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a. Single-rate decompression

b. Progressive decompression

c. Random-accessible decompression

d. Progressive random-accessible decompression
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@7+=57@% !. , :%$5%;' 4 &02!/%1.!71,+ @7+=57@% !. ,1 %2"% ,12 B7#12. 5<7 K02!/%1.!71,+ @7+=57@%.' 4
J02!/%1.!71,+ @7+=57@% !. , @7+="71 ,12 B7#12.n &02!/%1.!71,+ @7+=57@%.' 4 F02!/%1.!71,+ @7+=57@%
!. , 9%++ ,12 B7#12.m J02!/%1.!71,+ @7+=57@%.- ,12 .7 87$53' 63%$%87$%- , /%.3 !. ,#$%&'$# % ($)#%*+-
,1 ,..%/B+= 78 @7+=57@%.'

 '()!#&* 7$./,-)#%*+ $%8%$. 57 , @7+=57@% 53,5 !. 53% 971:%; 3#++ 78 !5.k  1 %+%/%15.' 63#.- , K0.!/@+%;
!. , :%$5%;' 4 &0.!/@+%; !. ,1 %2"%' 4 J0.!/@+%; !. , 5$!,1"+%' 412 , F0.!/@+%; !. , 5%5$,3%2$71' 4
,-)#%-(- % ($)#%*+!. B#!+5 B= "+#!1" 57"%53%$ .!/@+!9%.' V3,5 !. 9,++%2 , 5$!,1"#+,$ /%.3 !. 785%1 ,
,-)#%-(- % ($)#%*+53,5 3,. ,22!5!71,+ 57@7+7"!9,+ @$7@%$5!%.'

63% <7$D 78 Q%27#; ,12 R3%@3%$2 2%.9$!B%2 !1 HQ%27#; ,12 R3%@3%$2- JK&KM 879#.%. 71 3%;,3%2$,+
/%.3%.' L7<%:%$- !5 .5,$5. <!53 "%1%$,+ 2%?1!5!71. 87$ ,1= D!12 78 /%.3%.' 63%!$ 2%?1!5!71 78 , /%.3 !.
175 B,.%2 71 @7+=57@%. B#5 71 <3,5 53%= 9,++-/0-)*1,-$1 % (*%%,' 2*%%,- +!D% @7+=57@%.- 3,:% , 2!/%1.!71) ,
:%$5%; !. , &02!/%1.!71,+ 9%++- ,1 %2"% !. , J02!/%1.!71,+ 9%++ ,12 .7 71' 63%= 2%?1% 87$/,++= 9%++ !19!2%19%
,12 ,2O,9%19= $%+,5!71. 57 ?1,++= @$7@7.% 53%!$ 2%?1!5!71 78 ,1/0-)*1,-$1 % '$#$%$3-( % )*,4 7$ 1/)*,4 -
<3%$%n !. 53% /,;!/#/ 2!/%1.!71 78 53% /%.3 9%++.'

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

4 .#$8,9% /%.3 !. 5/) 1-6$%0 !8 ,++ !5. :%$5!9%. 3,:% , 1%!"3B7$3772 37/7/7$@3!9 57 , 9+7.%2 7$ 7@%1 8,1- ,.
.37<1 71  !"#$% &'W' 63% 1%!"3B7$3772 78 , :%$5%; !. 37/7/7$@3!9 57 ,1 7@%1 8,1 !8 !5. 9715,!1. B7#12,$!%.'
63% /,1!87+2 @$7@%$5= 78 , /%.3 !. !/@7$5,15 ,. , +75 78 ,+"7$!53/. ,12 2,5, .5$#95#$%. ,$% 71+= 97/@,5!B+%
<!53 J0/,1!87+2 /%.3%.'

63% 87$/,+ 2%?1!5!71 78 53%) 1-6$%0 @$7@%$5= 78 Q%27#; ,12 R3%@3%$2 HQ%27#; ,12 R3%@3%$2- JK&KM
.5,5%. 53,5 , 10/%.3 !. ) 1-6$%0!8 53%$% %;!.5.- 87$ %,93 78 !5. 9%++.- ,n057@7+7"!9,+ B,++ .#$$7#12!1" !5 !1.!2%
53% /%.3'  7$ X7@7:!Y ,12 L7@@% HX7@7:!Y ,12 L7@@%- &UUWM- , /%.3 !. 5/) 1-6$%0 !8 %,93 78 !5. :%$5%; 3,.

&J



a. b. c. d.

 !"#$% &'() *+,!-./0 +,0 ,.,12+,!-./0 3%$4!5%6'  ! 78% $%0 3%$4%9 !6 2+,!-./0 :%5+#6% !46 ,%!"8:.$8..0 !6
%;#!3+/%,4 4. + 5/.6%0 -+,'"! 78% $%0 3%$4%9 !6 2+,!-./0 :%5+#6% !46 ,%!"8:.$8..0 !6 %;#!3+/%,4 4. +, .<%,
-+,' #! = $! 78% $%0 3%$4%9 !6 ,.,12+,!-./0 :%5+#6% !46 ,%!"8:.$8..0 !6 ,.4 %;#!3+/%,4 4. +, .<%, .$ 5/.6%0
-+,'

+ ,%!"8:.$8..0 8.2.2.$<8!5 4. R2 .$ R2
+ >8%$%R2

+ = f x 2 R2 : x1 � 0g? >8!58 6%%26 %;#!3+/%,4 4. 48%
<$%3!.#6 0%@,!4!.,'

A4 !6 <.66!:/% 4. +66.5!+4% +,%&'()* *'%) 4. %+58 -+5% .- + B12+,!-./0 6#$-+5% 2%68' 78!6 .$!%,4+4!., .- +
-+5% 5.$$%6<.,06 4. + 58.6%, 5C5/!5 .$0%$ .- !46 3%$4!5%6' 78% .$!%,4+4!.,6 .- 4>. +0D+5%,4 -+5%6 +$%#%+, *'"-(
!- 48%C +$% .<<.6!4%' E 2%68 !6 6+!0 4. :%%&'()* "-( !- +// 48% .$!%,4+4!.,6 .- !46 -+5%6 +$% 5.2<+4!:/% F6%%
 !"#$% &'G+H' A, 48% .48%$ 5+6%? !4 !6 6+!0 4. :%)%).%&'()* "-( F6%%  !"#$%&'G" H'

a. b.

 !"#$% &'G) *%68 .$!%,4+4!.,'  ! E, .$!%,4+:/% 2%68) %3%$C -+5%6 8+3% + 5.2<+4!:/% .$!%,4+4!.,'"! E
,.,1.$!%,4+:/% 2%68) + 6!2</% 3%$6!., .- 48% *I:!#6 64$!<'

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

78% J#/%$ 58+$+54%$!64!5� .- +, B12+,!-./0 .$!%,4+:/% 2%68 0%@,%6 !46 4.<./."!5+/ 4C<%' A4 !6 %;#+/ 4.)

� = v  e+ f;

>8%$%v?e +,0 f +$% $%6<%54!3%/C 48% ,#2:%$ .- 3%$4!5%6? %0"%6 +,0 -+5%6 .- 48% 2%68' E 2%68 !6 6+!0 4. 8+3%
"%,#6 g !- !4 5+, :% 5#4 +/.," 2g 5/.6%0 /..<6 >!48.#4 0!65.,,%54!," !4' A,4#!4!3%/C? 48% "%,#6 !6 48% ,#2:%$
.- 8+,0/%6 .- 48% 2%68 +6 !//#64$+4%0 .,  !"#$%&'K'

A4 5+, :% <$.3%, 48+4 48% J#/%$ 58+$+54%$!64!5 !6 +/6. %;#+/ 4.)

� = 2( s  g)  b;

>8%$%s !6 48% ,#2:%$ .- 5.,,%54%0 5.2<.,%,46 .- 48% 2%68 +,0b !6 !46 ,#2:%$ .- :.#,0+$C /..<6' L.,1
6%;#%,4/C? 48% -.//.>!," %;#+4!., 5+, :% >$!44%, -.$ +, .$!%,4+:/% B12+,!-./0 2%68 >!48 .,% 5.,,%54%0
5.2<.,%,4 +,0 ,. :.#,0+$C)

v  e+ f = 2  2g: F&'&H

&M



a.

b.

3f = 2e:

v =
4  4g + f

2
;

e = 3( v  2 + 2g):

f � 2v:

AverageDegree= 2e=v

AverageDegree= 6( v  2 + 2g)=v



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

 !"# "$ %&'( )!& $"*%+#' ,-../ 012/ -34/ 5671/ 89:; +*& <+'&= "> +> ?>=&@&= =+#+ '#*AB#A*&C D(&
)*'# E+*# "$ +> ?>=&@&= =+#+ '#*AB#A*& ?' B"%E"'&= "$ #(& !?'# "$ +!! #(& F&*#&@ B""*=?>+#&'C D(?' !?'# '#"*&'
#(& %&'( G&"%&#*H <A# +!'" ?>#*"=AB&' +> "*=&*?>G "$ #(& %&'( F&*#?B&'C 5&*#?B&' G&# #(&?* >A%<&* ?=&>#?)&*
$*"% #(&?* E"'?#?"> ?> #(& !?'#C D(& '&B">= E+*# "$ #(& =+#+ '#*AB#A*& =&'B*?<&' #(& B">>&B#?F?#H "$ #(& %&'(C
I+B( !?>& ?' *&!+#&= #" ">& $+B& +>= !?'#' +!! ?#' F&*#?B&' ?> + BHB!?B "*=&*C ."* F"!A%& %&'(&'/ #(& $+B&' "$
&+B( B&!! B+> +!'" <& '#"*&= ?> #(& '+%& J+HC D(& .?GA*&KCKL'("J' +> &@+%E!& "$ +> ?>=&@&= =+#+ '#*AB#A*&
#(+# '#"*&' + 'A*$+B& %&'(C

v1

v2v3

v4 v5

v6

# vertices
# faces
x1 y1 z1
x2 y2 z2
x3 y3 z3
x4 y4 z4
x5 y5 z5
x6 y6 z6
3 - 1 2 3
4 - 3 2 5 4
3 - 4 5 6

Geometry

ConnectivityFace degrees

Vertex indexes

.?GA*& KCKLM N>=&@&= %&'( =+#+ '#*AB#A*&C

D(?' =+#+ '#*AB#A*& (+' #(& +=F+>#+G& "$ <&?>G '?%E!&C N# B+> +!'" '#"*& +>H #HE& "$ %&'(C O"J&F&*/ ?#
="&' >"# +!!"J ?>B?=&>B& PA&*?&' $*"% ">& &!&%&># "$ + %&'(C

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

D(& J?>G&=Q&=G& =+#+ '#*AB#A*& R3+A%G+*#/ KSTUV B+> ">!H '#"*& WQ%+>?$"!= "*?&>#+<!& E"!HG"> %&'(&'C N#'
*&$&*&>B& &!&%&># ?' #(& &=G&C I+B( &=G& "$ #(& %&'( ?' '#"*&= ?> + #+<!& ,#(& &=G& #+<!&; J?#(M

� ?#' '#+*# +>= &>= F&*#?B&' #(+# =&)>& #(& "*?&>#+#?"> "$ #(& &=G&/

� ?#' !&$# +>= *?G(# $+B&/

� ?#' E*&F?"A' +>= >&@# +=X+B&># &=G&' "> ?#' !&$# $+B&/

� ?#' E*&F?"A' +>= >&@# +=X+B&># &=G&' "> ?#' *?G(# $+B&C

 '&E+*+#& #+<!& ,#(& F&*#&@ #+<!&; '#"*&' &+B( F&*#&@ J?#( ">& "$ ?#' ?>B?=&># &=G& +>= ?#' E"'?#?"> ?> #(&
'E+B&C  # !+'#/ &+B( $+B& ?' '#"*&= ?> #(& $+B& #+<!& J?#( ">& "$ ?#' ?>B?=&># &=G&C D(& .?GA*&KCKK=&E?B#' +
J?>G&=Q&=G& =+#+ '#*AB#A*&C

D(?' =+#+ '#*AB#A*& +!!"J' #" E&*$"*% ?>B?=&>B& PA&*?&' $*"% + 'E&B?)&= F&*#&@/ &=G& "* $+B&C ."* &@+%E!&/
?# ?' E"''?<!& #" *&#*?&F& +!! #(& >&?G(<"* F&*#?B&' "$ ">& G?F&> F&*#&@ J?#("A# G"?>G "F&* #(& J("!& #+<!&' "$
&!&%&>#'C Y&F&*#(&!&''/ ?# ?' >"# F&*H &ZB?&># ?> #&*% "$ '#"*+G& '?[&C

KU



v1

v2v3

v4 v5

v6

e1e2

e4e3

e5 e6

e7

e8

f1

f2

f3

Edge    Vertices     Faces    Left traverse  Right traverse
name  start end  left right  prev    next      prev     next
   7         2     3      2     1       4          3          1          2

Vertex name   Incident edge    Position
          2                     7             x2 y2  z2

Face name   Incident edge
        2                     7

a.

b.

c.

 !"#$% &'&&( )!*"%+,%+"% -%./ +010 .1$#21#$%' ! 3/% %+"% 1045% 6!1/ 0* %70-85% %*1$9'"! 3/% :%$1%7
1045% 6!1/ 0* %70-85% %*1$9'#! 3/% ;02% 1045% 6!1/ 0* %70-85% %*1$9'

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

3/% $ %&'()' ( * +*,-#*-,' <$ (.-"%/ #.00'#*'( '()' %1+* =>#55%$ 0*+ ?$%80$010@ &ABCD 20* 05.< <*59 .1<$%
E,-0*!;<5+ <$!%*1045% 8<59"<* -%./%.' F1 !. 0 .!-85!G%+ :%$.!<* <; 1/% 6!*"%+,%+"% +010 .1$#21#$% 1/01 <H%$.
1/% .0-% ;#*21!<*05!1!%.' F1. 40.% %5%-%*1 !. 1/% /05;,%+"%( <*% <$!%*1%+ .!+% <; 0* %+"%' I 1045% .1<$%. ;<$
%02/ /05;%+"% <; 1/% -%./(

� 1/% *%71 /05;%+"% !* 1/% .0-% ;02%@

� 1/% :%$1%7 !1 8<!*1. 1<@

� 1/% ;02% !1 4%5<*". 1<@

� !1. <88<.!1% /05;%+"% 1/01 4%5<*". 1< 1/% .0-% %+"%'

I .%80$01% 1045% .1<$%. ;<$ %02/ ;02% <*% !*2!+%*1 /05;%+"%' I* <1/%$ <*% .1<$%. ;<$ %02/ :%$1%7 !1. 8<.!1!<*
0*+ <*% !*2!+%*1 /05;%+"%' 3/%  !"#$%&'&E+%8!21. 0* /05;%+"% +010 .1$#21#$%'

3/% 0+:0*10"% <; 1/% /05;%+"% +010 .1$#21#$% <:%$ 1/% 6!*"%+,%+"% +010 .1$#21#$% !. !1. 2<-8021*%..' F1
20* .1<$% 1/% .0-% 198%. <; -%./%. 0*+ 055<6. 1/% .0-% !*2!+%*2% J#%$!%. 6!1/ ;%6%$ %5%-%*1 !+%*1!G%$.'

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

I. 1/!. 1/%.!. +%05. 6!1/ -%./ 2<-8$%..!<*@ 1/!. .%21!<* !*1$<+#2%. "%*%$05 +%G*!1!<*. 0*+ 8$!*2!85%. 04<#1
+010 2<-8$%..!<*' 3/%9 0$% 1/% 40.!. <; 1/% 05"<$!1/-. 8$%.%*1%+ !* 1/% ;<55<6!*" 2/081%$.'

F* 2<-8#1%$ .2!%*2%@ +010 2<-8$%..!<* 2<*.!.1. !* %*2<+!*" 0* !*;<$-01!<* !* ;%6%$ 4!1. 1/0* !1. <$!"!*05
$%8$%.%*101!<*' K010 2<-8$%..!<* 20* 4% %!1/%$ 5<..5%.. <$ 5<..9' L<..5%.. 2<-8$%..!<* 055<6. 1< $%.1<$% 1/%
<$!"!*05 +010 6!1/<#1 0*9 051%$01!<* 0;1%$ 1/% +%2<-8$%..!<*' L<..9 2<-8$%..!<* $%1$!%:%. 0* 051%$%+ :%$.!<*
<; 1/% !*;<$-01!<*' K!.1<$1!<* /0. 4%%* !*1$<+#2%+ 1< ;#$1/%$ $%+#2% 1/% .!M% <; 1/% +010' K010 2<-8$%..!<*
!. #.%+ 1< $%+#2% 1/% +010 .1<$0"% 0*+ 1$0*.-!..!<* 2<.1.' F1 05.< .<-%1!-%. $0!.%. 1/% 2<-;<$1 <; 1/% #.%$
49 ./<$1%*!*" 1/% 8$<2%..!*" 1!-%.'

&N



v1

v2v3

v4 v5

v6

f1

f2

f3

h1

h2

h3 h4

h5

h6

h7 h8

h9

h10 h11

h12

h13

h14h15

h16

Halfedge   Next halfedge   Vertex   Face   Opposite hal fedge
      1                  16                3          1                   2

Vertex id   Incident halfedge    Position
       5                     5                x5 y5  z5

Face id   Incident halfedge
     2                    2

a.

b.

c.

 !"#$% &'&() *+,-%."% /%01 .+2+ 02$#32#$%' ! 41% 1+,-%."% 2+5,% 6!21 +7 %8+/9,% %72$:'"! 41% ;%$2%8
2+5,% 6!21 +7 %8+/9,% %72$:'#! 41% -+3% 2+5,% 6!21 +7 %8+/9,% %72$:'

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

41%$% &&'& (&)*'+, <=1+77>7? &@ABC >- + 0!"7+, 31+$+32%$!D%0 !20 +;%$+"% #79$%.!32+5!,!2: >$ !20 !7->$/+2!>7
3>72%72' 41% =1+77>7 %72$>9: >- + 0!"7+,X 6!21 n 0:/5>,0 f x i : i = 1 ; :::; ng 3+7 5% %89$%00%. !7 5!20 +0)

H (X ) =  
nX

i =1

px i log2(px i );

61%$%px i !0 21% 9$>5+5!,!2: >- +99%+$+73% !7 21% 0!"7+, >- 21% 0:/5>,x i ' 41% =1+77>7 %72$>9: >- + 0!"7+,
02+7.0 ->$ 21% 21%>$%2!3+, ,!/!2 >- 21% 3>/9$%00!>7 $+2% + ,>00,%00 %73>.%$ 3+7 +31!%;%'

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.2 0.4 0.6 0.8 1

 !"#$% &'&E) F#$;% >- 21% -#732!>7f (x) =  xlog2(x)' 41% -#732!>7 %82%7.%. 2> G !0 %H#+, 2> G'

I>>J!7" +2 21% 01+9% >- 21% -#732!>7f (x) =  xlog2(x) K !"#$%&'&EL? !2 3+7 5% .%.#3%. 21+2 21%
=1+77>7 %72$>9: >- + 0!"7+, !0 ,>6 61%7 21!0 0!"7+, 1+0 + 0/+,, 7#/5%$ 0:/5>,0 6!21 + 5!+0%. .!02$!5#2!>7
>- 9$>5+5!,!2!%0' 4> /!7!/!D% 21% %72$>9:? 0:/5>,0 /#02 5% ;%$: -$%H#%72 K1!"1 9$>5+5!,!2:L >$ ;%$: ,!22,%
-$%H#%72 K,>6 9$>5+5!,!2:L' 41% 3>//>7 /%21>. 2> 2$+70->$/ + 0!"7+, !72> +7 >21%$ >7% 21+2 1+0 + 0/+,,%$
%72$>9: !0 2> #0%+*(-.#).'&/ ' 41% %73>.%$ /+J%0 +7 +00#/92!>7 >7 21% 7%82 ;+,#% 2> %73>.% !7 -#732!>7 >-
9$%;!>#0 ;+,#%0 +,$%+.: %73>.%.' M2 21%7 %73>.%0 21% .!N%$%73% 5%26%%7 21% 9$%.!32!>7 +7. 21% +32#+, ;+,#%'

&O



 ! "#$ %&$'()"(*+ !,+)"(*+ (- .$// )#*-$+0 "#$ '(-"&(1,"(*+ *! "#$ &$-(',2/- (- )*+)$+"&2"$' 2&*,+' 3 2+' #2-
2 -42// +,41$& *! '(5$&$+" 62/,$-7 8#(- 2//*.- 2+ $+"&*%9 )*'$& "* )*4%&$-- $:)($+"/97

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

 !"#$%& '!($)*!+ (- 2 62&(21/$ /$+;"# $+)*'(+; "$)#+(<,$ "#2" $=%/*("- "#$ $+"&*%9 *! 2 -(;+2/ "* &$%&$-$+"
(" .("# !$.$& 1("- "#2+ ("- *&(;(+2/ &$%&$-$+"2"(*+7 >$ %&$-$+" (+ "#(- -$)"(*+ -*4$ %*%,/2& -)#$4$-7

 !"#$% &%'()*%+ ?@,542+0 ABCDE (- *+$ *! "#$ 4*-" .$//FG+*.+ $+"&*%9 $+)*'(+; "$)#+(<,$7  " #2- 1$$+
.('$/9 ,-$' !*& -*,+'0 (42;$ 2+' 6('$* )*4%&$--(*+7 8#$ $+)*'$& 2--(;+- "* $2)# -941*/ 2 -$<,$+)$
*! 1("-0 .#()# /$+;"# '$%$+'- *+ "#$ %&*121(/("9 *! "#$ -941*/7 H941*/ .("# 2 #(;# %&*121(/("9 2&$
$+)*'$' .("# /$-- 1("- "#2+ -941*/- .("# 2 /*. %&*121(/("97 H$<,$+)$- *! 1("- 2&$ )#*-$+ "* 1$ %#',-.
/#'' I "#(- 4$2+- "#2" 2 -$<,$+)$ )2++*" 1$ "#$ %&$J= *! 2+ *"#$& *+$7 8#(- 2//*.- "#$ '$)*'$& "*
G+*. "#$ -(K$ *! $2)# -$<,$+)$ ',&(+; "#$ '$)*'(+;7 8#(- "$)#+(<,$ #2- "#$ 2'62+"2;$ *! 1$(+; $2-(/9
(4%/$4$+"21/$7 L,&"#$&4*&$0 "#$ )*4%&$--(*+ 2+' '$)*4%&$--(*+ 2/;*&("#4- 2&$ ,-,2//9 6$&9 !2-"7
M$6$&"#$/$--0 2- 2 -941*/ (- 2/.29- $+)*'$' .("# 2+ (+"$;$& +,41$& *! 1("-0 "#$ *%"(42/ /(4(" *! "#$
)*4%&$--(*+ &2"$ )2++*" 1$ 2/.29- &$2)#$'7

,-*./#&.*' &%'()*%+ ?N(--2+$+0 ABOP0N(--2+$+ 2+' Q2+;'*+0 ABOB0>(""$+ $" 2/70 ABROE '*$- +*" )*'$ 2
-941*/ .("# 2 J=$' +,41$& *! 1("-7 8#$ %&(+)(%/$ *! "#(- "$)#+(<,$ (- "* )*'$ 2 -(;+2/ .("# 2 &$2/
+,41$& !&*4 "#$ (+"$&62/[0; 1[7 8#$ )*4%&$--(*+ -"2&"- 19 -,1'(6('(+; "#$ (+"$&62/ [0; 1[ (+ *+$ (+"$&62/
%$& -941*/7 8#$ .('"# *! "#$-$ (+"$&62/- '$%$+'- *+ "#$ %&*121(/("9 *! "#$(& )*&&$-%*+'(+; -941*/-7
8#$ (+"$&62/ *! "#$ ),&&$+" -941*/ "* $+)*'$ (- -$/$)"$' "* 1$ -,1'(6('$' 2- %&$6(*,-/9 '$-)&(1$' !*& "#$
$+)*'(+; *! "#$ +$=" -941*/7 S" "#$ $+' *! "#(- %&*;&$--(6$ -,1'(6(-(*+ %&*)$--0 .#$+ "#$&$ (- +* 4*&$
-941*/ "* $+)*'$0 2 &$2/ +,41$& 1$/*+;(+; "* "#(- (+"$&62/ &$%&$-$+"- "#$ .#*/$ -(;+2/7 S&("#4$"()
$+)*'(+; (- ;$+$&2//9 -/*.$& "#2+ @,542+ $+)*'(+;0 1," 19 +*" 1$(+; /(4("$' "* (+"$;$& -$<,$+)$ *!
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Sf: -
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Sf : true, false
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FIFO: g5, g6, g7, g8, g9, g10,
g11, g12, g13, g14
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Sf : ..., true, false, false
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Se: false
FIFO: e2, e3, e4, e5
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Se: false, false, false
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Se: false, false, false, true
FIFO: e5, e6, e7, e8, e9, e10, e11,
e12

Se: ..., false, true, true

FIFO: e6, e7, e8, e9, e10, e11, e12,
e13, e14

Se: ..., true, true, true
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 !" $&!"#" %"$&)*."% -.'5" -44';$ &'#()"$$*+1 -+% %"&'#()"$$*+1 -+/ >?#-+*6'4% ('4/1'+ #"$!2 @" %"?
$&)*." +"<, *#()'5"#"+,$ ,' 60),!") )"%0&" ,!" $*A" '6 ,!" &'++"&,*5*,/ -+% 1"'#",)/2  !"/ #-B" '0) $&!"#"
&'#(",*,*5" *+ ,")# '6 &'#()"$$*'+ )-,*' ;*,! ,)*-+14" $("&*-4*A"% -(()'-&!"$2  !" ,/(*&-4 *#()'5"#"+, *$
C2D .(5 6') 1"'#",)/ -+% C2E .(5 6') &'++"&,*5*,/2

 !-!. /)$0+%1+,2 %&,,$%1+3+14 5)&' 2$&'$1)4

=$ %"(*&,"% *+ F*10)"G2HD3 -6,") '+" %"&*#-,*'+ $,"(3 ,!" -5")-1" -)"- '6 ,!" 6-&"$ ;*,! - )"#'5"% &"+,")
5"),"< *$ 1)"-,") ,!-+ ,!" -5")-1" -)"- '6 ,!" ',!") 6-&"$2  !*$ '.$")5-,*'+ -44';$ ()"%*&,*+1 &'++"&,*5*,/ 6)'#
1"'#",)/2  !" ()"%*&,*'+ -41')*,!# ;')B$ -$ 6'44';$2 90)*+1 ,!" (-,&! "+&'%*+1 -+% %"&'%*+1 ,)-5")$-4$3
,!" -5")-1" -)"- '6 ,!" ,;' ,/("$ '6 6-&"$ -)" ()'1)"$$*5"4/ 0(%-,"% ;!"+ +"; 6-&"$ -)" ,)-5")$"%2 I6 ,!" -)"-
'6 ,!" &0))"+, 6-&" *$ &4'$") ,' ,!" -5")-1" -)"- '6 6-&"$ ;*,! - )"#'5"% &"+,") 5"),"< ,!-+ ,' ,!" -5")-1" -)"-
'6 6-&"$ ;*,!'0, - )"#'5"% &"+,") 5"),"<3 ,!"+ *, *$ ()"%*&,"% -$ !-5*+1 - )"#'5"% &"+,") 5"),"<2 J4$"3 *, *$
()"%*&,"% -$ +', !-5*+1 - )"#'5"% &"+,") 5"),"<2 = .*+-)/ $/#.'4 *$ 1"+")-,"% ,' *+%*&-," *6 ,!" ()"%*&,*'+
*$ 5")*:"%2  !*$ $/#.'4 )"(4-&"$ sf i -+% *$ -4$' 4-,") "+,)'(/ &'%"%2  !" .*+-)/ %*$,)*.0,*'+ '6 ,!*$ +";
$/#.'4 *$ 6') #'$, &-$"$ #')" .*-$"% ,!-+ ,!" $*#(4" &'%*+1 %*$,)*.0,*'+2

F') $'#" &'++"&,*5*,*"$3 !';"5")3 $0&! -$ ,!" %"&*#-,*'+ '6 - )"104-) !"<-1'+-4 #"$! K$"" F*10)" G2EK&LL3
,!" -5")-1" -)"- '6 ,!" ,;' ,/("$ '6 6-&"$ &-+ ." "M0-42 I+ ,!*$ &-$"3 ,!" ,/(" '6 - 6-&" &-+ ." ()"%*&,"%
6)'# ,!" ,/(" '6 *,$ +"*1!.')$2 @!"+ ,!" %*N")"+&" .",;""+ ,!" 6-&" ,/(" (")&"+,-1"$ *$ ."4'; - ,!)"$!'4%
K"<(")*#"+,-44/ $", -, HCOL3 '0) -41')*,!# ()"%*&,$ ,!" ,/(" '6 - 6-&" -$ ,!" *+5")$" '6 ,!" ,/(" ,!-, *$ ,!"
#'$, )"()"$"+,"% -#'+1 ,!" -%P-&"+, -4)"-%/ ,)-5")$"% 6-&"$2

= $*#*4-) -41')*,!# *$ 0$"% 6') ,!" ()"%*&,*'+ '6 ,!" "%1" $/#.'4$ sek 2 I6 ,!" ('4/1'+$ -)" ;"44?$!-("%3
,!"+ ,!" *+$"),"% "%1"$ -)" *+ 1"+")-4 4'+1") ,!-+ ,!" ')*1*+-4 "%1"$ %0" ,' ,!" )"?"%1*+1 ()'&"$$2

 ' ()"%*&, ,!" 1)'0( - 6-&" ') -+ "%1" ."4'+1$ ,'3 ;" 0$" -5")-1" 5-40"$ '6 6-&" -)"-$ -+% "%1" 4"+1,!$
&'#(0,"% '+ ,!" (-), '6 ,!" #"$! -4)"-%/ ,)-5")$"%2 @" #-B" ,!" -$$0#(,*'+ ,!-, ,!" #"$! *$ 0+*6')#4/
$-#(4"%2 @!"+ ,!" &0))"+, 789 )"104-)*,/ *$ .-% ') ,!" 4-$, %"&*#-,*'+ $,"( )"#'5"% 6"; 5"),*&"$3 ,!"
$*#(4" &'%*+1 $&!"#" *$ #')" "N"&,*5"2  !")"6')"3 -, ,!" ."1*++*+1 '6 "-&! &'++"&,*5*,/ "+,)'(/ "+&'%*+1
$,"(3 - .*, *$ ;)*,,"+ ,' *+%*&-," *6 ,!" &'++"&,*5*,/ ()"%*&,*'+ -41')*,!# *$ 0$"% ') +',2

 !-!" 67)3817)$ ()$0+%1+&, 5&) 2$&'$1)4 $,%&0+,2

=$ %"$&)*."% *+ Q"&,*'+G2>2H,!" 1"'#",)/ %-,- *$ &'#('$"% '6 ,!" )"#'5"% 5"),"< )"$*%0-4$ r f i 2  ' *#()'5"
,!" 1"'#",)/ %-,- "+&'%*+13 ;" 0$" - &0)5-,0)" ()"%*&,*'+ #",!'%2 I+$,"-% '6 %*)"&,4/ "+&'%*+1 ,!" )"$*%0-4
r f i 3 ;" "+&'%"R

gf i = r f i  � l f i ; KG2>L

;!")" l f i *$ ,!" -5")-1" 7-(4-&*-+ '6 ,!" $", Vf i '6 ,!" 5"),*&"$ '6 f i 2 @" %":+" ,!" 7-(4-&*-+ '6 - 5"),"< vj

-$R
lv j =

1
jVv j j

X

vk 2 Vv j

pvk  pv j ;

ST



Distribution of Sf Distribution of Se

Inserted
edges

Original
edges

Faces with
a removed

center
vertex

Faces
without

a removed
center
vertex

Predictions of Sf Predictions of Se

True
predictions

True
predictions

False
predictions

False
predictions

Sf Se

Vv j vj pvk vk

l f i =
1

jVf i j

X

vk 2 Vf i

lvk :

� = 0 :5 gf i

r f i



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

 ! "#$ %!&'()*! +,! )"'-.&)#" +# #.( '#%!' #/ +$# 0!+,#%& +,1+ )02(#3! )+& (1+!4%)&+#(+)#" 2!(/#(01"'!5
6,! 7(&+ )& *1&!% #" 1 $13!-!+ %!'#02#&)+)#" $)+, 1  !"#!$% &#'(5 8+ )02(#3!& +,! (1+!4%)&+#(+)#" (1+)#& 1+
-#$ (1+!& *9 1*#.+ :;< $)+,#.+ )021'+)"= +,! 7"1- '#02(!&&)#" (1+!5 6,! &!'#"% )& +,! 1%12+)3! =-#*1-
>.1"+)?1+)#" 0!+,#% +1@!" /(#0 AB!! !+ 1-5C :DE:F5 8+ )02(#3!& +,! (1+!4%)&+#(+)#" (1+)#& 1+ -#$ (1+!& *9
1*#.+ G;< *.+ )"'(!1&!& +,! 7"1- '#02(!&&)#" (1+! *9 E +# : *235

 ! !" #$%&'&( )*+,-'$(.*/ *) (0& 1&*,&(+2 3*,4+&55.*/

 ! /#(0.-1+! ,!(! +,! 0!&, =!#0!+(9 '#02(!&&)#" 1& 1 $13!-!+ %!'#02#&)+)#" .&)"= +,! -)/+)"= &',!0!
AH$!-%!"&C EIIJF5 6,! )%!1 #/ .&)"= 1 $13!-!+ %!'#02#&)+)#" /#( +,! =!#0!+(9 '#02(!&&)#" #/ )((!=.-1(
0!&,!& )& "#+ "!$ AK1-!++! 1"% L(#&+C :DDM*F5 N#$!3!(C +,! $13!-!+ %!'#02#&)+)#" $! 2(!&!"+ )" +,)& &!'+)#"
)& &2!')7' +# #.( 0!+,#% 1& $! .&! %)O!(!"+ 0!&, %!')01+)#" #2!(1+#(& 1"% =!#0!+(9 !"'#%)"= &',!0!&5

 ,!" 1 "!$ -!3!- #/ %!+1)- )& =!"!(1+!%C +$# +92!& #/ =!#0!+(9 %1+1 1(! '#02.+!% %.()"= +,! $13!-!+
%!'#02#&)+)#"P

C l  1 = A l :C l ; QM5GR

D l  1 = B l :C l : QM5MR

C l  1 )& +,! m � 3 =-#*1- 01+()S #/ +,! '#1(&! '#!T')!"+&C +,! m 3!(+!S '##(%)"1+!& #/M l  15 D l  1 )& +,!
p � 3 =-#*1- 01+()S #/ +,! %!+1)- '#!T')!"+&C +,! p -#'1- r f i 31-.!& +,1+ 1(! !"'#%!%5 6,! 1"1-9&)& 7-+!(&A l

1"%B l 1(! %!7"!% *9 +,! %!')01+)#" #2!(1+)#"& '#02-!+!% +# =!"!(1+! M l  15 A l )& +,! 01+()S +,1+ !S+(1'+&
+,! 3!(+!S 2#&)+)#"& #/M l  1 /(#0 +,! 3!(+!S 2#&)+)#"& #/M l 5 B l )& +,! 01+()S +,1+ '#02.+!& 1-- +,! %!+1)-
'#!T')!"+&C 1& -#'1--9 %!7"!% )" QM5ER Q&!! U)=.(!M5E;1R5

f1

f2

f3

r f1

r f2

r f3

v1 v2a.

b.
v1

v2

v3

v4

v5b f1 b f2

b f3

v1 v2

U)=.(! M5E;P 6(1"&3!(&1- 3)!$& #/ 1 0!&, %.()"= +,! '#02(!&&)#" $)+, +,! -)/+)"= &',!0! !"1*-!%5 )* 6,!
0!&, *!/#(! %!')01+)#" )& %!2)'+!% )" =(!!"5 6,! 0!&, 1/+!( %!')01+)#" )& %!2)'+!% )" *-1'@5 6,! %!+1)-
'#!T')!"+& r f i 1(! +,! 3!'+#(& *!+$!!" +,! *1(9'!"+!( #/ +,! /1'! 3!(+)'!& Q bf 1 Cbf 2 1"%bf 3 R 1"% +,! (!0#3!%
3!(+)'!& Qv3Cv4 1"% v5R5+* 6,! 0!&, *!/#(! +,! -)/+)"= &+!2 )& )" *-1'@5 6,! 0!&, 1/+!( )& )" *-.!5 6,!
-)/+)"= &+!2 0#3!& +,! 2#&)+)#" #/ +,! (!01)")"= 3!(+)'!& v1 1"% v2 1''#(%)"= +# +,! "!)=,*#( /1'! r f i 31-.!&
+# )02(#3! +,! (1+!4%)&+#(+)#" %)&+#(+)#" 2!(/#(01"'!5

V.()"= +,! %!'#02(!&&)#"C #"'! +,! '#""!'+)3)+9 ,1& *!!" %!'#%!%C +,! '#1(&! '#!T')!"+& C l '1" *!
#*+1)"!% /(#0 +,! '#1(&! '#!T')!"+& C l  1 *!'1.&! +,! 3!(+)'!& #/ M l  1 1(! 1 &.*&!+ #/ +,! 3!(+)'!& #/ M l 5
6,! %!+1)- '#!T')!"+& D l  1 1(! %!'#%!% /(#0 +,! '#02(!&&!% %1+15 U(#0 QM5ERC $! ,13!P

pv j = r f i + b f i :

JE



 !" #$%&'( #! #$)( *!+%* ,!-./*%" )# )( 0!(()1*2 #! -2+!32- C l ,-!. C l  1 %&4D l  15 6$)( 0-!+2(( +%& 12 7-)##2&
/&42- #$2 ,!-. !, #$2 ,!**!7)&8 29/%#)!&:

C l = P l :C l  1 + Ql :D l  1;

7$2-2 P l %&4Ql %-2 #$2 (;&#$2()( <*#2-( 42#2-.)&24 1; #$2 0-23)!/(*; 42(+-)124 0-!+2((5

6$)( (+$2.2 +!--2(0!&4( #! #$2 *%=; 7%32*2# #-%&(,!-.5 ># ?/(# (20%-%#2( #$2 *!7 %&4 $)8$ ,-29/2&+;
#2-.( 4/-)&8 #$2 +!.0-2(()!& %&4 0/# #$2. #!82#$2- 4/-)&8 #$2 42+!.0-2(()!&5

 !"#!$% &#'(

6! ).0-!32 #$2 -%#2@4)(#!-#)!& 02-,!-.%&+2 !, !/- +!42-" %,#2- % 42+).%#)!& (#20 #$2 0!()#)!& !, #$2 .2($
-2.%)&)&8 32-#)+2( AC l  1B %-2 .!324 )& ,/&+#)!& !, #$2 0!()#)!&( !, #$2 -2.!324 32-#)+2( A(22 C)8/-2D5EF1B5
G%+$ 32-#2H 0!()#)!&pv j )( *!+%**; .!4)<24 %( ,!**!7(:

pv j = pv j + 
1

jFv j j

X

f i 2 F v j

r f i ;

 !"#" Fv j $% &!" %"& '( &!" )"$*!+'# (,-"% '(vj . /( , (,-" f i 0'"% )'& !,1" , #"2'1"0 1"#&"34 &!") r f i = 0 .
/) '5# "36"#$2")&%4  " %"& = 0 :5 +"-,5%" $& 6#'1$0"0 &!" +"%& #"%57&%  $&! '5# 0,&,%"&%.

8!$% 7'-,7 6#'-"%% -,) +" ('#257,&"0 ,% , 7$(&$)* %&"6 $) '5# *7'+,7  ,1"7"& ('#257,&$'). 9'4 :;.<= ,)0
: ;.; = +"-'2">

C l  1 = A l :C l + L l :B l :C l ;

D l  1 = B l :C l ;

 !"#" L l $% &!" 2,&#$3 &!,& -'265&"% &!" ,1"#,*" #"%$05,7 '( &!" )"$*!+'# (,-"% :%"-')0 &"#2 '( &!" ('#257,
;.;.? =. @5#$)* &!" 0"-'26#"%%$') $& $% 6'%%$+7" &' #"+5$70 &!" 2,&#$3L l ,)0 &!") &' #"%&'#" &!" 1"#&"3
6'%$&$')%  $&! &!" 0"-'0"0 #"%$05,7% 5%$)* &!" ('77' $)* ('#257,>

C l = P l :(C l  1  L l :D l  1) + Ql :D l  1:

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

A% "367,$)"0 $) 9"-&$');.<.B4 &!" ")&#'6C -'0"# 0'"% )'& 0$#"-&7C ")-'0" &!" #"%$05,7%" f i +5& $)%&",0 ")-'0"%
&!" 0f i

1,75"% 6#'D"-&"0 $) &!" 7'-,7 E#")"& (#,2"%. F$1") :;.B=4 &!" *7'+,7 2,&#$3 '( &!" %C2+'7% 1,75"%
Sl  1 $% 0"&"#2$)"0 +C &!" ('77' $)* "G5,&$')>

Sl  1 = U l  1:(D l  1  �G l  1:C l  1);

 !"#" Gl  1 $% &!" 2,&#$3 5%"0 &' -'265&" &!"l f i 1,75"% ,)0 U l  1 $% &!" 2,&#$3 5%"0 &' 6"#('#2 &!" 7'-,7
6#'D"-&$')%. @5#$)* &!" 0"-'26#"%%$')4 &!"  ,1"7"& -'"H-$")&% 2,&#$3 -,) +" #"%&'#"0  $&!

D l  1 = V l  1:(Sl  1 + �G l  1:C l  1);

 !"#" V l  1 $% &!" 2,&#$3 &!,& 6"#('#2% &!" #"1"#%" 7'-,7 6#'D"-&$')%4 +"('#" ,667C$)* &!" #"%& '( &!" 7$(&$)*
%-!"2". 8!"  !'7" 6#'-"%% $% %522,#$I"0 +C E$*5#" ;.?J .

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

8' *"& &!" +"%& #,&"K0$%&'#&$') 6"#('#2,)-"  !") -'26#"%%$)* , 2"%!4 & ' 1,#$,+7"% -,) +" 67,C"0  $&!> &!"
)52+"# '( 1"#&$-"%V ,)0 &!" )52+"# '( *"'2"&#C G5,)&$I,&$') +$&% B . E'# &!" %$)*7" #,&" -'26#"%%$') '(
&#$,)*7" 2"%!4 L$)* ,)0 M'%%$*),- 6#'6'%"0 $) NL$)* ,)0 M'%%$*),-4 ?OOO+P 2"&!'0% &' '6&$2$I" &!" -!'$-"
'( V ,)0 B &' 2$)$2$I" "$&!"# &!" ,66#'3$2,&$') "##'# '# &!" Q7" %$I". E'# &!" 6#'*#"%%$1" -'26#"%%$') '(

JB
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qG (K G )

qG (K G ) = round(� � log(K G )  � )

round() K g

K G =
volume of bounding box

area � number of vertices
:

� =  1:248 � =  0:954

qG (K G )
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a.

b.
c.

d.

e.

f.

g.

h.

i.

j.

k.

l. m.

n. o.

q.

p.

k.

r.





 !"#$ % &!$'( )*+,-(
.*/ 012#3#

4## 5675 80#,( 5665
9( :( ;!-(

<##-2!=#, 5>75 76 ?(@ 7A(@ 55(B 5A(6 7A(A
<*,,' >>7B 76 C(> 77(> 7?(A 56(C 75(5

D$#&2+,- 76>E? 75 C(B 75(C 7?(> 5?(B 77(>
F2+/G 5?A5 76 ?(7 77(B 7A(? 57(6 >(7
;#+&!- 75E6 76 B(@ 7C(E 7>(A 5?(? 75(5

;/H1#/+-!&0 5>CB 76 ?(B 75(A 7>(6 55(7 77(E
I#&-*,# 775A?> 75 7(? A(@ >(7 7@(> ?(A

92H,#0# $H!, 75>CCE 75 7(B >(6 E(B 7E(A A(E
:+/J!'$# C575A 75 5(@ 75(? 7?(C 5C(E 75(7

4*1' KFL @AABA 75 ?(B 7C(> 7E(5 57(? 56(C
MH&&! C5A?> 75 B(6 77(> 7?(> 57N> 7A(6
M!/0# CEAE> 75 B(7 7?(5 7E(C 56(B 7E(7

O+,"H0G 75E>A 76 C(E 77(E 7?(> 7?(@ E(>
PH,!0+*/ 5>7CA 75 B(A 7A(C 57(6 57(5 56(5

K#,*0Q!"' 55@56 75 C(A 75(A 7A(7 7A(E 7C(B
R+QQH- 7CB6@B 75 C(5 77(B 7B(A 7A(5 75(7
O#/-H$H-' B>C55A 75 C(A 76(5 7C(@ 7B(@ 7C(B

R+3#00#0 7A?5?5> 75 B(5 @(@ 77(E 75(C 77(E

;+Q$# B(7S 9!3&/#00H!, /+-#0 H, QH-0 &#/ =#/-#TN UH-2!*- +,' /+-#V"H0-!/-H!, !&-H3HW+-H!,0( ;2# X/0- &+/- !Y
-2# -+Q$# 1!,-+H,0 3#02#0 UH-2 +/QH-/+/' Y+1# "#J/##0( ;2# 0#1!," &+/- 1!,-+H,0 !,$' -/H+,J$# 3#02#0( 9(
0-+,"0 Y!/ 1!,,#1-H=H-'( :( 0-+,"0 Y!/ J#!3#-/'( ;! 1!3&/#00 &!$'J!, 3#02#0 UH-2 -2# 3#-2!" !Y 4## #- +$(
Z4## #- +$(N 5675[N + &/#$H3H,+/' -/H+,J*$+-H!, H0 &#/Y!/3#"( \# +"" -! -2# !Q-+H,#" 1!3&/#00H!, /+-#0 -2#
1!0- !Y -2# #"J# ]+J0 /#^*H/#" -! /#0-!/# -2# !/HJH,+$ 1!,,#1-H=H-'( ;2# /#0*$-0 !Y !*/ 012#3# +/# 1!3&+/#"
+J+H,0- -2# /#0*$-0 Y/!3 -2# +$J!/H-230 "#01/HQ#" H, Z4## #- +$(N 5675[ +," Z80#,Q*/J +," L$$H#WN 5665Q[

\2H$# Q#H,J 3!/# J#,#/+$ -2+, &/!J/#00H=# 1!"#/0 0&#1H+$HW#" -! -/H+,J$# 3#02#0N !*/ 1!"#/ +12H#=#0
1!3&#-H-H=# /#0*$-0 Y!/ -2# 1!3&/#00H!, !Y -/H+,J$# 3#02#0( 8- U!/G0 UH-2 +,' 5V3+,HY!$" 3#02 +," #T2HQH-0
J!!" /+-#V"H0-!/-H!, &#/Y!/3+,1#0 +- $!U /+-# +," +=#/+J# 1!3&/#00H!, /+-#0(

 !" #$%&'()*$%

8, -2H0 12+&-#/N U# H,-/!"*1#" __ 9N + ,#U &/!J/#00H=# 3#02 1!3&/#00H!, +$J!/H-23( .,# "H0-H,1-H=#
&/!&#/-' !Y !*/ 3#-2!" H0 -2+- H- 1+, 2+,"$# 0*/Y+1# 3#02#0 UH-2 +/QH-/+/' Y+1# "#J/##0 *,$HG# &/#=H!*0
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