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³ W�lwOQUXW!M®BQgtË�]\;SD<Y�MP:<W ¨e³-´ gqBQGHW�{�­·W�g�OuDCGH;ºJ�W&U�MX:<W�W�¸¹WEg�MX;SsZW ±<A�¸¹W&UeGH;S¾qW!;SDIMX:<W�9 ³-´ gt:CBED<D<W&]

g&BuGHWZk
[ZA<jRj|O�GHW/� R ²10 µ B_D�J2� X ²10 µ B_UPW�{LUPWzGHjCWEg�MX;SsZW&]\pZ{·MP:RWvW&D�g�ONJ�W&U�±RA�¸¹W&UIBEDCJ JNWEg�ONJ�W&U�±<AN¸�WqU
ONg&g�ARjCB_DCg#;SWEGVB_M�MX;Sa�W30L²À;°kÌWZk/J�A<UX;SD<Y6MP:<W40 =@MX:�lwU®B_a�W ;SDNMPWqUPsuB_]°k µ65 ;xG-MP:<W�gt:CB_DRD<W&]^±<;SMVUtBEMPW!;\D�OuD<W
lwUtBEa�W ;SDNMPW&UXsuB_]^B_D�J87 ²90 µ ;xG-MP:RW!DNA<a§±CW&U-OEl'±<;\MtG-ACGHWEJ�±Np�MP:<W�W&DCg�ONJNW&ULMXO�g#ONJ�W�MP:<W40ÀMP:�lwUtBEa�W O_l
sN;xJ�W&ORk�`Àl¹D<W&;\MP:<W&U¶W&DCg�ONJ�WqU�OQU/J�WEg#ONJ�W&U'±<A�¸¹W&U®GfWqsZW&U�OEsZW&UH¼�O_­ÅOuUnARDCJ�W&Uh¼COE­ {�MX:<W&D�MX:<WLWqDCg�ONJ�W&UfB_DCJ
J�WEg#ONJ�W&U·lwA<]\]SD<WEGXG-B_M-MX;Sa�W:0^­-;S]S]ª±CW�;

� R ²90 µ M <=>@?BA 7 ²DC µ ^E0GF 5 ² 9 µ

� X ²90 µ M H 0!F 5 ^EI <KJ�LBM>@?BA 7e²DC µ Y ­-:RW&DN0POPK2c2Y0!F 5 Y ­-:RW&DN0PQNK2cbY ² ; µ

­-:<W&UXW0K c2{<MP:<W W&DCJZ=@MXO_=°W&DCJIJ�W&]ºB&pZ{�;ºG-B_]xGhO§MX:<W MP;\a�W�MP:�B_MVMP:<W�J�WEg#ONJ�W&U-­-BE;SM®GLB&lwMPW&U-UXWEg�W&;\s�;\D<Y!MX:<W
¯CU®GHM ±<;SM®G�O_l-;\D�lwOQUXa�B_MX;SOuDI±|W#lwOQUPW6GHM®B_UXMP;SDRY�MPO�J�Wzg�ONJ�WZk�²@K�G g&BEDv±CW6GHW&W&D5{oJRB_MtB�;xG�UPWqa�OEsZWEJ§lwUPOQa
MP:RW�J�WEg�ONJ�WqUL±<AN¸�WqU�OQD<]\pIB&lwMPW&UR06M K c2k µ�³ p�g�Oua§±R;SD<;\D<Y�MP:<W�WqDCg�ONJ�W&U�±<A�¸¹W&U�ONg&g#A<jCB_D�g�pÉ²
9 µ BEM
MP;\a�WR0nBEDCJ�JNWEg�ONJ�W&U-±RA�¸¹W&ULONgqg�A<jCBEDCg�pI² ; µ B_M-MP;\a�WR0 SWK c2{<­·W�g&BED�YuW&M

� X ²904SWK c µ MPK cSF 5 ^/� R ²90 µ ­-:<W&D 0POPK c ² I µ
`Àl�­/W g&B_D�ËZW&Wqj K cTF 5 ^U� R ²90 µ O ��BE]S]ªMX:<W�MP;\a�WZ{ZMP:RW&DV� R ²904SWK c µ ­-;\]S]ªBE]S­¿BzpRG·±CW YQUPWzB_MPWqU

MP:�B_D��§BEDCJ�MP:<WqUPW�lwOuUPW�MX:<W�J�WEg�ONJ�WqU·­-;S]\]�D<OuM-A<DCJ�WqUH¼COE­ k'ÒvW gqB_D�MP:NACG-J�W�¯�D<W�MP:RW¬W#¸�Wzg�MP;\sZWL±<AN¸�WqU
GH;\¾&W�;\D�MX:<W�9 ³-´ g&BuGHW�BQG �BR
	�	�M K cSF 5 ²9W µ
B_D�J�­·W�gqB_DIYQA�B_UtBED�MXW&W!MX:CB_M�;Õl'MX:<W!W&D�g�ONJ�W&UV±<A�¸¹W&ULlwAR]S]SDRWEGPG�� R ²90 µ ;xGVB_]\­-B&p<GVGHacB_]S]\W&U-MP:�B_DX�(RY	Z	u{
MP:RW&D�MP:RW J�WEg�ONJNW&U·±<AN¸�WqU·­-;S]\]CD<OQM-A<D�J�W&UH¼�O_­ k'È<UXOQa)² I µ ­·W BE]xGhO!ËND<OE­ÂMP:CBEM-MP:<W�acB_«N;Sa�A<a~suB_]\A<W
O_l�W&D�g�ONJ�W&U�±<A�¸¹W&U�ONgqg�A<jCBEDCg�pZ{�� R ²90 µ {·­-;S]\]-±CW�K c[F 5 ­-:<W&D\� X ²90 µ M ��k ½·:RW&UPW�lwOuUPW�lwOuU§MX:<W
W&DCg#ONJ�W&U&{5Bc±RA�¸¹W&U GH;\¾&W�BuG�]xB_UXYQW�BuG�K2c]F 5 M^�(RY	Z	�­-;S]\]o±CW�W&D<OuA<YQ:»MPO6:<OQ]ºJvBE]S]^j|O�GPGh;S±<]\W�g�ONJNWEJ
J<BEMtB�­-;SMX:<;SD»MP:RW§W&D�J�=@MXO_=°W&DCJÉg#OQDCGhMPUtBE;SDNM&k�K Gh;Sa�;\]xBEU B_UXYQA<a�WqD�M gqB_DÅBE]xGHO2B_j<jR]Sp»MPO�MX:<W6J�WEg�ONJ�WqU
±<A�¸¹W&Uqk
`ÀlªMP:RWLj<:NpRGH;xgqB_]<±<AN¸�WqU·Gh;S¾&WV;xG'Gha�B_]\]SW&U^MP:CBEDV�(RY	Z	u{�MX:<W&D�MP:<WqUPWV­-;S]S]R±|WVa�OuUPWVg�OuDCGHMXUtB_;\D�M®GnOuD§MX:<W
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j<:Np<Gh;xg&BE]�±<AN¸�WqU�Gh;S¾&W BuG3� R ²10 µ � � R � X ²90 µ � � X k
	���������������� �!�"��#§4$�
%��&�
'Á�������)(+*,'+'���-Y.
½·:<W&UXW-;xG'B J�W&MtBE;S]\WEJ�J�;xGXg�ACGXGH;SOuD§OuD§MX:<W-±<A�¸¹W&U/J�pNDCBEa�;xg&Gª;SD�MX:<W ¨ ³-´ gt:CB_DRD<W&]NW&D�sN;SUXOQD<a6W&D�Mª;\D

´ W&;S±<acB_D�B_D�J�F�BQGhËZW&]S]��ÞGoj�B_jCW&U Í�;QÏ°k'mnGXGHW&DNMP;ºB_]\]Sp!MX:<W GXB_a�WVg�OuDCGHMXUtBE;SDNMtG·BuGn;\D�MP:<W 9 ³-´ g&BuGHW BEj<j<]Sp
W&«Rg�W&j<MVMP:�B_M D<OE­~MP:<W�gt:CB_DRD<W&]�U®B_MPW�;ºGLMP;\a�W suB_UPpN;SDRY<k i WqD<OQMXW 5 ²90 µ MX:<W�gÆ:�B_D<D<Wq]�UtBEMPW�B_M MX;Sa�W)0P{
MP:RW&D»² 9 µ B_D�Jv² ; µ {<MX:<W W&DCg�ONJ�WqUVB_DCJ�J�WEg�ONJ�WqU-±<A�¸¹W&U-ONg&g�ARjCB_DCg#;SWEGVg&B_D�±CW UPW&­-UX;SMXMPW&D�BQG

� R ²90 µ M <=> ? A 7 ²DC µ ^ <=>@?BA 5 ²DC µ ²�� µ

� X ²90 µ M H I <> ?BA 5 ²KC µ ^EI <DJ LBM>@?BA 7 ²DC µ Y ­-:<WqDN0POPK cI <> ?BA 5 ²KC µ Y ­-:<WqDN0PQNK2c ²@� µ

9'OQa�±<;SDR;SD<Y MP:RW�W&DCg�ONJNW&U-±<A�¸¹W&U-ONg&g#A<jCB_D�g�p�²�� µ BEM-MP;Sa6W 0�B_DCJ�J�Wzg�ONJ�W&U/±<A�¸¹W&U-ONg&g�ARjCB_DCg#pI²@� µ
B_MVMP;\a�WR04SUK2cI{<­/W!gqB_D�YQW&MVMP:RWelwOu]S]\O_­-;\D<Y�WE©ZACB_MX;SOuD!;

� X ²904SWK c µ M <��,LBM=> ?BA 5 ²KC µ ^ <=>@?BA 7 ²KC µ M <��,LBM=>@? <�� A
5 ²KC µ ^Â² <=>@?BA 7 ²KC µ ^ <=> ?BA 5 ²DC µXµ

M <���L=> ? <�� A
5 ²KC µ ^/� R ²10 µ ²@} µ

`@D!OQU®J�W&U�MXO�j<UXW&sZW&DNM�MP:RWVJ�WEg�ONJ�WqUo±<AN¸�WqUolwUPOua$ARDCJ�W&Uh¼COE­-;SD<YR{Q­·W/:CB&sZW·MPOVËZW&W&j�MP:<W/UP;\YQ:NM�Gh;xJ�W/O_l
²@} µ B_]S­¿B&p<G�YQUXWEB_MXW&U�MX:CB_D6��k'½·:<WqUPW�lwOuUPWV;SD�MP:RW ¨ ³-´ g&BuGHWV­·WVg&BED�BEYZBE;SD6J�W�¯CD<WVMP:RW-W�¸¹WEg�MP;\sZW·±<AN¸�WqU
GH;\¾&W�BuG�MX:<W�a�BE«�;\a§A<a)±<A�¸¹W&U�ONg&g#A<jCB_D�g�pÅB_M�MX:<W�W&DCg�ONJNW&U�±<A�¸¹W&U�MX:CB_M�­-;S]\]·D<OuM�g&B_ACGhW�J�WEg�ONJ�WqU
±<A�¸¹W&UVA<DCJNW&UH¼COE­ k'½·:<W a�BE;SD�JN;Õ¸¹W&UPWqDCg�W�;ºG·MP:CBEM lwUXOQaÊ²°} µ ­·W :CB&sZW

� R
	�	 ²90 µ M <��,L M=> ? <�� A
5 ²DC µ ²PÎq� µ

B_D�JcMX:<W W�¸¹WEg�MX;SsZWV±<A�¸¹W&UVGH;\¾&W J�Wqj|WqDCJ<G-OQD�MP:<W�lwU®B_a�WV;SDNMPW&UXsuB_]ªBEDCJ�;xG·WE©ZACBE]�MPO�MP:RW GHA<a O_l^lwA<MPA<UXW
K2cÊgt:CB_DRD<W&]^UtB_MXWEG�BuG�k�½·:R;xGL;ºGLBEDI;SDNMPA<;\MP;SsZWq]Sp�OQ±Ns�;\OQACG-UPWEGhA<]SM�GH;\DCg�W�;SM HPACGHM GhMtBEMPWEGLMX:CB_M�;SD�OuUtJ�WqU
MPO6B_UXUP;\sZW¬­-;\MP:<;\D*K c lwUtBEa�WEG�{<MX:<W�B_a�OuA<DNM-O_l¿J<B_M®B�MXO�±CW!MXUtB_D�GHa�;\MPMPWzJ�g&B_DRD<OQM�Wq«<g�WqWEJ§MP:RW!MPOuMtBE]
gt:CB_D<DRW&]�U®B_MPWÔB&sQBE;S]ºB_±<]\W J�A<UX;SD<Y�MP:CBEM-jCW&UP;\ONJ�k
½·:<;xG|lwOuUPa�A<]xBEMP;\OQD g&BED�B_]xGhO-±CWnA�GHWEJ�MPO�J�WEGh;SYuD¬U®B_MXW·g#OQDNMPUPOu]ZBE]SYQOuUP;\MP:<a�GC;SD OQMX:<W&U ¨ ³-´ GPg#W&DCB_UX;SO�G

GHA�gÆ:�BQG-MP;\a�W�=°suB_UPpN;SDRY¬­-;\UPW&]\WEGPG/gÆ:�B_D<D<Wq]xG Í WEÏ@{N­-:<W&UPW�lwA<MXA<UPW U®B_MPWzG-B_UPW D<OuMLËND<OE­-Dª{<±<ARMVGHMPONgt:CBuGHMP;ºg
a�ONJ�Wq]xG·gqB_D�±CW¬A�GHWEJ�;SD�GHMPWzBQJ�k'FLWqUPW�­/W!g#OQDCg�WqD�MXUtB_MXW�OQD�MX:<W�g&BQGhW¬­-:RW&UPW MP:RWLlwA<MPARUPW0K c)gt:CBED<D<W&]
UtBEMPWEG#{CB_DCJ�MP:NACG·MP:RW¬W#¸�Wzg�MP;\sZW�±<A�¸¹W&UVGh;S¾&WZ{Rg&B_D�±CW¬jR]xB_DRD<WEJ�OuUVg�OQDNMPUXOQ]\]SWEJ�;SD�BuJ�suB_DCg�W�{<±<A<M-­-:<W&UXW
MP:RW-gt:<OQ;ºg�W'O_l¹MP:<W¿gÆ:�B_D<D<Wq]ZUtB_MXWEGo;ºGoGhA<± HPWEg�MªMXO B�g�OuDCGHMXUtB_;\D�Mq{QBuGo­-;S]\]Z±CW-MP:<W¿g&BQGhW·;SDÔK'½-Ó D<W&Mh­·OuUPËRG�k
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½·:<WVOQj<MX;Sa�BE]<W&DCg�ONJNW&U'±<;SMh=hBE]S]SONgqB_MP;\OQD§lwOuU/B!J�;ºGPg�UXW&MPWVGhW&M'O_l¶©ZACB_DNMP;\¾&W&UtG^­-;SMP:�±<A�¸¹W&U¿g�OQD�GHMPU®B_;\D�M®G

;SD�MP:RW¬9 ³-´ gt:CB_DRD<W&]¹g&B_D6±|W�GHOu]SsZWEJ�±Np�J�p�D�B_a�;ºg·j<UPOuYQUtBEa�a�;\D<Y�Í:IEÏ@k¶`bD�MP:R;xGolwOQUXa§A<]ºB_MX;SOQD5{ZBQGXGHA<a§=
;SDRY�B GHA�Öcg�;\W&D�MX]Sp�]SOQDRY!W&DCJZ=@MXO_=°W&DCJ�J�Wq]xB&pZ{ZB MPUPWq]S]S;ºG�g&BED�±CWLlwOQUXa�WEJ!­-:<W&UXWLWzBQgt:§±<U®B_DCgt:�UXW&j<UPWzGHW&DNMtG

;



B�gÆ:<Ou;xg�W OEl/©�A�B_DNMP;S¾zB_MP;\OQD�lwOQUVMP:RW¬lwUtBEa�W BEDCJ�:CBQGVBQGXGHONg�;ºB_MXWEJIB§JN;xGHMXOQUXMP;SOuDªk·Ò»W�g&BED�¯CD�J�OQARMLMX:<W
MPUXW&]S]\;xGLj�B_MP:�­-;SMP:»a�;\D<;Sa�A<a J�;xGhMPOQUXMP;\OQDÉACGh;SD<Y�MP:<W ¨ ;\MPW&UX±<;�BE]SYuOQUP;\MP:<a ² ¨ K µ Í��qÏ@k6`bD»WEBugÆ:�GHM®B_YQW�{
WEBugÆ:�DRONJ�W UPW&j<UXWEGHWqD�M®GfMX:<W�±<AN¸�WqU·ONg&g�ARjCB_DCg#p�O_l^MX:<W�W&DCg#ONJ�W&U·±RA�¸¹W&UVB_DCJ�Bug&g�A<a�A<]xBEMPWEJ�JN;xGHMXOQUXMP;SOuD
O_l¶MP:RW¬sN;xJNW&O<k'm'BQgt:�±<UtBEDCgt:�UXW&j<UXWEGHW&DNMtG/B!jCOZGPGh;S±<]\W�©�ACBED�MX;S¾&WqU-gt:<OQ;ºg�W�­-;SMX:�;SMtG/BQGXGHONg�;ºB_MPWzJ�±<;\M-UtB_MXW
B_D�J�J�;ºGHMPOuUPMX;SOQD5k-½·:<W&UXW�lwOQUXWZ{<MP:<W�j<UPONg#WEGPG-O_l/g#OQD<D<Wzg�MP;\D<Y§MX:<W D<ONJ�W�;\D�g#A<UPUXW&D�MVGhMtBEYQW!MXO�MP:RW¬DRONJ�WEG
;SD»MP:RW§D<Wq«�M�GHM®B_YuW§±Np»B_]\]nMX:<W�j|O�GPGh;S±<]\W§±<U®B_DCgt:»UPW&j<UXWEGHWqD�M®G¬BE]S]�MX:<W�j|O�GPGh;S±<]\W�MPU®B_DCGh;SMP;\OQD»O_lV±<AN¸�WqU
ONg&g�ARjCB_DCg#p�BEDCJ�BQg&g�ARa§A<]ºB_MXWEJ�J�;xGhMPOuUPMP;\OQD�­-:RW&D�MP:<W�©�A�B_DNMP;S¾qW&U/g�OQUXUPWEGhj|OuDCJ�;\D<Y�MPOZO�MP:CBEM·±<U®B_DCgt:�;ºG
gt:<OZGhW&DI±�p�MX:<W!W&D�g�ONJ�W&U�MXO�g�ONJ�W�MX:<W�g#A<UPUXW&D�MVsN;xJ�W&O�lwUtBEa�WZk�[Z;\DCg�W!MX:<W!±RA�¸¹W&U�ONg&g�ARjCB_DCg#p�;xG�g�OQD�=
GHMXUtBE;SD<WEJ�±�p�MX:<W!a�BE«�;\a§ARaÃB_j<j<]\;xg&BE±<]SW ±<AN¸�WqU GH;\¾&WZ{<MP:R;xG-MPUtBEDCGH;\MP;\OQDIO_lf±<A�¸¹W&U�ONg&g#A<jCB_D�g�p�g&B_D<DROQM
W&«Rg�W&WEJ�MP:RW¬acB_«N;Sa�A<a ±<A�¸¹W&UVGH;\¾&W�;\D�W&sZW&UXp�GHMtBEYQWZk/½·:<W ±<U®B_DCgt:<WEG'­-:<;xgt:�g&BED�gqB_ACGhW¬MX:<W ±<A�¸¹W&U-MXO
OEsZW&UH¼�O_­ B_UPW�MX:<W&D�W&]S;\a�;SDCBEMPWEJ¹k·È<OQU�MP:<W�MPUPWq]S]S;ºG·jCB_MX:CG�BEUPUP;\s�;\D<Y�BEMLMX:<W�GPBEa�W D<ONJ�WZ{�MX:<W!OuD<W�­-;SMX:
GHacB_]S]\WEGHMVBug&g�A<a�A<]ºB_MPWzJ�JN;xGHMXOQUXMP;SOuDI;xGVgÆ:ROZGHWqDª{ªB_D�J�MP:<W�UXWEGHM�B_UXW�j<UPA<DRWEJ�OQA<M ´ W�lwWqULMXO�Èo;SYRkoÎÔB_DCJ
MPO2Í:IEÏ|lwOuULMX:<W�J�W&MtBE;S]ºG�k

Maximum buffer occupancy

Stage

Encoder buffer
occupancy

i-1 i i+1

Inadmissible paths which violate
the buffer constraint.

X X

X

X

X
The paths with higher
distortions are pruned out
when joined in the same
state with other paths.

Beff

R i( )

B
e

i( )

B
e

i 1–( )

B
e
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TVA<U�YQO�B_]';xG-MPO@HPOQ;SDNMP]\p�OQj<MX;Sa�;\¾&W�MP:RW�W&DCg�ONJ�WqU B_DCJ ¨e³-´ gt:CBED<D<W&]^±<;SMh=hBE]S]\ONg&B_MX;SOQDI­-;\MP:I±<AN¸�WqU

B_D�J ]\WEB_ËNpI±<ACgtËZW&M�g�OuDCGHMXUtB_;\D�M®G�k»½·:<W�WqDCg�ONJ�W&UÔg&B_D8gt:<OZOZGhW�D<OuM�OQD<]\pvMX:<W�g�ONJ�;\D<YI±<;\M!UtBEMPWV7e²90 µ {
­-:<;ºgÆ:É;ºG�g�OQD�GHMPU®B_;\D<WEJÉ±�p»MP:RW�W#¸�Wzg�MP;\sZW§±<AN¸�WqU�GH;S¾qWZ{o±<ARM�BE]xGHOIMX:<W�gÆ:�B_D<D<Wq]·UtBEMPW 5 ²90 µ {�­-:<;xgt:É;ºG
g�OuDCGHMXUtB_;\D<WEJ�±Np�]SWEBEË�p6±<ACgtËZW&M'j|Ou]S;ºg�;SD<Y!lwARDCg�MP;\OQDªk
ÒvWÔg�OQD�GH;xJNW&ULMX:<W ¨ ³-´ gt:CB_DRD<W&]^g&BuGHW!­-;\MP:�]SWEBEË�p�±RACgÆËZWqMVg�OQDCGhMPU®B_;SDNM�BQGVB_DIW&«RB_a�jR]SW�OEl ¨ ³-´

UtBEMPW g#OQDCGhMPUtBE;SD<WzJ§GXg�W&DCBEUP;SO�G�k y W&M'15 ±|W�MP:<WV]SWEBEË�p�±RACgÆËZWqM'J�UtBE;SD�U®B_MXW B_DCJ�]SW&M32 �3465,7�±CW�MX:<WL]\WEB_ËNp
±<ACgtËZW&M Gh;S¾&W�;SD�±<;SM®G�²w;@kÑWZk�;Õl¿MP:<W�±<ACgtËZW&M�g&B_D GHMPOuUPW82�MXOQËZW&DCG BEDCJÉWEBQgt:vMXOQËZW&D»UPWqj<UPWEGhW&DNMtG:9�±<;SM®G
MPO»±CW�MXUtB_D�GHa�;\MPMPWzJ�{nMX:<W&D;2 �3465,7UM<9 F=2 µ k ´ W#lwW&U�MPO Í:9EÏ lwOuU�BIa�OQUXW�J�W&MtBE;S]\WEJÅJ�WEGPg#UP;SjRMP;SOuDÅO_l
MP:RW�]SWEBEË�p»±<ACgtËZW&M a�WEgt:CBED<;xGha�k�`@DÉOuUtJ�W&U�MPO»BEj<j<]Sp�J�pNDCB_a6;xg�j<UPOuYQUtBEa�a�;\D<Y�MPO»GHOu]SsZW�MP:<;ºG6HPOu;SDNM
OQjRMP;Sa6;S¾EBEMP;SOuD§jRUPOQ±R]SW&aI{u­·W�BQGXGHA<a�WVMP:�B_M-MP:RW¬DNA<a�±CW&U�O_l¶jCOZGXGH;S±R]SW�gÆ:�B_D<D<Wq]�UtBEMPWEG-B&suB_;\]xBE±<]SWVMPO�MX:<W
W&DCg#ONJ�W&U ;xGL¯CD<;\MPWZk�½·:<W�W&DCg#ONJ�W&U ­-;S]\]'gÆ:ROZOZGHW6OQD<W�UtBEMPW�lwUPOQa.MP:R;xG ¯CDR;SMPW6GHWqM¬OEl-jCOZGXGH;\±<]SW�gt:CBED<D<W&]
UtBEMPWEG·MXO�MPU®B_DCGha�;SM/MP:<W�J<BEMtB�;SD�WEBugÆ:�MX;Sa�W-;\D�MXW&UPsuB_]°k�½·:<W�BE]S]SOE­¿B_±<]\W�±<;SM-U®B_MXWEG·­-;S]\]�±CW�g�OQDCGhMPU®B_;SDRWEJ
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K�GPGhA<a�WVMP:<W�±<A�¸¹W&UVB_D�Jc]\WEB_ËNp�±<ACgtËZW&M'D<W&sZWqUnARDCJ�W&Uh¼COE­ OuU-O_sZWqUH¼COE­ {NB_DCJ�MX:<W�j<:Np<Gh;xg&BE]�±<AN¸�WqU
GH;\¾&W�;xG�]ºB_UPYuW�W&D<OuA<YQ:ÉMXO�:<OQ]ºJvBE]S]'MP:<W�g#ONJ�WEJ»J<B_M®B�k r DCJ�W&U�MX:<;xG BuGPGHARa�j<MP;\OQD»­·W�J�O�D<OuM!:CB&sZW�MXO
MtBEËZW ;SDNMPO�BQgqg�OQA<DNM-MP:RW¬jR:�pRGH;ºg&B_]¹±<A�¸¹W&UVGH;\¾&W ;SD�OQjRMP;Sa6;S¾EBEMP;SOuDªkªÒvW�J�W#¯CD<W MP:<;ºG HPOQ;\D�M-Ouj<MP;\a�;S¾EBEMP;\OQD
j<UXOQ±<]\W&a BQG·lwOQ]\]SOE­VG�k
FV;SsZW&D�MP:<W�W&DCg�ONJ�WqU�±<A�¸¹W&UVONg&g�A<j�B_DCg�p�{�� R ²90 µ M � R ²10 ^ Î µ S 7 ²10 µ ^ 5 ²90 µ {<MP:<W�]\WEB_ËNp�±<ACgtËZW&M

lwA<]\]SD<WEGXG�{ 2 ��²90 µ M 2 ��²10T^ÂÎ µ S 5 ²90 µ ^ 15 B_DCJ�MX:<W W�¸¹WEg�MX;SsZW�±<AN¸�WqUVGH;S¾qW �BR
	�	Z²90 µ M�I <��,LBM> ? <�� A 5 ²DC µ {¯CDCJN7 ²90 µ B_DCJ 5 ²90 µ lwOQU�B_]\]!0P{<MXO�a�;SDR;Sa�;>¾&W-MX:<W MPOQM®B_]¶J�;xGhMPOuUPMP;\OQD�O_lfMP:<W�g�ONJ�WzJcsN;xJNW&O�GHWE©ZA<W&D�g�W�;
a�;SD M=> ?BA � ²10 µ ²PÎuÎ µ

GhA<± HPWEg�M»MPO 2 ��²90 µ � 2 � 4�5�7 BEDCJ � R ²90 µ � �BR
	�	Q²90 µ M <��,LBM=>@? <�� A
5 ²DC µ Y��+0 ²PÎqÐ µ
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½·:<W-W�¸¹WEg�MX;SsZW/±<A�¸¹W&U'Gh;S¾&WVg�OuDCGHMXUtBE;SDNM�;xGoDRW&WEJ�WEJ!MXO�j<UXW&sZW&DNM�J�Wzg�ONJ�W&U�ARDCJ�W&Uh¼COE­ÂB_D�J�;\M'J�W&jCW&DCJRG

OQD»MP:RW�gt:<OQ;ºg�W!OElVgt:CB_D<DRW&]oU®B_MXWEG K2c3lwUtBEa�WEGVB_:<WEBuJ�k�K-MLMX;Sa�W)0P{¹MP:<W�suB_UX;xBE±<]SWEGVMPO�±CW6gÆ:<O�GHW&DI±Np
MP:RW�W&DCg�ONJNW&U-BEUPW�MX:�ACG'MP:<W�W&DCg�ONJ�;\D<Y!±R;SM·U®B_MXW_7 ²90 µ B_M/MP;\a�W 0�B_D�J�gt:CBED<D<W&]C±<;\MnU®B_MXW 5 ²90�S�K c µ BEM
MP;\a�WR0 SWK c2k
È<UPOQa ²@} µ MP:RW!JNWEg�ONJ�W&U-±RA�¸¹W&ULONgqg�A<jCBEDCg�p�g&BED�±|W�W&«Nj<UPWEGXGHWEJ6BQG

� X ²90TSUK2c µ M\� X ²90TSUK2c ^ÁÎ µ S 5 ²104SUK2c µ ^/7 ²10 µ ²PÎ%9 µ
W&«Rg�W&j<M^lwOQU·MX:<W-¯CUtGhM K2c lwU®B_a�WzG�k�½·:RWL]\WEB_ËNp�±<ACgtËZW&MolwA<]\]SD<WzGPG'B_M/MP;Sa6W 0 S*K2c gqB_D�BE]xGHO�W&«Nj<UPWEGXGHWEJ
BQG

2 ��²90+SUK2c µ M 2 ��²904SWK c ^ÂÎ µ S 5 ²104SUK2c µ ^ 15 ²PÎ&; µ
½·:<W�YQOZBE]·OElVMP:<;ºG¬g#OQDCGhMPUtBE;SD<WzJ
Ouj<MP;\a�;S¾EBEMP;\OQD�;ºG�MPOIgt:<OZO�GHWV7 ²10 µ B_DCJ 5 ²90 SNK2c µ ­-:<;ºgÆ:I­-;\]S]

D<OuM-g&BEACGHW JNWEg�ONJ�W&U'±<AN¸�WqU·A<DCJNW&UH¼COE­ÂD<OuU·W&«Rg�W&WzJ�MX:<WL]\WEB_ËNp�±<ACgtËZW&M'g#OQDCGhMPUtBE;SDNM&k·[ZA�gÆ:6g�OQD�GHMPU®B_;\D�M®G
g&BED�±CW�W&«�jRUPWEGXGHWEJ�BuG

� X ²904SWK c µ M\� X ²10 SWK c ^ÂÎ µ S 5 ²90TSUK2c µ ^/7 ²90 µ O � ²PÎ%I µ
2 ��²90TSUK2c µ M 2 ��²90TSUK2c ^ÂÎ µ S 5 ²90+SUK2c µ ^ 15 � 2 �3465,7 ²PÎ W µ

È<UPOua MX:<WEGhW�BEj<j<]\;xg&BE±<]SWN7 ²10 µ BEDCJ 5 ²90 S K c µ lwOuU�BE]S] 0P{·­/W�­-B_DNM�MPOI¯CDCJÄOuA<M�MP:<W�OQD<WEG�­-;SMX:
a�;\D<;Sa�A<aÃBug&g�A<a�A<]ºB_MPWzJ�JN;xGHMXOQUXMP;SOuDªk¬[�ACgÆ:2gÆ:ROQ;xg#W¬OEl 7 ²90 µ B_DCJ 5 ²90TS\K c µ ­-;\MP:�a�;SD<;\a�A<a g�OZGhM
g&BED§±CWLlwOuA<DCJ§±Np!ACGh;SD<Y�MP:<W ¨ ;\MPW&UX±<;<BE]SYuOQUP;\MP:<a)² ¨ K µ ku½·:<WVa�W&MP:RONJ�;ºGnGh;Sa�;\]xBEUoMXO¬MX:CB_M/ACGHWzJ�;\D§MX:<W
9 ³-´ g&BQGhW!W&«Rg�W&jRMLMX:CB_MVMP:<WqUPW�BEUPW�Mh­·O6GHM®B_MXW!suB_UX;xB_±R]SWEG�;3� X ²90 S\K c µ BEDCJ 2 ��²90TS\K c µ kV`@D�MX:<W
¨ K!{Z;>l�MX:<W&UPWeB_UPW Mh­·O�OuULa6OQUPWVMPUXW&]S]\;xG'jCB_MX:CG ­-:R;xgt:�W&DCJ�;SD�MX:<W GPBEa�W GhMtB_MXW�BEMVGHOQa6W�;SDNMPW&UXa�WEJ�;ºB_MXW
GHM®B_YuWZ{�BE]S]�MX:<W�jCB_MX:CG!gqB_D»±|W�j<UXA<D<WEJ�OuA<M!W&«Rg�W&jRM lwOuU¬MX:<W�OQD<W�­-;SMX:Ia�;SD<;\a�A<a g�O�GHMqk§½·:RW§±<AN¸�WqU
B_D�J�]SWzB_ËNp§±<A�gÆËZW&M/g�OuDCGHMXUtBE;SDNMtG-B_UXW ACGHWEJ�­-;\MP:<;\D�MX:<W ¨ K�MPO�j<UXW&sZW&DNM·MP:RW�MPUXW&]S]\;xGnj�B_MP:�GnlwUPOQa YQOQ;\D<Y
;SDNMPO�MX:<W!;\DCBQJNa�;xGXGH;S±R]SW�GHMtBEMPWEG#{|;°kÌWZk'MP:RW!GhMtBEMPWEG-­-:<W&UXW � X ²90TSWK c µ QÂ��OQU:2 ��²#S K c µ�� 2 �3465,7�k
9'OQD�g�W&j<MXACB_]\]Sp�MP:RWLMXUPW&]\]S;xG^jCB_MX:CG-B_M/WEBQgt:�GhMtBEYQW g&BED§Wq«�MXW&DCJ�;SDNMPO�B¬Mh­·OÔJ�;Sa6W&DCGH;\OQDCBE]CGHj�BQg�W�J�W�¯CDRWEJ
±Np�BE]S]�jCO�GPGH;\±<]SW�sQBE]SA<WzGnO_l¶MP:RW GHM®B_MPW suB_UX;xBE±<]SWEG � X ²90�S�K2c µ BEDCJ 2 ��²901S�K2c µ k'½·:<W�­-:<Ou]SW�×®GHMtBEMPW
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C i ∆N+( ) R i( ) D i( ), ,( )

Inadmissible path which
violates leaky bucket constraint.

Inadmissible path which
violates buffer constraint.

Maximum leaky bucket size

Stage

Decoder buffer Occupancy

Leaky bucket fullness
i-1 i i+1 i+2

X

X

B
d

i N 1–∆+( ) LB i N 1–∆+( ), 
 

B
d

i N∆+( ) LB i N∆+( ), 
 B

d

LB
LBmax

X

The paths with higher
distortions are pruned out
when joined in the same
state with other paths.
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YQUX;xJ<Ø�j<UXOQjCBEYZB_MXWEG�BE]SOQDRY§MX:<W�J�;SUXWEg�MP;\OQD�OEl�MX:<W!MX:<;SU®J�{�OuULMX;Sa�W�{ZB_«N;xG#{<­-:<W&UPW WEBugÆ:�GhMtB_YuW!UXW&j<UPWzGHW&DNMtG
B!lwUtB_a6WL;\D�MXW&UPsuB_]°k ´ W#lwW&U·MXO�Èo;\Y<kRÐ�k
`@D�MX:<;xG-Mh­·OE=@suB_UX;xBE±<]SW ¨ K!{NWEBQgt:�D<ONJ�W�;SD�GHM®B_YQW40nUXW&j<UPWzGHW&DNMtG/B�jCOZGXGH;\±<]SWÔGHMtBEMPW�O_l � X ²104S\K c µ {

2 ��²90�S3K c µ B_DCJ MP:<W¿BQg&g#A<a§AR]xB_MXWEJ�J�;ºGHMXOQUPMX;SOuD�O_lCMX:<W-Ghp<GhMPW&aIk^m'BQgt:!±RUtB_D�gÆ:�UPW&j<UXWEGHWqD�M®GªBLjCOZGPGh;S±<]\W
gt:<OQ;ºg�WLOEl"7e²90 µ { 5 ²10�S�K2c µ {RB_DCJ�MP:<W BuGPGhONg�;xBEMPWEJ�J�;xGhMPOQUXMP;\OQD � ²90 µ ­-:RW&D�MP:RW�s�;ºJ�W&O lwUtB_a6W�BEM·MP;\a�W0�;xG-g�ONJNWEJ�±�p�±R;SM-UtBEMPW 7 ²10 µ k
KÁD<ONJ�W-;\D�GHM®B_YuW�0E^�Î·;xG^g�OQDRD<WEg�MXWEJ¬MXO�MP:<W-DRONJ�WEG�;SD�D<W&«NM�GhMtB_YuW�0C±�p�±<UtBEDCgt:<WEGª­-;SMP:�BuGPGhONg�;xBEMPWEJ

gt:<OQ;ºg�W�O_l$7 ²90 µ BEDCJ 5 ²90�S>K2c µ ­-:<W&D�GHA�gÆ:�gt:<OQ;ºg�W�O_l�7 ²10 µ BEDCJ 5 ²90�S>K2c µ a�WqW&M�MX:<W32 ��²10�S>K2c µ �
2 �3465,7�B_DCJN� X QÂ��g#OQDCGhMPUtBE;SDNMtG#k·½·:<W A<j¹J<BEMPW�O_l¶MP:<W Mh­·O6GHM®B_MPW suB_UX;xBE±<]SWEG-BEDCJ�MX:<W�BQg&g#A<a§AR]xB_MXWEJ
J�;ºGHMPOuUPMX;SOQD�MX:<W&DIBEUPW�;

2 ��²104SUK2c µ M 2 ��²104SUK2c ^ÂÎ µ S 5 ²90TSWK c µ ^ 17 ²PÎ � µ� X ²90TSUK2c µ M � X ²104SUK2c ^ÂÎ µ S 5 ²10 SWK c µ ^U7 ²10 µ ²PÎq� µ

È<OQU'MP:<W-MXUPW&]\]S;ºGÇjCBEMP:CG/B_UXUP;SsN;SDRY B_M'MP:RWVGPB_a6W-D<ONJ�WZ{ZMP:RW-OQD<WV­-;SMX:�GHa�BE]S]SWzGHM¶BQg&g�ARa§A<]ºB_MXWEJ!J�;ºGHMXOQUH=
MP;\OQD�;xG/gÆ:ROZGHWqDª{<BEDCJ�MP:<W�UXWEGHMVBEUPW�jRUPA<D<WzJcOuA<M&k/K-MnMX:<W�¯CDCBE]ªGHM®B_YuW c2{<­·W gqB_D�¯CDCJ�MP:RW�D<ONJ�W ­-;SMX:
GHacB_]S]\WEGHMeBQg&g�ARa§A<]ºB_MXWEJIg�OZGhM�;�a�;\D"I M> ? A � ²DC µ kI½ªUtBug�;SDRY�±CBugÆË»MP:<W�jCBEMP:ÉlwUPOua�MX:CB_M�D<ONJ�WZkI½·:RW&D
MP:RW 7 ²10 µ BEDCJ§MX:<W 5 ²90 µ OQD�MX:<WL±RUtB_D�gÆ:<WzGnBE]SOuD<Y�MP:<;ºG�jCB_MX:�­-;S]\]<±CW�MP:<WVOQjRMP;Sa�A<a gt:<OQ;ºg�W-O_l^±<;\M'UtB_MXW
BQGXGH;\YQD<a�WqD�M®GflwOQUVW&DCg#ONJ�W&UVB_D�J�gt:CB_D<DRW&]@k
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ÒvW';\a�j<]SWqa�W�DNMCMP:<;ºG�HPOQ;\D�MªOuj<MP;\a�;S¾EBEMP;\OQD BE]SYQOuUP;\MP:<a ;\D MP:<W�×�[ZM®B_U^ÒÉBEUtGPØ�GHWE©ZA<W&DCg#WolwUPOua lwUtBEa�WVÎ

MPO-lwUtBEa�W/ÐQ�u�Q��;SD MP:RW ¨ ³-´ gt:CBED<D<W&]Rg&BQGhW-J�W#¯CD<WEJ ;SD�B_±COEsZWZk�½·:RW·±<A�¸¹W&Ufg�OQDCGhMPU®B_;SDRWEJ¬Ouj<MP;\a�;S¾EBEMP;\OQD
;SDI9 ³-´ gt:CB_D<DRW&]^g&BQGhW!;ºGLBE]xGHO�;Sa6j<]SW&a�W&DNMhWEJ§BuG�B�g�OQa�j�B_UP;ºGHOuD�MXO�Gh:<OE­~:<OE­ a§A�gÆ:�;\a�j<UXO_sZWqa§W#D�M
O_l¿s�;ºJ�W&O�©ZACB_]\;SMhpIg&BEDv±CW�BugÆ:R;SW&sZWEJ�±�p»g#OQDNMPUPOu]S]\;SD<Y�MX:<W6gÆ:CBED<D<W&]'U®B_MPW6B_D�J
W&D�g�ONJ�;SDRY�UtBEMPW HPOQ;\D�MX]Sp
BQgqg�OQU®J�;SD<Y�MX:<W�g�OQa6j<]SW&«N;SMX;SWEG�OEl�MX:<W s�;ºJ�W&O�GHWz©�A<WqDCg�WZk
Èo;SYRkN9I;xG!MP:RWId·[ ��´ OEl�g�ONJ�WzJÄsN;xJ�W&O»GhWE©ZA<W&DCg�WzG!;SD ¨e³-´ BEDCJ 9 ³-´ gt:CB_D<DRW&]Vg&BQGhWEG�k ½·:<W
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WQ� Yt�Q�u�§±<;\MtG·jCW&U·lwUtBEa�WEG';SD�±COQMP: ¨ ³-´ B_DI9 ³-´ g&BuGHWZk'`@D�MP:<W ¨ ³-´ gt:CB_D<DRW&]ªg&BuGHWEG#{<]SWEBEË�p�±<ACgtËZW&M
GH;\¾&WEG·WE©ZACBE]�MPO�Î&� � 5 {¹ÎAI � 5 BEDCJ�Ðu� � 5 BEUPW ;Sa�jR]SW&a�W&DZMPWzJ�k
Èo;SYRk�;�;ºGLMP:<W�WqsZOQ]SARMP;SOuDIO_l/MP:RW§±<;\MLU®B_MXWEG�ACGHWEJ�±Np�WqDCg�ONJ�W&U�BEDCJvgt:CBED<D<W&]^;SDÉ9 ³-´ B_DCJ ¨ ³-´

gt:CB_D<DRW&]-g&BuGHWZkÅ½·:RW�WqDCJ�=°MPO_=°W&DCJ8J�W&]ºBzp»WE©ZACB_]ºG!MPOÅÎ%I2lwU®B_a�WEG ;SDÉ±COuMP: ¨e³-´ BEDCJ 9 ³-´ gt:CBED<D<W&]
g&BuGHWEG#k'½·:<W!]\WEB_ËNp§±RACgÆËZWqM-GH;\¾&W�OEl'MP:<W ¨ ³-´ gt:CB_D<DRW&]ªWE©ZACB_]ºG·MPO�ÐQ� � 5 k

CBR           

VBR, LB=10 * C

VBR, LB=15 * C

VBR, LB=20 * C

5 10 15 20 25
37.4

37.6

37.8

38

38.2

38.4

38.6

End−to−End Delay, Frames

P
S

N
R

Èo;\YQA<UXW09 ;������ & ���+	����)���
	����)��� �,��� ����
�	�����
 �3��& �.
�� $ �6& 	�#)�.
)
���* -

VBR
CBR

VBR
CBR

500 550 600 650 700 750 800
0

0.5

1

1.5

2

2.5

3
x 10

5

Interval where leaky bucket is full.

Frame

B
its

Channel Bit−Allocation for VBR and CBR

500 550 600 650 700 750 800
0

2

4

6

8

10
x 10

4

Frame

B
its

Encoder Bit−Allocation for VBR and CBR

Èo;SYuA<UPW>;�; � ���3��� �����%������� � � ��
�	����)��� �.
���	(#)�.
)
���*=��
 � ��& �.
�� $ �6& 	(#)�.
)
���* -

´ Wq;S±<a�BED�B_DCJ�F�BuGHËZW&]\]^Í<;uÏ<:CB&sZWVGH:<OE­-D�MX:CB_M/;SD�MX:<W ¨e³-´ gt:CB_D<DRW&]C­-;SMP:�]SWzB_ËNp!±<ACgtËZW&M^jCOQ]S;ºg�;SDRY
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