USC Viterbi

School of Engineering

"HEUSE & OB+, *-96)./&%+*0+1." +2.

"HY6& (HS)*+,-.[*Of(1234&#$*32+5'6373(389%: 26#993: #2 (#<*=:0*>? @A

I"IHSYRIGSH () +,-( X S(*$/*0*(.-1$
#1(),-(*)2$"(345'*1$6.7*85.+.1



"#3% &A™

| 1H$%&S$($)(%$*+&, -, /.01

| 'H$%& () F+08H,"-#.10". 1+t $+2" 3 H/) Att#



"#3% &A™




"#3% &A™

" HSOHE Y () S S VoS, (HI%6' ()5S Yo+ #




"#3% &A™

" HSOHE Y () S E VoS, (HRI96' () S+ Yo+ HH

AN

5("3#+#6+1")/+ Yot
7'07'24/8 OHHE"" )\ Yo #
3+ (4#




()" *&*$+$#,-.10"),

| 20$.3%-$/84.56$-$/-)47-4($0"-0$3*(-83$-,&70%$/.8(/."8&%$89$
(:003;

| 1($5-)$30-+0$".0"$-$7).:(+3($&9$-0&<.5$(:()03=$0".)43$0"-0$
5&7/%%$"-**()$&+$-#3$0"-0$0"($'&+/%$5& 7/%$,($

| >"()?2$-$*+8&,-,./.04#$%.30+.,70.&)$.3$-$97)50.8)$0"-0$<-*3$
(:003%$.)0&$-$+-)4($,(0'(0S@(+&$-)%$&) (=$A=$(:()03BC?$DE



()"*&*$+$#,-./10"),-12$"34

I AF>+7(GSHSDSHSAFIGS

>"($*+&,-,./.0#$&9$>+7($.3$&)(;$20%$.380"($*+&,-,./.0#$&9$0"($
7).:(+3(?$0"($*+&,-,./.0#$0"-0$3&<(0".)4$.)$0".3$+(-/<$&9$
%.35733.&)$0"-0$'($"-:($-:-./-,/($0&$73($.35&) (;$

| AFJ-/3(GSH$CSHSAF)7//G

>"($*+&,-,./.0#$&9$I-/3($.3$C;$2)$0(+<3$&9%$-0&<.5$(:()03?2$J-/3(
350" ($(<*0#$3(0:$



()"*&*$+$#,-./10"),-12$"34

P(A! B) = P(A)+ P(B)" P(A#B)




()"*&*$+$#,-./10"),-12$"34

P(A! B) = P(A)+ P(B)" P(A#B)




5&'6"3-7&)$&*+04

| K$+-)%8&<$:-+.-,/(=$.0$5-)$, ($58)3.%(+(%$-3$-$<-+*.)4$9+&<$
-$%.35+(0($%&<-.)$0&$-$+-)4($9+&<$CH0&$D;$

I 20$37<3$0&$DB&:(+$0"($%0&<-.)$
| LM-<*/($NO=$N-.).)4

| "3+ %<H($H=HE+.)
| >+/%/%?#@)($' A#BH#CDE



5&'6"3-7&)$&*+04

I N-.).)48F>+7(G$HSC;P
| AFN-.).)4$H$>+7(G$HS$C;P

| AFN-.).)4$H$J-/3(G$H$1



5&'6"3-7&)$&*+04

I N-.).)48F>+7(G$HSC;P
| AFN-.).)4$H$>+7(G$HS$C;P

| AFN-.).)4$H$J-/3(GSHS






1I8+#3$9+0-5&'6"3-7&)$&*+04

"4$ *&# ()&
06&H () &'
+(,-#%&. | 0.4 0.1
"4#$ 0.2 0.3
#(,-H#%&.




1I8+#3$9+0-5&'6"3-7&)$&*+04

"H#$ *&#'()'&'
06&# ()&
+(,-#%&. | 0.4 0.1
"H#$ 0.2 0.3
H#(,-H#%&.

AF>+730.)4G$HS$C;Q
AFR&0$>+730.)4GSHS$C:;Q$



1I8+#3$9+0-5&'6"3-7&)$&*+04

!ll#$ *&#l()l&l
06&# ()&
+(,-#%&. | 0.4 0.1
"4#$ 0.2 0.3
#(,-H#%&.

AFR&0$.)0(+:()(GSHS$1$



1I8+#3$9+0-5&'6"3-7&)$&*+04

"4$ *&#'()'&
06&H () &'
+(,-#%&. | 0.4 0.1
"4#$ 0.2 0.3
#(,-H#%&.

AFR&0$.)0(+:()(G$HS$C:S$



ESHE" & +-() &S+ BH,

I ASFSKSTSUGLS




ESHE" & +-() &S+ BH,

P(A! B)

P(AIB) =~y

U

We only consider the part of the world, where B is True.



"ESHE " &+-()" & S+$H,

"#$ *&H()'&
%&#|()|&|
+(,-#%&. | 0.4 0.1
!II#$ 0.2 0-3
#(,-#%&.

P (Not-Intervene|Trusting) =




"OSHS" &t-() " &S +SH,

"H#$ <& ()&
%&H ()8
+(1'#%& 0.4 0.1
I"#$ 0.2 0.3
#(,-#%&.
0.4

P (Not-Intervene|Trusting) = —

0.5

0.8



("4#0)$")-9)"*&*$+$H,-

P(BIA)P(A)

P(AIB) = 5

P (Observation|State)P (State)

P (State|Observation) = P (Observation)



("4#0)$")-9)"*&*$+$H,-

P(A)= P(AIB)P(B)+ P(A|! B)P(! B)

P(A)= P(A! B)+ P(A!" B)



("4#0)$")-9)"*&*$+$H,-

!ll#$ *&#l()l&l
06&# ()&
+(,-#%&. | 0.4 0.1
"4#$ 0.2 0.3
#(,-H#%&.

P (Intervene |T rusting )P (T rusting )
P (Intervene)

P (Trusting |Intervene) =



("4#0)3")-9) "™ &*$+3#,-

"#$ *&#'()'&'
%&H#()'&'
+(,-#%&. | 0.4 0.1
I"#$ 0.2 0.3
#(,-#%8&..
. 0.2! 0.5
P (T rusting |Intervene) = =0.25

0.4



"33"-50&4"$";-

| VO-+0$'.0"$-$*+.8+%-,&70$™(0"(+$"7<-)$.350+730.)4$8+$)&0%

| W,3(+:($(.%()5(?$(:4;7$"7<-)$.)0(+:().)4

| 196-0($, (/.(9$8)$"7<-)$0+730



"398#%':-7&+804

| X&'$5-)$($5&<*70(SAF2)0(+:()($ST$>+730.)4G1$



"398#%':-7&+804

I X&'$5-)$'($5&<*70($AF2)0(+:()($T$>+730.)4G1

I K38%*(&*/($-,&70%$0"(.+$0+730%.)$0"($+&,&0$0")S(M-<.)($0"(.+$
(-1 8+9;

| Y(-+).)4$5&)%.0.&)-/$*+&,-,./.0.(3$'.0"$5-73-/$30+7507+($.3%
(-3.(+%



<0&)'$';-:&84&+-=#)8>#8)04

| [($/(0$+7)).)4$-$73(+$307%#$'.0"$4+-%7-0($307%()03
| 1($0"()$+7)$-$3(58)%$307%#$'.0"$-$%.99(+()0$-4($4+& T

| L/I$SAF0+730.)4$T$.)0(+:()(GS$,($0"($3-<(1%



<0&)'$';-:&84&+-=#)8>#8)04

| 1($/(0$+7)).)4$-$73(+$307%#$'.0"$4+-%7-0($307%()03
| 1($0"()$+7)$-$3(58)%$307%#$'.0"$-$%.99(+()0$-4($4+&T*
| L/I$SAF0+730.)4$T$.)0(+:()(GS$,($0"($3-<(1%

| 1LI/$AFO+730.)4G$,($0"($3-<(1$



<0&)'$';-:&84&+-=#)8>#8)04

| 1($/(0$+7)).)4$-$73(+$307%#$'.0"$4+-%7-0($307%()03

| 1($0"()$+7)$-$3(58)%$307%#$'.0"$-$%.99(+()0$-4($4+&T*
| L/I$SAF0+730.)4$T$.)0(+:()(GS$,($0"($3-<(1%

| 1/I$AF0+730.)4G$,($0"($3-<(1$

| AF.)O(+:()($T$0+730.)4G$%&(3$) &0$%(*()%$&)$0" ($++.&+$0+7
0"($+&,807Z%



?'6090'60'#-@%0'#4

| )&".)4$0"-03U$.350+7($%&(3)\0$4.:($73$-)#S<&+($
)9&+<-0.&)$-,&70$K:$

P(A|IB)= P(A)
P(B|A)= P(B)




?'6090'60'#-@%0'#4

| K+($O(<*(+-07+($-)%3$0.<($89$0" ($%-#3$.)%(*()%()01$

I K+($0"($(:()03%].)0(+:() ("$-)%$]0+730.)4"$.)%(*()%()01%



?'6090'60'#-@%0'#4

| K+($O(<*(+-07+($-)%3$0.<($89$0" ($%-#3$.)%(*()%()01$
| K+($0"($(:(03$].)0(+:()("$-)%$]0+730.)47$.)%(*()%()01

| 1"-0$-,&70$].)0(+:()(*$-)%$]3-%"1$$



"#$5%&'()*+,-&./%)*+$"'0F'/
1/'#)+20/)3$+/4&"5-6

| 1($-)0$0"($3.<*/(30$<&8%(/$0"-0$(M*/-.)3$0"($&,3(+:-0.8)3



""65#%"&+-7'6090'60">0

| K$-)%BUS-+($58)%.0.8)-//#5.)%(*()%()0$4.:0$_BH0"($
*+&,-,./.0O#$&IBKS4.:()PUS-)%$ $.35( 7-/$0&$0"($*+&,-,./.0#$&9%
K$4.:0% =%

P(AIB,C)= P(A|C)



""65#%"&+-7'6090'60">0

| Y(-+).)4%-,&70$8)(3$3-%)(33$%&(3$)&0$3-#$<75"$-,&70$
(0" (+$0" (#$'.//$.)0(+:()(

P (intervene |trusting, sad ) = P (intervene |trusting )



=#&#0

| KY"#'$5-*07+(3$-//$0"($.)9&+<-0.8)$0"-0$0" ($+& 803) (%3$&S
<-8($%(5.3.&)3:$20$<-#55"-)4($&: (+$0.<($375"$-35.03%
[&5-0.&);%

| LM-<*/(=$"-0$.350"($30-0($&93-)$8,a(50$%+&**.)41$



=#&H0-$'-A83&'ED"*"#-2'#0)&>H#S$"

| LM-<*/(=$V-#$0"-03$,(9&8+($4&.)4$9&+$0"($4/-332$0" ($+&,80$4&
9&+$0"($5-)$0"($"7<-)$.)0(+:()(3;$1&7/%$0". 3$*+&:.%($73$
'0"$.)98+<-0.&)$-,&70%$" (0" (+$0" ($*(+3&)$".//$.)0(+:()($
"()$0"($+&,&0$4&(3$9&+$0"($$4/-331%

I 1"-0$.9%'($5-)$<(-37+($0"(.+$0+730%5+.4"0%,(9&+($0" ($+&,&0%
4&(3$9&+$0"($4/-331%



18+#$9+0-C*40)%&HS"4-

| >"($+&,&0%$-00(<*03$0&%$*.58%7*$0"($5-)?$0"()$0"($4/-337%$0"($
*(+38&)%.)0(+:()(3%0'.5(;$

P(l., I4]t t2 P(t +7
P(trusting|lc, Iy) = (Ic, Igltrusting) P(trusting)

P(IC7 [g)

| X&'$5-)$'($5&<*70($ P (l¢, 1 gltrusting )?



18+#$9+0-C*40)%&H#$" 4-

| >"($+&,&0%$-00(<*03$0&%$*.58%7*$0"($5-)?$0"()$0"($4/-337%$0"($
*(+38&)%.)0(+:()(3%0'.5(;$

P(1Ic, Iy|trusting) P(trusting)

P(trusting|Ic, Iy) = P(I, I,)
Cr+d

| X&'$5-)$'($5&<*70($ P (l¢, 1 gltrusting )?

P(lc, lgltrusting ) = P(I¢]trusting )P (I 4|trusting )



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4

(g |
(o) (loms>



D&,04$&'-E0#F")G4

(g |
(o) (o)



D&,04$&'-E0#F")G4

<>
CEECL



D&,04$&'-E0#F")G4

<>
CEECL



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4

o @
SRR



D&,04$&'-E0#F")G4

)|
CHEE



D&,04$&'-E0#F")G4

| L-5"$%& F&++(3%&)%3$0&$-$+-)%&<$:-+.- /(?$".5"$.35(.0"(+$
06.35+(0($&+$5&)0.)7&73:

| b.+(50(%%$/.)83%$5&))(50%*-.+3$&9%) &% (B6HSR(-)3$c$.35-$
*-+()0$&9%d;$

| L-5"$)&8%($"-3$-$5&)%.0.&)-/$*+8&,-,./.0#$%.30+.,70.8)=$
ART*-+()03 FCGG;

| L-5"$)&%($.3% £9%$.03$)8&)
%(35()%()034.:()$.03%*-+()03



D&,04$&'-E0#F")G4



D&,04$&'-E0#F")G4

’’’’’

’’’’’

,,,,,



D&,04$&-E0#F")G4

= IT"_, P(X;|parents(X;))

.....



D&,04$&-EO#F")G

D P(D) T P(T)
0.3 t 0.5

T P(I_G|T)
0.2
f 0.7

D T [P(L_C|D,T)
f f 0.7

f t [0.05

t f |09

t t [02




D&,04$&-EO#F")G

P(lc,lg,T,D)= P(lc,1|T,D)P(T,D)



D&,04$&-EO#F")G

P(lc,16,T,D)= P(l¢c,lg|T,D)P(T,D)
= P(Ic|T,D)P(I¢|T,D)P(T)P(D)



D&,04$&-EO#F")G

P(lc,16,T,D)= P(l¢c,l|T,D)P(T,D)
= P(Ic|T,D)P(I¢|T,D)P(T)P(D)
= P(c|T,D)P(Ic|T)P(T)P(D)



@2&39+0

! g'-)()1$.3$0"($*+&,—,./.O#$&9$O"($"7<-)$.)O(+:().)4$.)$O"($



@2&39+0

! !"-)O$.3$O"($*+&,—,./.O#$&9$O"($"7<-)$.)O(+:().)4$.)$O"($
5-)1

P(lc)= P(I¢|D, T)P(D, T)+ P(lc|! D,! T)P(! D,! T)+ P(CID,! T)P(D,! T)+ P(C|! D, T)P(! D, T
=0.2"03"05+0.7"0.7"05+0.9"0.3"0.5+0.05" 0.7" 0.5
=0.428



D&,04$&-EO#F")G

D P(D) T P(T)
0.3 t 0.5

T P(I_G|T)
0.2
f 0.7

D T [P(L_C|D,T)
f f 0.7

f t [0.05

t f |09

t t [02




()"*&*$+$4#$>-50&4'"$' ; '"%O)' $30

AUR
a robotic desk lamp

Guy Hoffman

MIT Media Lab
May 2007




=#&HO-@AH$38HS"-C%0)-.$30



=#&HO-@AH$38HS"-C%0)-.$30

"4 SY&H () "+ (), %

P(X¢[Xo:1tr 1) =



=#&HO-@AH$38HS"-C%0)-.$30

"4 SY&H () "+ (), %

P(X¢|Xo:tr 1) = P(X¢]| X1 1)

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



=0>"6-C)60)-!"60+

P(Xt[Xotr 1) = P(X¢| Xt 1, X1 2)



=0>"6-C)60)-!"60+

P(Xt[Xotr 1) = P(X¢| Xt 1, X1 2)



P(Xt[Xt1 1) = P(Xtr 1[Xt1 2)



=0'4")-1"60+

X1 Xt Xi+1

ONON®

P(Z:[Xo0:1t) = P(Z¢|Xt)




D&,04%$&'-J$+#0)9$";

P(thzlzt) —



D&,04%$&'-J$+#0)9$";

P(thzlzt) — P(thzt,zl:t! 1)



D&,04%$&'-J$+#0)9$";

P(thzlzt) - P(thzt,zl:t! 1)
P (zt|Xt, Z1:tv 1)P (Xt|Z1:t1 1)

P(Zt |Zl:t! 1)



D&,04%$&'-J$+#0)$';

P(thzlzt) — P(thzt,zl:t! 1)

_ P(zi[xt, Z1:tr 1)P (Xt |Z1:00 1)
P(zi|z1:t0 1)
= !P(Zt|Xt,ZI1:t! 1)P (Xt|Z1:t1 1)




D&,04%$&'-J$+#0)$';

P(thzlzt) - P(thzhzl:t! 1)
_ P(zt|xt, 2100 1)P (Xt]Z1:11 1)

P(zt|z1:t1 1)
= !P(Ztlxt,zll:t! 1)P(thzlit! 1)
— !P(Ztlxt) P(Xt,Xt! 1lzl:t! 1)

>§t! 1



D&,04%&'-J$+#0)%';

P(thzlzt) = P(thzt’zlzt! 1)
P(z|Xt,Z1:t1 1)P (Xt|Z2:t1 1)
I:)(Ztlzl:t! 1)
= !P(Zt|Xt,ZI1:t! 1)P (Xt]|Z1:t1 1)

p— !P(Ztlxt) P(Xt,Xt! 1|21:t! 1)

Xtr 1
|

= P (z|X¢t) | P(Xt|Xtr 1,Z1:tr 1)P (Xt 1]Z1:01 1)
Xt 1




D&,04%&'-J$+#0)%';

P(thzlzt) = P(thzt’zl:t! 1)
P(z¢|Xt,Z1:tr 1)P (Xt|Z2:t1 1)
I:)(Ztlzl:t! 1)
= !P(Zt|Xt,ZI1:t! 1)P (Xt]|Z1:t1 1)

!P(Ztlxt) P(Xt,Xt! 1|21:t! 1)

Xtr 1
|

L P (z¢|X¢) | P (X¢|Xt1 1, Z1:tr 1)P (Xer 1]Z1:tr 1)

Xt1 1
|

| P (z:|X¢) | P(X¢|xt1 1)P(Xt1 1]Z1:t1 1)

Xtr 1
!




D&,04%&'-J$+#0)%';

P(thzlzt) = P(thzt,zl:t! 1)
P(z¢|Xt,Z1:tr 1)P (Xt|Z2:t1 1)
I:)(Ztlzl:t! 1)
= !P(Zt|Xt,ZI1:t! 1)P (Xt]|Z1:t1 1)

!P(Ztlxt) P(Xt,Xt! 1lzl:t! 1)

Xtr 1
|

L P (z¢|X¢) | P (X¢|Xt1 1, Z1:tr 1)P (Xer 1]Z1:tr 1)

Xt1 1
|

| P (z:|X¢) | P(X¢|xt1 1)P(Xt1 1]Z1:t1 1)

Xtr 1
!




D&,04%$&'-J$+#0)9$";

P(Xtlzet) = 'P(ze|xt) P (Xelxer 1)P (Xt 1]Za:t1 1)

Xt1 1
|

b(x¢) = 'P(zext)  P(X¢|Xt 1)b(Xt1 1)

Xt1 1



D&,04%$&'-J$+#0)9$";

b(x¢) = ! P(z¢|x¢) | P(Xt[Xt1 1, Z1:t1 1, Ur:e)B(Xt1 1)

Xt 1

Algorithm 0"12)'3.4-2#(1"#,..), $,, %9

For all x, do:
B(x:) = P (Xt|Xt1 1, U)b(Xt1 1)
b(xt) = I P (z¢[x¢)8(Xt)

Endfor

Return b(X;)



@2&39+0

States&Xx = {Desk, W hiteboard, Door}

Observations: Z = {sense! desk, sense! whiteboard, sense! door}



@2&39+0

States&Xx = {Desk, W hiteboard, Door}

Observations: Z = {sense! desk, sense! whiteboard, sense! door}

Transitions: Sensor:
Xt+1 Zt
04 04 02 05 01 01
X;=04 04 02 X¢=01 08 01
0.0 00 10 0.1 01 038

/Ay

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”



@2&39+0

States&Xx = {Desk, W hiteboard, Door}

Observations: Z = {sense! desk, sense! whiteboard, sense! door}

Transitions: Sensor:
Xt+1 Zt
04 04 02 05 01 01
X;=04 04 02 X¢=01 08 01
0.0 00 10 0.1 01 038

/Ay

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = 'P(z1|x1) P (X1]x0)P (Xo)

X0



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = 'P(z1|x1) P (X1]x0)P (Xo)

X0
P (deskjsense! desk) = ! P(sense! deskjdesk)[P (deskldesk)P (desk)
+ P (desklwhiteboard)P (whiteboard) + P (deskjdoor)P (door)]



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = 'P(z1|x1) P (X1]x0)P (Xo)

X0
I P(sense! deskldesk)[P (deskidesk)P (desk)
+ P (desklwhiteboard)P (whiteboard) + P (deskjdoor)P (door)]
10.8(0.4" 0.333+0.4" 0.333+0" 0.333)

P (deskjsense! desk)



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = 'P(z1|x1) P (X1]x0)P (Xo)

X0
I P(sense! deskldesk)[P (deskidesk)P (desk)
+ P (desklwhiteboard)P (whiteboard) + P (deskjdoor)P (door)]
10.8(0.4" 0.333+0.4" 0.333+0" 0.333)
10.8" 0.8" 0.333

P (deskjsense! desk)



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = 'P(z1|x1) P (X1]x0)P (Xo)

X0
I P(sense! deskldesk)[P (deskidesk)P (desk)
+ P (desklwhiteboard)P (whiteboard) + P (deskjdoor)P (door)]
10.8(0.4" 0.333+0.4" 0.333+0" 0.333)
10.8" 0.8" 0.333
10.213

P (deskjsense! desk)



@2&39+0

States: z = {Desk, W hiteboard, Door}

z = {sense — desk, sense — whiteboard, sense — door}

Observations:
Transitions: Xt+1 Sensor: Zt
0.4 0.4 0.2 0.8 0.1 0.1
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = ' P(z1|x1) P (X1|x0)P (Xo)

X0



@2&39+0

States: z = {Desk, W hiteboard, Door}

z = {sense — desk, sense — whiteboard, sense — door}

Observations:
Transitions: Sensor:
S S Xt+1 S Z,
0.4 0.4 0.2 0.8 0.1 0.1
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = ' P(z1|x1) P (X1|x0)P (Xo)

X0

P (whiteboard|sense! desk)



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = ' P(z1|x1) P (X1|x0)P (Xo)

P (whiteboard|sense! desk)

X0

10.1(0.4" 0.333+0.4" 0.333+0" 0.333
10.1" 0.8" 0.333
10.027



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1]z1) = ' P(z1|x1) P (X1]x0)P (Xo)

X0

P (door|sense! desk)= 10.1(0.2" 0.333+0.2" 0.333+1.0" 0.333
10.1" 1.4" 0.333
10.047



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

10.213+10.027+10.047=1
l =1/0.287
| =3.48

P(x1) = (0.7440.0930.163,  639(:$:35133%<+**)=$



@2&39+0

States: z = {Desk, W hiteboard, Door}

z = {sense — desk, sense — whiteboard, sense — door}

Observations:
Transitions: Xt+1 Sensor: Zt
0.4 0.4 0.2 0.8 0.1 0.1
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1) = (0.744,0.093 0.163  639(:$:3$133%<+**)=$

P(X2|21,22) = ! P(z2x2) P (X2|X1)P(x1)

X1



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1) = (0.7440.0930.163  639(:$:35133%<+**)=$
P(X2|z1,22) = ' P(Z2|X2)  P(X2[x1)P(X1)

X1

10.1! (0.4! 0.742+0.4! 0.094+0! 0.163
10.034

P (X, = deskjo; = desk, @ = door)



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1) = (0.744,0.093 0.163  639(:$:3$133%<+**)=$

P(X2|z1,22) = 'P(22]%2) P (Xa2|x1)P(x1)

X1
P (x2 = whiteboard|o; = desk,@ = door) = 10.1! (0.4! 0.742+0.4! 0.094+0! 0.164
=0.034
= 10.034



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1) = (0.744,0.093 0.163  639(:$:3$133%<+**)=$

P(X2|z1,22) = 'P(22]%2) P (Xa2|x1)P(x1)

X1
P (x2 = whiteboard|o; = desk,@ = door) = 10.1! (0.4! 0.742+0.4! 0.094+0! 0.164
=0.034
= 10.034

>?@$AB;?.(30*5)+C$5'+$AB+317C$03-*D3$3E,58F$



@2&39+0

States: z = {Desk, W hiteboard, Door}

Observations: z = {sense — desk, sense — whiteboard, sense — door}
Transitions: Sensor:
Xtt1 Zy
04 04 0.2 0.8 0.1 0.
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x1) = (0.744,0.093 0.163  639(:$:3$133%<+**)=$

P(x2]z1,22) = 7P (Z2|%2) P (X2|X1)P(X1)

x1

P (X, = door|o, = desk,@ = door) = n0.8! (0.2! 0.744+0.4! 0.093+0! 0.163
= 10.2643

P (x,) = [0.1,0.1,0.80]



@2&39+0

States: z = {Desk, W hiteboard, Door}

z = {sense — desk, sense — whiteboard, sense — door}

Observations:
Transitions: Xt+1 Sensor: Zt
0.4 0.4 0.2 0.8 0.1 0.1
X; =04 04 0.2 X; =01 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

P(x2) =[0.1,0.1,0.80] G.'588@:$;3$*013)H3$<+317=

1 1 1 7

. 3 3 3
5y = 0744 0093 Q163
X)= %01 01 08¢
041 005 054



()06$>#3';-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)=



()06$>#3';-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)



()06$>#8';-#/0-J848)0
| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)

P(Xt+k|Z1:t) = P (Xt+ k» Xt+ k1 1]Z1:t)

Xt|+ k! 1



()06$>#$':-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)

P(Xt+k|Z1:t) = P (Xt+k» Xt+ k1 1]Z1:t)

Xt|+ k! 1

F)(Xt+ klzl:t y Xt+ K| 1)P(Xt+ k! 1|21:t)

Xt|+ k! 1



()06$>#$':-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)

P(Xt+k|Z1:t) = P (Xt+k» Xt+ k1 1]Z1:t)

Xt|+ k! 1

F)(Xt+ klzl:t y Xt+ K| 1)P(Xt+ k! 1|21:t)

Xt|+ k! 1

P (Xt+ k|Xt+ k1 1)P (Xt+ k1 1]Zt:t)

Xt+K! 1



()06$>#$':-#/0-J8#8)0

Flltering
1/3,1/3,1/3
0.744,0.093, 0.163
0.101, 0.101,0.798
0.413,0.052, 0.536

*:$;.88$(?3$J)*050.8.(.31$-75'K3$.'$1,013E,3'($(.D3L(3I1F

States: x = {Desk, W hiteboard, Door}

z = {sense — desk, sense — whiteboard, sense — door}

Observations:
T itions: S :
ransitions X ensor Z,
04 04 0.2 0.8 0.1 0.1
X, =04 04 0.2 X;=0.1 08 0.1
0.0 0.0 1.0 0.1 0.1 0.8

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”



()06$>#$':-#/0-J8#8)0

| L5@31.5'$G.8(3). K

Flltering
1/3,1/3,1/3
0.744, 0.093, 0.163
0.101, 0.101,0.798
0.413,0.052, 0.536

0.1860, 0.1860, 0.6280
0.1490, 0.1490, 0.7020
0.1190, 0.1190, 0.7620
0.0950, 0.0950, 0.8100
0.0760, 0.0760, 0.8480

A)*050.8.(.31$D*H3$(*$5$1(5(.*'5)@$+.1().0, (.*



()06$>#3';-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)

| V<&&0")4=8P (Xy |14 ), Kk <t



()06$>#3';-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

| A+(%.50.8)P (Xt+ Kk |Z1:1)

| V<&&0")4=8P (Xy |14 ), Kk <t



()06$>#$':-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

P(Xtlzet) = 'P(ze|xt) P (Xelxer 1)P (Xt 1]Za:t1 1)

Xt1 1
|



()06$>#$':-#/0-J8#8)0

| U-#(3.-)$3./0(+.)4=$P (Xt | Z1:t)

P(Xtlzet) = 'P(ze|xt) P (Xelxer 1)P (Xt 1]Za:t1 1)

Xt1 1

1.0 = 'FORWARD (f 1.0 1, %)



=3""#/$";
P(Xk|z1:t),k <t

P (Xk ‘Zl:t) =P (Xk ‘Zl:k, Lk +1: t)



=3""#/$";
P(Xk|z1:t),k <t

P(Xk‘zl:t) — P(Xk‘zl:k,zkﬂ:t)
- !P(Zk+1:t‘Xk1zl:k)P(Xklzl:k)



=3" 41
P (Xklzlzt)! k <t

= | P(Zk+1: t | Xk Zl:k)P(Xklzlik)
= | P(Zk+1:t Xk)P(Xk‘Zlik)




=3" 41
P (Xklzlzt)! k <t

P(Xk|z1:t) = P(Xk|Z1:k» Zk+1: t)
= P (Zk+1: t|Xk» Z1:k) P (Xk|Z1:x)
= P (Z+1: t[Xk) P (Xk | Z1:x)
= B+1:t ! Tak




D&>GF&)6-(844

b+1:t = P(Zk+1: t[Xk)




D&>GF&)6-(844

b1t = P(Zier t)Xk) =

X|k+1

P(Zk+1: t, Xk+1 [Xk)




D&>GF&)6-(844

b1t = P(Zier t)Xk) =

ﬁk+1

ﬁk+1

P(Zk+1: t» Xk+1 [Xk)

P(Zk+1: t|Xk+1 » Xk )P (Xk+1 [Xk)




D&>GF&)6-(844

D+1:t = P(Zk+1:t|Xk) = P(Zk+1: t, Xk+1 [Xk)

ﬁk+1

P(zk+1: t|Xk+1 » Xk )P (Xk+1 [Xk)

ﬁk+1

P (Zk+1: t|Xk+1 )P (Xk+1 |Xk)

ﬁk+1

Xt1 Xt Xt+1

ONONO®



D&>GF&)6-(844

b+1:t = P(Zk+1: t[Xk)

Xk +1

Xk +1

Xk +1

Xk +1

I:)(Zk+1: ty Xk+1 |Xk)
P(zk+1: t|Xk+1 » Xk )P (Xk+1 [Xk)
P(Zk+1: t|Xk+1 )P (Xk+1 |Xk)

P(Zk+1 s Zk+2: t [Xk+1 )P (Xk+1 |Xk)



D&>GF&)6-(844

b+1:t = P(Zk+1: t[Xk)

Xk +1

Xk +1

Xk +1

Xk +1

Xk +1

P(Zk+1: t, Xk+1 [Xk)

P(zk+1: t|Xk+1 » Xk )P (Xk+1 [Xk)

P(Zk+1: t|Xk+1 )P (Xk+1 |Xk)

P(Zk+1 s Zk+2: t [Xk+1 )P (Xk+1 |Xk)

I:)(Zk+1 |Xk+1 )P (Zk+2: t|Xk+1 )P (Xk+1 |Xk)




=3" 41
P (Xklzlzt)! k <t

P(Xk|z1:t) = P(Xk|Z1:k» Zk+1: t)
= P (Zk+1: t|Xk» Z1:k) P (Xk|Z1:x)
= P (Z+1: t[Xk) P (Xk | Z1:x)
= B+1:t ! Tak




J$+#0)$';-%4-=3""#/$,

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

"HSY6&" )++8,"(

1"#35%!"#$%!"# 1"#35%!"#$%!"#

&'()$%E& & HSY& 1+#

&'1&1$%& " &!I$&' (*,%

&) HD& & $%& -H#+ &) HB& & $Y& -H#+

I*$+*$@*,$39J3-($(?3$H58,31$(*$8**7$8.73F$$



J$+#0)$';-%4-=3""#/$,

Assume that we observe: ”sense-desk”, “sense-door”, “sense-desk”

I"#$%&" ( )*++8$,"(
1"#$%!"#$%!"# 1"H#$%!"#$%!"#
&'())$%&'&*#S% &' +# &'+++3%&'& #$%&' .-!

&'1&1$%& " &!I$&' (*,%

&' )-$%&")-$%& !

&) HPE & SY& -#+

&) HPE & SY& -H+

>?7@%+.+$(?35AB+317C$+3-)3513F$




