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1.2 Accelerator Architectures
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1.3 Digit-Serial Arithmetic
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1.4 Self-Timed Circuits

-<C=
K@D<; :@I:L@KJ :8E JFCM< K?<J< GIF9C<DJ @E 8 J@DGC< 8E; <C<>8EK N8P�  @IJK	 EF;<J 8I<

:FEE<:K<; M@8 :?8EE<CJ	 <8:? N@K? 8 I<HL<JK 8E; 8:BEFNC<;><� �8:? ;@>@K @J KI8EJD@KK<; =IFD

FE< EF;< KF 8EFK?<I 8J 8 I<HL<JK @E K?< :?8EE<C GIFKF:FC	 8E; K?< E<OK I<HL<JK N@CC EFK 9< J<EK

LEK@C K?< GI<M@FLJ FE< ?8J 9<<E 8:BEFNC<;><;� #E K?@J N8P	 K?<P @DGC<D<EK =CFN
:FEKIFC N@K?

98:B
GI<JJLI< :8LJ@E> :FEJ<:LK@M< ;@>@KJ	 8E; K?<I<=FI< NFI;J	 KF N8@K 8J E<<;<;�  LIK?<IDFI<	

9<:8LJ< J<C=
K@D<; :@I:L@KJ 8I< <M<EK
98J<; JPJK<DJ	 K?<P 8I< 89C< KF @DGC<D<EK :FDGC<O :FEKIFC

9<?8M@FIJ�N@K?�C@KKC<�FM<I?<8;�

,<C8K@M< KF :CF:B<; ;<J@>E	 J<C=
K@D<; :@I:L@KJ ?8M< JL==<I<; GFFI M@J@9@C@KP @E K?< @E;LJKIP�

.?<I< @J JFD< J<EJ< K?8K ><E<I8C@Q<; 8JPE:?IFEFLJ :@I:L@KJ N@K? 8 JKIFE> =I8D<NFIB =FI K@D@E>

8JJLDGK@FEJ5�
65��6 :FLC; 9< <OKI<D<CP GFN<I=LC5���6 � "FN<M<I JG<8B@E> =IFD <OG<I@<E:<	

:FDGC<O 8JPE:?IFEFLJ :@I:L@KJ 8I< G8@E=LCCP ;@==@:LCK KF ;<J@>E 8E; KPG@:8CCP I<HL@I< DLCK@GC<

��



8KK<DGKJ�9<=FI<�JKLD9C@E>�FEKF�K?<�:FII<:K�8GGIF8:?�

.?@J ?8J DFK@M8K<; M8I@FLJ 8KK<DGKJ KF D8B< K?< GIF:<JJ <M<E K?< JC@>?K<JK 9@K <8J@<I� '<K?F;J

KF =FID8CCP ;<I@M< 8JPE:?IFEFLJ :@I:L@KJ =IFD 8 GIF>I8D JG<:@=@:8K@FE 8J @E5��6 8I< EFK HL@K<

:FDGC<K<�  FI <O8DGC<	5��6 JK8IKJ =IFD 8E @EK<ID<;@8K< >I8G? JG<:@=@:8K@FE 8E; K?<@I :FDG@C<;

:@I:L@KJ I<CP LGFE =8JK @EM<IK<IJ =FI :FII<:K FG<I8K@FE� '<K?F;J KF ;@I<:KCP D8G K?< JPEK8O F= 8

GIF>I8D JG<:@=@:8K@FE FEKF :@I:L@K GI@D@K@M<J 8J @E5��6 8E; 5��6 8I< <EK@I<CP IF9LJK	 9LK I<JLCK @E

:@I:L@KJ N@K? ?@>? FM<I?<8;� )M<I8CC	 K?< FECP 8GGIF8:? K?8K J<<DJ KF GIF;L:< <==@:@<EK ;<M@:<J

?8J <==<:K@M<CP 9<<E EF 8GGIF8:? 8K 8CC� -K8IK =IFD 8 :@I:L@K K<DGC8K< 8J @E5��6	 8E; K?<E ;<J@>E

K?<�I<JK�F=�K?<�9<?8M@FIJ�9P�?8E;�

�<:8LJ< F= K?@J ;@==@:LCKP	 <OG<;@K@FEJ @EKF J<C=
K@D<; :@I:L@K ;<J@>E ?8M< <OGI<JJ<; 8 9@8J

KFN8I; J@DGC< G@G<C@E< 9<?8M@FIJ 8E; =8D@C@8I 8I:?@K<:KLI<J� .?< M8JK D8AFI@KP F= J<C=
K@D<;

GIFA<:KJ P@<C; 9@K
G8I8CC<C 0FE
(<LD8EE 8I:?@K<:KLI<J5���
�
�6 	 D8EP F= N?@:? 8I< J@DGCP

;<JPE:?IFE@Q8K@FEJ F= <O@JK@E> JPE:?IFEFLJ 8I:?@K<:KLI<J5��6� -@D@C8ICP J@DGC< I<:FE=@>LI89C<

8II8P�8I:?@K<:KLI<J�8I<�J<<E�8J�N<CC5���6 �

"FN<M<I	 JFD< JK8IK KF <OGCFI< N?8K :FDGC<O :FEKIFC :8E ;F�5�
�
�
�6 @DGC<D<EK 8

:FLEK<I=CFN 8I:?@K<:KLI< @E N?@:? @EJKIL:K@FEJ =CFN ;FNE K?< G@G<C@E< N?@C< I<JLCKJ =CFN LG	

<==<:K@M<CP @DGC<D<EK@E> 8 C@E<8I 9PG8JJ@E> G@G<C@E<� .?< ,FK8IP *@G<C@E< 8I:?@K<:KLI< @E5�
�6

JL>><JKJ 8 I@E> F= :FEE<:K<;�&/ J 8IFLE; N?@:? I<JLCKJ 8I< :FEJK8EKCP =CFN@E>� .?< 0FIK<O

8I:?@K<:KLI< @E5�
�6 8E; C8K<I5�
�6 @J M<IP J@D@C8I	 9LK N@K? 8 :IFJJ98I E<KNFIB @EJK<8; F= K?< I@E>�

,FLK<J =IFD EF;< KF EF;< 8I< <OGC@:@KCP ;@:K8K<; 9P <8:? @EJKIL:K@FE� .?< ):K8J@: 8I:?@K<:KLI< @E

5�
�
���6 =C@GJ K?< @;<8 FE @KJ ?<8;	 B<<G@E> K?< ;8K8 N@K?@E <8:?�&/ N?@C< IFLK@E> 8I9@KI8K@FE

KFB<EJ K?8K <8:? I<GI<J<EK 8 ;@==<I<EK JK8>< F= K?< G@G<C@E< �=<K:?	 ;<:F;<	 <O<:LK<	 D<DFIP	

NI@K<
98:B� 8IFLE; 8 I@E>� 1?<E 8 G8IK@:LC8I�&/ ?8J 8 KFB<E	 @K @J >I8EK<; 8::<JJ KF K?< 9LJ

;<;@:8K<; KF K?8K <OK<IE8C I<JFLI:<�5���6 GIFGFJ<J 8 ;<:FDGFJ@K@FE F= K?< JK8E;8I; 8I:?@K<:KLI<

@EKF KNF J<G8I8K< GIF:<JJFIJ� )E< JG<:@=@:8CCP ?8E;C<J 9I8E:?<J	 N?@C< K?< FK?<I <O<:LK<J 9CF:BJ

F=�;8K8=CFN�@EJKIL:K@FEJ	�=@O<;
C<E>K?�CFFGJ	�8E;�J@DGC<�:FE;@K@FEJ�

.?<J< 8CK<IE8K@M< 8I:?@K<:KLI<J 8I< :<IK8@ECP @EK<I<JK@E>	 9LK FECP KNF J<<D KF K8I><K K?< =<8KLI<

8K ?8E;�5���6 JL>><JKJ 9@K
G8I8CC<C N@;K?
8;8GK@M< 8I:?@K<:KLI<J K?8K <==<:K@M<CP :CF:B
>8K< K?<

LELJ<; 9@KJ�5���6 @DGC<D<EKJ 8 C<E>K?
8;8GK@M< 9@K
J<I@8C G@G<C@E<� "FN<M<I	 @K I<C@<J LGFE

K?< :FEKIFC :@I:L@KIP @E 8 0FE
(<LD8EE 8I:?@K<:KLI< DL:? C@B< K?< 0FE
(<LD8EE JPE:?IFEFLJ

8GGIF8:?� /CK@D8K<CP	 8 CFK F= 8I:?@K<:KLI8C GFJJ@9@C@K@<J @E K?< J<C=
K@D<; JG8:< ?8M< P<K KF 9<

<OGCFI<;�
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Chapter 2: Workload Characterization
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Chapter 3: Design Methodology
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3.2 Circuit Topology
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3.3 QDI Control Circuits
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Weak-Condition Half Buffer (WCHB)
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3.4 Synthesis Strategy
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3.5 Microarchitectural Optimizations
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3-Valued Internal Memory (Positive)
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Protecting Forward Drivers (Mutex)
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Protecting Forward Drivers (Output Enable)
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Protecting Forward Drivers (Input Request)
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Memory Gated Forward Drivers
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3.6 Half-Cycle Timing Assumption
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Intermediate Forward Drivers
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3.7 QDI Treatment for Pass Transistor Logic
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8E; ;Q� 8I< =LCCP 8:BEFNC<;><; @E 8CC :8J<J ALJK 9P LJ@E>J � .?<I<=FI<	 K?@J 8GGIF8:? ;F<J

EFK�I<CP�FE�8EP�JG<:@8C�KI<8KD<EK�@E�K?<+�# ;<C8P�DF;<C�

Q� � M��^�Q� �

Q� � M��^�Q� �

\ Q� � \ M��^�Q� �

\ Q� � \ M��^�Q� �

Q��^�;Q� �

\ Q��^�;Q� �

Q��^�;Q� �

\ Q��^�;Q� �

�M� � \ ;Q� � �M� � \ ;Q��^�J �

\ �M� � ;Q� � \ �M� � ;Q��^�J �

Memory Gated Forward Drivers

1?<E K?< =FIN8I; ;I@M<IJ ;F EFK D8G N<CC KF K?< FLKGLK I<HL<JKJ	 K?< ><E<I8C JKI8K<>P @J KF

LJ< K?< D<DFIP KF >8K< K?< =FIN8I; ;I@M<IJ KF ><E<I8K< K?< :FII<:K FLKGLK I<HL<JKJ� "FN<M<I	

K?<�')- 8GGIF8:? KF K?@J GIF9C<D <@K?<I @EKIF;L:<J KI8EJ@K@FEJ KF K?< ?8E;J?8B< FI I<C@<J

LGFE K?< "8C=
�P:C< .@D@E> �JJLDGK@FE� 1@K? 8 G8JJ KI8EJ@JKFI �(� >8K<	 K?< >8K@E> ILC<

FE K?< @EK<IE8C EF;< F= K?< =FIN8I; ;I@M<I :8E 9< I<GC8:<; N@K? 8 G8JJ KI8EJ@JKFI >8K< FE K?<

<OK<IE8C EF;<� .?@J I<DFM<J K?< <OKI8 KI8EJ@K@FEJ�  LIK?<IDFI<	 9<:8LJ< K?< G8JJ<; J@>E8C @J

K?< FLKGLK F= 8 �
<C<D<EK	 @K @J ;I@M<E 9P 8E @EM<IK<I� .?@J @J K?< FGK@D8C ;I@M@E> >8K< =FI

��



K?< @EGLKJ KF G8JJ KI8EJ@JKFI CF>@: 9<:8LJ< @K 8CCFNJ K?< ;I@M@E> >8K< KF 9< J@Q<; LG HL@K<

J@>E@=@:8EKCP�

. @ � ) R� ^�.� �

. @ � ) R� ^�.� �

. @ � ) M ^�.� �

�.� � \ Q��^�. M�

\ �.� � Q��^�. M�

Q��^�. M�

.� � .� � .��^�) @�

\ Q� � \ ;.��^�Q� �

\ Q� � \ ;.��^�Q� �

Q� � ;.��^�Q� �

Q� � ;.��^�Q� �

\ ) M� � \ Q��^�.� �

\ ) M� � \ Q��^�.� �

� \ . @ � \ Q�� � \ ) M ^�.� �

\ .� � \ .� � \ .��^�) @�

Intermediate Forward Drivers

.?< J8D< :8E 9< ;FE< =FI K?< @EK<ID<;@8K< =FIN8I; ;I@M<IJ� �<:8LJ< K?< ;L8CI8@C <E:F;@E>

<EJLI<J DLKL8C <O:CLJ@M@KP 9<KN<<E K?< KNF I<HL<JKJ	 8E 2), >8K< :8E 9< LJ<; @E GC8:< F= 8E

),�>8K<�

1?<E 9FK? ;I@M<IJ.� 8E; .� 8I< CFN	 9FK? @EK<IE8C EF;<J 8I< ?@>?� .?@J D<8EJ K?8K

9FK?(')- KI8EJ@JKFIJ 8I< FE	 G8JJ@E> 9FK? ;I@M<IJ� 1?<E FE< F= K?< =FIN8I; ;I@M<IJ.� @J

8:K@M<	 @KJ @EK<IE8C EF;<;.� KI8EJ@K@FEJ CFN� .?@J ;@J:FEE<:KJ K?<(')- KI8EJ@JKFI KF.� 8E;

:FEE<:KJ K?<*')- KI8EJ@JKFI KF.� � .?<E	 K?< KI8EJ@K@FE FE.� @J G8JJ<; ;@I<:KCP K?IFL>?

K?<�>8K<�

#E K?< I<J<K G?8J<	;.� KI8EJ@K@FEJ ?@>?� .?<I< @J 8 KI8EJ@<EK JK8K< @E N?@:?.� 8E; .�

8I< :FEE<:K<; KF <8:? FK?<I K?IFL>? K?< KNF(')- KI8EJ@JKFIJ F= K?< G8JJ KI8EJ@JKFI 2),�

.?@J N@CC JK8IK KF N<8BCP GLCC.� ?@>?� "FN<M<I	 9<:8LJ<;.� KI8EJ@K@FE<; ?@>?	 K?< @EM<IK<I

;I@M@E>.� N@CC JN@K:? 8K K?< J8D< K@D<� (FN	 K?< @EM<IK<IJ =FI 9FK?.� 8E; .� N@CC 8:K@M<CP

GLCC.� CFN� *I8:K@:8CCP	 K?@J ;F<J EFK :8LJ< 8 >C@K:? FE.� LEC<JJ K?< CF8; :8G8:@K8E:< FE

. M @J�<OKI<D<CP�?@>?�8E;�K?<�;I@M<IJ�FE.� 8E; .� 8I<�<OKI<D<CP�N<8B�

. @ � ) M� ^�.� �

. @ � ) M� ^�.� �

�.� � \ ;.� � �.� � \ ;.��^�. M�

\ �.� � ;.� � \ �.� � ;.��^�. M�

.� � .��^�) @�

\ . @ � \ ) M� ^�.� �

\ . @ � \ ) M� ^�.� �

\ .� � \ .��^�) @�

.?<J<�FGK@D@Q8K@FEJ�N@CC�9<�LJ<;�K?IFL>?FLK�K?<�:@I:L@KJ�GIFGFJ<;�@E�K?@J�NFIB�

3.8 Example: Single Bit Register

�J 8E <O8DGC< F= JFD< F= K?<J< FGK@D@Q8K@FEJ	 K?@J J<:K@FE N8CBJ K?IFL>? 8 JK<G
9P
JK<G

��



FGK@D@Q8K@FE F= K?< J@E>C< 9@K I<>@JK<I GIFM@;<; @E5��6	 N?@:? @J K?< :LII<EK JK8E;8I; =FI :@I:L@K

;<J@>E�F=�JL:?�8�LE@K�

" @ � " M � . @ � Q��^�. M� �

" @ � " M � . @ � Q��^�. M� �

. M� � . M� ^�.I �

" @ � " R � ) M� ^�Q� �

" @ � " R � ) M� ^�Q� �

\ ) M� � \ Q��^�Q� �

\ ) M� � \ Q��^�Q� �

" @ � " R � �Q� � ) M� � Q� � ) M� ��^�) @�

\ ) @ � \ .I�^�" @�

\ " @ � \ . @ ^�. M� �

\ " @ � \ . @ ^�. M� �

\ . M� � \ . M� ^�.I �

\ " @ � \ ) M� � \ ) M� ^�) @�

) @ � .I�^�" @�

�� WCHB Single Bit Register: @IJK	 K?< :@I:L@K @J :FEM<IK<; KF 8 JK8E;8I;1�"� I<J?L==C@E>�

.?@J�J@DGC@=@<J�K?<�?8E;J?8B<	�D8B@E>�@K�<8J@<I�KF�K?@EB�89FLK�

" R � ) ?� ^�3� �

" R � ) ?� ^�3� �

. @ � " M � Q��^�. M� �

. @ � " M � Q��^�. M� �

3� � 3� � . M� � . M� ^�" @�

3� � 3��^�) @�

\ Q� � \ ;3��^�Q� �

\ Q� � \ ;3��^�Q� �

Q� � ;3��^�Q� �

Q� � ;3��^�Q� �

\ " R � \ ) ?� � \ Q��^�3� �

\ " R � \ ) ?� � \ Q��^�3� �

\ . @ � \ " M ^�. M� �

\ . @ � \ " M ^�. M� �

\ 3� � \ 3� � \ . M� � \ . M� ^�" @�

\ 3� � \ 3��^�) @�

�� Gated Forward Drivers: (FK@:@E> K?8K K?< FLKGLK I<HL<JKJ =IFD K?< I<8; 9<?8M< J@D@C8ICP	

8E; K?8K K?<I< @J 8 JK89C< N8P F= ;@==<I<EK@8K@E> K?<D K?IFL>?Q� 8E; Q� 	 G8JJ KI8EJ@JKFI

D<DFIP�>8K<;�=FIN8I;�;I@M<IJ�@J�8GGC@<;�KF�I<DFM<�FE<�F=�K?<�I<8;��
<C<D<EKJ�

��



�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

" R � ) ?� ^�3� �

" R � ) ?� ^�3� �

. @ � " M ^�.M �

3� � 3� � .M�^�" @�

3� � 3��^�) @�

\ Q� � \ ;3��^�Q� �

\ Q� � \ ;3��^�Q� �

Q� � ;3��^�Q� �

Q� � ;3��^�Q� �

\ " R � \ ) ?� � \ Q��^�3� �

\ " R � \ ) ?� � \ Q��^�3� �

\ . @ � \ " M ^�.M �

\ 3� � \ 3� � \ .M�^�" @�

\ 3� � \ 3��^�) @�

�� Stored Dualrail Request: .?<E	 K?< NI@K< :FDD8E; @J J@DGC@=@<; LJ@E> K?< JKFI<; ;L8CI8@C

I<HL<JK D<K?F;� .?@J I<DFM<J 8EFK?<I �
<C<D<EK� "FN<M<I	 K?@J FGK@D@Q8K@FE I<C@<J LGFE

K?< JG<:@8C KI<8KD<EK =FI G8JJ KI8EJ@JKFI CF>@: @E K?<+�# DF;<C =FI K?< G8JJ KI8EJ@JKFI ILC<J

;I@M@E>. M� 8E; . M� CFN�

�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

Q� � " R � ) R� ^�Q� �

Q� � " R � ) R� ^�Q� �

\ Q� � � \ " R � \ ) R� ��^�Q� �

\ Q� � � \ " R � \ ) R� ��^�Q� �

" R � �) R� � Q� � ) R� � Q���^�3M �

. @ � " M ^�.M �

3M�^�) @�

3M � .M�^�" @�

\ " R � \ ) R� � \ ) R� ^�3M �

\ . @ � \ " M ^�.M �

\ 3M�^�) @�

\ 3M � \ .M�^�" @�

�� Pass Transistor AND: .?< I<8; :FDD8E; �
<C<D<EK :8E 9< :FDGC<K<CP I<DFM<;	

I<DFM@E>�K?<�G@G<C@E<�JK8><�8J�N<CC��.?@J�D8B<J�K?<�I<8;�G8JJ�K?IFL>?�KF�K?<�I<8;�:?8EE<C�

��



�" M � \ Q��^�. M� �

\ �" M � Q� � Q��^�. M� �

�" M � \ Q��^�. M� �

\ �" M � Q� � Q��^�. M� �

�. @ � \ 3M�^�" @�

\ �. @ � ;3M � 3M�^�" @�

Q� � " R � ) R� ^�Q� �

Q� � " R � ) R� ^�Q� �

\ Q� � � \ " R � \ ) R� ��^�Q� �

\ Q� � � \ " R � \ ) R� ��^�Q� �

" R � �) R� � Q� � ) R� � Q���^�3M �

3M�^�) @�

\ " R � \ ) R� � \ ) R� ^�3M �

\ 3M�^�) @�

�� Combined L, C:  IFD ?<I<	 =LIK?<I J@DGC@=@:8K@FE I<HL@I<J DF;@=@:8K@FE F= K?< 9<?8M@FI8C

JG<:@=@:8K@FE� #= @K @J GFJJ@9C< KF >L8I8EK<< DLKL8C <O:CLJ@FE F= K?< I<8; 8E; NI@K< @E K?<

<EM@IFED<EK	 K?<E K?<" 8E; ) :?8EE<CJ :8E 9< :FD9@E<; @EKF FE<	 D8B@E>) ?8M< 8 �F=�

I<HL<JK� .?@J <EK@I<CP I<DFM<J K?< E<<; =FI 8 NI@K< �
<C<D<EK� �>8@E	 K?@J I<C@<J LGFE K?<

JG<:@8C�KI<8KD<EK�=FI�K?<�G8JJ�KI8EJ@JKFIJ�;I@M@E>. M� 8E; . M� CFN�

�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

�.M � \ Q��^�. M� �

\ �.M � Q� � Q��^�. M� �

Q� � ) R� ^�Q� �

Q� � ) R� ^�Q� �

\ Q� � \ ) R� ^�Q� �

\ Q� � \ ) R� ^�Q� �

. @ � ) M ^�.M �

Q� � ) R� � Q� � ) R� � .M�^�) @�

\ . @ � \ ) M ^�.M �

� \ Q� � \ ) R� � � � \ Q� � \ ) R� � � \ .M

^�) @�

�� Combined L, C, R Counterflow (Positive): #= K?< <EM@IFED<EK :8E =LIK?<I ?8E;C< K?<

8:BEFNC<;><D<EK F= K?< I<8;	 K?<E @K @J GFJJ@9C< KF I<DFM< K?< I<8; �
<C<D<EK 9P

@DGC<D<EK@E> 8 :FLEK<I=CFN ?8E;J?8B<� (FN K?< @EGLK <E89C< B<<GJ K?< M8CL< F= K?< @EK<IE8C

D<DFIP N?<E K?< <E89C< @J ?@>?� .?@J 8CCFNJ @KJ M8CL< KF 9< J8DGC<; N?<E<M<I @K @J E<<;<;

N@K?FLK�8EP�I<HL<JK	�8J�CFE>�8J�K?8K�@J�JK@CC�DLKL8CCP�<O:CLJ@M<�=IFD�K?<�NI@K<�:FDD8E;J�

Q� � ) R� ^�Q� �

Q� � ) R� ^�Q� �

\ Q� � \ ) R� ^�Q� �

\ Q� � \ ) R� ^�Q� �

) R� � Q��^�) M� �

) R� � Q��^�) M� �

\ ) R� � \ Q��^�) M� �

\ ) R� � \ Q��^�) M� �

��



3.9 Integrated QDI/BD Circuits

 @>� �� J?FNJ K?< KPG@:8C ;@8>I8D LJ<; KF ;<J:I@9< 8 �
G?8J< 9LE;C<; ;8K8 G@G<C@E<5��6�  FI

<8:? JK8><	 K?<I< @J 8+�# :FEKIFC 9CF:B 8E; C8K:?<; ;8K8G8K? CF>@:� .?< <E89C< J@>E8C =IFD K?<

+�# :FEKIFC @J 8DGC@=@<; 8E; LJ<; KF :CF:B K?< ;8K8G8K?� '<8EN?@C<	 K?< @EGLK I<HL<JK @J ;<C8P<;

KF�GI<M<EK�K?<�C8K:?<J�=IFD�:CFJ@E>�9<=FI<�K?<�@EGLK�;8K8�I<JFCM<J�

.?< G@G<C@E< GIFKF:FC 8J <O<:LK<; 9P K?< GIF:<JJ @E @>� �� @J ;<DFEJKI8K<; @E @>� ��	

8JJLD@E> 81�"� I<J?L==C@E> =FI K?< :FEKIFC� -@>E8CJ ;I@M<E 9P K?< <EM@IFED<EK FE) 8I<

:FCFI<; I<; N?@C< J@>E8CJ ;I@M<E 9P K?< <EM@IFED<EK FE. 8I< :FCFI<; 9CL<� .?< @EGLK <E89C< =FI

8CC :?8EE<CJ 8I< ><E<I8CCP @E@K@8C@Q<; ?@>? J@>E@=P@E> K?8K K?< GIF:<JJ @J I<8;P KF I<:<@M< ;8K8 FE

K?8K�:?8EE<C��.?@J�@E@K@8C@Q8K@FE	�?8M@E>�9<<E�8GGC@<;�KF��?8EE<C) 	�FG<EJ�K?<�G
C8K:?<J�

.?<I<=FI<	 K?< 9LE;C<; ;8K8 @J K?< =@IJK K?@E> KF 8II@M< FE) 	 =FCCFN<; 9P 8E LG>F@E> KI8EJ@K@FE

FE K?< I<HL<JK N@I< J?FIKCP K?<I<8=K<I� .?@J I<HL<JK DLJK 9< ;<C8P<; JL:? K?8K K?< 9LE;C<; ;8K8

8II@M@E> FE) ?8J G8JJ<; K?IFL>? K?< G
C8K:? 9P K?< K@D< K?< <E89C< @J CFN<I<;� .?@J <EJLI<J K?8K

K?< @E:FD@E> ;8K8 @J :FII<:KCP C8K:?<; JF K?8K ;8K8G8K? CF>@: D8P I<JFCM< 8E; =FIN8I; K?< I<JLCK

K?IFL>?. � )E:< K?< <E89C< F=) @J CFN<I<;	 K?< @EGLK ;8K8 @J 8CCFN<; KF :?8E><� .?@J D<8EJ K?8K

K?< ;<C8P 8JJLDGK@FE FM<IC8GJ N@K? ?8C= F= K?< ?8E;J?8B< GIFKF:FC	 8CCFN@E> JFD< F= K?< GIFKF:FC

KF�9<�:FLEK<;�KFN8I;�K?<�;<C8P�8JJLDGK@FE	�I<;L:@E>�K?<�C<E>K?�F=�K?<�;<C8P�C@E<�

/CK@D8K<CP	 K?@J D@>?K 9< @DGIFM<; 9P FM<IC8GG@E> K?< ;<C8P 8JJLDGK@FE N@K? K?< N?FC<

?8E;J?8B< GIFKF:FC LJ@E> =LCC
9L==<I@E>� "FN<M<I	 K?8K NFLC; I<HL@I< 8*� � I<J?L==C@E> @E K?<

+�# :FEKIFC 8E; =C@G
=CFGJ @EJK<8; F= C8K:?<J @E K?< ;8K8G8K?� #E K?< <E;	 9FK? K?< KFK8C K?IFL>?GLK

8E; K?< ;<M@:< :FLEK N@CC ;FL9C<	 C<8M@E> K?< K?IFL>?GLK <==@:@<E:P K?< J8D<� .?< <E<I>P I<HL@I<;

G<I�KFB<E�N@CC�@E:I<8J<	�JF�FM<I8CC�K?8K�8GGIF8:?�NFLC;�9<�C<JJ�G<I=FID8EK�

)E< J?FLC; 8CJF EFK< K?8K K?< ;<C8P <C<D<EKJ FECP E<<; KF ;<C8P K?< LG>F@E> KI8EJ@K@FE F= K?<

I<HL<JK N@I<J� .?< ;FNE>F@E> KI8EJ@K@FE FECP J<IM<J KF I<J<K K?< :?8EE<C GIFKF:FC 8E; FG<E K?<

C8K:?<J =FI K?< E<OK :FDGLK8K@FE� .?<I<=FI<	 FE< J?FLC; D8B< <OK<EJ@M< LJ< F= 8JPDD<KI@: ;<C8P

C@E<J�8J�J<<E�@E @>���
 KF�@E:I<8J<�K?<�FM<I8CC�K?IFL>?GLK�F=�K?<�GIF:<JJ�

/CK@D8K<CP	 N?@C< K?< G@G<C@E< ;<DFEJKI8K<; @E @>� �� LJ<J 8 ;8K8C<JJ1�"� I<J?L==C@E>	 @K

J<<DJ C@B< 8 I<8JFE89C< ALDG K?8K K?<+�# :FEKIFC :FLC; 9< 8EP ?8C=
9L==<I<; GIF:<JJ N@K? FI

N@K?FLK ;8K8� #E G8IK@:LC8I	 K?<I< 8I< 8 N?FC< ?FJK F= K<DGC8K<J =IFD5��6 K?8K :8E 9< GLK @E K?8K

9FO� #= K?< @EGLK I<HL<JK :FDDLE@:8K<J ;8K8	 K?<E 8CC F= K?< I<HL<JK N@I<J DLJK ?8M< 8 ;<C8P

<C<D<EK� #= K?< I<HL<JK N@I<J KI@>><I :P:C<J N@K? ;@==<I<EK :P:C< K@D<J @E K?<+�# :FEKIFC	 K?< ;<C8P

C@E<J J?FLC; 9< KLE<; KF K?<@I 8JJF:@8K<; :P:C< K@D<J� �CK<IE8K@M<CP	 @K @J GFJJ@9C< KF :CF:B K?<

I<HL<JK�C@E<J�8J�@E5��6�

"FN<M<I	 K?<I< 8I< 8 =<N @DGFIK8EK =8:<KJ F= K?@J 8GGIF8:? K?8K I<HL@I< :8I<=LC :FEJ@;<I8K@FE�

��



 @>����� ��98J@:�K<DGC8K<�=FI+�#
:FEKIFC�N@K?�9LE;C<;�;8K8�
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QDI Input Requests to Datapath
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QDI Internal Memory to Datapath
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Datapath to QDI Forward Drivers
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Datapath to QDI Internal Memory
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QDI/Datapath Cycle
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Datapath Memory

�E @EK<IE8C D<DFIP @E K?< ;8K8G8K? :8E JK8IK KF D8B< K?@E>J 8 9@K DFI< :FDGC<O	

G8IK@:LC8ICP 9<:8LJ< K?<P :8EEFK 8CN8PJ 9< :CF:B<; @E CF:B
JK<G N@K? 8EFK?<I :?8EE<C� .?<

98J@:�K<DGC8K<�I<HL@I<J�K?I<<�C8P<IJ�F=�C8K:?<J�8J�@E @>���� �C<=K��

�JJLD< =FI 8 DFD<EK K?< @EK<IE8C D<DFIP N<I< @EJK<8; @DGC<D<EK<; LJ@E> 8 G
=CFG	

I<DFM@E> K?< =@IJK C8P<I F= C8K:?<J� #= K?< D<DFIP N<I< :CF:B<; JFD< ;<C8P 8=K<I K?< @EGLK

C8K:?<J ;L< KF CF>@:	 K?<E K?<I< NFLC; 9< 8 J?FIK K@D< ;LI@E> K?< I<J<K G?8J< F= K?< ?8E;J?8B<

@E N?@:? K?< @EGLK C8K:? 8E; K?< E
C8K:? F= K?< @EK<IE8C D<DFIP 8I< 9FK? FG<E� .?@J NFLC;

8CCFN K?< E<N M8CL< =IFD K?< @EGLK KF I8:< 8?<8; 8E; <I8J< K?< M8CL< K?8K J?FLC; ?8M< 9<<E

JKFI<;�=IFD�K?<�C8JK�FG<I8K@FE�

)= :FLIJ<	 K?< C8K:?<J @DGC<D<EK@E> K?< @EK<IE8C D<DFIP :8E 9< GLJ?<; 8IFLE; K?<

;8K8G8K? JF CFE> 8J ;F@E> JF NFLC; EFK 8==<:K K?< FLKGLK M8CL< FE. ? �  FI <O8DGC<	 K?< =@IJK

G
C8K:? C8P<I :FLC; GLJ?<; 98:B KF ALJK 8=K<I K?< @EGLK C8K:?<J 8E; ALJK 8=K<I K?< J<:FE; G
C8K:?

C8P<I F= K?< @EK<IE8C D<DFIP 8J @E @>� �� �I@>?K�� �<:8LJ< K?< =@IJK 8E; J<:FE; G
C8K:? C8P<I

F= K?< @EK<IE8C D<DFIP J?8I< K?< J8D< :CF:B	 K?<P :8E 9< D<I><; KF><K?<I� #= K?<I< @J EF

:CF:B@E> CF>@: D<8E@E> K?< ;<C8P 9<KN<<E K?< @EGLK C8K:? :CF:B 8E; K?< D<DFIP :CF:B @J Q<IF	

K?<E K?< @EGLK C8K:? 8E; K?< I<CF:8K<; =@IJK G
C8K:? C8P<I F= K?< D<DFIP :8E 8CJF 9< D<I><;�

.?@J JKI8K<>P F= DFM@E> K?< C8K:?<J 8IFLE; DLJK @E:CL;< 8CC J@>E8CJ K?8K C<8; @EKF K?< ;8K8G8K?

@EK<IE8C�D<DFIP	�@E:CL;@E>�J@>E8CJ�=IFD�K?<+�# CF>@:�

.?<E	 K?< :CF:B@E> CF>@: :8E 8CJF 9< GLJ?<; 8IFLE;� -LGGFJ< K?< :CF:B@E> CF>@: :FD<J

��



 @>����� �I<8B@E>�8�:FDDLE@:8K@FE
:P:C<�N@K?�8�G
C8K:?�FE�K?<�FLKGLK
I<HL<JK�

 @>����� �CF:B@E>�8�D<DFIP�@EK<IE8C�KF�K?<�;8K8G8K?�

=IFD KNF :?8EE<CJ K?8K 8I< :FE;@K@FE8CCP 8:BEFNC<;><; 8J @E @>� �� �C<=K�� .?< �(� >8K<

:8E 9< GLJ?<; @EKF K?< C8K:?<J	 K?<E K?< FGK@D@Q8K@FEJ 89FM< :8E 9< G<I=FID<; KF I<DFM<

K?< LEE<:<JJ8IP C8K:?@E> C8P<I 8J @E @>� �� �I@>?K�� .?@J I<HL@I<J JG<:@8C DLCK@
:CF:B C8K:?<J

J?FNE @E @>� ��� �CK<IE8K@M<CP	 K?< �(� >8K< :8E 9< GLJ?<; @EKF K?<+�# :FEKIFC LJ@E>

�
<C<D<EKJ KF <EJLI< @K F::LIJ 9<=FI< K?< @EGLK <E89C<J� "FN<M<I	 K?@J ?8J =8@ICP LE;<J@I89C<

G<I=FID8E:<�

QDI and Datapath Memories
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Exchange Channels
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Exchange Channel with Internal Memory
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3.10 Toolset and Circuit Evaluation
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Type Trans Frequency Energy/Op Latency
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Type Trans Frequency Energy/Op
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5.3.2 QDI Only
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5.4 Serial to Parallel
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5.4.2 Upflow Approach
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5.5 Evaluation

5.5.1 Sign Extension
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Type Transistors Condition Token Frequency Energy/Token Latency
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6.4 Evaluation

6.4.1 Bitwise Operators
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Condition Average Cycles/Stream (4-bits)
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Type Transistors Condition Token Frequency Energy/Token Latency
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Type Transistors Condition Token Frequency Energy/Token Latency
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Condition Average Cycles/Stream

1-bit 4-bit

89 ����� �����

8 ����� �����

9 ����
 
����

:8G ��


 ��




.FK8C��P:C<J ������ �����

.89C<���� /K@C@Q8K@FE�F=�<8:?�:FE;@K@FE
=FI�K?<�8;;@K@FE�FG<I8KFI�

 @>����� *<I=FID8E:<�8E;�<E<I>P�8M<I8><;�FM<I�K?<�;@JKI@9LK@FE�@E
 @>���� MJ�.I8EJ@JKFI��FLEK�

�CC F= K?<J< ;@==<I<E:<J 8I< =8@ICP KPG@:8C @E JPEK?<J@Q<; MJ =LCC
:LJKFD 8E; K?< JPEK?<J@J :FLC;

9< KLE<; KF GIF;L:< 8 9<KK<I I<JLCK� #E I<:F>E@K@FE F= K?@J 8 =LCC :LJKFD C8K:?<; JPE:?IFEFLJ

8;8GK@M< 8;;<I @J 8CJF :FDG8I<;� #E K?< <E;	 @K I<HL@I<; 8 M8C
I;P @EK<I=8:< 9<:8LJ< K?< @EGLK

JKI<8DJ 8I< M8I@89C<
C<E>K?� .?< :@I:L@KIP I<HL@I<; KF @DGC<D<EK 8 M8C
I;P @EK<I=8:< @J LCK@D8K<CP

E<8I
@;<EK@:8C KF K?< :@I:L@KIP I<HL@I<; KF @DGC<D<EK 8 9LE;C<;
;8K8 @EK<I=8:<� .?< FECP ;@==<I<E:<

@J K?8K =FI K?< M8C
I;P @EK<I=8:<	 K?< :FEKIFC J@>E8CJ 8I< :CF:B<; @EJK<8; F= ;<C8P<; N@K? 8 ;<C8P C@E<�

-F	 K?@J ;<J@>E <E;<; LG 9<@E> K?<�� �;8GK@M< �;;� /CK@D8K<CP	 K?< 8I:?@K<:KLI< @J M<IP J@D@C8I

KF K?< @EK<>I8K<; ;<J@>E� �K ��� KI8EJ@JKFIJ	 @K 9LIEJ FECP ��� K@D<J K?< <E<I>P G<I FG<I8K@FE N@K?

FECP����CFN<I�FG<I8K@FE�K?IFL>?GLK�

.?< FECP 8;8GK@M< J<C=
K@D<; 8;;<I @E K?< C@K<I8KLI< @J =IFD �@KJE8G5���6 � .?@J 8;;<I N8J EFK

;@I<:KCP :FDG8I<; 9<:8LJ< 9<:8LJ< K?< @DGC<D<EK8K@FE F= @KJ 8;8GK@M@KP N8J EFK J<C= :FEK8@E<;�

.?< ;<J@>E F= K?< 8;;<I @J LCK@D8K<CP 8 J@E>C< 9@K =IFD K?<+�# 9@K
G8I8CC<C I@GGC<
:8IIP 8;;<I N@K?

@KJ :8IIP
FLK =<; 98:B @EKF K?< :8IIP @E K?IFL>? 8 # ) � .?< @DGC<D<EK8K@FE F= K?< :FEKIFC I<C@<;

?<8M@CP LGFE K?< �@KJE8G '@:IFGIF:<JJFI 8I:?@K<:KLI< 8J 8 N?FC< 8E; N8J <EK@I<CP @EJ<G8I89C<�

.?< +�# 8;8GK@M< J<I@8C 8;;<I :FDG8I<; ?<I< @J K?< J<C=
:FEK8@E<; M<IJ@FE F= K?@J� #K @J LCK@D8K<CP

DFI< <OG<EJ@M< K?8E FK?<I 8GGIF8:?<J ;L< KF 8:BEFNC<;><D<EK I<HL@I<D<EKJ 9<KN<<E K?< :FEKIFC

8E; K?< ;8K8G8K?	 @DGC<D<EK@E> 8 � 9@K ;8K8G8K? N@K? ��� KI8EJ@JKFIJ	 ��� CFN<I FG<I8K@FE

���



 @>����� �8:?�GF@EK�:FII<JGFE;J�KF�K?<�J@DLC8K<;�<E<I>P�G<I�8;;�8M<I8><;�=FI�DLCK@GC<�8;;J�FM<I�K?<�;@JKI@9LK@FE
@E @>���� =FI�8�>@M<E�D8O@DLD�9@KN@;K?�

 @>����� *IF989@C@KP�;@JKI@9LK@FE�=FI�K?<�ELD9<I�F=�I<;LE;8EK�9@KJ�@EKIF;L:<;�G<I�FG<I8K@FE�9P�K?<�8;;<I�

K?IFL>?GLK	�8E;�9LIE@E>�����K@D<J�8J�DL:?�<E<I>P�G<I�FG<I8K@FE�

 @>� �� J?FNJ K?< G<I=FID8E:< F= K?<J< 8;;<IJ FE 8M<I8>< =FI 8 >@M<E D8O@DLD 9@KN@;K?

LJ@E> K?< 9@KN@;K? ;@JKI@9LK@FE =IFD -*���

�� �K �� 9@KJ	 K?< #EK<>I8K<; �;8GK@M< 8;;<I ?8J

K?< J8D< 8M<I8>< K?IFL>?GLK <==@:@<E:P 8J K?< %F>>< � -KFE< 8;;<I� )E:< 89FM< �� 9@KJ	 K?<

8M<I8>< K?IFL>?GLK <==@:@<E:P F= K?< #EK<>I8K<; �;8GK@M< 8;;<I @J J@>E@=@:8EKCP 9<KK<I K?8E 8EP

FK?<I 8I:?@K<:KLI<�  FI N@;K?J F= DFI< K?8E ��	 K?< #EK<>I8K<; �;8GK@M< 8;;<I LJ<J J@>E@=@:8EKCP

C<JJ�<E<I>P�FE�8M<I8><�

)M<I8CC	 K?< ;@>@K
J<I@8C 8;;@K@FE FG<I8KFI :8E @EKIF;L:< JFD< I<;LE;8EK KFB<EJ @EKF K?<

<E:F;@E> F= K?< I<JLCK� -G<:@=@:8CCP @= K?< I<JLCK F= 8;;@E> 8 GFJ@K@M< 8E; E<>8K@M< ELD9<I @J

JD8CC<I @E D8>E@KL;< K?8E K?< N@;<JK @EGLK	 K?<E JFD< ELD9<I F= 9@KJ E<8I K?< :8G KFB<E F= K?<

I<JLCK N@CC 9< I<;LE;8EK� @>� �� J?FNJ K?< GIF989@C@KP ;@JKI@9LK@FE F= K?<J< I<;LE;8EK 9@KJ FM<I 8CC

8;;@K@FE�8E;�JL9KI8:K@FE�FG<I8K@FEJ�

���



�"�*.�,��

�)'*�,#-)(��(���)(�#.#)(�&-

�FEKIFC FG<I8K@FEJ 8::FLEK =FI ��� F= 8CC @EJKIL:K@FEJ <O<:LK<; @E K?< -*���

� 9<E:?D8IB�

�==@:@<EK <O<:LK@FE F= K?<J< FG<I8K@FEJ @J FE< F= K?< C8I><JK ;<K<ID@E@E> =8:KFIJ =FI 8 GC8K=FID�J

G<I=FID8E:<� 'F;<IE JPJK<DJ <DGCFP :FDGC<O 9I8E:? GI<;@:KFIJ 8E; C8I>< :8:?<J KF D@K@>8K< K?<

<==<:K F= :FEKIFC FG<I8K@FEJ FE G<I=FID8E:<� .?< >F8C F= K?@J :?8GK<I @J EFK KF ;<J@>E JFD<K?@E>

K?8K K8B<J @KJ GC8:<	 9LK KF I<;L:< K?< CF8; FE K?<J< JPJK<DJ KF ?<CG @E:I<8J< K?<@I 8::LI8:P =FI K?<

:FEKIFC�@EJKIL:K@FEJ�K?8K�D8KK<I�

)M<I8CC	 ��� F= K?< :FEKIFC CF>@: :FD<J =IFD 9I8E:?<J� � 9I8E:? FG<I8K<J ;@I<:KCP FE K?<

GIF>I8D :FLEK<I� "FN<M<I	 @E 8 ;8K8=CFN GC8K=FID C@B< 8�!,� 	 K?<I< @J EF GIF>I8D :FLEK<I�

#EJK<8;	 8 J@E>C< 9I8E:? @EJKIL:K@FE DLJK 9< 9IFB<E LG @EKF 8 :FE;@K@FE8C DFM< =FI <M<IP G@<:< F=

;8K8 LJ<; FI DF;@=@<; @E K?< 9F;P F= K?< :FE;@K@FE8C� /E=FIKLE8K<CP	 K@D< :FEJKI8@EKJ ?8M< @DG<;<;

=LIK?<I D<8JLI<D<EKJ I<>8I;@E> K?< ;@JKI@9LK@FE F= K?< ELD9<I F= :FE;@K@FE8C DFM<J I<HL@I<; KF

@DGC<D<EK <8:? 9I8E:?� )M<I8CC	 @K @J J8=< KF J8P K?8K 8K C<8JK JFD< 9I8E:?<J NFLC; I<HL@I< FECP

FE< FI KNF :FE;@K@FE8C DFM<J	 8E; JLGGFIK@E> K?@J B@E; F= FG<I8K@FE @E K?<�!,� 8::<C<I8KFI

NFLC;�8CCFN�=FI�C8I><I�98J@:�9CF:BJ	�I<;L:@E>�K?<�CF8;�FE�K?<�9I8E:?�GI<;@:KFI�:@I:L@KIP�

 @>� �� J?FNJ K?8K :FDG8I@JFE FG<I8KFIJ 8::FLEK =FI ��� F= 8CC 8I@K?D<K@: FG<I8K@FEJ	 K?FL>?

D8EP F= K?<J< D8P EFK 9< @DGC<D<EK<; FE K?<�!,� ;<G<E;@E> LGFE K?< 9I8E:?�:FE;@K@FE8C

DFM< ;@JKI@9LK@FE� .?<I<=FI<	 K?< @DGC<D<EK8K@FE F= K?< :FDG8I< 8E; :FE;@K@FE8C DFM< FG<I8K@FEJ

8I< EFK >L@;<; 9P @EGLK ;8K8 ;@JKI@9LK@FEJ� &L:B@CP	 K?<J< FG<I8K@FEJ 8I< I<C8K@M<CP J@DGC< 8E;

<==@:@<EK�

8.1 Compare to Zero

.?< :FDG8I@JFE 8C>FI@K?D @J =8@ICP JKI8@>?K=FIN8I;� /CK@D8K<CP	 K?@J :@I:L@K DLJK 9< 89C< KF

I<JFCM< 8EP FE< F= J@O GFJJ@9C< :FDG8I@JFE FG<I8K@FEJ�� 	 � 	 � 	 � � 	 � � 	 FI Z � /E=FIKLE8K<CP	 @K

@J EFK GFJJ@9C< KF ;<K<ID@E< N?<K?<I K?< @EGLK @J >I<8K<I K?8E Q<IF FI C<JJ K?8E Q<IF LEK@C K?< J@>E

?8J 9<<E I<:<@M<; =IFD K?< :8G KFB<E 8K K?< M<IP <E; F= K?< JKI<8D�  LIK?<IDFI<	 @K @J EFK GFJJ@9C<

KF ;<K<ID@E< K?8K K?< JKI<8D @J <HL8C KF Q<IF LEK@C 8CC F= K?< KFB<EJ ?8M< 9<<E I<:<@M<;� .?<I<=FI<	

K?< E8@M< 8GGIF8:? =FI <E:F;@E> K?FJ< J@O :8J<J @EKF FLKGLK I<HL<JKJ NFLC; 9< KF 8JJ@>E 8E FLKGLK

I<HL<JK =FI <8:? F=� 	 � 	 8E; � � .?< FK?<I K?I<< :8J<J :8E K?<E 9< :FDGLK<; N@K? 8E ),�  FI

<O8DGC<	Z @J� ,. � � .?< :FDG8I@JFE LE@K NFLC; B<<G KI8:B F= N?<K?<I 8CC F= K?< I<:<@M<;

KFB<EJ�N<I<�Q<IF	�8E;�K?<E�I<JFCM<�K?<�I<C8K@FE�LGFE�I<:<@M@E>�K?<�:8G�KFB<E�

���



Q�� � � �

� 7 ) � G�

7 G> � � ^ 7 G? Z � ^ Q�� � � � @GN@̂ NFDK 9

� G> � � ^ 7 G? Z � ^ . � � � �

� Q � � � G? � � ^ . � � � �

� Q � � � G? � � ^ . � � � �

9

99

"FN<M<I	 @K @J LCK@D8K<CP GFJJ@9C< KF ;<K<ID@E< K?8K K?< @EGLK @J EFK <HL8C KF Q<IF 9<=FI<

I<:<@M@E> K?< :8G KFB<E� #E =8:K	 K?<Z :FE;@K@FE :8E ><E<I8CCP 9< I<JFCM<; 9P K?< M<IP =@IJK

KFB<E F= K?< ;@>@K
JKI<8D� .?@J <8ICP FLK NFLC; 8==<:K ��� F= 8CC 8I@K?D<K@: :FDG8I@JFE FG<I8K@FE

<O<:LK@FEJ� /E=FIKLE8K<CP	 K8:BC@E> K?@J <8ICP
FLK FGGFIKLE@KP P@<C;J HL@K< 8E LELJL8C 8I:?@K<:KLI<�

.?< E8@M< 8JJ@>ED<EK =FI K?< FLKGLK I<HL<JKJ @J @EJL==@:@<EK J@E:< @K @J EFK GFJJ@9C< KF I<JFCM< N?@:?

F=� FI � K?8KZ :FE;@K@FE�9<CFE>J�KF�LEK@C�K?<�M<IP�<E;�F=�K?<�;@>@K
JKI<8D�

.?<I<=FI<	 K?< FLKGLK I<HL<JKJ DLJK 9< @EM<IK<;� .?@J P@<C;J FLKGLK I<HL<JKJ =FI� � 	 Z 	 8E;

� � I<JG<:K@M<CP� /E=FIKLE8K<CP	 N?@C< K?< E8@M< 8GGIF8:? <EJLI<J DLKL8C
<O:CLJ@M@KP =FI K?<

FLKGLK I<HL<JKJ	 K?@J 8GGIF8:? ;F<J EFK�  FI <O8DGC<	� NFLC; I<HL@I< 9FK?� � 8E; Z KF 9<

8JJ<IK<; J@DLCK8E<FLJCP� .?@J NFLC; =FI:< K?< FLKGLK :?8EE<C KF LJ< 8 �F=� <E:F;@E> FE K?< FLKGLK

I<HL<JKJ� .?<I<=FI<	 K8B@E> 8;M8EK8>< F= K?< <8ICP FLK =FIZ 8K K?< I<:<@M@E> J@;< N@CC 9< ;@==@:LCK

9<:8LJ< @K NFLC; ?8M< KF N8@K =FI 8 J<:FE; J@>E8C 9<=FI< 8:BEFNC<;>@E> K?< :FE;@K@FE 8E; K?<E

N8@K�=FI�9FK?�J@>E8CJ�KF�9<�I<J<K�9<=FI<�<E89C@E>�K?<�:?8EE<C�8>8@E�

 FIKLE8K<CP	 @K @J GFJJ@9C< KF @DGC<D<EK 8 EFE
JK8E;8I; :?8EE<C GIFKF:FC KF 8CCFN =FI <8ICP

8:BEFNC<;><D<EK 8E; <8ICP <E89C<� "FN<M<I	 K?@J D<8EJ K?8K K?< 9<?8M@FI F= K?@J :@I:L@K @J EF

CFE><I�I<8JFE89CP�<OGI<JJ@9C<�LJ@E>�"* �

�. @ � . � � . � � � ;.Q � ) >� � \ ) ?� ^�. � �

�. @ � . � � . � � � ;.Q � �) >� � ) >� � � U� ^�. � �

�. @ � . � � . � � � ;.Q � ) >� � �;. � � ) ?� ��^�. � �

-K8IK@E> N@K? K?< =FIN8I; ;I@M<IJ�. � @DGC<D<EKJ� � 	 . � @DGC<D<EKJZ 	 8E; . � @DGC<D<EKJ

� � � . � 8E; . � :8E FECP 9< ;<K<ID@E<; LJ@E> K?< :8G KFB<E 8J J@>E8CC<; 9P) >� � �<:8LJ< 8CC F=

K?< 9@KJ @E K?< :8G KFB<E ?8M< K?< J8D< M8CL<	 @K @J <EFL>? KF J@DGCP :?<:B FE<� #= K?< :8G KFB<E

@J Q<IF	 J@>E8CC<; 9P\ ) ?� 	 K?<E K?< J@>E @J GFJ@K@M< 8E;) @J >I<8K<I K?8E FI <HL8C KF Q<IF� .?@J @J

<EFL>? KF J@>E8C. � � #= K?< :8G KFB<E @J EFK Q<IF	 J@>E8CC<; 9P) ?� 	 K?<E K?< J@>E @J E<>8K@M< 8E;

) DLJK 9< C<JJ K?8E Q<IF� /E=FIKLE8K<CP	 K?@J @J EFK <EFL>? KF J@>E8C. � 9<:8LJ< @K ;F<J EFK :FM<I

N?<K?<I) @J <HL8C KF Q<IF�  FI K?8K	 K?< @EM<IK<; J<EJ< F=. � :8E 9< LJ<; J@E:<. � N@CC I<D8@E

CFN�@=) @J�Q<IF�

���



\ ) ?� � \ ) ?� � \ ) ?� � \ ) ?� ^�U � �

) ?� � ) ?� � ) ?� � ) ?� ^�U � �

U� ^�U � �

\ U� ^�U � �

.?< 9@KJ @E K?< ;8K8G8K? 8I< :FD9@E<; KF ><E<I8K< 8 Q<IF�EFK
Q<IF J@>E8CU =FI <8:? KFB<E�

�<:8LJ< K?@J GIF:<JJ ;F<J EFK C8K:? K?< ;8K8G8K?	 K?@J J@>E8CU @J FECP JK89C< 8=K<I) >� FI ) >� >F

?@>? 8E; 9<=FI<) @ @J CFN<I<;	 8:BEFNC<;>@E> K?< :?8EE<C� .?<E	 @= FE< F= K?< 9@KJ @J EFK Q<IF	 8J

J@>E8CC<;�9PU� 	�K?<E. � @J�I8@J<;�KF�J@>E8C�K?<Z <M<EK�

. � � . � � . � � . � � . � � . � ^�.Q �

.?< =FIN8I; ;I@M<IJ :?<:B. @� "FN<M<I	 9<:8LJ<. @ :8E 9< CFN<I<; 8=K<I 8EP FE< F= K?< FLKGLK

I<HL<JKJ @J I8@J<;	 K?8K :?<:B DLJK 9< JK89@C@Q<; N@K? K?< FLKGLK I<HL<JKJ K?<DJ<CM<J�  @E8CCP	 8E

<OKI8�J@>E8C.Q <EJLI<J�K?8K�K?<�?8E;J?8B<�I<D8@EJ�JK89C<�

.Q � �U � � . � � � ) >� ^�) @�

.Q @J FECP I8@J<; FE:< K?< :8G KFB<E ?8J 9<<E I<:<@M<; FE) � .?@J J@>E8CJ K?< :FDGC<K@FE F= K?<

:FDG8I@JFE FG<I8K@FE� .?<I<=FI<	 8 ;@==<I<EK <OGI<JJ@FE DLJK ?8E;C< K?< @EGLK 8:BEFNC<;><D<EK

FE ) @ =FI K?< I<JK F= K?< KFB<EJ @E K?< ;@>@K JKI<8D� #=U� @J ?@>?	 K?<E. � DLJK 9< I8@J<;� -F) @

N8@KJ�=FI�<@K?<I. � FI U� �� @E8CCP	) @ 8:BEFNC<;><J�K?<�EFE
:8G�@EGLK�I<HL<JK�FE) >� ;@I<:KCP�

� \ . @ � \ . � � \ . � � � \ ;.Q � \ ) >� ^�. � �

� \ . @ � \ . � � \ . � � � \ ;.Q � \ ) >� ^�. � �

� \ . @ � \ . � � \ . � � � \ ;.Q � \ ) >� ^�. � �

\ . � � \ . � � \ . � ^�.Q �

\ .Q � � \ U� � \ . � � \ ) >� ��^�) @�

#E K?< I<J<K G?8J<	. @ :8E 9< CFN<I<; 8K 8EP K@D< 8=K<I K?< =@IJK FLKGLK I<HL<JK @J J<EK� "FN<M<I	

9<:8LJ< F= K?< :?<:B FE\ ;.Q @E K?< I<J<K G?8J< F= K?< =FIN8I; ;I@M<IJ	 EFE< F= K?< =FIN8I; ;I@M<IJ

N@CC I<J<K LEK@C KNF F= K?< K?I<< FLKGLK I<HL<JKJ ?8M< 9<<E I8@J<;	 :FDGC<K@E> K?< ;<C8P @EJ<EJ@K@M<

<E:F;@E>� )E:< K?8K ?8GG<EJ	 FE< K?< FLKGLK I<HL<JKJ 8I< I<J<K� "FN<M<I	 FE:< K?8K ?8GG<EJ	 K?<

FLKGLK <E89C<. @ :8E 9< I8@J<;� .?@J D<8EJ K?8K K?< ?8E;J?8B< ?8J KF 9< JK89@C@Q<; FE:< 8>8@E 9P

:?<:B@E> K?< M8CL< F= K?< FLKGLK I<HL<JKJ� )E:< 8CC F= K?< FLKGLK I<HL<JKJ ?8M< 9<<E I<J<K	.Q @J

CFN<I<;�8E;�K?<�@EGLK�:?8EE<C�<E89C<;�FE) @ =FCCFN@E>�K?<�JK8E;8I;1�"� ?8E;J?8B<�

(FN	 @DGC<D<EK@E> K?< :FEM<IJ@FE KF K?< J@O :FDG8I@JFE :FE;@K@FEJ @J J@D@C8I KF K?< E8@M<

8GGIF8:?� "FN<M<I	 @EJK<8; F= :FD9@E@E> K?<D N@K? ),	 K?<P 8I< :FD9@E<; N@K? �(��  FI

<O8DGC<	 K?< =FCCFN@E> @DGC<D<EKJ� FE " � " � @J :FEE<:K<; ;@I<:KCP KF. � 	 9<:8LJ<. � >F<J ?@>?

N?<E ) @J >I<8K<I K?8E FI <HL8C KF Q<IF� '<8EN?@C<	" � @J ><E<I8K<; 9P :FD9@E@E>. � N?@:? @J

��




I8@J<;�N?<E) @J�C<JJ�K?8E�FI�<HL8C�KF�Q<IF�8E;. � N?@:?�@J�I8@J<�N?<E) @J�EFK�<HL8C�KF�Q<IF�

" � � . �

. � � . � ^�" � �

\ . � � \ . � ^�" � �

.?< EFE
JK8E;8I; ?8E;J?8B< @DGC<D<EK<; 9P K?< :FDG8I@JFE LE@KJ 8CCFNJ =FI K?@J :FEM<IJ@FE

KF�9<�@DGC<D<EK<;�;@I<:KCP�N@K?�:FD9@E8K@FE8C�CF>@:�@EJK<8;�F=�8�:FCC<:K@FE�F=��
<C<D<EKJ�

8.2 Conditional Sink

.?< :FE;@K@FE8C J@EB @J EFK DL:? DFI< :FDGC<O K?8E 81�"� 9L==<I� .?< @EGLK :FE;@K@FE"

;<K<ID@E<J N?<K?<I FI EFK 8 >@M<E ;@>@K
JKI<8D =IFD) @J =FIN8I;<; K?IFL>?. � #=" @J �	 K?<E K?<

;@>@K JKI<8D @J =FIN8I;<;	 J<E;@E> <8:? KFB<E I<:<@M<; =IFD) FE . � )K?<IN@J<	 K?FJ< KFB<EJ 8I<

;@J:8I;<;� 1?<E K?< :8G KFB<E @J =@E8CCP I<:<@M<;	 K?< @EGLK :FE;@K@FE" @J 8CJF 8:BEFNC<;><;	

J@>E8CC@E>�K?<�:FDGC<K@FE�F=�K?<�FG<I8K@FE�

� 7) � G�

7 " � � � ^ . � G � @GN@̂ NFDK 9�

7 G> � � ^ " � � @GN@̂ NFDK 9

9

.?@J @J @DGC<D<EK<; ;@I<:KCP N@K? K?< JK8E;8I;1�"� I<J?L==C@E>	 J@D@C8I KF 8 KFB<E JGC@K�" �

@J LJ<; KF :FE;@K@FE K?< =FIN8I; ;I@M<IJ :FEKIFCC@E>. � '<8EN?@C<	 FE< F= K?< =FIN8I; ;I@M<IJ =FI

K?< JB@G :8E 9< 9PG8JJ<; ;@I<:KCP KF K?< @EGLK 8:BEFNC<;><D<EK FE) @� 1?<E K?< :8G KFB<E @J

I<:<@M<;	�K?<E�K?<�:FE;@K@FE�@J�8:BEFNC<;><;�FE" @	�8E;�<M<IPK?@E>�I<J<KJ�

. @ � " � � ) >� ^�. >� �

. @ � " � � ) >� ^�. >� �

" � � ) >� ^�/ � �

. >� � . >� � " � � ) >� � / � ^�) @�

. >� � / � ^�" @�

\ . @ � \ ) >� ^�. >� �

\ . @ � \ " � � \ ) >� ^�. >� �

\ " � � \ ) >� ^�/ � �

\ . >� � \ . >� � � \ " � � \ ) >� � � \ / � ^�) @�

\ . >� � \ / � ^�" @�
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Type Transistors Condition Token Frequency Energy/Token Latency
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Condition Average Cycles/Stream
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10.2 Mul Process
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10.3 Evaluation
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Operator Throughput per Transistor Energy per Operation

32-bit 64-bit 32-bit 64-bit
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Operator Forward Latency
Effective Sequential

Execution Throughput
Improvement
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R.11.2 Digit-Serial

Synchronous
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R.12 Reconfigurable Arrays

R.12.1 Bit-Parallel

Synchronous
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Self-Timed

R.12.2 Digit-Serial

Synchronous
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