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High-Level Control (I)

Task level description using AI techniques:
–!"##$%$"&'()"$*(&+,

! -".$"&'/#(&&$&0

! 12#, 34(%,*'5,(%"&$&0

! 6,&,.$+'(#0"5$.78%

9',.+:

3

High-Level Control (II)

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

! 2&0%#"*#)34+"%#"&5,'(,+%1)(,)0'

*+,-.(/)

–6""3%()%'*"+,-$%&55%*)'',75"%8#45"'9

! :;"%,0("55,/"0+"%)-%(;"%'$'("1%,'%5,1,("3%7$%,('%,0*4(%)#%(#&,0,0/%

! <&$%0)(%7"%#"4'&75"%&+#)''%3,--"#"0(%&**5,+&(,)0'.3)1&,0'

4
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AI
! !"#"$%&'()'%*+,"#-" "#

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

! !"#"$%&'.*/&,- "#
1(&2(3)%.(4*,#56-*/75$%/2#
$%&'()*5

! !%0"'+"12 "#8(/26%.#
%0*)25#9:;5<

6

Bad AI makes VR/AR users very uncomfortable...
! =>0>#:(/26%.#%0*)25#?%.@()0#2'/360'#A36#

! "#$%&'%()*+,-.&&)/).*,0$.)1%*23,#4432(/,.*,5)/2.64.7(,)*,8)7('%&,#*$)7.*63*(/9,:.;73,<=>?
! @3A73,*%('7%&&B,)*2&)*31,(.,%$.)1,%*,)6637/)$3,$)7('%&,%+3*(

7

Bad AI makes VR/AR users very uncomfortable...
! =A*#B3)2%&2#&%)#1/*%@#65*/5#362

! #C+C,(..,6'2;,)/,2733DBE,(..,&)((&3,)/,)/.&%()*+,F&)G3,HIJK

! B%)#%.53#C*#%#033,#2'()0
! #C+C,(;37%DB,4.7,%'()/()2,G)1/,'/'%&&B,)*$.&$3/,3B3,2.*(%2(,L)(;,$)7('%&,2;%7%2(37/
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Another example (Social cues for Autism therapy)
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Uncanny Valley
! :(/26%.#;0*)25#&%)#C*#/*.%2(8*.A#/*%.(52(&#C62#53$*2'()0#(5#8*/A#311D

! -%'/)*+,'*2%**B,$%&&3B,'/'%&&B,L.7/3,(;%*,M'/(,;%$)*+,'*73%&)/()2N&..G)*+,2;%7%2(37/
! O4(3*,2%'/31,PB,4%23,6.$363*(/E,P.1B,6.().*E,3B3,2.*(%2(E,(%&G)*+,&)G3,7.P.(E,3(2C

! Q.().*,+3*37%&&B,6%G3/,(;)*+/,L.7/3R,L3A73,73%&&B,+..1,%(,D3723)$)*+,)*%22'7%(3,;'6%*,6.().*

10

Handling Uncanny Valley….
! E/*),5>>>>

! FO&1K,S%*1N27%4(,3$37B(;)*+,73%&&B,L3&&TC,S%/*A(,73%&&B,L.7G31,(;'/,4%7,U,$37B,(31).'/V'*/2%&%P&3
! FQ.137*K,5)732(&B,73D&)2%(3,73%&,;'6%*,6.().*,F%*)6%().*,U,(7%2G)*+K

! FW'('73K,J3%7*,L;%(,73%&,;'6%*,6.().*,)/,F133D,&3%7*)*+TC3/D32)%&&B,X0Y/,U,IYY/K,U,3Z(7%D.&%(3

11

Constructing Virtual Agents Using AI

! F%&23/5#23#&3)5(,*/#
G !"##$%$"&'()"$*(&+, F;.L,(.,/(.D,(;36,47.6,L%&G)*+,(;7.'+;,3%2;,.(;37,U,(;3,D&%B37K

! -"+$(#'+.,% FL;%(,;%DD3*/,L;3*,(;3B,+3(,2&./3,(.,%*.(;37,D37/.*TC,S.L,1.3/,)(,%4432(,(7%M32(.7BK

! /(#0'1(22,3&45($2 F;.L,1.,(;3B,L%&G,*%('7%&&BK
! 6,7()$"3' FL;%(,1.,(;3B,1.,L;3*K

! 8&$9(2$"&' FL;%(,3&/3,%73,(;3B,1.)*+,$)/'%&&B,P3/)13/,L%&G)*+K
! !"&%23($&2%

[ :()$5(2$"&(#' F;.L,(.,&)6)(,L;373,(;3B,L%&G,)*,8#K

[ ;$&,9(2$+' FP.1B,6.().*E,)*(37%2().*/,L)(;,.(;37,1B*%6)2,P.1)3/K
! :,2<"30$&5 F;.L,(.,;%*1&3,6'&()D&3,I#0J,'/37/K

! 6"*='>,13,%,&2(2$"&?'8)(2(3% E,8&"&=9$2=' F;.L,(.,%P/(7%2(,P.1)3/,L;)&3,G33D)*+,43%('73/,&)G3,+%)(K,

12

Compare the body representation:

13
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Compare the physical interactions:

14

What makes Boneworks, Asgard’s Wrath, & Half-Life 
Alyx different from older VR games?

! H8*/%..#0/%-'(&%.#I6%.(2A#(5#C*22*/J#56/*D>#K62#2'*/*#%/*#16),%$*)2%.#,(11*/*)&*5
! \;B/)2%&,)*(37%2().*,L)(;,6./(,.PM32(/,)*,8#

[ H],*323//%7B,4.7,+..1,2.&&)/).*,63/;3/,F3C+C,/;.(,)*,%76,L)(;,%77.LK

15

What makes Boneworks, Asgard’s Wrath, & Half-Life 
Alyx different from older VR games?

! H8*/%..#0/%-'(&%.#I6%.(2A#(5#C*22*/J#56/*D>#K62#2'*/*#%/*#16),%$*)2%.#,(11*/*)&*5
! ^.1B,)/,73D73/3*(31,)*,^.*3L.7G/,U,0/+%71A/,@7%(;,13/D)(3,.*&B,;%$)*+,2.*(7.&&37/

_ :G3&3(%&,7)++)*+,`,)*$37/3,G)*36%()2/,FH]K,

16

Recall: “Immersive VR Self” Schwartz 2018 (Oculus)

! =.*$*)25#31#2'*#%&&6/%2*#8(/26%.#%8%2%/
! @$%.(#a,D37/D32()$3N2.7732(,$)/'%&,73D73/3*(%().*

! 8.*$" a,/D%()%&)b31,/.'*1/

[ X3*37%&)b3,(.,%22'7%(3,%'1).,4)3&1E,+..1,SIcW/E,(7%$37/%&E,3(2C
! A"),9,&2 a,D;B/)2%&,P.1B,+3/('73/

[ X3/('73/,%73,*.(,(;3,.*&B,)6D.7(%*(,4%2(.7,

!""#$%&&'($()'*!+,-+*./&0# 1*.2"(2"&3#4.)5$&6789&76&"!(1#'($(2")":.2 1., 1$(4,1:21://('$:;( 1;:'"3)41(2;:'.2/(2"$+#5,

18

https://research.fb.com/wp-content/uploads/2018/02/the-presentation-of-self-in-immersive-virtual-environments.pdf
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Physically-based Simulation (I)

!"#$%&#$'()"$*+$,&-"./"$0*1$($2**3$(,,1*4.5(%.*67$%*$
2#6#1(%#$5*%.*6"

81.5(1-$9":$"#/*63(1-$(/%.*6"

;/%.9#$9":$,("".9#$"-"%#5"

<-6(5./$9":$"%(%./$".5='(%.*6

20

Physically-based Simulation (II)
;*)(&.(0,%
! ="5&(,>"5$%"&'$%()%/"0"#&("%&%-&1,5$%)-%',1,5&#%1)(,)0'
! 2&0%7"%4'"3%-)#%3"'+#,7,0/%#"&5,'(,+?%+)1*5"@%&0,1&(,)0?%"A/A%
3"-)#1&(,)0
! 2&0%/"0"#&("%#"*#)34+,75"%1)(,)0'

<5"4#,8%
! 2;&55"0/,0/%()%74,53%&%',145&()#?%&'%,(%#"B4,#"'%,0C3"*(;%
403"#'(&03,0/%)-%*;$',+'%D%1&(;"1&(,+'
! E"''%5)F C5">"5%+)0(#)5%7$%(;"%4'"#

21
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Motion Capture (I)
!" !"#$",#/.('$"#6"*1"$0%1(/>#1"7$%*$1#/*13$%&#$5*%.*6$*+$($
,#1+*15#1

#"?#/*13#3$3(%($."$%&#6$="#3$%*$2#6#1(%#$5*%.*6$+*1$(6$
(6.5(%#3$/&(1(/%#1$0+.2=1#7

25

Motion Capture (II)
3+1%#4%5"2

L6%2"'78'5"#"$%4,#5'$"%&,24,-'074,7#2

9$7/&"02

L:74'"%2;'47'%--*$%4"&;'0"%2*$"'074,7#2

L<,88,-*&4'47'=2-%&">'7$'=%+?*24>'4@"'$"-7$+"+'074,7#2'47'8,4'4@"'2,A"'78'
4@"'%#,0%4"+'-@%$%-4"$2

LB,0,4"+'-%.4*$,#5'4"-@#7&75;'C'+"1,-"2
•!"#$%&'#%($"')*"'+%',-.#"+(/0,"+-1'+&-/2"&$
•3"$+&(/+")',%+(%#')*"'+%'4(&"$'5'/-61"$'

•7(,(+")'4%&2(#.'8%1*,"

26

Methods of Motion Generation

● Automatic Discovery (High-Level Control)
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!"#$%&'()*+,-.

"#=/,+$>?'.7,'@,?'/"%$.$"&%'>"5'.7,'"4A,+.%'."'4,'
(&$8(.,*:

$#B&.,5/"#(.,'."'*,.,58$&,%'.7,'/"%$.$"&'">'$& 34,.C,,&'
>5(8,%:

28
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!"#$%&'()*+,--.

!"#$%&$'()

–?#'(%.9#'-$#("-$%*$="#

$81*9.3.62$'*) @'#9#'$/*6%1*'

*+,-.(/)
–A#3.*="$(63$"'*)

$?#B=.1.62$%&#$(6.5(%*1$%*$=63#1"%(63$%&#$.6%.5(%#$
3#%(.'"$(C*=%$%&#$(6.5(%#3$*CD#/%"$(63$%&#$/1#(%.9.%-$
%*$#4,1#""$%&#.1$C#&(9.*1$.6$>#-@+1(5#"

29

What IS 3D Animation?
! E'65#1%/#?*M8*#C**)#65()0#24%4,-'0"2@"2N#OP#$3,*.5#2'%2#%.?%A5#.33@#2'*#5%$*
! Q3$*#2'()05#/*I6(/*#$32(3)#9*>0#'6$%)#$38()0J#2%.@()0J#*2&><
! Q3$*#$32(3)5#%/*#-/*,*1()*,#9%.?%A5#2'*#5%$*N#*>0>#2'(5#R6$-<

! #%2;,&..D,'/'%&&B,2%&&31,"+=+#,9

! Q3$*#$32(3)5#%/*#16)&2(3)5+0/%-'5+FQS5
! #C+C,27.'2;dL%&Gd7'*d/D7)*(

! Q3$*#$32(3)5#%/*#-'A5(&57C%5*,+&3)52/%()*,#9*>0>#/%0,3..J#TU<
! ;)($%2(3)#$*2'3,5#,*5&/(C*#2'*5*#$32(3)5

30

Traditional Animation Methods 

! !"#$%&'()*+,-.)#*(".+,'' 9T)2/3,6&2(3)#23#BV<
! W(0'*/ 73/,*/#2/%)513/$5#95-.()*5<
! :*/2*X#;)($%2(3)+S3/-'#E%/0*25+Q'%-*@*A5+K.*),5'%-*5
! Q@*.*2%.#;)($%2(3)
! T)8*/5*#U()*$%2(&5#9TU<#Y#K(3$*&'%)(&%.#B3)52/%()25

31

Keyframes for simple transformations
● 9":;&-,"$ are frames in which a part of transform is explicitly defined
● Interpolate smoothly between keyframes (linearly, sine, etc.)
● We’ll see a Blender example

36
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!"#$"%&'%#()*"+,#$"%

% &'()*+,-.()/012'3/4.(5)4.(26.-/70'6(2,'18
$%&'()*
$+(*,&-(
$.(/&(*
01)'21,)'314-5(*61
7!""#$%%"&'()"!#*+#,()-./'#0./"&12!#*&3(&"#4**5 8

% 9,*:.*;/</2'=)*1)/>2')4.(261/7,*/.*(260-.(2,'/
% ?+)627@2'3/</*)+*)1)'(2'3/;)7,*4.(2,'

37

Higher-Order Trajectories: Spline Animation
_ S)+;37N.7137,$37/).*,.4,/)6D&3,(7%*/4.76,%*)6%().*/

_ -%*,P3,%DD&)31,%/,/.63,D%7(,.4,%&6./(,%*B,.(;37,%*)6,63(;.1
_ e/31,)*,f5,+%63/,(.,;%$3,(;)*+/,6.$3,%&.*+,D73 N134)*31,(7%M32(.7B
_ X)$3/,)6D73//).*,.4,+..1,*%$)+%().*,L;3*,73%& N()63,*%$)+%().*,'**323//%7B

_ O4(3*,'/31,4.7,4&B)*+,(;)*+/,%*1,2%637%/,F3C+C,/)6'&%(3,2%637%,1.&&BK
_ :D&)*3,)(/3&4,2%*,P3,732.6D'(31,3%2;,47%63,(.,+)$3,6.73,1B*%6)2,%DD3%7%*23

!""#$%&&' ' ' () !*+", (-. /&#0.)1-"&"'22 3/+44,) 3! ,+56 3/ .57, 3"0+-83-+/ ,0+ 3
).996&:;<=>?;@<(!"/ 9A$,.BC DE

38

01(.(&$.2!%3/$&3,%
! V*)*/%.#(,*%"

! -73%(3,%,%0,#,2"&4(39(2.3,43$5(;%(,73D73/3*(/,P.*3/,.4,63/;

! \./)().*,P.*3/,(.,P3,)*/)13,63/;,4.7,%,734373*23,D./3,F3C+C,c ND./3E,0ND./3K

! 534)*3,;.L,6'2;,3%2;,P.*3,%4432(/,3%2;,$37(3Z,.4,63/;,F%G%,<,$572%KT,%G%,"%0$&&$&59,(;3,63/;
[ #C+C,/;.'&137,$37()23/,134.76,1'7)*+,P.(;,;3%1,U,/;.'&137,6.().*

! 534)*3,%*)6%().*/,%/,(7%*/4.76,.4,P.*3/
! J)G3,P&3*1/;%D3/R,%*)6%().*/,2%*,P3,13/27)P31,%/,L3)+;(/,`,13&(%c7%*/4.76/R,3Z23D(,6'2;,43L37,

13&(%c7%*/4.76/,73g')731,4.7,/G3&3(.*/,PV2,.*&B,(7%*/4.76/,.4,P.*3/E,*.(,$37()23/

[ ^%G)*+,/G3&3(%&,%*)6,%/,(7%*/4.76/,.4,$37()23/,%2;)3$3/,34432(,.4,P&3*1/;%D3/,
T,%/,L3A&&,/33E,(;3B,.4(3*,'/)*+,)*,'*)/.*

!"#$%&'()*+%', -../',001112$#"%3*("'+*#.+-2+("0/('.045670580590:';<$ =>;?#"( =@<;"#.;(<' =!<=AB%<C%*2#'/?
-../',00"%C;)"2+("0DE%%/>(.;(<!<+0+-#*#+.%* =#<;"#.;(< =656=1%;$-.;<$=F()* =*;$=C7G66HIH7%C+
-../',00IB%<C%*2'.#+J%?+-#<$%2+("0K)%'.;(<'0967L80IB%<C;<$=I(<%=1%;$-.'

40

Skeleton Tree Structures
! K3)*#'*%,+2%(.
! F3/#0%$*#*)0()*5"

! -$&5#,'3""2 R,'/'%&&B,%,P.*3,*3%7,(;3,%P1.63*,F3C+C,Q)Z%6.,'/3/,;)DK
! cBD)2%&&B,'/3,23,,'%23.+2.3, &)G3,.*,(;3,7)+;(

! @.7G/,/%63,L%B,%/,D%73*()*+,/B/(36,4.7,XO/V02(.7/
[ -;)&173*,4.&&.L,D%73*(,P'(,*.(,$)23,$37/%

S)D/VI..(

h:D)*3,
^.*3/i

JVIJ3+I..(

Y32G

CCC

JVI:;.'&137

S3%1

hJVI076^.*3/i

hJVIS%*1^.*3/i

hW)*+37,^.*3/i

CCC

CCC

JVI]*33

JVI0*G&3

hJVIc.3/i

-../',001112$#"%3*("'+*#.+-2+("0/
('.045690540690M(=I(<%' =#I(). =;.=
A(<%'=;<=N;IOEP=#<C=AB%<C%*2#'/?

41

https://www.dhgate.com/product/twzz-manned-heavy-movie-track-camera-dolly/398261958.html
https://www.dhgate.com/product/twzz-manned-heavy-movie-track-camera-dolly/398261958.html
https://www.gamefromscratch.com/post/2016/05/04/Using-Mixamo-Animations-In-Blender.aspx
https://medium.com/@DeepMotionInc/character-animation-101-weighting-your-rig-d63118b86edc
https://blender.stackexchange.com/questions/41695/blending-bone-weights
https://www.gamefromscratch.com/post/2014/02/14/No-bones-about-it-Bones-in-LibGDX-and-Blender.aspx
https://www.gamefromscratch.com/post/2014/02/14/No-bones-about-it-Bones-in-LibGDX-and-Blender.aspx
https://www.gamefromscratch.com/post/2014/02/14/No-bones-about-it-Bones-in-LibGDX-and-Blender.aspx
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Try to use only local deltaRotations
! K3)*#R3()2#-35(2(3)#2A-(&%..A#,3*5)M2#&'%)0*

! 3C+C,'DD37,%*1,&.L37,&3+,%&L%B/,M.)*31,PB,G*33T,L)&&,*.(,1)$37+3,%(,(;%(,D.)*(

! E/%)5.%2()0#C3)*#&%)#&%65*#%?16.#$*5'#,(523/2(3)5
! E'65J#2A-(&%..A#,*5&/(C*#%)($%2(3)5#%5#3).A#/32%2(3)5J#*5->#F3/#'6$%)5

! F$37B,43L,P.*3/,)*,;'6%*,P.1B,%73,(7%*/&%().*%&VD7)/6%()2K

! Q2(&@#23#.3&%.#5-%&*#C+&#5@*.*23)#&%)#C*#3/(*)2*,#$%)A#?%A5#()#0%$*#?3/.,
! W3?#23#.($(2#'3?#$6&'#C3)*5#&%)#/32%2*Z#

! ])*36%()2,2.*/(7%)*(/j,

42

Skeletal Animation Pros
_ O*3,.4,(;3,&3%/(N-\e N)*(3*/)$3,63(;.1/

_ ^.*3/,%73,*%('7%&,L%B,.4,(;)*G)*+,.4,6%*B,%*)6/,&)G3,P.1B,6.().*
_ -%*,13/27)P3,$37B,2.6D&3Z,6.().*/
_ Y%('7%&,.D().*,4.7,(7%2G)*+,/B/(36/,L;)2;,.*&B,73('7*,%,43L,D.)*(/,F6.73,&%(37K

! c;)/,2.$37/,(;3,6%M.7)(B,.4,2.*/'637,(7%2G37/TC,#C+C,])*32(/E,J3%D,Q.().*E,3(2C
_ @)13&B,/'DD.7(31E,'*&)G3,P&3*1/;%D3/,U,+3.63(7B,2%2;3
_ 0&&.L/,4.7,*)23,(733NP%/31,.D()6)b%().*/
_ 0&&.L,4.7,D;B/)2/NP%/31,3Z(3*/).*/,&)G3,7%+1.&&)*+

_ -%*,/;%73,/G3&3(.*/V%*)6/,F*.(,D.//)P&3,LV,.(;37,63(;.1/K
_ -%*,13/27)P3,%*)6/,L)(;, "&#='/G3&3(.*/,F*.,*331,4.7,63/;K

! !"#$%&'("&%"$)*+,!-.()$/&0&$//12+,!&%(&(%3#"&.#43#4

43

Skeletal Animation Cons
! [(00()0#I6%.(2A#(5#()&3)5(52*)2#C+?#OP#$3,*..()0#-/30/%$5
! V*22()0#?*(0'25#/(0'2#(5#/*%..A#'%/,

! W.7('*%(3&BE,(.*/,.4,%'(.N7)++37/,4.7,;'6%*,63/;3/,F3C+C,Q)Z%6.K

! B%)M2#*%5(.A#,*5&/(C*#2'()05#5($(.%/#23#$65&.*#$38*$*)2#9*>0>#1%&*<
! B%)#C*#'%/,#23#5*-%/%2*#/(0(,+)3)7/(0(,#-%/25
! \%/*)2()0#52/6&26/*#()#0%$*#*)0()*5#$*%)5#5@*.*23)#5'36.,#3).A#,*5&/(C*#

(),(8(,6%.#%)($%2*,#3CR*&25#9C%,#13/#.%/0*75&*)*#/*&3)52/6&2(3)<

44

Ragdolling ! H12*)#&3$C()%2(3)#31#5@*.*2%.#%)($]-'A5(&5#*)0()*
! E/*%2#C3)*5#.(@*#*,0*5+&3)2/3.#-3()25#31#&.32'#?(2'#$*5'#&3..(,*/

! #C+C,P'*2;,.4,7)+)1,P.1)3/,%((%2;31,(.,3%2;,.(;37E,&)6)(31,PB,/G3&3(.*

e*)(B,3Z%6D&3a,!""#$%&&,.'3/+32:"<+*./&"!'()5$&#3##("/)$"(' 1
)5;)2*(5 1*!)')*"(' 1#!<$:*$1"..4 1'(4()$(5+=>9??>&

45

https://forum.unity.com/threads/puppetmaster-advanced-character-physics-tool-released.358445/
https://forum.unity.com/threads/puppetmaster-advanced-character-physics-tool-released.358445/
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Kinematics: 6-92314:1,4-&4'1&'2(;('2('-14:19'2(*<3&'=1:4*>(6
! S*2'3,5#13/#1(06/()0#362#2'*#2/%)513/$#31#,(11*/*)2#&3$-3)*)25#31#-%/*)2()0#

52/6&26/*#9656%..A#%#2/**<
! Q3$*#2*/$5"

! >$5$*'B"*= a,%,*.*N134.76%P&3,.PM32(,2.*/(7%)*31,PB,D;B/)2/

! A(&$1.#(2"3 a,%,13$)23,2%D%P&3,.4,6%*)D'&%()*+,(;)*+/,)*,(;3,3*$)7.*63*(
[ e/'%&&B,%,0$&,9(2$+'+7($& .4,2.6D.*3*(/,F'/'%&&B, 3$5$*'B"*$,%K,&)*G31,PB,C"$&2%
[ -.*(7.&&%P&3,M.)*(/,%73,(+2.(2"3% F3C+C,G*'2G&3,)/E,6)11&3VD7.Z)6%&,%73,*.(K

[ #C+C,7.P.(,%76E,;'6%*,%76TC,e/'%&&B,/(7'2('73/,73D73/3*()*+,#$9B%
! D&*',EE,+2"3'FDDGa,4)*%&,13$)23,)*,6%*)D'&%(.7,2;%)*

[ #C+C,7.P.(,2&%LE,;'6%*,;%*1T,(;3,#,(E'.4,(;3,P.*3,(733

!""#$%&&' ' ' (F50G(.0*&#+$"37$$1,$&<(=H??&=<?;
!""#$%&&' ' ' (0,$,+0-!*+", (4,"&I7*10,&J! , 3=H3G.)6 3
F.74"$3. I 3"! , 3!1/+4 3$8,9,"+93/ . ) ,9KI7*?=K=LL?:H><<

48

Forward Kinematics (FK)
! V(8*)#2'*#2/%)513/$5#31#-%/*)2#R3()25J#?'*/*#(5#2'*#*),#*11*&23/Z
! S32(3)#31#%..#R3()25#(5#*X-.(&(2.A#5-*&(1(*,
! :*/A#5($(.%/#23#2'*#$*2'3,#23#0*2#?3/.,#2/%)513/$#31#VH+;&23/#1/3$#.3&%.#

2/%)513/$#31#2'(5#&'(.,#Y#-%/*)25

49

Recall: From Local/Relative Space to Global/World Space
! \62#8*/A#5($-.AJ#(1#OP#$3,*.#(5#2'*#)3,*#31#%#2/**"

! (7%$37/3,'DL%71/,(;7.'+;,(733E,%11)*+,%&&,73&%()$3,&.2%().*,U,7.(%().*E,6'&()D&B,/2%&3/

! :(.D,%4(37,73%2;)*+,L.7&1,.7)+)*,F%G%,7..(K

[ F(7%*/4.76,.4,7..(,73&%()$3,(.,)(/3&4,)/,hD./)().*kF=E=E=KE,7.(%().*kF=E=E=KE,/2%&3kF>E>E>KiCCCC/.,
B.',2%*,G33D,)(37%()*+,P'(,(;3,73/'&(,L.*A(,2;%*+3K

l NY%63,.4,J3$3&,)/,
@.7&1,O7)+)*

:%63,2.*$3*().*,
)*,e#m,

8

50

Forward Kinematics (FK)

_5$,&6#&$,+.$%#&$&78&$9$%$"&6+%3&:;n

! Y.(,L)(;,6./(,2.66372)%&,13$)23/,L;)2;,.*&B, !"#$%&'()&*&

$+,!"+--." TC,@3,1.*A(,(7%2G,/;.'&137,.7,3&P.L
[ 53$)23/,&)G3,o'3/(,2%*,.*&B,/33,)*,47.*(,.4,B.',`,/.63,D37)D;37%&/

! -.'&1,(32;*)2%&&B,'/3,2%637%,(.,4)+'73,.'(,.(;37,M.)*(,D./)().*/TC,^'(,
(7%2G)*+,(32;,)/*A(,g')(3,(;373C,#Z(7%,2%637%/a

[ 073,3ZD3*/)$3

[ -%*,;'7(,37+.*.6)2/
[ I3g')73,/D32)4)2,D&%2363*(

[ e/3,%,&.(,.4,;%71L%73,73/.'723/
[ @.'&1,/()&&,/'4437,47.6,.22&'/).*TC,@;%(,;%DD3*/,)4,3&P.L,+3(/,

P&.2G31n
[ Y331,(.,P3,3+.23*(7)2TC,@3A73,6.$)*+,%L%B,47.6,3Z(37*%&,

13$)23/,U,3Z(37*%&,(7%2G37/,(.,6)*)6)b3,3g')D63*(,/3('D

_/..0&12#"!."&2.!3+01&+4&5".06$!6,7&!3.&5#".,!&!"#,14+"21TCCH;'III

51

https://www.jvrb.org/past-issues/8.2011/2819
https://www.researchgate.net/figure/The-20-body-joints-of-the-human-skeletal-model_fig12_277130688
https://www.researchgate.net/figure/The-20-body-joints-of-the-human-skeletal-model_fig12_277130688
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IK:  Working with only EE + constraints
_ :%63,/(7'2('73,%/,D73$,3Z%6D&3,3Z23D(,*.L,G*.L,L;373,(;3,731,2B&)*137,)/,U,2.*/(7%)*(/,.*,D%73*(/

_ @;)2;,.*3,)/,(;3, ,&*',EE,+2"3'FDDGn,

! D#1"$2"'E,#"0%4,-2'FDEG"##0(8*)#2'*#-35(2(3)#31#2'*#*),#*11*&23/J#1(),#2'*#-35(2(3)#%),#
3/(*)2%2(3)#31#%..#R3()25#()#%#'(*/%/&'A#31#.()@%0*5N#%.53#&%..*,#^03%.7,(/*&2*,#$32(3)_

! ]*.L,+&.P%&,%*1V.7,&.2%&,(7%*/4.76,.4,D%73*(/,F%*1V.7,&.2%&,(7%*/4.76,.4,##K

! @;)2;,>,L3,L%*(,/D32)4)2%&&B,13D3*1/,;3%$)&B,.*,0\HT,3C+C,)*,+%63,3*+)*3/,6)+;(,2.*$37(,47.6,L.7&1,
/D%23,Nd,&.2%&,/D%23,.4,2%637%,P'(,*.(,*323//%7)&B,/G3&3(%&,/D%23T,6.73,&%(37

52

Rotation Example
_ Q.73,D7%2()2%&,4.7,%*)6%().*

_ X)$3*,(;)/,D%73*()*+,/(7'2('73,U,/3(,.4,2.*/(7%)*(/E,L;%(,%73,%*+&3/,%(,M.)*(/E,L;373,)/,(;3,L;)(3,M.)*(n
_ :)6)&%7,(.,;'6%*,%76,G)*36%()2,2;%)*
_ 0*/L37,6)+;(,*.(,P3,)*(')()$3,B3(TC,^'(,)(,L)&&,P3C,H(A/,/'7D7)/)*+&B,/)6D&3,+3.63(7Bj

53

These questions only get more complex...
c;3/3,0H,%73,P%/)2%&&B,.*&B,+)$3*,(7%*/&%().*,2.*/(7%)*(/,PVL,7)+)1P.1)3/T,(;3B,&3%7*,7.(%().*/,*33131,4.7,
%2().*/C,,c;3B,&3%7*,(;3,7.(%().*%&,2.*/(7%)*(/,.$37,()63,FP32.63/,2&3%7,;.L,(;3)7,P.1B,)/,.7)3*(31,.$37,()63,
L;3*,)(A/,.7)+)*%&&B,7%*1.6K

54

Inverse Kinematics (IK)

! ;,,/*55*5#.($(2*,#@)3?.*,0*#31#R3()2#2/%)513/$5
! `5*,#23#53.8*#$%)A#-/3C.*$5#()#&3$-.*X#@()*$%2(&#5A52*$5
! Q($(.%/#23#5A52*$#31#*I6%2(3)5#?'*/*#8%/(%C.*5#%/*#*%&'#&3$-3)*)2#31#2/%)513/$
! B%)#'%8*#aJ#bJ#%#/%)0*J#3/#()1()(2*#53.62(3)5

! e/3,2.*/(7%)*(/,(.,%1M'/(,(;)/

55
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Solving IK
! B%)#1(06/*#2'*#-%/*)2#2/%)513/$5#362#%#%&;4,-%&&;'3/#,4"$%4,1"&;

! 8&(#=2$+(##=a,W)*1,/.63,/.&'().*,PB,137)$)*+,)(,47.6,$%&)1,73&3$%*(,3g'%().*/
[ #C+C,2.6D'(3,137)$%()$3/Vp%2.P)%*,U,/3(,(.,=

! H2,3(2$),#=a,
[ 534)*3,377.7,F3C+C,13&(%I.(%().*,(..,;)+;E,P73%G/,2.*/(7%)*(/K
[ Q%G3,%,+'3//

[ -%&2'&%(3,377.7,.*,(;3,+'3//
[ Q%G3,%*.(;37,+'3//,(;%(,73/'&(/,)*,&3//,377.7,F'/'%&&B,L)(;,+7%1)3*(,13/23*(K
[ I)*/3,U,73D3%(

! B%)#$(X#Y#$%2&'#2'*#$*2'3,5N#*>0>#53$*#-%/%$*2*/5#%/*#*%5A#23#1(),#%)%.A2(&%..A#
C62#$(0'2#/*56.2#()#8$""H/7*#+'1%$,%/&"2?'(&'#/*I6(/*#(2*/%2(8*#$*2'3,5

! J3,,')(3$(B#,K 2.6D&3(3&B,'*G*.L*R,2%*,2;../3,%*B,$%&'3,F)*4)*)(3,/.&'().*/K
! 6".&*')(3$(B#, a,8%7)%P&3,L)(;,%,7%*+3,.4,D.//)P&3,/.&'().*/,FD.//)P&B,)*2&'1)*+,=,/.&'().*/K

! T)#0/%-'(&5J#%)%.A2(&%.#&%.&6.%2(3)5#%/*#656%..A#0*3$*2/(&>>>>#c%A#1*?*/#-%/%$*2*/5#
2'%)#()#Sd#53#(2M5#$3/*#1*%5(C.*#23#,3#(2#2'(5#?%A

! 0&/.,;%$3,(;3,P3*34)(,.4,D%7%63(37/,;%$3,%,+7%D;)2%&,134)*)().*,U,)*(')()$3,2.*/(7%)*(/

56

Long-time preferred iterative method: CCD
_ !=+#$+'+""3*$&(2,'*,%+,&2'F!!LG

_ -..71)*%(3,13/23*(,/)6)&%7,(.,+7%1)3*(,13/23*(,3Z23D(,)(,850#!.1&.#$3&#961&6,&1.:8.,$.&6,1!.#0&+4&
1628-!#,.+81-;

_ ^%/)2%&&B,G33D/,7.(%()*+,3%2;,M.)*(,PB,%,P)(,'*()&,##,)/,%/,2&./3,(.,(%7+3(,##,D./)().*,%/,D.//)P&3,F&)G3,

73%2;)*+,4.7,%,L%&&,)*,D)(2;,1%7G*3//K

!""#%&&' ' ' (06+4F1-8,""(-. /&#0.*0+/ / 74*&-6-97- 3-. .0)74+", 3) ,$-,4" 3743=)&

57

Problem with many human-centric IK methods….
! H12*)#,3#)32#&3)5(,*/#&3)52/%()25#3/#&3)2()6(2AD>

! #C+C,--5,G*.L*,4.7,/'113*,7.(%().*,M'6D/V/(7%*+3,D./3/

! d%/0*#/%)0*#31#-/3-35*,#53.62(3)5#(5#($-355(C.*#%)A?%A#0(8*)#,*0/**5#31#
1/**,3$#9 +78<#31#%#R3()2

! H6/#.($C5#&%)M2#$38*#?(2'#/32%2(3)%.#1.*X(C(.(2A#31#$352#/3C32#%/$5
! T$-3/2%)2#&3)5(,*/%2(3)#%5#:[#(),652/A#$38*5#13/?%/,"/,70"-@%#,-%&'

-7#24$%,#42

58

In game engines: FABRIK algorithm (2011)
! I7$J%$+K%#+KL%-MJ%$+'N"%-@,#5'D#1"$2"'E,#"0%4,-2'FI3LNDEG
! T$-/38*$*)2#3)#BBP#?'(&'#C*22*/#&3)5(,*/5#&3)2()6(2A#Y#&3)52/%()25
! E/*%25#/(0(,#C3,(*5#.(@*#.()*#5*0$*)25#()52*%,#31#/32%2(3)5

! ]*.L)*+,L;%(,B.',G*.L,%P.'(,/G3&3(%&,%*)6%().*TC,@;%(,&)6)(%().*/,%73,(;373n
[ @3A&&,*331,(.,3$3*('%&&B,2%&2'&%(3,(;3,P.*3,7.(%().*/,%*BL%BTC

! F(/52#$%@*#/*%53)%C.*#-/*,(&2(3)#%C362#?'%2#2'*#-%/*)2#R3()2#-35(2(3)5#%/*#
C%5*,#3)#*),#*11*&23/#-35(2(3)#9C%&@?%/,5#52*-<

! E'*)J#52%/2#1/3$#2'*#-%/*)2#%),#$38*#23?%/,5#2'*#*),#*11*&23/J#&%.&6.%2()0#
&3//*&2*,#-3()25

! `5*#-/*8(365#1/%$*#R3()2#-35(2(3)5#%5#()(2(%.#06*55#23#*)56/*#5$332')*55#Y#
&3)2()6(2A#()#$32(3)

59

http://www.ryanjuckett.com/programming/cyclic-coordinate-descent-in-2d/
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FABRIK performance compared

60

?49=51@A.?BC1;*4>(66
>CQ%G3,/'73,)(A/,%2('%&&B,D.//)P&3,(.,73%2;,(;%(,D.)*(,+)$3*,7)+)1P.1B,&3*+(;/T,.(;37L)/3,4'&&B,3Z(3*1,&)6P

%C3C+C,L7)/(,2%*A(,P3,4%7(;37,47.6,/;.'&137,(;%*,'DD37076J3*+(;`4.73%76J3*+(;
PC3C+C,%*G&3,2%*A(,P3,4%7(;37,47.6,;)D,(;%*,(;)+;J3*+(;`/;)*J3*+(;

MN6(+0<(3*%' /(3Da

%C-73%(3,*.76%&)b31,$32(.7/,47.6,2'773*(,M.)*(,(.,D%73*(,M.)*(,F&3(A/,2%&&,)(,*$36K
PCQ'&()D&B,*$36'PB,&3*+(;,47.6,2'773*(,M.)*(,(.,D%73*(,F3C+C,4.73%76J3*+(;a,L7)/(,(.,3&P.LK,F2%&&,)(,*,#2(6 K
+N+.33,&2O"$&2P"+(2$"&̀ *,#2(6 (.,+3(,&.2%().*,.4,D%73*(,F2%&&,)(,#"+QK
*N#"+Q L)&&,P3,'/31,4.7,*3Z(,)(37%().*,%/,(;3,+.33,&2O"$&2P"+(2$"&

3C5.,(;)/,'*()&,73%2;)*+,7..(,.4,&)6P
fCe*&3//,3Z(7363&B,&'2GB,F.7,)4,(;3,##,1)1*A(,6.$3KE,(;3,7..(,&.2%().*,L.*A(,P3,)*,(;3,7)+;(,D&%23,47.6,M'/(,(;3,

P%2GL%71/,/(3DC,:.,L3,+.,)*,73$37/3,L)(;,E"3<(3*%'/(3Da

%C-73%(3,*.76%&)b31,$32(.7/,47.6,2'773*(,M.)*(,(.,2;)&1,M.)*(,F&3(A/,2%&&,)(,*$3JK
PCQ'&()D&B,*$3J'PB,&3*+(;,47.6,2'773*(,M.)*(,(.,2;)&1,F3C+C,'DD37076J3*+(;a,/;.'&137,(.,3&P.LK,F2%&&,)(,*,#2(J K
+N+.33,&2O"$&2P"+(2$"&̀ *,#2(J (.,+3(,&.2%().*,.4,D%73*(,F2%&&,)(,#"+! K

*N#"+!' L)&&,P3,'/31,4.7,*3Z(,)(37%().*,%/,(;3,+.33,&2O"$&2P"+(2$"&
3C5.,(;)/,'*()&,73%2;)*+,##

mCI3D3%(,(;3,D7.23//,'*()&, B(+0<(3*%' U,E"3<(3*%'/(3D,2.*$37+3,F3C+C,B(+0<(3*%' /(3D,7..(,D./)().*,)/,$37B,2&./3,

(.,73%&,7..(,D./)().*,.7,E"3<(3*%'/(3D,$37B,2&./3,(.,%2('%&,##K

61

A,035/9BCA&D/+*,6)11/E+1)0;,6,;)/,'-@F
! )4,F##N&)6PI..(KC6%+*)('13,dk,qF7)+)1^.1BJ3*+(;/K

" \%73*(,M.)*(/,%73,D&%231,%&.*+,(;3,&)*3,47.6,&)6PI..(,(.,##,P%/31,.*,7)+)1^.1BJ3*+(;/

! 3&/3
" *,E' 6(+0<(3*% a,W.7,3%2;,M.)*(,/(%7()*+,%(,##,3*1)*+,%(,M.)*(,7)+;(,P34.73,&)6P,7..(

_ 1)7^kF2'773*(\%73*(C&.2%().*N2'773*(p.)*(C&.2%().*KC*.76%&)b31
_ 13&(%^k1)7^r&3*+(;O4I)+)1P.1BW7.6-'773*(p.)*(c.\%73*(

_ &.2\k2'773*(p.)*(C&.2%().*`13&(%^

_ \&%23,D%73*(,%(,&.2\
_ 2'773*(p.)*(,P32.63/,2'773*(\%73*(

" *,E' J"3<(3*% a,W.7,3%2;,M.)*(,/(%7()*+,%(,##,3*1)*+,%(,M.)*(,7)+;(,P34.73,&)6P,7..(
_ 1)7WkF2'773*(-;)&1C&.2%().*N2'773*(p.)*(C&.2%().*KC*.76%&)b31

_ 13&(%Wk1)7Wr&3*+(;O4I)+)1P.1BW7.6-'773*(p.)*(c.-;)&1
_ &.2-k2'773*(p.)*(C&.2%().*`13&(%W

_ \&%23,2;)&1%(,&.2-

_ 2'773*(p.)*(,P32.63/,2'773*(-;)&1
" L;)&3,F##0/53(376)*31^BW.7L%71:(3DN##C&.2%().*KC6%+*)('13,d,s

_ 6(+0<(3*%
_ J"3<(3*%

62

Great visual tutorial

63
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FABRIK in VR
! ;.03/(2'$#(25*.1#(5#1%52J#/3C652J#Y#&3$$3).A#65*,D#-/3C.*$#()#:[#Y#0%$*5#(5#2'%2#

-*3-.*#/%/*.A#&3)52/%()#-/*,(&2(3)5J#&%65()0#6))%26/%.#%/$#/32%2(3)5#Y#C3,A#-35*
! c;3,$37B,7323*(,(73*1,)*,8I,)/,%1173//)*+,(;)/,D7.P&36,LV,P).632;%*)2%&,2.*/(7%)*(/

! K3)*#/32%2(3)5#)**,#23#C*#&3$-62*,#23#%83(,#$*5'#,(523/2(3)5
! @;%(,%73,(;3,D7.P&36/,L)(;,7.(%().*/n

[ p'6D,47.6,=,(.,ft=,13+733/,F/)6)&%7,(.,)*,:<-E,1,2%&2'&%().*,;3&D/,%,&.(,L)(;,13&(%c7%*/4.76/K
[ p'6D/,L;3*,1.)*+,$32(.7,/'P(7%2().*,)*,1)44373*(,g'%17%*(/

_ 0/,L3A&&,/33E,B.',2%*,%2('%&&B,(3&&,L;3*,(;)/,;%DD3*/,PV2,%*.(;37,7.(%().*%&,%Z)/,L)&&,4&)D
[ f5,7.(%().*/,%73,6'2;,;%7137TC,0&6./(,2B2&)2,13D3*13*2B,.*,7.(%().*%&,2.*/(7%)*(/,)4,*.(,

2%734'&

_ ^).632;%*)2%&,2.*/(7%)*(/,%&/.,;3&D,L)(;,(;)/j

! [32%2(3)%.#&3)52/%()25#$%@*#F;K[TU#$6&'#'%/,*/J#C62#C(3$*&'%)(&%.#&3)52/%()25#
%..3?#)(&*#%)%.A2(&%.#53.8()0D>#F;K[TU#$3/*#65*16.#13/#$32(3)#5$332')*55

! Q**#2'*#3/(0()%.#-%-*/#e;/(52(,36#fabbg#13/#$3/*#,*2%(.5
! TU#65*,#13/#1()0*/#2/%&@()0#()#,*8(&*5#.(@*#:%.8*#T),*X#9*>0>#3).A#,*2*&2#1()0*/2(-5<

64

Biomechanical constraints
_ c;)*G,.4,B.'7,/G3&3(.*,&)G3,(733,%/,)*,/G3&3(%&,%*)6%().*

_ c7B,;.&1)*+,(;3,"D%73*(9,P.*3,F31+3K,/(%()2,%*1,/33,;.L,
6'2;,B.',2%*,6.$3,(;3,2;)&1,M.)*(

_ 0//'63,P.*3/,2%*,.*&B,7.(%(3T,/)6D&)4)3/,2.*/(7%)*(/,U,

2%&2'&%().*,%,&.(,%*1,)/,%,+..1,3*.'+;,%DD7.Z)6%().*,
'*&3//,/)6'&%().*,6'/(,P3,D37432(&B,%22'7%(3

! #C+C,(%7/%&/,(32;*)2%&&B,(7%*/&%(3TC,^'(,;.L,.4(3*,
1.,B.',/33,2;%7%2(37,433(n

_ J)6)()*+,*"E' %&&.L/,4.7,/(7.*+37E,4%/(37,%*%&B()2%&,U,
+3.63(7)2,63(;.1/

_ c;3/3,L)&&,6.()$%(3,H],2.*/(7%)*(/

!""#$%&&' ' ' ("! .1*!"-. (-. /&"6#,$ 3. I 3F.74"$3743"! , 3G.)6 3M?L:L:>

65

Biomechanical constraints
_S.L,6%*B,1.4,1.,(;3/3,M.)*(,(BD3/,;%$3n

Q R;S(.,&6

Q A#BB=#<C='(+J%.,&G

Q T;<$%,&6

Q U#CCB%,&4

Q V(<CFB(;C,&4

Q RB#<%,&4

_S.L,6'2;,1.3/,(;)/,731'23,/B/(36,2.6D&3Z)(Bn,F3C+C,%76K
! Y.,2.*/(7%)*(/,F7.(%().*,U,(7%*/&%().*K

[ :;.'&137a,tE,3&P.La,tE,L7)/(a,t,k,RS*"E

! Y.,P).632;%*)2%&,2.*/(7%)*(/,FU,.*&B,7.(%().*/Ka
[ :;.'&137a,fE,3&P.La,fE,L7)/(a,f,k,T*"E

! @)(;,P).632;%*)2%&,2.*/(7%)*(/a
[ :;.'&137a,fE,3&P.La,>E,L7)/(a,<,k,U*"E

_V'"E'27,'"3$5$&(#')(3$(B#,%'2"'%"#),'E"3I

_A.+7'E,<,3'+"&%23($&2%'2"'<"33='(B".2
_6"27'2,+7&$+(##='9"3,'E,(%$B#,'8:L'9"2$"&'<$##'B,'9"3,'&(2.3(#I

! -.6D&3Z)(B,)/,%(,&3%/(,
OF*'6H(37%().*/c.-.*$37+3r*'6p.)*(/uKCCC,%*1,

*'6H(37%().*/c.-.*$37+3,1)732(&B,2.773&%(3/,(.,*'6p.)*(/
-../',001112.-()$-.+(2+("0.F/%' =(3=W(;<.'=;<=.-%=I(CF =96XGXG7
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Solving Human Arm IK
! T)#:[J#%#5($-.*#2%5@#(5#1(06/()0#362#*.C3?#.3&%2(3)#1/3$#R652#WSP#Y#&3)2/3..*/5#53#

2'*#-.%A*/#&%)#'%8*#%#$*5'>#
! ;)A#(,*%5#'3?#?*#&%)#52%/2Z#Q($-.(1A#23#fP#13/#)3?#9.33@()0#%2#&'%/%&2*/#-/31(.*J#

53#b,31#/32%2(3)5D>#6-+,3?)#/32%2(3)5#%/*#%..#2'%2#$%22*/#13/#)3?<
! S%$3,%,(%7+3(,63/;
! -%&)P7%(3,7)+)1P.1B,&3*+(;/

[ W.7,(;3,%76E,*331,(.,G*.L,'DD37076J3*+(;,U,4.73%76J3*+(;
[ Y331,*32G,;3)+;(,U,/;.'&137,L)1(;,(.,D731)2(,/;.'&137,D./)().*

! W)+'73,.'(,P).632;%*)2%&,2.*/(7%)*(/,.4,/G3&3(%&,63/;

! Q%G3,%//'6D().*,(;%(,/;.'&137,L)&&,7.(%(3,L)(;,;3%1,7.(%().*,PB,/.63,%6.'*(,.7,/;.'&137,7.(%().*,
13(376)*31,PB,'/)*+,P.(;,2.*(7.&&37/,/.63;.LTC,c;3/3,L.'&1,P3,$37B,7.'+;,%//'6D().*/
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https://www.thoughtco.com/types-of-joints-in-the-body-4173736
https://www.thoughtco.com/types-of-joints-in-the-body-4173736
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Biomechanical constraints
_ W)+'73,.'(,P).632;%*)2%&,2.*/(7%)*(/,F%//'63,%*+&3/,2%&2'&%(31,47.6,

;.7)b.*(%&,.4,D%73*(,P.*3,h&.2%&,Z,%Z)/iK
! :;.'&137,2%*,6.$3,47.6,vF N>>wxE,?wxK
! #&P.L,2%*,6.$3,47.6,vF=xE,>w=xK,h63%*)*+,.*&B,P3*1,3&P.L,'Di

! @7)/(,2%*,6.$3,47.6,vFNmwxE,mwxK
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Solving Human Arm IK in 2D
Y.LT,;.L,(.,4)*1,(;3,3&P.L,(7%*/4.76,6%*'%&&Bn

>C #/()6%(3,/;.'&137, 1"%$2$"&?*.(,7.(%().*E,4.7,*.L
<C 0//'63,7.(%().*%&,.4,2.*(7.&&37,)/,%2('%&&B,(;3,L7)/(,7.(%().*,L)(;,/.63,(7%*/&%().*%&,.44/3(,FD73((B,6'2;,

%&L%B/,(;3,2%/3K
fC e/3, #(<'"E'+"%$&,%(.,4)+'73,.'(,%&&,%*+&3/,)*,L.7&1,/D%23

%C <,/)13,&3*+(;/,%73,(;3,7)+)1P.1B,&3*+(;/C,>,.4,(;3,/)13/,)/,1)/(%*23,47.6,/;.'&137,(.,L7)/(,F:::,(7)%*+&3K
mC 0DD&B,L.7&1,7.(%().*/,(.,63/;,P.*3/E,P3)*+,2%734'&,.4,D7.P&36/,&)G3,/'113*,7.(%().*%&,4&)D/,FD7%2()23,)*,0yK

%C ^).632;%*)2%&,2.*/(7%)*(/,%73,'/34'&,4.7,4)+'7)*+,.'(,L;3*,(;3/3,;%DD3*,F3C+C,)4,3&P.L,/'113*&B,P3*1/,
.(;37,L%BKC,0&/.,D7.P%P&B,/.63,y=,13+733,7.(%().*,.44/3(/

wC >,73%&&B,'/34'&,U,$%&)1,%//'6D().*,)*,8Ia,27,'@>'.%,3'+(&&"2'9"),'27,'+"&23"##,3'$&'"3$,&2(2$"&%'27,'
7.9(&'B"*='<".#*&W2'(##"<' C,c;'/E,L3,1.*A(,*331,(.,(7B,(.,2.*/(7%)*,(;36TC,@3A73,*.(,7.P.(/

%C F%//'6)*+,(;3BA73,%2('%&&B,;.&1)*+,(;3,2.*(7.&&37K
PC ^).632;,2.*/(7%)*(/,)*,<5,'/31,(.,&)6)(,%*+&3/E,P'(,D731)2().*,*.(,73%&&B,*323//%7B,1'3,(.,/)6D&)2)(B

.11,3839P,&527E"3,(39P,&527

F%7".#*,3X<3$%2GN9(5&$2.*,
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Solving Human Arm IK in 3D
b> K(3$*&'%)(&%.#&3)52/%()25#8(2%.#13/#OP#,6*#23#-/*,(&2(3)
f> T)#OPD>

%C Y331,P).632;%*)2%&,2.*/(7%)*(/,4.7,(##'*"E
PC O4(3*E,3%2;,%Z)/,;%*1&31,PB,D7.M32()*+,(.,&.2%&,<5,D&%*3/,U,'/)*+,&%L,.4,2./)*3/V.(;37,+3.63(7B
2C e/'%&&BE,%(,&3%/(,>,1.4VM.)*(,*331,(.,P3,D731)2(31,)(37%()$3&B,LV,/.63(;)*+,&)G3,W0^IH]

)C #C+C,Q%BP3,H,2%*,+3(,3&P.L,&.2%().*,47.6,D7.4)&3TC,^'(,(;3*,;.L,1.,H,G*.L,&34(V7)+;(,7.(%().*n
>C Y331,(.,+'3//TC,^'(,4.7('*%(3&B,%76,&3*+(;/,;3&D,73/(7)2(,7.(%().*%&,7%*+3,

%C c7B,G33D)*+,B.'7,;%*1,)*,>,.7)3*(%().*,U,6.$)*+,3&P.LTC,I%*+3,)/,*.(,(..,L)13
1C S%713/(,D%7(,(3*1/,(.,P3,2.*$37()*+,(.,7.(%().*%&,2.*/(7%)*(/,(;%(,&..G,.G,)*,/G3&3(%&,63/;

$/C
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Game engines already have IK solvers

! S352#&%.&6.%2(3)5#6))*&*55%/A#23#,3#$%)6%..A
! B%)#5-*&(1A#&3)52/%()25#-/30/%$$%2(&%..A#3/#()#OP#$3,*..()0#-/30/%$#,6/()0#$*5'#

&/*%2(3)#9/*%,%C.*#CA#0%$*#*)0()*5<
! `)(2AJ#`=hJ#Y#$352#32'*/#0%$*#*)0()*5#'%8*#53$*#16)&2(3)#13/#5@*.*2%.+5@())*,#

$*5'*5#%623$%2(&%..A#'%),.()0#%..#2'*#C3)*#/32%2(3)5#(1#==#(5#$38*,
! 9.325#31#0/*%2#2623/(%.5D#C*22*/#2'%)#?'%2#T#&%)#-/3C%C.A#5'3?<

71
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Some resources on IK:
! ""#$%&&' ' ' () . -(7-(+-(18&N)I*&*0+#!7-$&O0+#!7-$P,-"10,?<(#)I

! ""#$%&&' ' ' (-$(-/ 1(, )1&N0+#7)#0.".&/ , -!+47$/$&-!#"M(!"/ 9

!""#$%&&' ' ' (6.1"1G,(-. /&'+"-!Q5B#*+RR=L4$S 'T97$"BUP55'F$:V;;#$=W+J+XMIY 3DT74),ZB:T"BH$

!""#$%&&' ' ' (6.1"1G,(-. /&'+"-!Q5B"[>\SM60[E]T97$"BUP55'F$:V;;#$=W+J+XMIY 3DT74),ZBMT"BH$

!""#$%&&Z740,+97"6(-. /&'787&^+08,09,$$K"0+-874*

!""#%&&' ' ' (+4)0,+$+07$"7).1(-. /&#1G97-+"7.4$&#+#,0$&_+4)KJ0+-874*K=H?H(#)I
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G)*()H/B'24.(2,'IJ,*+5/K.*3)(1I?5.+)>)@1I D#,&*%7(/,%

● Better-optimized animation using only shape keys (usually extreme transforms)
● Most commonly used for facial animation & lipsync
● Basic idea:

! z.',;%$3,%,134%'&(VB(%$%D./3,4.7,%,17)$3*,63/;
! #%2;,B#,&*%7(1,' .7,2(35,2'1"%,' )/,%*,3Z(7363,F&)*3%7&BN)*(37D.&%(31K,(7%*/4.76%().*,(.,$37()23/,.4,P%/)/,D./3
! S%$3,%,/2%&3,.4,h=E>=={i,13/27)P)*+,;.L,2&./3,(.,P&3*1/;%D3,4%23,)/
! -.6P)*%().*,.4,(;3/3,/2%&3/,%&&.L/,4.7,2.6D&3Z,%*)6%().*/

● Blender example

73

Fun Example of Bad Facial Animations

Y-%F&/*(I#IBF&.*;%C&.(&"#J%&.-%&3#+%'&1;.-&'J%B%.#B&#<;"#.;(<&*#.-%*&.-#<&IB%<C'-#/%'Z
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How to actually make the blendshapes?
! `56%..A#,3)*#?+#1%&(%.#5@*.*2%.#C3)*5
! Q3$*2($*5#,3)*#$%)6%..A#9.*55#1*%5(C.*#)3?%,%A5<
! Q3$*2($*5#,3)*#?(2'#2/%&@()0#9%#23-(&#13/#2'*#;[#.*&26/*5<
! Q3$*2($*5#,3)*#?+#/*&3)52/6&2(3)#?+#$%/@*/5#923-(&#13/#.%2*/<
! [*&*)2#2/*),#(5#23#65*#B:+V;i5#23#1(06/*#2'*$#362
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https://www.doc.ic.ac.uk/~dfg/graphics/GraphicsLecture18.pdf
https://www.cs.cmu.edu/~rapidproto/mechanisms/chpt4.html
https://www.youtube.com/watch?v=pgaEE27nsQw&list=FLvvwjs3C99ps2YaTaK4fX-A&index=3&t=0s
https://www.youtube.com/watch?v=tN6RQ4yrNPU&list=FLvvwjs3C99ps2YaTaK4fX-A&index=4&t=0s
https://xinreality.com/wiki/Markerless_tracking
http://www.andreasaristidou.com/publications/papers/Hand_Tracking_2010.pdf
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&4+,*(.'(/J,;)*'/L1)/,7/C-)';15.+)1/2'/BAIGA8/M2+/?@'6
! V*)*/%.#(,*%"#

! Q%G3,P&3*1/;%D3/,4.7,3Z(7363,4%2)%&,3ZD73//).*/,F3C+C,6.'(;,.D3*V2&./3K
! 534)*3,17"&,9,%' F3Z(736)()3/,)*,D.//)P&3,/B&&%P&3/K,%/,&)*3%7,2.6P)*%().*,

.4,(;3/3,P&3*1/;%D3/

! J)*3%7,2.6P)*%().*,.4,D;.*363/,(.,6%G3,/B&&%P&3V53(17,9,
! :3g'3*23,.4,+7%D;363/,6%G3/,%,L.71E,L.71 Nd,/3*(3*23E,3(2C
! F2%*,/(%7(,L)(;,:PQ' L.71,732.+*)().*,4.7,73%&()63,$.)23,2;%(K

! V%$*#*)0()*#,*2%(.5
! ^&3*1/;%D3/,)*,^&3*137E,Q%B%E,3(2C,/(.731,PB,W^|
! e*)(BVe#m,*%()$3&B,73%1,P&3*1/;%D3/
! ^&3*1/;%D3/,`,/G3&3(.*/,2%*,L.7G,/)6'&(%*3.'/&B,.*,/%63,

63/;,F*.(,D.//)P&3,4.7,.(;37,63(;.1/E,6.73,&%(37K
! ^&3*1/;%D3/,'/31,4.7,*.* N/G3&3(.*/,F%223//.7)3/E,;%)7E,3(2CK

RZ+/#9,`I0. / ` ! ""#%&&03' .4*=@:=M; 3$#(G9.*$#."(-. /&=H?M&??&74"0.3". 3/+6+ 3/ .0, 34.",$(!"/ 9

D4."! ,0`,Z+/#9,`I0. / `
! ""#$%&&"!74874*+47/+"7.4(-. /&?@3)7+9.*3#! .4, / ,$ 3=&

E7#,974,`I0. / `
! ""#%&&' ' ' (0,+)74*) . -".0(-. / (+1&#!.4, / ,$

3*0+#!, / ,$ 39,"",0$3' .0) 3G10*,0
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Blendshape Application: Eyes/Blinking
! K.*),5'%-*5#13/#&.35*,+3-*)#*A*5
! K.*),5'%-*5#13/#()2*/$*,(%2*#52*-5#9*>0>#2/A#$%@()0#C.*),#.*55#.()*%/<
! =A*72/%&@()0#(25*.1#)3/$%..A#,3)*#?(2'#5@*.*23)5

77

Emotions
! S%@*#C.*),5'%-*5#13/#

-/($%/A#*$32(3)5
! i(&*#*X%$-.*#91/3$#%#

526,*)2M5#?3/@j<#'*/*"#
!""#$%&&3$('$+*$*+*)4#.4<+(53&@A0..5&"()*!:2
B&*$*>C6&,:2)48>&))*.$")&:25(D+!"/4

! 0&/.,L;373,H,2.D)31,4)+'73/,

47.6,(;3,7)+;(,47.6

! E'*5*#($%0*5#1/3$#
^S%@()0#B3$(&5"#
Q23/A2*..()0#Q*&/*25#H1#
B3$(&5J#S%)0%J#%),#
V/%-'(&5#i38*.5_#CA#Q&322#
S&B.36,

78

For realtime performance….
● Especially for tracking real faces
● Often use ML to learn 61"#)'4"(.<+$ after learning some faces

! 0,13(%)&31,4%23,D./3,)/,%,&)*3%7,2.6P)*%().*,.4,P&3*1,L3)+;(/j

● Good, simple example is Olszewski 2016: “High-Fidelity Facial and Speech Animation 
for VR HMDs”
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http://r-wong253249-sp.blogspot.com/2014/11/intro-to-maya-more-notes.html
https://thinkinganimation.com/15-dialog-phonemes-2/
http://www.readingdoctor.com.au/phonemes-graphemes-letters-word-burger
http://www.readingdoctor.com.au/phonemes-graphemes-letters-word-burger
https://users.csc.calpoly.edu/~zwood/teaching/csc572/final15/aacosta/index.html
https://users.csc.calpoly.edu/~zwood/teaching/csc572/final15/aacosta/index.html
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Blendshape Pros
! B%)#/*-/*5*)2#%)A#%)($%2(3)#24".' ?(2'#.()*%/#$38*$*)2#31#8*/2(&*5
! :*/A#*11(&(*)2

! O*&B,73g')73/,63/;,%*1,13&(%J.2%().*/,.4,(;3,$37()23/,4.7,P&3*1/;%D3

! F3/#1%&(%.#%)($%2(3)J#%/06%C.A#2'*#C*52#/*56.25#%),#*%5(*52#23#%&&3$-.(5'#1%&(%.#
%)($5#?(2'>#K.*),5'%-*5#2'*$5*.8*5#2A-(&%..A#)%26/%.#-35*5

! =X&*.#()#5(26%2(3)5#?'*/*#%)($#5*I6*)&*#)32#@)3?)J#C62#/%)0*#31#$32(3)5#(5
! #C+C,$.)23,2;%(a,1.*A(,%&73%1B,G*.L,L;%(,/.63.*3,L)&&,/%BE,P'(,L3,G*.L,L;%(,%,/B&&%P&3,&..G/,&)G3

! ;.53#,*5&/(C*5#8*/A#,*2%(.*,#%)($%2(3)5#9*>0>#()#$38(*5<

80

Blendshape Cons
! B%)#C*#8*/A#'%/,#23#$%@*#C.*),5'%-*5#9312*)#65*#2/%&@*/5+/*&3)52/6&2(3)<
! T)&3)5(52*)2#56--3/2#C*2?**)#-.%213/$5
! B%)#3).A#/*-/*5*)2#.()*%/#$32(3)5#C*2?**)#8*/2(&*5#F(7%1)().*%&&BR,(;)/,)/,2;%*+)*+K

! B%)#'%8*#C%,#-*/13/$%)&*#13/#'(0'.A7,*2%(.*,#$*5'*5
! [*I6(/*5#2'%2#3/,*/#%),#k#31#8*/2(&*5#(5#2'*#5%$*

! #C+C,)4,B.',732.*/(7'2(,%,73%&,D37/.*A/,3Z(736)()3/E,732.*/(7'2().*,2%**.(,+'%7%*(33,$37(3Z,.7137E,/.,
P&3*1/;%D3/,*.(,D.//)P&3,;373

! `56%..A#,3)M2#-*/13/$#?*..#3/#%/*#38*/@(..#13/#.*557,*2%(.*,#%)($5
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Face Skeletons

! `5*#C3)*5#13/#&3)2/3.#-3()25#9656%..A#&%#+0%$M2<
! S3/*#%,8%)&*,#.(C/%/(*5#9*>0>#F%&*T2<#&%2*03/(4*#&3)2/3.#

-3()25#%5#-/($%/A+5*&3),%/A+/(0(,
! V33,#13/#?'*)#2'*#2%/0*2#-35*#(5#)32#@)3?)#3/#?*#?%)2#

6)/*52/(&2*,#$32(3)
! `56%..A#'%/,#23#,*1()*#&3)52/%()25#Y#*)56/*#1%&*#5'%-*#

$%()2%()*,
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N5@/:)/01)/O-)';15.+)1/</1>)-)(,'1/1240-(.'),01-@
! Q@*.*23)5#%/*#2A-(&%..A#%)($%2*,
! ;)($%2(3)#312*)#C%@*,#()23#FKl#9*>0>#R6$-()0<N#C.*),+FQS#()#0%$*#*)0()*
! K3,A#$32(3)5#/%/*.A#'%8*#,*-*),*)&A#3)#1%&*#9*>0>#*X-/*55(3)#?'(.*#?%.@()0<
! Q3#(1#1%&*#%)($5#,3)*#?(2'#5@*.*23)J#2'*/*#&%)#C*#&3$-62%2(3)%..A7*X-*)5(8*#3/#60.A#

&3)1.(&25#?'*)#1(0'2()0#?(2'#-/*7,*1()*,#%)($
! F(0'2()0#?(2'#.3)0*/#-/* 7,*1()*,#%)($5#%.53#8*/A#'%/,J#*5->#F3/#&3$-.*X#5@*.*23)5

! ;2#'(0' 7.*8*.J#?*M/*#+"-7*.&,#5' 1%&*#%),#C3,A#%),#65()0#2'*#$*2'3,#2'%2#?3/@5#
C*52#13/#*%&'#3)*#(),(8(,6%..A#23#%83(,#-/3C.*$5+0*2#C*52#38*/%..#/*56.2

! \'A5(3.30(&%.#2'*AM/*#16),%$*)2%..A#,(11*/*)2"#1%&(%.#%)($5#&3)2/3..*,#CA#$65&.*5J#
C3,A#&3)2/3..*,#CA#C3)*5#&3)2/3..*,#CA#$65&.*5

! Q@()#31#/*52#31#C3,A#656%..A#3).A#,*13/$5#'*%8(.A#%2#R3()25D>#Q3#C.*),5'%-*5#38*/@(..#
13/#$352#31#2'*#C3,A#%)A?%A

! B%)#65*#5@*.*23)#23#&/*%2*#C.*),5'%-*5j
! #C+C,2;32G,.'(,6B,$)13.,.*,(;)/a, !""#$%&&000+<.3"3-(+*./&0)"*!E;F46D"GH-'*87
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https://www.youtube.com/watch?v=l2xtPWbrc10
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Good Human-Making Libraries
! S(X%$3#CA#;,3C*

! S%/,P.(;,2;%7%2(37,U,%*)6%().*/
! 0&&,2;%7%2(37/,/;%73,%,/G3&3(.*

! Y)23,43%('73,L;373,B.',2%*,'D&.%1,B.'7,.L*,
63/;,U,(;3BA&&,7)+,)(,4.7,B.'

! c3Z('73/V6%(37)%&/,D73((B,+..1,%/,L3&&

! @.7G/,L3&&,LV,P.(;,e*)(B,U,e#m
! \7.P%P&B,3%/)3/(,4.7,0>=

! S%@*W6$%)
! W.7,2'/(.6,2;%7%2(37/

! S%/,6.73,%1$%*231,/G3&3(.*,LV,4%2)%&,P.*3/
! -&.(;3/,.D().*/
! Y.(,D%7()2'&%7&B,3%/B,(.,'/3

U0./ ` ! ""#$%&&' ' ' (6.1"1G,(-. /&'+"-!Q5B!_EaUb 3]c7a

U0./ `` ! ""#%&&' ' ' (-*-!+44,9(-. /&=H?>&H@&/+8,!1/+4 3?3?3$!7#$&

84

Human-Making Library For Research: SMPL
_:)6)&%7,(.,Q%G3S'6%*,P'(,3%/)37,(.,+3(,L.7G)*+,.'(/)13,:Q\J,F3C+C,e*)(BE,^&3*137E,Q%B%K

_S'6%*,7)++)*+VL3)+;(/,6'2;,6.73,73%&)/()2,(;%*,Q%G3S'6%*E,;%*1&3/,1)44373*(,P.1B,/;%D3/,P3((37
_@.7G/,P3((37,LV,P&3*1/;%D3/,(;%*,Q%G3S'6%*
_-%*,P3,%,P)(,;%71,(.,+3(,L.7G)*+T,P'(,(.*/,.4,D%7%63(37/
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Motion Capture (4,5$6 )
! E/%)51*/#8(,*3#31#%#-*/53)+&/*%26/*#$38()0#%),#&3)8*/2#23#%)($%2(3)

! ^.1B,6.().*/ Nd/G3&3(%&,%*)6%().*/

! W%23,6.().*/ Nd'/'%&&B,P&3*1/;%D3/

! ;#&36-.*#31#$*2'3,5#23#,3#2'(5#9)*X2#1*?#5.(,*5<

! E/%)51*//()0#31#$%/@*/5#23#5@*.*2%.#R3()25Z
! \73((B,D..7&BN1.2'63*(31TC,e/'%&&B,(;3,(7%2G37,0\H,)(/3&4,1.3/,)(,)*(37*%&&B,U,1%(%,/3*(,(.,f5,3*+)*3
! O4(3*,/.63,G)*1,.4,/.&$37,(;%(,4)(/,/G3&3(.*,(.,D.)*(/,732.*/(7'2().* N/(B&3

[ #Z%6D&3a,!""#$%&&$3##.'"1"!(#:D(4,)'/+*.+3I&5.*3/(2")":.2&5.*$&#,"')*IJ2.5(J/.*)#J$.4;('+!"/4
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Active Markers K L+B+M-4:2I:2BM4:B!"$NM:2,')'(5MOPQRNM("*+
K S$(5M,.'M/)'I('$M2."M()$:4<M5:$":2B3:$!)-4(M."!('0:$(M.'M;('<M*./#4(DM)2:/)":.2M2((5$

T L+B+M:,M"!('(M)'(M."!('M4:B!"M$.3'*($M"!)"M:2"(',('(

K U:/:")":.2%M'(V3:'(M#.0('M$.3'*(MWM4."$M.,M0:'($M0!:*!M*)2M4:/:"M/.":.2

-../',001112*%'%#*+-$#.%2<%.03;$)*%0[;$)*%=UG=R-#'%U/#+%=');. =1;.- =85=
#+.;S%=/)B'%=N\E ="#*J%*' =Y-%=<)"I%*' =<%?.=.( =.-%=N\E]3;$H]GG8986G55
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https://www.youtube.com/watch?v=hHPIFJ-USiI
http://www.cgchannel.com/2016/05/makehuman-1-1-ships/
https://support-thepixelfarm.co.uk/documentation/docs/pftrack_node_mocap_solver.html
https://www.researchgate.net/figure/Figure-S3-PhaseSpace-suit-with-50-active-pulse-LED-markers-The-numbers-next-to-the-LED_fig8_335451300
https://www.researchgate.net/figure/Figure-S3-PhaseSpace-suit-with-50-active-pulse-LED-markers-The-numbers-next-to-the-LED_fig8_335451300
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Passive Markers
KL+B+M'("'.'(,4(*":;(M$3',)*($MO/()2:2BM"!(<M'(,4(*"M4:B!"M"!)"MB("$M$!."M)"M"!(/RNM($#+M

X#!('($

TP2,')'(5M4:B!"$M3$3)44<M3$(5M".M);.:5M4:B!"M#.443":.2&:2"(',('(2*(
KU3/:2.$:"<M3$3)44<M"':;:)4M".M"')*IM0&MYGP$M4:I(MZ#(2[\
KZ#":"')*IM:$M;('<M*.//.2]M/.*)#M-)44$M^MPQM*)/(')$M$3''.325(5M0&MPQM4:B!"M$.3'*($
KX":44M4."$M.,M(V3:#/(2"NM-3"M2.M2((5M,.'M0:'($M.2M"!(M#('$.2
K_'()"M,.'M"')*I:2BM)'-:"')'<M.-`(*"$MO(+B+M\QM!()5$("$M3$(M"!($(M,.'Ma5.,R

!""#$%&&:)-.79(*01#.#0, / . (-. /&G9.*&"0+-874*3$6$", / $ 3570"1+930,+97"63"! , 3G,$"3-! .7-,&

90

D4*(14'1E?1F*)>G&'=H1%)E)<<(1I!JH1K+()21F*)>G&'=1:4*1-5(1
L>9<961?&:-M

! V/*%2#/*%,#(1#A36M/*#()2*/*52*,#()#2/%&@()0
! U*A#-3()25"

! 8I,(7%2G)*+,)/,*.(,1.*3,L)(;,>,(7%2G)*+,63(;.1
! XB7./2.D3,+)$3/,7.'+;,f1.4,7.(%().*
! c)&(,2.7732().*,)/,1.*3,L)(;,%223&37.63(37,L;)2;,13(32(/,+7%$)(B,1)732().*

! 57)4(,2.7732().*,)/,1.)*+,L)(;,4)&(37/
! z%L,2.7732().*,)/,1.*3,L)(;,6%+*3(.63(37E,/.7(,.4,&)G3,%,2.6D%//
! \731)2().*/,%73,1.*3,4.7,4'7(;37,2.7732().*/

91

Monocular Depth Cues
=52($%2()0#,*-2'#?(2'#b#*A*+&%$*/%

E'(5#(5#HU#13/#OP#TF#?*#&%)#-/3R*&2#23#fP#
56/1%&*#/*-/*5*)2%2(3)#9%5#?(2'#`:#

$%-5<

-../',001112*%'%#*+-$#.%2<%.0/)IB;+#.;(<04LL956768]E%/.-]R
%*+%/.;(<](3]U)*$%(<'];<]>;<;"#BBF]!<S#';S%]U)*$%*FQ.().*,D%7%&&%Z,}

92

Markerless _ 5.*3,PB,43%('73N6%(2;)*+V(7%2G)*+,L)(;,2.6D'(37,$)/).*

_ ^3*34)(a,6'2;,&3//,3g')D63*(,73g')731R,'/'%&&B,M'/(,*331,/)*+&3,2%637%

_ S'6%*,4%23/,D73((B,3%/B,PV2,43%('73/,D73((B,L3&&N134)*31,U,&.(/,.4,1%(%/3(/,U,/B663(7B
_ X3(/,)*(.,732.*/(7'2().*a,/.63,2..&,3Z%6D&3/,)*,%,P)(

-../',00#;2'.#+J%?+-#<$%2+("0K)%'.;(<'064H960-(1=C(%'=#*J;.' =3#+;#B=.*#+J;<$=1(*J

-../',00/C3'2'%"#<.;+'+-(B#*2(*$04L3+09C%7I7H5XGG%L99X495I94CI6GC8HG4%95H32/C3

93

https://3dcoil.grupopremo.com/blog/tracking-systems-virtual-reality-the-best-choice/
https://www.researchgate.net/publication/299401615_Depth_Perception_of_Surgeons_in_Minimally_Invasive_Surgery
https://www.researchgate.net/publication/299401615_Depth_Perception_of_Surgeons_in_Minimally_Invasive_Surgery
https://ai.stackexchange.com/questions/12841/how-does-arkits-facial-tracking-work
https://pdfs.semanticscholar.org/29fc/4de6b680733e9447240b42db13d5832e408f.pdf
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Rough markerless 
tracking method

! U)3?#1*%26/*5#31#1%&*
! F*%26/*#$%2&'()0#?(2'#B:
! F*%26/*#.3&%2(3)5#3)#$*5'#656%..A#,*1()*,#%5#&3)2/3.#-3()25#31#$*5'+/(0
! S38*$*)2#31#1*%26/*5#-/3R*&2*,#1/3$#fP#($%0*#5-%&*#23#OP
! S38*$*)2#%.3)0#,*-2'#%X(5#656%..A#'%),.*,#?+#$3)3&6.%/#&6*5J#Sd#9*>0>#?'(&'#

,*-2'#$38*$*)25#%/*#)%26/%.<J#3/#,*-2'#5*)53/
! W.7('*%(3&BE,4%23,2.*(7.&,D.)*(/,1.*A(,6.$3,(;%(,6'2;,)*,13D(;T,6./(&B,6.$3,%&.*+,P%/)/,D./3,

/'74%23,134)*)().*,F3C+C,6'/2&3/,D'&&,%&.*+,/G'&&T,*.(,HYcO,/G'&&K

95

Importance of Markerless Tracking in XR
! B%)#?3/@#?(2'#$6&'#.*55#*I6(-$*)2#9656%..A#3).A#)**,#b#&%$*/%#]#.(0'2()0<
! B%)#?3/@#?(2'#?*%@*/#,*8(&*5#9*>0>#1%&*#/*&3)52/6&2(3)#5()&*#(\'3)*#l<
! E/%&@()0#*)8(/3)$*)2

! W)*1)*+,2.773/D.*13*23,P3(L33*,D;B/)2%&,U,$)7('%&,3*$)7.*63*(/,F\#,U,8#K

! 8Ia,6./(&B,'/31,4.7,)*/)13 N.'(,(7%2G)*+,F&)G3,O2'&'/,o'3/(A/K
! 0Ia,6./(&B,'/31,4.7,%&)+*63*(,.4,L.7&1/

! E/%&@()0#-*3-.*
! ^.1)3/,U,/G3&3(.*/a,3C+C,])*32(E,\:#B3
! W%23/a,3C+C,/)*+&3N$)3L,2%637%/E,36P31131,SQ5,2%6/

! [*&3)52/6&2(3)#[*&/*%2()0#-*/53)#%5#OP#$3,*.#9-/*5&%)<
! I3273%()*+,D37/.*A/,2.6D&3Z,6.().*/,F3C+C,P&)*G)*+E,)*(37%2()*+,L)(;,/.63(;)*+,3&/3K

! I3273%()*+,\#,(.,P3,'/31,)*,8#

96

!"#$%&'()$(*$++%,('-)./01
2$-"/+3(4-3."/%56'#7*$+
O)4$.M2."(M"!)"M"!($(MB(2(')44<M5.2b"M"')*IM"!(M$I(4(".2c+Md3$"M$./(M*..4M(D)/#4($M0&M$:/:4)'M/("!.5$R
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Markerless/Reconstruction Examples: KinectFusion

98
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84#'/%2$-"/+3(4-3."/

99

Markerless/Reconstruction Examples: “High-Fidelity 
Facial and Speech Animation for VR HMDs”

100

Markerless/Reconstruction Examples: EgoCap

101

Markerless/Reconstruction Examples: DynamicFusion

102
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Markerless/Reconstruction Examples: “High-Quality 
Streamable Free-Viewpoint Video”

103

Markerless/Reconstruction Examples: “3D Scanning 
Deformable Objects with a Single RGBD Sensor”

104

Markerless/Reconstruction Examples: Holoportation

105

Markerless/Reconstruction Examples: “Towards Fully 
Mobile 3D Face, Body, and Environment Capture Using 
Only Head-worn Cameras”

106
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2""#%2$-"/+3(4-3."/

107

Markerless/Reconstruction Examples: BundleFusion

108

Markerless/Reconstruction Examples: RoomAlive

109

Markerless/Reconstruction Examples: “Semi-Dense 
Visual Odometry for AR on a Smartphone”

110
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9:;+.-'**; <='+$>%?/.#'3."/

111

Procedural & Physically-Based Animation
! ;)($%2(3)#2'%2#&'%)0*5#()#/*5-3)5*#23#/6)2($*#&3)52/%()25#9&3..(5(3)5J#5-%&*#

&3)52/%()25J#0/%8(2AJ#*2&><

112

Different Bone Representations

! ;..3?5#13/#$3/*#&3$-.*X#-'A5(&%..A7C%5*,#2/%R*&23/(*5

113

?@@$-3.A$15#"3.A$%?/.#'3."/

114
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Affective/Emotive Animation
! P(523/2#C%5*#%)($%2(3)+2/%R*&23/A#23#0(8*#($-/*55(3)#31#*$32(3)
! B'%/%&2*/#0*526/*5#C%5*,#3)#*$32(3)%.#&3)2*)2
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