&>S+
'%-.&#:%-+-)8M+*"&>$+0B&)*-M+()0".'>-#-+
%-0"4-%?+-#0N++



CB-+1%"T>-.+

•  9-&%)S+

f : sentence → λ-calculus expression



CB-+1%"T>-.+

•  9-&%)S+

λx.to(x, SEA) ∧ date(x, FRI)

!"#$%&"&'"('"&'")*$&&+*"'%",-./$0"

f : sentence → λ-calculus expression



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+

Z&#:%&>+9&)*:&*-+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+

Z&#:%&>+9&)*:&*-+ ,'--0B+60#+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+

Z&#:%&>+9&)*:&*-+ ,'--0B+60#+
9"*(0&>+
G-&)()*+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+

Z&#:%&>+9&)*:&*-+ ,'--0B+60#+
9"*(0&>+
G-&)()*+

3")4-%$&/")&>+
DTL-0#$+



6:#".&/0&>>?+6))"#&#-8+9"*$+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+

,?$#-.+:=-%&)0-+

Z&#:%&>+9&)*:&*-+ ,'--0B+60#+
9"*(0&>+
G-&)()*+

3")4-%$&/")&>+
DTL-0#$+



C%&()()*+,-#+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+



C%&()()*+,-#+
,5,CFGS+ +B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+
@,FJS+ +(+H":>8+>(;-+#"+O?+2%".+&#>&)#&+*-"%*(&+#"+>")8")+-)*>&)8+

")+$-'#-.T-%+#H-)#?+2":%#B+()+#B-+-&%>?+-4-)()*+(+H":>8+
>(;-+#"+%-#:%)+")+"0#"T-%+U%$#+8-'&%/)*+2%".+>")8")+()+#B-+
>&#-+."%)()*++

,5,CFGS+ +>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&['M+!^^(
@,FJS+ +&#>&)#&+*-"%*(&++
,5,CFGS+ +>-&4()*+&#>&)#&N+[3DZ`aJGS+#$%&['M+)*+^^+*"()*+#"+HB(0B+

0(#?I+[6,]S+_!N,%['M+!^^+
@,FJS+ +>")8")++
Q0")4-%$&/")+0")/):-$R+
+
+
+
+



CB-+1%"T>-.+

•  9-&%)S+

•  Y(4-)+>"*$+"2+0")4-%$&/")$+
– 6:#".&/0&>>?+&))"#&#-8+$?$#-.+:=-%&)0-$+

f : sentence → λ-calculus expression



D:%+6''%"&0B+

3")4-%$&/")&>+
>"*$+ 1-%0-'#%")W>(;-+

")>()-+>-&%)-%+

9"$$+2:)0/")+

3")#-P#W()8-'-)8-)#+
33Y+'&%$-%+

,--8+>-P(0")+
9-P(0")M+

1&%$()*+'&%&.-#-%$+



D:%+6''%"&0B+

3")4-%$&/")&>+
>"*$+ 1-%0-'#%")W>(;-+

")>()-+>-&%)-%+

9"$$+2:)0/")+

3")#-P#W()8-'-)8-)#+
33Y+'&%$-%+

,--8+>-P(0")+
9-P(0")M+

1&%$()*+'&%&.-#-%$+

Z"+8(%-0#+-4(8-)0-+&T":#+#B-+>"*(0&>+
2"%.$+'&(%-8+H(#B+:$-%+:=-%&)0-$+



J->&#-8+A"%;+
234/.156/7&6/8,9:0&4,.659*&;5<=>&
G&0B()-+C%&)$>&/")+ Q1&'()-)(+-#+&>N+bccde+J&.&$H&.?M+]>-()8(-)$#+

bccce+A")*M+G"")-?+bccfM+bccde+G&#:$7-;+-#+&>N+
bcgcR+

a)8:0/)*+9"*(0+1%"*%&..()*+ Q<->>-M+G")-?+ghhfe+C&)*M+G"")-?+bccce+
CB".'$")M+G"")-?+bccbR+

1%"TN+3`Y+1&%$()*+ QG(>>-%+-#+&>N+bccfe+Y-M+G"")-?+bccfR+

1%"TN+1E6+ QV-M+5":)*+bcciM+bccfR+

,:''"%#+j-0#"%+G&0B()-$+ Q]&#-M+G"")-?+bccfe+Z*:?-)+-#+&>N+bccfR+

1-%0-'#%")W$#?>-+9-&%)()*+ Q<-=>-."?-%M+3">>()$+bcciM+bccdR+

$/66&634/.1565+9&?+.&7,<,@,6/&A3/.B>&
k:-$/")W6)$H-%$+,-.(W
$:'-%4($(")+

Q3>&%;-+-#+&>N+bcgcM+9(&)*+-#+&>N+bcggR+

3")U8-)0-W8%(4-)+
@)$:'-%4($-8+

QY">8H&$$-%+-#+&>N+bcggR+



a)+CB($+A"%;+

•  E-4->"'+&)+&>*"%(#B.+2"%+T""#$#%&''()*+
$-.&)/0+'&%$-%$+2%".+0")4-%$&/")$+
– 9"$$W8%(4-)+
– J-X:(%-$+)"+>&T->()*+-l"%#+

•  E-.")$#%&#-+-l-0/4-+>-&%)()*+2%".+
0")4-%$&/")$+

•  `(%$#+$#-'+#"H&%8$+&+>")*W#-%.+*"&>+"2+
&:#")".":$+$->2W>-&%)()*+8(&>"*+$?$#-.$+



G&''()*+,-)#-)0-$+#"+_W3&>0:>:$+

•  3".T()&#"%?+3&#-*"%(&>+Y%&..&%+[33Y^+
•  A-(*B#-8+9()-&%+33Y$+



3".T()&#"%?+3&#-*"%(&>+Y%&..&%+
[33Y^+



3".T()&#"%?+3&#-*"%(&>+Y%&..&%+
[33Y^+

9-P(0")+
++



3".T()&#"%?+3&#-*"%(&>+Y%&..&%+
[33Y^+

9-P(0")+
++

3".T()&#"%$+
6''>(0&/")M+0".'"$(/")+m+



A-(*B#-8+9()-&%+33Y$+

•  Y(4-)+&+>"*W>()-&%+."8->S+
– 33Y+>-P(0")+Λ 
– `-&#:%-+4-0#"%+f 
– A-(*B#$+w 

•  CB-+T-$#+'&%$-+($S+

•  A-+0")$(8-%+&>>+'"$$(T>-+'&%$-$+y+2"%+$-)#-)0-+
x+*(4-)+#B-+>-P(0")+Λ 

y∗ = argmaxy w · f(x, y)



,"+`&%+m+

•  Y-)-%&>+"4-%4(-H+"2+#B-+'%"T>-.+&)8+
&''%"&0B+



Z-P#+m+

•  a)8(%-0#>?W$:'-%4($-8+>-P(0&>+*-)-%&/")+
•  3".':/)*+>"$$+
•  D:%+>-&%)()*+&>*"%(#B.+
•  F4&>:&/")+")+#B-+E6J16+3"..:)(0&#"%+
0"%':$+



,:'-%4($-8+9-P(0&>+a)8:0/")+
a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+

Q<-=>-."?-%+n+3">>()$+bcciR+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+λx.to(x,LA) 
+
i’d := S/N : λx.x

i’d := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

go to := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

to go to := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

to los := S/N : λx.x

. . .



,:'-%4($-8+9-P(0&>+a)8:0/")+
a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+

Q<-=>-."?-%+n+3">>()$+bcciR+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+λx.to(x,LA) 
+
i’d := S/N : λx.x

i’d := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

go to := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

to go to := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

to los := S/N : λx.x

. . .



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+a)8:0/")+

a)':#+
C%&()()*+
FP&.'>-+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+ ,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

@,FJS++ )-H+?"%;++

,5,CFGS+>-&4()*+)-H+?"%;N+[3DZ`aJGS+
#$%&['M+-./^^+*"()*+#"+HB(0B+0(#?I+
[6,]S+_!N,%['M+!^^+

@,FJS++ >"$+&)*->-$++

,5,CFGS+O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+
,%['M++)^^+

Q0")4-%$&/")+0")/):-$R+



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+a)8:0/")+

a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+ ,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

Q0")4-%$&/")+0")/):-$R+

i’d := S/N : λx.x

i’d := (N\N)/NP : λf.λx.λy.f(x) ∧ to(x, y)

i’d := (N\N)/NP : λf.λx.λy.f(x) ∧ from(x, y)

. . .



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+a)8:0/")+

a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+ ,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

Q0")4-%$&/")+0")/):-$R+

•  D4-%*-)-%&>(7-8+
•  C90+84-/</&



9"$$W*:(8-8+9-&%)()*+

3")4-%$&/")&>+
>"*$+ 1-%0-'#%")W>(;-+

")>()-+>-&%)-%+

$+66&?390:+9&

3")#-P#W()8-'-)8-)#+
33Y+'&%$-%+

,--8+>-P(0")+
9-P(0")M+

1&%$()*+'&%&.-#-%$+



,:'-%4($-8+3&$-+

λx.from(x,NY C) ∧ to(x, LA)

(+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+&)*->-$+



9"$$+,(*)&>+a)$#-&8+"2+9&T->$+

(+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+&)*->-$+
L : �z, C� → R



9"$$+,(*)&>+a)$#-&8+"2+9&T->$+

(+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

λx.from(x,NY C) ∧ from(x, LA)

λx.from(x, LA)

λx[].to(x[0], NY C) ∧ from(x[1], LA)

. . .

L : �z, C� → R



9"$$+,(*)&>+a)$#-&8+"2+9&T->$+

(+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

λx.from(x,NY C) ∧ from(x, LA)

λx.from(x, LA)

λx[].to(x[0], NY C) ∧ from(x[1], LA)

. . .

L : �z, C� → R

WgNp+

bNc+

WcNh+

gNi+



9"$$+,(*)&>+a)$#-&8+"2+9&T->$+

(+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

λx.from(x,NY C) ∧ from(x, LA)

λx.from(x, LA)

λx[].to(x[0], NY C) ∧ from(x[1], LA)

. . .

g+

q+

b+

r+

L : �z, C� → R

WgNp+

bNc+

WcNh+

gNi+



9"$$+E-0".'"$(/")+

3")4-%$&/")&>+
>"*$+ 1-%0-'#%")W>(;-+

")>()-+>-&%)-%+

$+66&?390:+9&

3")#-P#W()8-'-)8-)#+
33Y+'&%$-%+

D+8,59&
0+96<.,59<6&

E+91/.6,:+9,-&
?//7@,0F&

,--8+>-P(0")+
9-P(0")M+

1&%$()*+'&%&.-#-%$+



3")4-%$&/")+9"$$+

•  1%"4(8-$+%":*B+()8(0&/")+"2+B"H+H->>+&+>"*(0&>+
-P'%-$$(")+%-'%-$-)#$+&+:$-%+:=-%&)0-+

•  !&$-8+")+$?$#-.+:)8-%$#&)8()*+



3".':/)*+3")4-%$&/")+9"$$+

gN  ,->-0#+#B-+%->-4&)#+$:T$-#+"2+$?$#-.+
:=-%&)0-$+

bN  6>(*)+#B-+>"*(0&>+-P'%-$$(")+#"+0")#-)#+2%".+
$->-0#-8+$?$#-.+:=-%&)0-$+

rN  ,0"%-+#B-+&>(*).-)#+



3")4-%$&/")+9"$$+
,5,CFGS+ B"H+0&)+(+B->'+?":+[D1FZ\C6,]^+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

,5,CFGS+ 2%".+)-H+?"%;N+[3DZ`aJGS+#$%&['M+
-./^^+#"+HB-%-I+[6,]S+_!",%['M+!^^(

@,FJS+ >"$+&)*->-$+

,5,CFGS+ O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+,%['M+
+)^^+HB-%-+8"+?":+H&)#+#"+*"+2%".+>"$+
&)*->-$I+I+[6,]S+_!",%0'1M+!^1#$%&['1M+
+)^^(

@,FJS+ T&0;+#"+)-H+?"%;+

,5,CFGS+ 2%".+>"$+&)*->-$+#"+)-H+?"%;+
[3DZ`aJGS+#$%&['1M++)^1,%[221M+-./^^++

,5,CFGS+ (+B&4-+&+8(%-0#+O(*B#+2%".+)-H+?"%;+#"+
>"$+&)*->-$+2"%+sqpcN+";I+[D``FJS+
34$56,['^1#$%&['M+-./^1,%['M+)^16%7,
['M+89:^^+

Q0")4-%$&/")+0")/):-$R+



,-*.-)/)*+
,5,CFGS+ B"H+0&)+(+B->'+?":+[D1FZ\C6,]^+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

,5,CFGS+ 2%".+)-H+?"%;N+[3DZ`aJGS+#$%&['M+
-./^^+#"+HB-%-I+[6,]S+_!",%['M+!^^(

@,FJS+ >"$+&)*->-$+

,5,CFGS+ O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+,%['M+
+)^^+HB-%-+8"+?":+H&)#+#"+*"+2%".+>"$+
&)*->-$I+I+[6,]S+_!",%0'1M+!^1#$%&['1M+
+)^^(

@,FJS+ T&0;+#"+)-H+?"%;+

,5,CFGS+ 2%".+>"$+&)*->-$+#"+)-H+?"%;+
[3DZ`aJGS+#$%&['1M++)^1,%[221M+-./^^++

,5,CFGS+ (+B&4-+&+8(%-0#+O(*B#+2%".+)-H+?"%;+#"+
>"$+&)*->-$+2"%+sqpcN+";I+[D``FJS+
34$56,['^1#$%&['M+-./^1,%['M+)^16%7,
['M+89:^^+

Q0")4-%$&/")+0")/):-$R+



FP#%&0#+1%"'-%/-$+
,5,CFGS+ B"H+0&)+(+B->'+?":+[D1FZ\C6,]^+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

,5,CFGS+ 2%".+)-H+?"%;N+[3DZ`aJGS+#$%&['M+
-./^^+#"+HB-%-I+[6,]S+_!",%['M+!^^(

@,FJS+ >"$+&)*->-$+

,5,CFGS+ O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+,%['M+
+)^^+HB-%-+8"+?":+H&)#+#"+*"+2%".+>"$+
&)*->-$I+I+[6,]S+_!",%0'1M+!^1#$%&['1M+
+)^^(

@,FJS+ T&0;+#"+)-H+?"%;+

,5,CFGS+ 2%".+>"$+&)*->-$+#"+)-H+?"%;+
[3DZ`aJGS+#$%&['1M++)^1,%[221M+-./^^++

,5,CFGS+ (+B&4-+&+8(%-0#+O(*B#+2%".+)-H+?"%;+#"+
>"$+&)*->-$+2"%+sqpcN+";I+[D``FJS+
34$56,['^1#$%&['M+-./^1,%['M+)^16%7,
['M+89:^^+

Q0")4-%$&/")+0")/):-$R+

1%"'-%#?+

[#$%&M+'M+-./^+



FP#%&0#+1%"'-%/-$+
,5,CFGS+ B"H+0&)+(+B->'+?":+[D1FZ\C6,]^+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

,5,CFGS+ 2%".+)-H+?"%;N+[3DZ`aJGS+#$%&['M+
-./^^+#"+HB-%-I+[6,]S+_!",%['M+!^^(

@,FJS+ >"$+&)*->-$+

,5,CFGS+ O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+,%['M+
+)^^+HB-%-+8"+?":+H&)#+#"+*"+2%".+>"$+
&)*->-$I+I+[6,]S+_!",%0'1M+!^1#$%&['1M+
+)^^(

@,FJS+ T&0;+#"+)-H+?"%;+

,5,CFGS+ 2%".+>"$+&)*->-$+#"+)-H+?"%;+
[3DZ`aJGS+#$%&['1M++)^1,%[221M+-./^^++

,5,CFGS+ (+B&4-+&+8(%-0#+O(*B#+2%".+)-H+?"%;+#"+
>"$+&)*->-$+2"%+sqpcN+";I+[D``FJS+
34$56,['^1#$%&['M+-./^1,%['M+)^16%7,
['M+89:^^+

Q0")4-%$&/")+0")/):-$R+

1%"'-%#?+

[#$%&M+'M+-./^+

[,%M+'M++)^+

[#$%&M+'1M++)^+

[,%M+'1M+-./^+



FP#%&0#+1%"'-%/-$+
,5,CFGS+ B"H+0&)+(+B->'+?":+[D1FZ\C6,]^+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

,5,CFGS+ 2%".+)-H+?"%;N+[3DZ`aJGS+#$%&['M+
-./^^+#"+HB-%-I+[6,]S+_!",%['M+!^^(

@,FJS+ >"$+&)*->-$+

,5,CFGS+ O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+,%['M+
+)^^+HB-%-+8"+?":+H&)#+#"+*"+2%".+>"$+
&)*->-$I+I+[6,]S+_!",%0'1M+!^1#$%&['1M+
+)^^(

@,FJS+ T&0;+#"+)-H+?"%;+

,5,CFGS+ 2%".+>"$+&)*->-$+#"+)-H+?"%;+
[3DZ`aJGS+#$%&['1M++)^1,%[221M+-./^^++

,5,CFGS+ (+B&4-+&+8(%-0#+O(*B#+2%".+)-H+?"%;+#"+
>"$+&)*->-$+2"%+sqpcN+";I+[D``FJS+
34$56,['^1#$%&['M+-./^1,%['M+)^16%7,
['M+89:^^+

Q0")4-%$&/")+0")/):-$R+

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



Y(4-)+&+3&)8(8&#-+9"*(0&>+FP'%-$$(")+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



6>(*)+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



G&#0B+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



,0"%-+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



6>(*)+&)8+,0"%-+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

λx[].from(x[0], NY C) ∧ from(x[1], LA)

Alignment: x[0] → fl, x[1] → fl2

Loss = −0.5− 0.16 = −0.66

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



3".'&%()*+CH"+3&)8(8&#-$+

@,FJS+ (+H&)#+#"+O?+2%".+)-H+?"%;+#"+>"$+
&)*->-$+

λx.from(x,NY C) ∧ to(x, LA)

Alignment: x → fl

Loss = −0.5− 0.83 = −1.33

λx[].from(x[0], NY C) ∧ from(x[1], LA)

Alignment: x[0] → fl, x[1] → fl2

Loss = −0.5− 0.16 = −0.66

1%"'-%#?+ 9"$$+

[#$%&M+'M+-./^+ WcNi+

[,%M+'M++)^+ WcNpr+

[#$%&M+'1M++)^+ WcNgf+

[,%M+'1M+-./^+ WcNgf+



•  ,"+2&%S+
– ,B"H-8+B"H+#"+*-)-%&#-+>-P(0")+:$()*+#B-+
0")4-%$&/")+

–  a)#%"8:0-8+":%+$":%0-$+"2+>"$$+
•  Z-P#S+
– 3".T()-+-4-%?#B()*+()#"+&+1-%0-'#%")W>(;-+
>-&%)()*+&>*"%(#B.+



9-&%)()*+6>*"%(#B.+

•  D)>()-+
•  9"$$W8%(4-)+
•  b+$#-'$S+
– 9-P(0&>+*-)-%&/")+
– 1&%&.-#-%+:'8&#-+Q,()*BWG(>>-%+&)8+3">>()$+bccdR+



9-&%)()*+6>*"%(#B.+

`"%+C+(#-%&/")$M+2"%+-&0B+#%&()()*+$&.'>-S+
•  ,#-'+gS+9-P(0&>+*-)-%&/")+
– Y-)-%&#-+&+>&%*-+>-P(0")+2%".+$?$#-.+:=-%&)0-$+
– 1&%$-+H(#B+#B-+*-)-%&#-8+>-P(0")+:$()*+#B-+."8->+

– Y-#+#B-+.()(.&>+>"$$+'&%$-$+2%".+#B-+;WT-$#+
'&%$-$+

– 688+#B-(%+>-P(0&>+(#-.$+#"+#B-+>-P(0")+

•  ,#-'+bS+@'8&#-+'&%&.-#-%$+



9-&%)()*+6>*"%(#B.+

`"%+C+(#-%&/")$M+2"%+-&0B+#%&()()*+$&.'>-S+
•  ,#-'+gS+9-P(0&>+*-)-%&/")+
•  ,#-'+bS+@'8&#-+'&%&.-#-%$+
– 1&%$-+:$()*+#B-+."8->+
– ,'>(#+&>>+'&%$-$+()#"+#H"+$-#$+:$()*+#B-+>"$$+
2:)0/")S+"'/.&>+&)8+)")W"'/.&>+

– `()8+."8->+$0"%-+4(">&/")$+T-#H--)+#B-+$-#$+

– E"+&+'-%0-'#%")+:'8&#-+:$()*+#B-$-+4(">&/")$+



F4&>:&/")+

•  E&#&$-#+
•  FP'-%(.-)#&>+$-#:'+
•  F4&>:&/")+.-#%(0$+
•  ,?$#-.$+&)8+%-$:>#$+



E6J16+3"..:)(0&#"%+

•  J&H+0")4-%$&/")&>+>"*$+QA&>;-%+-#+&>N+bccbR+
•  6))"#&#-8+$?$#-.+:=-%&)0-$+

$30/9<& GG#&

H.,59& H/6<& H.,59& H/6<&

E+91/.6,:+96& gqq+ dc+ dg+ hg+

E+9</I<&C97/4/97/9<&JK/.,90/6& bcp+ hf+ fd+ fd+



FP'-%(.-)#&>+,-#:'+

•  `-&#:%-$+$(.(>&%+#"+<-=>-."?-%+&)8+3">>()$+bccdS+
–  a)8(0&#"%$+2"%+>-P(0&>+(#-.+:$-+
–  a)8(0&#"%$+2"%+'&%$()*+"'-%&#"%$+:$-+
–  1%"'-%/-$+"2+#B-+>"*(0&>+2"%.+

•  ,--8+>-P(0")S+
– E".&()+()8-'-)8-)#+

•  t&)8uM+t#B-u+m+
–  9($#+"2+8".&()W$'-0(U0+)":)+'B%&$-$+

•  t)-H+?"%;uM+tLvuM+t8->#&u+m+

•  9-&%)()*+'&%&.-#-%$+"'/.(7-8+")+#%&()()*+8&#&+



F4&>:&/")+G-#%(0$+

•  1-%2"%.&)0-+&*&()$#+*">8+$#&)8&%8S+
– FP&0#+.&#0B+
– 1&%/&>+0%-8(#+

λx.to(x,BOS) ∧ from(x, SEA) ∧ return(x)
,-)#-)0-S+(+H&)#+#"+%-#:%)+2%".+$-&=>-+#"+T"$#")+
9&T->S+
Y:-$$S+λx.to(x,BOS) ∧ from(x, SEA)

bwr+

J-0&>>+

bwb+

1%-0($(")+1&%/&>++
3%-8(#+



J-$:>#$S+6T>&/")+C-$#$+

c+

cNg+

cNb+

cNr+

cNq+

cNi+

cNf+

cNd+

cNp+

9:0-)#+ !!Z+

A(#B":#+3")4-%$&/")&>+9"$$+

A(#B":#+E".&()+9"$$+

D:%+6''%"&0B+

E-4->"'.-)#+,-#+J-$:>#$+
FP&0#+G&#0BM+`g+G-&$:%-+



J-$:>#$S+F4&>:&/")+E&#&+

c+
cNg+
cNb+
cNr+
cNq+
cNi+
cNf+
cNd+
cNp+
cNh+
g+

9:0-)#+
FP&0#+G&#0B+

9:0-)#+
1&%/&>+
3%-8(#+

!!Z+
FP&0#+G&#0B+

!!Z+
1&%/&>+
3%-8(#+

Z"+3")4-%$&/")+!&$->()-+

D:%+6''%"&0B+

,:'-%4($-8+

cNc+

`g+G-&$:%-+



`:#:%-+A"%;+

•  J-&$")+&T":#+0")#-P#W8-'-)8-)#+.-&)()*+
•  G"8->+&)8+%-0"4-%+$'--0B+&0#$+
•  3".T()-+()+&+0".'>-#-+$->2W(.'%"4()*+8(&>"*+
$?$#-.+



3")#%(T:/")$+

•  E-4->"'-8+&+>"$$W8%(4-)+>-&%)()*+&''%"&0B+2"%+
$-.&)/0+'&%$-%$+

•  E-.")$#%&#-8+>-&%)()*+"2+$-.&)/0+'&%$-%$+
2%".+0")4-%$&/")&>+>"*$+

•  E-$0%(T-8+&+>-&%)()*+&''%"&0B+#B&#+H(>>+&>>"H+
8(&>"*+$?$#-.$+#"+>-&%)+2%".+2&(>:%-$+



3")#%(T:/")$+

•  E-4->"'-8+&+>"$$W8%(4-)+>-&%)()*+&''%"&0B+2"%+
$-.&)/0+'&%$-%$+

•  E-.")$#%&#-8+>-&%)()*+"2+$-.&)/0+'&%$-%$+
2%".+0")4-%$&/")&>+>"*$+

•  E-$0%(T-8+&+>-&%)()*+&''%"&0B+#B&#+H(>>+&>>"H+
8(&>"*+$?$#-.$+#"+>-&%)+2%".+2&(>:%-$+

CB&);$+2"%+>($#-)()*+



QF.'#?+$>(8-R+



,:''>-.-)#&%?+,>(8-$+



,-.&)/0+1&%$()*+

Z&#:%&>+
9&)*:&*-+

G-&)()*+
J-'%-$-)#&/")+F



3")#-P#WE-'-)8-)#+4$N+3")#-P#W
a)8-'-)8-)#+

,5,CFG+ B->>"+M+-4&>:&/")+:$-%+N+H->0".-+#"+#B-+T->>+>&T$+#%&4->+%-$-%4&/")+$?$#-.+N+(+
B&4-+&+#:#"%(&>+-P'>&()()*+.?+)-H+2-&#:%-$+N+(2+?":+K+8+>(;-+#"+B-&%+(#+M+L:$#+&$;+
.-+2"%+#B-+#:#"%(&>+N+B"H+0&)+(+B->'+?":+I+

@,FJ+ (+K+8+>(;-+#"+*"+2%".+%(0B.")8+#"+&#>&)/0+0(#?+")+L:)-+$-4-)#B+

,5,CFG+ >-&4()*+%(0B.")8+")+#B:%$8&?M+L:)-+$-4-)#B+&%%(4()*+()+;&)$&$+0(#?+>-&4()*+&#+
HB&#+/.-+I+

@,FJ+ -(*B#+&N+.N+

,5,CFG+ >-&4()*+()+#B-+."%)()*+HB&#+&(%>()-+H":>8+?":+'%-2-%+I+

@,FJ+ :N+$N+&(%++

,5,CFG+ (+0:%%-)#>?+B&4-+?":+>-&4()*+%(0B.")8+")+#B:%$8&?M+L:)-+$-4-)#B+()+#B-+
."%)()*+&%%(4()*+()+;&)$&$+0(#?+O?()*+")+:N+$N+&(%+N+($+#B($+0"%%-0#+I+

@,FJ+ ?-$++

,5,CFG+ "+N+;+N+#B-)+N+HB-%-+H":>8+?":+>(;-+#"+*"+)-P#+I+

@,FJ+ %(0B.")8+

Q0")4-%$&/")+0")/):-$R+



1&%$()*+H(#B+33Y$+



1&%$()*+H(#B+33Y$+

9-P(0")+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
+
+

3".T()&#"%$+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
+
+

3".T()&#"%$+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
3".'"$(/")+
+

3".T()&#"%$+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
3".'"$(/")+
C?'-W$B(x()*+
+

3".T()&#"%$+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
3".'"$(/")+
C?'-W$B(x()*+
+

3".T()&#"%$+



1&%$()*+H(#B+33Y$+

9-P(0&>+F)#%?+

9-P(0")+

C-P#+

3&#-*"%?+

,?)#&P+ _+

6''>(0&/")+
3".'"$(/")+
C?'-W$B(x()*+
+

3".T()&#"%$+



,:'-%4($-8+9-P(0&>+9-&%)()*+H(#B+
YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

Q<-=>-."?-%+n+3">>()$+bcciR+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+2!3&"4!5#$6+
+



,:'-%4($-8+9-P(0&>+9-&%)()*+H(#B+
YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+

Q<-=>-."?-%+n+3">>()$+bcciR+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+2!3&"4!5#$6+
+



,:'-%4($-8+9-P(0&>+9-&%)()*+H(#B+
YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+ 6>>+'"$$(T>-+$:TW$#%()*$S+

+
(o8+
>(;-+
(o8+>(;-+
#"+*"+#"+
#"+>"$+
m+

3&#-*"%(-$+0%-&#-8+T?+%:>-$+
#%(**-%-8+2%".+#B-+>"*(0&>+2"%.S+
+
,wZ+S+2!3!"
78797:";"2!3"2%3"2&3%4&61'"4&5!6"
<"

Q<-=>-."?-%+n+3">>()$+bcciR+

L&

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+2!3&"4!5#$6+
+



,:'-%4($-8+9-P(0&>+9-&%)()*+H(#B+
YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
9"*(0&>+2"%.S+2!3&"4!5#$6+
+

D:#':#+
9-P(0")+ 6>>+'"$$(T>-+$:TW$#%()*$S+

+
(o8+
>(;-+
(o8+>(;-+
#"+*"+#"+
#"+>"$+
m+

3&#-*"%(-$+0%-&#-8+T?+%:>-$+
#%(**-%-8+2%".+#B-+>"*(0&>+2"%.S+
+
,wZ+S+2!3!"
78797:";"2!3"2%3"2&3%4&61'"4&5!6"
<"

Q<-=>-."?-%+n+3">>()$+bcciR+

L&



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+9-&%)()*+
H(#B+YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+ ,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

@,FJS++ )-H+?"%;++

,5,CFGS+>-&4()*+)-H+?"%;N+[3DZ`aJGS+
#$%&['M+-./^^+*"()*+#"+HB(0B+0(#?I+
[6,]S+_!N,%['M+!^^+

@,FJS++ >"$+&)*->-$++

,5,CFGS+O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+
,%['M++)^^+

Q0")4-%$&/")+0")/):-$R+



,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

@,FJS++ )-H+?"%;++

,5,CFGS+>-&4()*+)-H+?"%;N+[3DZ`aJGS+
#$%&['M+-./^^+*"()*+#"+HB(0B+0(#?I+
[6,]S+_!N,%['M+!^^+

@,FJS++ >"$+&)*->-$++

,5,CFGS+O?()*+#"+>"$+&)*->-$N+[3DZ`aJGS+
,%['M++)^^+

Q0")4-%$&/")+0")/):-$R+

a)8(%-0#>?W$:'-%4($-8+9-P(0&>+9-&%)()*+
H(#B+YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

@$-+>"*(0&>+
0")$#&)#$+2%".+

$?$#-.+:=-%&)0-$+
&$+#%(**-%$+

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+9-&%)()*+
H(#B+YFZ9Fy+

a)':#+
C%&()()*+
FP&.'>-+

D:#':#+
9-P(0")+ 6>>+'"$$(T>-+$:TW$#%()*$S+

+
(o8+
>(;-+
(o8+>(;-+
#"+*"+#"+
#"+>"$+
m+

3&#-*"%(-$+0%-&#-8+T?+%:>-$+
#%(**-%-8+2%".+#B-+>"*(0&>+2"%.S+
+
,wZ+S+2!3!"
78797:";"2!3"2%3"2&3%4&61'"4&5!6"
78797:";"2!3"2%3"2&3%4&61()"*4&5!6"
<"L&

,-)#-)0-S+ ++(o8+>(;-+#"+*"+#"+>"$+&)*->-$+
3")4-%$&/")S+ ,5,CFGS+B"H+0&)+(+B->'+?":I+[D1FZ\C6,]^+

@,FJS++ (o8+>(;-+#"+*"+#"+>"$+&)*->-$+

,5,CFGS+>-&4()*+HB&#+0(#?I+[6,]S+_!"#$%&
['M+!^^(

Q0")4-%$&/")+0")/):-$R+



a)8(%-0#>?W$:'-%4($-8+9-P(0&>+9-&%)()*+
H(#B+YFZ9Fy+

D:#':#+
9-P(0")+ 6>>+'"$$(T>-+$:TW$#%()*$S+

+
(o8+
>(;-+
(o8+>(;-+
#"+*"+#"+
#"+>"$+
m+

3&#-*"%(-$+0%-&#-8+T?+%:>-$+
#%(**-%-8+2%".+#B-+>"*(0&>+2"%.S+
+
,wZ+S+2!3!"
78797:";"2!3"2%3"2&3%4&61'"4&5!6"
78797:";"2!3"2%3"2&3%4&61()"*4&5!6"
<"L&

Y-)-%&#-8+9-P(0")+($S+
•  D4-%*-)-%&>(7-8+
•  C90+84-/</&



J-$:>#$S+6T>&/")+C-$#$+

!I,0<&",<0=&"/<.50&
$30/9<& GG#&

%./0M& N/0,--& O)& %./0M& N/0,--& O)&

A(#B":#+0")4-%$&/")&>+>"$$+ cNri+ cNrq+ cNri+ cNff+ cNiq+ cNih+

A(#B":#+8".&()+>"$$+ cNqb+ cNqb+ cNqb+ cNfh+ cNif+ cNfg+

P3.&,44.+,0=& (MQR& (MQ)& (MQ'& (MSS& (MQT& (MQU&

E-4->"'.-)#+,-#+J-$:>#$+



J-$:>#$S+F4&>:&/")+E&#&+

!I,0<&",<0=&"/<.50&
$30/9<& GG#&

%./0M& N/0,--& O)& %./0M& N/0,--& O)&

Z"+0")4-%$&/")$+T&$->()-+ c+ c+ c+ cNgf+ cNgi+ cNgi+

D:%+&''%"&0B+ cNip+ cNii+ cNif+ cNpi+ cNdi+ cNdh+

,:'-%4($-8+.-#B"8+ cNd+ cNfp+ cNfh+ cNpd+ cNdp+ cNpb+

%,.:,-&E./75<&"/<.50&
$30/9<& GG#&

%./0M& N/0,--& O)& %./0M& N/0,--& O)&

Z"+0")4-%$&/")$+T&$->()-+ cNbf+ cNri+ cNbh+ cNbf+ cNrr+ cNbh+

D:%+&''%"&0B+ cNfp+ cNfr+ cNfi+ cNhd+ cNid+ cNdb+

,:'-%4($-8+.-#B"8+ cNdi+ cNfp+ cNdb+ cNhf+ cNfp+ cNdh+


