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1.2 Accelerator Architectures
.?<J< E<N :FEJKIS@EKJ ?8M< I<B@E;C<; <OGCFISBK@FE @EKF 8CK<IESK@M< 8I:?@K<:k
<E<I>P I<HL@I<D<EKJ @E Fl;<l KF @E:I<8J< KFK8C K?IFL>?GLK #E C@>?K F= :@D@E

<OGCF@K@E> G8I8CC<C@JD K?< @E;LJKIP ?8J 9<<E <OGCFI@E> JG<:@8C@Q8K@FE ¢
GFK<EK@8C @DGIFM<D<EKJ @E <E<I>P 1?@C< K?<J< 8GGIF8:?<J ?8M< @E:I1<8J<; G<I=FID¢



F= D8>E@KL;< =FI JG<:@=@: 8C&6AKBKRFEM< I<D8@E<; C8I><CP J<G8I8K<; =IFD ><E<I8C
‘FDGLK<

"FN<M<I| FE< 8GGIF8:? J?FNJ G8IK@:LC8I GIFD@J< @E 91@;>@E> K?@J >8G .?< OFE (<
8l:?@K<:KLI< ?8J 8 J@>E@=@:8EK <E<I>P FM<I?<8; K?8K J<<DJ KF 9< 8 >FF; =@K =F| JG<:(
FE=@>LIB9@C@KP ,<:FE=@>LI@E> K?< :?@G KF <O<:LK< <8:? E<N ;PESD@: @EJKIL:K@FE
9@K F= <E<I>P "FN<M<I| K?< M8JK D8AFI@KP F= ;PESD@: @EJKIL:K@FEJ F=K<E :FD< =IFC
JD8CC J<C<:K@FE F= K?< GIF>18D JG<a@® =R IKEBEEIDSK@FE GIF:<JJ@E> 8GGC@:8K@FEJ (
J<8l:? JODLCSK@FE 8E; :FDGI<JJ@FE ><E<I8CCP =<N<| K?8E JK8K@: @EJKIL:K@FEJ
KF 8::FLEK =FI  FI DFI< F= K?< GIF>I8D <O<:LK@FE .?FL>? FK?<|J C@B< :FDG@C8K@FE
LGN8I,JJF= JK8K@: @EJKIL:K@FEJ

#K @J N<CC BEFNE K?8K @<C; *IF>18DD89C< BK< [I8HIFK @EKIF;L:< K?< J8D< KPG<

F= FM<I?<8; 9<:8LJ< K?< :FE=@>LIBK@FE I<D8@EJ JK8K@: "FN<M<I| K?@J G8IK@:LC8I =<8K
*1 J KF JD8CC<I GIF>18DJ N@K? 8 ;@==<I<EK GIF>ISDD@E> DF;<C F8IJ<!IB@E<; ,<:FE=@>
8PJ I, 5 6 JG<@8C@Q< K?<:@I:L@KIP 8K <8:? EF;< I<GC8:@E> K?< CHFBLG K89C<
N@K? D@QE@D8C I@K?D<K@: &R#@: FE@KIF *IF.<JJFIJ L* @DGC<D<EK@E> 9FFC<8E
FG<IBK@FEJ 8;;@K@FE JL9KI8:K@FE 8E; JFD<K@D<J <M<E DLCK@GC@:8K@FE .?@J
:8G8:@KP 8E; 8CCFNJ K?<D KF 9< LJ<; @E :FEALE:K@FE N@K? JK8E;8I; OFE (<LD8EE 81:?@K
8::<C<I8K< :FDDFECP LJ<; :FDGC<O FG<ISK&FEB&] %0 B

.?< M8JK DBAFI@KP F= ;<J@>EJ =IFD KF @DGC<D<EK<; =8@®ICP J@DGC<
8l:?7@K<:KLI<J :CF:B<; N@K? JKBE;8l; 9@K GEHBCEKG@K J<I®8C6 &/ J FIL*J
‘FEE<:K<; M@8 IFLK<IJ KF 8 :IFJJ98I FI D<J? (<KNFIB(FE ?@®@@K<:KLI8C 8;M8E:<D<EKJ
N@K?@E K?8K 98J<C@E< K<E; KF mkehdafidh K2<K?8K 8II8P N@K? FK?<| :FDGLK< 8E;
D<DFIP <C<D<EKJ 8E; ILE KewdnfigurationKF D8O@D@Q< LK@C@QBK@FE LIK?<IDFI< D8E
K?<J< 8l:?@K<:KLI<J 8I< ?@>?CP JG<:@8C@Q<; KF G8IK@:LC8I GIF9C<DJ KPG@:8CCP @E K
:FDB@E ;L< KF C@D@KBK@FEJ @E FM<I8CC :8G8:@KP 8J DFJK F= K?< 8l:?@K<:KLI<J GL9CC(C

<O<:LK@FE EF;<J

"FN<M<I K?<I< 8I< =8:<KJ F= K?< NFIBCF8; K?8K ?8M< EFK 9<<E JL==@:@<EKCP <O(
G8IK@:LC8I 8J J?FNB®ESE; ;@J:LJJ<; @E6 8E;5 6 @K @J N<CC BEFNE K?8K DFJK
8I@K?D<K@: FG<ISBK@FEJ @E 8 >@M<E 8GGC@:8K@FE ;F EFK I<HL@I< K?< =LCC N@:;
OFE (<LD8EE 8l:?@K<:KLI<J ?8M< 9<<E K8B@E> JFD< JK<GJ KF <OGCF@K K?@J G8IK@:L
@DGC<D<EK@E> DLCK@GC< ;8K8G8K?J F= MBI@FLJ J@Q<J 8>>I<JJ@M< :CF:B >8K@E>
5 6 8E; JK8>><I<; <O<:LK&bbB

"FN<M<I 8lI8P 8I:?@K<:KLI<J ?8M< EFK I<8CCP 9<<E 89C< KF ;F K?< J8D< (FE< F= K?< ;<J(
5 6 FI5 6 D8B<8EP:FEJQ@;<ISBK@FEJ=FI9@KN@;K? 8CCF:8K@FE @DGC<D<EK@
K?8K 8I< 1@>@;CP I<JKI@:K<; KF 8 JG<:@=@: 9@KN@;K? N8IK@E> 8I<8 8E; <E<I>P =FI L



100% W 75% WM 50% M@ 25% of Dynamic Instructions Executed

100000

10000

1000

100

Static Instructions

10

@> #EJKIL:K@FE 8;;I<JJ CF:8C@KP @E -G<: <E:?D8IBJ
5% B Probability (left Cumulative (right) 100%

20% B0%

15% 60%

10% 40%

5% 20%

0% 0%
Ll I R R N R ) WO~ Oo o= om WL~ oM - - R ) oo =M 0 WO 0O O =t
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmm T T ST T T T T AN WD WD D DD 00D D D000

@> M<I8><9@KN@;K? ;@IKIQILK@FE @E -G<: <E:?D8IBJ

@E FI;<I KF JLGGFIK K?< NFIJK :8J< .NF FC<I5<86@B8ED 6 @DGC<D<EK 8 :?@G N@;<
‘FE=@>LISBK@FE F= 9@K FI 9@K D¥;<J BE; ?8M< JD8&L J K?8K :8E 9< JK8K@:8CCP
:FD9@E<; @EKF 8I19@KI8I@CP N@;< G8I8CC<C ;8K8G8K?J "FN<M<I| K?@J 8GGIF8:? @J 8Cl
9<:8LJ< @K 8JJLD<J K?8K K?< 9@KN@;K? :8E 9< ;<K<ID@E<; 8K :FDG@C< K@D< GLK}
I<IGFEJ@Q9@C@KP FE K?< GIF>I8DD<| K?< C8E>L8>< K?<P LJ< 8E; @KJ :FDG@C<I I<
GIF>18DD<| @J LEI<C@89C< K<E;@E> KFNS8I; ;8K8 KPG<J K?8K 8I< =8| KFF C8I>< =F| K?< KPG
JKFI< 'F;<IE GIF>ISDD@E> C8E>L8><J ;F EFK ?<CG C8:B@E> ESK@M< JLGGFIK =FI >I8ELCSI
K?8E 9@KJ 8E; C8:B@E> :C<8E JPEK8O KF KI8:B ?FN 9@KN@;K? I<HL@I<D<EKJ F=8 J@QE>C
J?@=K K?IFL>?FLK <O<.LK@FE E; :FDG@C<IJ 8I< J<M<I<CP C@D@K<; LE89C< KF ;<G<E;8
:FDGLK<; ;8K8 IBE><J K?IFL>? D<DFIP 9FLE;81@<J FI ;<K<ID@E< ?FN DLCK@K?I<8;@E> D@>"
K?FJ< ;8K8 IBE>x X5 6

,LE K@D< :FE=@>LISK@FE F= JL:? 8E 8l:?@K<:KLI< @J LCK@D8K<CP :?8CC<E>@E>
'FEJKIB@EKJ FE K?< E<KNFIB 8I:?@K<:KLI< KF <EJLI< 8CC @EK<I| :@>@K :<G<E:<E:@<J 8I< |
#= K?@J @J I<IJFCM<; 9P IFLK@E> 8CC ;@>@KJ KF><K?<l K?@J <0O:CL;<J 8EP E<KNFIBJ (
F= K?FJ< ;@>@KJ IKHL@I< ;@==<I<EK ?FG :FLEKJ .?@J :FEJKIB@EK :FLC; 9< I<JFCM<; 9P L
‘@IILOK IN@K:?<; E<KNFIBJ DL:? *IC@B< C8P<I<; E<KNFIBJ DL:? C@B< DF;<IE
D8:?@E< C<8IE@E>J Fl 8;;@E> G@G<C@E< JK8><J KF ;<C8P K?< =8JK<I| ;@>@KJ #= K?<



8CCFNK<; KF 9< IFLK<; J<G8I8K<CP K?<E @EK<I ;@>@K ;<G<E;<E:@<J DLIK 9< IFLK<; 8J K?<@
I<KHL@I@E> J@E>C< 9@K G8K?J =FI :8IIP GIFG8>8K@FE CC F=K?@J :8LJ<J M<IP ?@>? IFLK
K?< 8l:?@K<:KLI< 8J 8 N?FC<

-<:FE; K?< 8C>FI@K?D =FI D8GG@E> 8E; IFLK@QE> FG<ISK@FEJ FE 8E 8II8P 8l:?@K<
<OGFE<EK@8C :FDGC<O@KP 8E; @J EFK JFD<K?@E> <8J@CP JFCM<5 8K ILEFK@D< FE 98I-
JF=KN8I¥# =F| K?@J NFLC; I<KHL@I< J<C=DF;@=P@E> :F;< N?@:? @J K?<BG5IF8:? K8B<E
IJ@E> K?8K =<8KLI< KF ;PES8D@:8CCP 8;8GK 9@KN@;K? NFLC; LCK@D8K<CP @EKIF;L:< DFI:
@K @J NFIK?

2@1; JLGGFJ< K?< FG<I8KFI :FE=@>LISK@FE @J JK8K@: 9LK ILE K@D< :FE=@>LISK@F
I<IFLI:<J IKHL@I<; 9P N@;< FG<IBK@FEJ @J 8CCFN<; .?8K ILE K@D< :FE=@>LISK@FE JK<G
8lIBP FM<I LK@C@Q8K@FE I@JB@E> ;<8;CF:B 8] 8 N@;< FG<ISBK@FE N8@KJ =FI 8::<JJ |
EF;<J @K D8P E<M<I| ><K EJLI@E> :FlIl<:K FG<ISK@FE @E K?@J <EM@IFED<EK @J KPG(
5 6

1.3 Digit-Serial Arithmetic
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1.4 Self-Timed Circuits
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CFE> KIBEJ@JKFI JK8:BJ @E K?< I<J<K G?8J< F= K?< =FINS8I; ;I@M<I1J #=K?@J ?8GG<EJ
8 =<N JKI8K<>@<J KF D@K@>8K< K?< GIF9C<D .?< GI@D8IP F= N?@'? @3BEF >F 98:B KF
<:FDGFJ< K?< GIF:<JJ =LIK?<I|

7.6 )® .M Joe T.a U¥ .M a9
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@>  ?8EE<C GIFKF:FCH#FI9L==<1]J

-PEK?<J@J F= DFJK GIF:<JJ<J J?FLC; JK8BIK N@K?I18-=C@E> 9@K 1" 9L==<|
@J KISBEJ@JIKFIJ 8E; ?8J K?< JD8CC<JK :P:C< K@D< 1@K? K?< FGK@D@Q8K@FE ILC<.
E<OK J<:K@FE @K @J ><E<I8CCP GFJJ@9C< KF @DGC<D<EK DFJK =LE:K@FE8S8C@KP N

KF KISBEJ@QK@FEJ

@ M Moowm V.o \)m Moo
. @ IV A Y/ \. e D EYREAY!
.M .M A)@ \.M \-M A)@

Pre-Charge Half Buffer (PCHB)
7. )W m e N.®@ m TH)W e 9
A< r [<J?L==C@E> 8CCFNJ K?< FLKGLK I<HL<JK KF I<J<K 9<=FI< K?< @EGLK I<
D<8EJ @K J?FLC; ><E<I8CCP 9< LJ<; @= K?< @EGLK :?8EE<C @J J@>E@=@:8EKCP JCF
:?8EE<C @E FE< FI DFI<:8J<J *9@K9L==<| @J KIBEJ@JKFIJ .?<:P:.C<K@D< @J KF
KISBEJ@QK@FEJ
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.M .m N \-M \.|\/| A
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Pre-Charge Full Buffer (PCFB)
7.6 )W .m e @I N. @ .wm VW e @l 9
< <J?L==C@E> C<KJ K?< FLKGLK I<HL<JK 8E; @EGLK <E89C< I<J<K @E G8I8CC
8 KFB<E KF N8@K 8K <M<IP JK8>< F= K?< G@G<C@E< @EJK<8; F= <M<tP FK?<| JK8>< #E
[<J?L==C@E> J?FLC; EFK 9< LJ<; "FN<M<| @=K?< ;<J@>E @J C8K<E:P FI <E<I>P J<EJ@
FLKGLK :?8EE<C @J J@>E@=@:8EKCP JCFN<I| K?8E K?< @EGLK :?8EE<C @E FE< FI D



* 8CCFNJ K?< @EGLK <E89C< KF I<J<K 9<=FI< K?< FLKGLK <E89C< #=K?< ;<J@>E @
<E<I>P JKEJ@QK@M< H?<E KBIE==<IJ J?FLC; K8B< @KJ GC8:< .?@J ?8J =<N<I| KISBEJ@JKFIJ
FG<I8K<J 8K ?@>7<I K?IFL>?GLK  9@lU<c=<l @J KISBEJ@JIKFIJ N@K? 8 :P.C< K@D< F=
KISEJ@QK@FEJ
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3.4 Synthesis Strategy

2@J IPEK?<J@J 8GGIF8:? 9L@C:;J LGFE E;I<N &@E<J .<DGC8K<; -PEK?<J@J D<K?F; JKS8I

8 =C8KK<E<; "™ JG<:@=@:8K@FE F=8 JQE>C< G@G<C@E< JK8>< GIF:<JJ 8E; <I@M@E> <
?2@>? K?IFL>?6GLK

Characterize the environment and state: &<8IE 8J DL:? 8J GFJI@9C< 89FLK K?<

:@I:LDIK8E:<J LE;<I N?@:? K?@J :@I:L@K N@CC FG<I8K< -G<:@=@:8CCP N7?8K 8I< K?<

M8CL<J 178K 8I< K?< GFJJ@9C< FLKGLK M8CL<J 178K B@E; F= @E=FIDSK@FE E<<;J K

"FN =I<HL<EKCP @J <8:? @EGLK M8CL< FLKGLK M8CL< FI JK8K< LJ<; 1?<E @J K?< @

IN@K:?@E> 8E; N?<E @J @K JK89C< I< K?<I< 8EP I<CBK@FEJ 9<KN<<E K?<@I| LJ8><J

D@>?K K?<I< 9< 8 :FDDFE J<HL<E:< F= K?<J< M8CL<J

Encodings: 178K 8I< 8CC K?< GFJJ@9C< N8PJ @E N?@:? K?< @EGLK I<HL<JKJ FLKGLK I<
@EK<IEBC JK8K< :8E 9< LJ<; KF I<GI<J<EK K?< =LE:K@FE PFL 8I< KIP@E> KF @DGC<D«<I
K?FJ< <E:F;@E>J FE:<EKI8K< FE <E:F,@E>J K?8K J<<D KF GC8P N<CC N@K? K?< :?8I8:k
=IFD JK<G

Constraints and orderings: FI K?@J <E:F;@E> N?8K 8l< 8CC F= K?< ;@==<I<EK :FEJKI8(
178K 8l< 8CC K?< GFJIJ@9C< N8PJ KF Fl;<l <M<EKJ .?<I< @J F=K<E 8 :FEJKIS@EK K?8
KF 9< EFK 8J JKI@:K 8] @QE@K@8CCP K?FL>?K *@:B 8E FI;<I@E> K?8K J<<DJ KF GC:
:?818:K<I@QB8K@FEJ =IFD JK<G

Group functionally equivalent behaviors: lIFLG J@>E8CJ K?8K ?8M< J@D@CS8I 9<?8M@F
K?IFL>?FLK K?< ?8E;J?8B< .?<I< 8I< K?I<< G8IKJ F= K?< ?8E;J?8B< KF :FEJ@;<| @E K?@J
K?< FLKGLK I<HL<JKJ K?< @EGLK 8:BEFNC<;><D<EK 8E; K?< @EK<IES8C D<DFIP .?@
I<;L:< K?< KFK8C ELD9<I F= =FIN8I; ;I@M<IJ 8E; J@DGC@=P K?< KISBEJ@JKFI JK8:BJ @
G?8J< F= K?< =FINSI; ;I@M<IJ #E D8EP :8J<J K?@J :8E ?8M< 8 ;I8D8K@: 8==<K F



G<I=FID8E:< D<KI@:J "FN<M<| K?@J F=K<E I<HL@I<J 8 CFK F= KI@8C 8E; <IIFl /CK

<C<D<EKJ 8I< 8E <OG<EJ@M< >8kx#8E8B(IC8B< GIFKF:FCJ ;@:K8K< K?8K K?< FLKGLF
I<HL<JK C@E<J I<HL@I< <C<D<EKJ =FI @DGC<D<EK8K@FE .?< >F8C @J KF I<;L:< K?
E<:<JJ8IP <C<D<EKJ8JDL:? 8J GFJJ@9C<

Make an attempt: -K8IK KF GC8:< 8CC F= K?<J< 9<?8M@FI1 FLK REBRGEB3K< &<8IE

=IFD K?@J GIF:<JJ 1?8K =<8KLI<J D8B< =FI 8 >FF; <E:F;@E> 1?8K =<8KLI<J D8B< =FI 8 >|
Fl,<I@E>

Push complexity out: #= 8 G8IK@:LC8l G8IK F= K?< @EK<I=8:< @J D8B@E> K?< [<J?
G8IK@:LC8ICP :FDGC<0O JN@K:? K?< @EK<I=8:< KF D8B< @K <8J@<I| .?@J GLJ?<J K?<
F= K?< LE@K 9<@E> ;<M<CFG<; #K N@CC E<<; KF 9< ;<8CK N@K? N?<E ;<M<CFG@E>
LE@KJ )=K<E K@D<J K?@J @J <8J@<I 9LK I<HL@I<J K?< @EK<I=8:@E> LE@KJ KF 9<
G8IK@:LC8l J@KLBK@FE #=EFK K?<E GLJ? :FDGC<O@KP FLK F= K?FJ< LE@KJ 8J N<C(

Avoid staticizers: /J< :FD9@EBK@FES8C >8K<J N?<E GFJJ@9C< #K @J F=K<E GFJJ@9C< K
<C<D<EK KF 8 :FD9@ESK@FE8C >8K< 9P 8;;@E> 8 =<N M8:LFLJ KISBEJ@K@FEJ KF K?:
2@J IKDFM<J K?< E<<; =Fl 8 JK8K@:@Q<I| 9<E<=@K@E> 8CC D<HI®:J /CK@D8K<C
?8E;J?8B< FECP K?< >8K<J ;I@M@E> K?< FLKGLK I<HL<JK N@I<J E<<; KF 9< @DGC<
<C<D<EKJ %<<G @E D@E; K?8K 8 >8K< E<<; EFK 9< :FD9@ESK@FESC KF SMF@; 8 JK§&
DLIK 9< ;I@M<E @E <M<IP GFJJ@9C< JK8K< F= K?< ?8E;J?8B<

lterate: 'F 98:B KF JK<G FlI 8JE<:<JJ8IP JDFI<<E:F;@E>J8E; FI;<I@E>J 8l< 8KK<DGKx<;
K?<l< N@CC 9< 8 DL:? 9<KK<I LE;<IIK8E;@E> K?< <E:F;@E>J 8E; FI:<I@E>J K?8K NFIB
FE<J K?8K ;:F EFK

3.5 Microarchitectural Optimizations

5 6 GIFM@;<J 8 >FF; JKSIK@QE> GR@QERIAFWK ;<M<CFGD<EK "FN<M<| K?<J< K<DGCB8K<
8CJF D8B< @K <8JP KF @EKIF;L:< 8 J@>E@=@:8EK 8DFLEK F= FM<|?<8; @E K?< :@I:L@K |
@K FIKLE8K<CP K?<I< 8I< HL@K< 8 =<N D@:IF 8I:?@K<:KLI8C FGK@D@Q8K@FEJ K?8K D
DFI< :FDGC<O :FDGLKS8K@FE @E 8 J@E>C< G@G<C@E< JK8>< 8E; >I<8KCP J@DGC@=P .
'FDGLKBK@FE 1@K? K?<J< FGK@D@Q8K@FE ILC<J @K @J <8J@<I K8B< 8;M8EK8>< F= @I
=F| G<I=FID8E:< >8@EJ 8E; <E<I>P JBM@E>J

CC F=K?<GIFM@;<; <O8DGC<J KIP KF B<<G K?< FGK@D@Q8K@FEJ J<G8I8K<; =IFD <8:? F
8CC F=K?< FGK@D@Q8K@FEJ KF 8CC F=K?< <0O8DGC<J N@CC P@<C; DL:? 9<KK<I :@I|:L@}
Validity Trees

1?<E K?< ILC<J =FI K?< @EGLK <E89C< 9<:FD< KFF CFE> K?<E 8 M8C@; @KP Ki<< :8E
91<8B K?< :FDGLKB8K@FE @EKF DLCK@GC< >8K<J #=K?< M8C@; @KP Kl<< LI<J K?< FLK
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KISBEJ@QK@FEJ

#=K?@J GIF:<JJ ?8J 8E @EK<IESC D<DFIP K?<E K?<M8C@;@KP Kl<<J D8P 8CJF 9< LJ-
K?< J<K CF>@: =FI K?< @EK<IE8C D<DFIP F@E> JF ;<G<E;J ?<8M@CP LGFE K?< :FI
9<KN<<E K?< CF>@: =FI K?< @EGLK <E89C< 8E; @EK<IE8C D<DFIP
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Intermediate Forward Drivers

-@D@CS8ICP @= K?< CF>@: @E K?< FLKGLK I<HL<JKJ ;F<J EFK 8C@>E N<CC KF K
@EK<IE8C D<DFIP K?<E @EK<ID<;@8K< =FIN8I; ;i@M<IJ D8P 9< LJ<; #EJK<8; F= 8CC|
J@E>C< =FIN8I; ;I@M<I KF <8:? FLKGLK I<HL<JK DLCK@GC< =FINS8I; ;i @M<IJ N@CC :FI
‘FE;@K@FEJ =FI 8 J@QE>C< FLKGLK I<HL<JK .?<E 8 >8K< Kl<< @J LJ<; KF ;F K?< =@E8C
JE:<8>8@E @=K?<>8K<KI<<LI<JK?<FLKGLKJF=K?. HI. ; K@&NKP<:1@K@:8C
‘P:C< N@CC 9< @E:1<8J<; 9P 8K C<8JK KNF KISEJ@K@FEJ

@ Im M. ‘.o \)m ~.

e Im M. \.@ \)m ~.
Y \. \.AL o
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nLatch Internal Memory

#EK<IE8C JK8K< @J F=K<E 8E @EK<>I8C G8IK F= 8EP :FDGC<O :FDGLKBK@FE /E=F
JKI8K<>@<J :FM<IS; gadi< =8@ICP C@D@K<; .?< DFJK 98J@: @DGC<D<EKSK@FE @J :I
5 6 #E K?@J :8J< K?< @EK<IE8C D<DFIP @J 8;;<; 8J 8E E C8K:? N@K? @KJ J@>E8CJ KI8
K?<E ;FNE #= K?< @EK<IE8SC D<DFIP @J EFK NI@QKK<E @E K?< J8D< :P:C< @K @J I<8;
ILC<J J@DGCP 8:BEFNC<;>< K?< ;FNE >F@E> KISEJ@K@FE F= K?< C8K:? 8E; K?< I<8; IL
FLKGLK F= K?< C8K:? ;@I<:KCP

2@J @J ;<DFEJKI8K<; GI<KKP N<CC N@K? 8 J@E>C< 9@K I<>@) K¥8J RAGEGLK :?8El
I<KHL<JKJ .2< NI@K< I<F)r J8H; )r J<K K?< MB8CL< F= K?< @EK<IESC D<DFIP N?@C< K?< |
I<HL<J) u 1<8;J K?< M8CL< F= K?< @EK<IE8SC D<DFIP KF K?. I<8; :?8EE<C

Q



7NG7G m".Q79G Rr”"Q &R99

2@J :FLC; 9< @DGC<D<EK<; LI@E> K?< JKI8KSF@<OGBHNEJ .?< NI@K< I<HL<JKJ
8l< JKFI<; N@K? KNF <C<D<EKJ . YMEE. )E:< JKFI<; K?< @EGLK :?8EE<C @J
8:BEFNC<;><; 9P CFN<I) ¢BBE; K?< @EK<IESC D'Q RE; Q 8I<J<K LI@E> K?< @EK<IE8SC
EF;<J F=K?<=FIN8I; ;@ ;. J8E;;  #E K?<I<J<K G?8J< F=K?< ?8E;J?8B< K?< =FIN8I;
@M< N8@K =FI K?< ;FNE>F@E> KISBEJ@QK@FE F= K?< C8K:? 9<=FI< I<J<KK@E> )E:s
JT@M<IJ ?8M< 9<<E I<J<K K?< @EGLK :?8EE<C @J <E) oC<SERI8LIQK?< 1<8;
I<HL<JK <D@KJ K?< M8CL< F= K?< @EK<IE8SC D<DFIP ;@I<:K(. > RE&KBUCANIIKIFE
@EGLK :?8EE<C KF 9< 8:BEFNC<;><; 9F) gFN&iEi?< FLKGLK :?8EE<C @J 8:BEFNC<;><;
8E; K?< @EGLK :?8EE<C @J I<J<K K?<=FIN¢. v ‘@M. v EAP 9<1<J<K 8E; K?< @EGLK

:?8EE<C <E89C<;
.@ )R M. \Q \;. *"Q \r \Q ~.
e J)rR M. \Q \..*Q )R \Q ",
@ )M QA. M Q ;.AQ \.@ \)MA- M
@ M Q™. m Q - MQ \.e \)m”™. wm
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") e )@

3-Valued Internal Memory (Positive)

2< =@IJK K?@E> KF EFK< @ J@P?BE®KJ 8l< EFK C@D@K<; KF FECP MS8CL<; C8K:’
-FD<K@D<J 8 GIF:<JJ FECP ?8J K?I<< @EK<IEBC JK8K<J E:F;@E> K?@J N@K? KNF M8
8;;J LEE<:<JJ8IP KISBEJ@K@FEJ FE K?< @EK<IE8C D<DFIP 8E; 8E LEE<:<JJ8IP JK8K< #E K
@J DFI< <E<I>P <==@:@<EK 8E; <8J@<I KF LJ<8 MB8CL<; C8K:? 1?@C<K?@J J8M<J <E<I:
I<;Li< K?< J@Q<F=K?<:@l:L@K 9<:8LJ<8 MS8CL<; C8K:? LCK@D8K<CP I<HL@I<J K?< J8L
KIBEJ@JKFIJ 8J KNF MB8CL<; C8K:?<J

2@J @J ;<DFEJKI8K<; 8>8@E LIJ@E> K?< MB8CL<; I<>@JK<I CC K?< 9<?8M@F

LE:?8E><; I<C8K@M< KF K?< MB8CL< I<>@JK<I| 9LK 8 E) x NI REKNI<FKVSCL<
v @J8;:<; KF K?< ?8E;J?8B<
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?2<I< 8I< KNF K?@E>J KF EFK@:< @E K?@J <O8DGC< @)e¢ K83 KBEJ@WPE>
CFE> I<HL@I@E> 8 M8C 3Q@KFf .Q I4F 91<8B LG K?< KISBEJ@JKFI JK8:B '<K?F;J KF JFCM<
K?@J GIF9C<D N@CC 9< GI<J<EK<; C8K<Il @E K?@J J<:K@FE

-<:FE; K8B< EFK< K?8K K?< I<J<K ILC<J =FI K?< =FINS8I; ;I@M'. F. <8E}. DK<
EFN ?8M< KF :?<:B K?< ;FNE>F@E> KISBEJ@QK@FEJ F= KNF JK8K<J @E K?< @EK<IE8C D<
:8LJI< KIFL9C< N?<E K?< :FDGLK8K@FE I<HL@I<J CFE><I I<J<K ILC<J @E K?< =FIN8I; ;@M
N@K? /CK@D8K<CP K?<I< 8I< JKIBK<>@<J KF D@K@>8K< K?@J FI<O8DGC< JLGGFJ<|
KIBEJ@K@FEJ KF JK8K< JK8K< 8CN8PJKISEJ@K@FEJ KF JK8K< 8E; JK8K< 8CN8PJK

@E 8 I@E> #E K?@. INFLC; FECP E<<; KF 8:BEFN\Q >-. NFLC; FECP E<<;

KF 8:BEFNC<;\Q 8E; . NFLC; FECP E<<; KF 8:BEFN\ Q >#E ><E<I8C @= K?<I<8I<
‘FEJKIB@EKJ FE K?< JK8K< KIBEJ@QK@FEJ K?<P :8E 9< LJ<; KF I<;L:< K?<J< KISEJ@JKFI J

3-Valued Internal Memory (Negative)
CK<IEBK@M<CP @=K?<KIBEJ@JKFIJ JK8:BJ @E K?< I<J<K G?8J< F= K?< =FIN8I; ;@V
CFE> 8E; K?<I< 8I< EFK 8EP LJ89C< :FEJKIS@EKJ K?<E @K @J GFJJ@9C< KF =C@G K?<J
D<DFIP =IFD GFJ@K@M< KF E<>8K@M< #EJK<S8; F= <EQ Q Q 8&®K @J
<E:F;<;8JQ Q Q .2@J @JI<=C<:K<; 8:IFJJ K?< FK?<I KNF JK8K<J 8J N<CC I<;L:(
K?< KISBEJ@JKFI JK8:B C<E>K? F= K?< I<J<K F= K?< =FIN8I; ;I@M<IJ =FI K?< NI@K< 9LK @
KIBEJ@JKFI JK8:B C<E>K? F= K?< =FIN8I; ;I@M<IJ =FI K?< I<8;
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Internal Memory Completion Signal
#= EFE< F= K?<J< JKI8K<>@<J 8I< NFIB@E> KF I<;L:< K?< C<E>K? F= K?< KISEJ@JKFI

I<J<K G?8J< F= K?< =FIN8I; ;I@M<1J K?<E 8 :FDGC<K@FE 3@KSEK@FECBB@<; KF
K?< @EK<IE8C D<DFIP .?@J 8;;J KNF KISBEJ@K@FEJ KF K?< G8K? K?8K NI@K<J K?< @E
"FN<M<I K?FJ< KNF KISBEJ@K@FEJ ;F EFK @E:1<8J< K?< :I@K@:8C :P:C< 9<PFE; KI8EJ(
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pLatch Internal Memory
#= K?<I< 8I< FK?<l J@>E8CJ K?8K NFLC; 9<E<=@K =IFD K?< @EK<IE8C D<DFIP :

<K< K@FE >8K< 9LK K?<@I LG >F@E> J<EJ< DLJK 9< :?<:B<; @EJK<8; F= K?<@I ;FNE >
K?< @EK<IE8C D<DFIP :8E 9< =C@GG<; =IFD 8E E C8K:? KF 8 G C8K:? KF 8::FDDF;8K< K?
‘F<J EFK :?8E>< K?< :[I@K@:8C :P:C< #EJK<8; @K I<DFM<J K?< @EM<IK<| K?8K N8J Gl
K?< :FDGC<K@FE ;<K<:K@FE J@>E8C 8E; LJ<J K?< @EM<IK<I FE K?< <C<D<EK F=K?<:
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C-element Internal Memory
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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

1?<E K?< =FINS8I; ;i@M<I1J ;F EFK D8G N<CC KF K?< FLKGLK I<HL<JKJ K?< ><E<I8C JKI8k
LJ< K?< D<DFIP KF >8K< K?< =FIN8I; ;I@M<IJ KF ><E<I8K< K?< :FlI<:K FLKGLK I<HL<JKJ "F
K?<')- 8GGIF8:? KF K?@J GIF9C<D <@K?<| @EKIF;L:<J KIBEJ@K@FEJ KF K?< ?8E;J?8
LGFE K?< "8C= P:.C< .@D@E> JILDGK@FE 1@K? 8 G8JJ KISBEJ@JKFI ( >8K< K?< >8K(
FE K?< @EK<IE8C EF;< F= K?< =FIN8I; ;I@M<I :8E 9< I<GC8:<; N@K? 8 G8JJ KISEJ@JKFI >
<OK<IE8C EF;< .?@J I<DFM<J K?< <OKI8 KISBEJ@K@FEJ LIK?<IDFI< 9<:8LJ< K?< G8JJ<;
K?< FLKGLK F=8 <C<D<EK @K @J ;I@M<E 9P 8E @EM<IK<I .?@J @J K?< FGK@DS8C



K?< @EGLKJ KF G8JJ KISEJ@JKFI CF>@: 9<:8LJ< @K 8CCFNJ K?< ;il@M@E> >8K< KF !
J@>E@=@:8EKCP

@ JrR . \Q \."Q \)wm \Q .
@ )R M. \Q \5."Q \)wm \Q .
@ Im”™. Q . " Q \.e \Q \)m .
\Q”". m Q . M Q
v QA v v A e
Q" wm
") e

Intermediate Forward Drivers

.?<J8D< :8E 9< ;FE< =F| K?< @EK<ID<;@8K< =FIN8I; ;I@M<IJ <:8LJ< K?<:;L8CI8@C <E:F
<EJLI<J DLKL8C <O:CLI@M@KP 9<KN<<E K?< KNF I<HL<JKJ 8E 2), >8K< :8E 9< LJ<; @E G
), >8K<

17<E 9FK? ;I@M-. 8E; . 8I< CFN 9FK? @EK<IE8C EF;<J 8I< ?@>? .?@J D<8EJ K?¢
9FKT)- KIBEJ@JKFIJ 8I< FE G8JI@E> 9FK? ;I@M<IJ 1?<E FE< F=K?<. R®BI; ;i@M<IJ
8:K@M< @KJ @EK<;, GBEIXQK@FEJCFN .?@J;@J:FEE<KJIBERI@IK. <GE;
‘FEE<:KJ K?%- KIBEJ@JKF. (E?<E K?< KIBEJ@K(. HFHEGS8II<; ;@I<:KCP K?IFL>?
K?< >8K<

#E K?< I<J<K G7;. KISEJ@K@FEJ ?7@>? .?7<I< @J 8 KIBEJ@<E. II88'. DE N?@:?
8I< :FEE<:K<; KF <8:? FK?<I K?IFL>? K@< KNKISEJ@JIKFIJ F= K?< G8JJ KISBEJ@JKFI 2),
@I N@CC JK8IK KF N<. CGRIGRCEN<M<I 9<:8l;. KISBEJ@K@FE<; ?@>? K?< @EM<IK<|
J1@M@. "N@CC IN@K:? 8K K?< J8D< K@D< (FN K?< @E. @k . :N@BRKC?8:K@M<CP
GLC. CFN *I8:K@:8CCP K?@J ;F<J EFK :8LJ< . -CEIKIIAE?< CF8; :8G8:@K8E:< FE
.m @J <OKI<D<CP ?@>7? 8E; K?<;. NElL. 3BI<<OKI<D<CP N<8B

@ JIm M. ‘.o \)m ~.

@ Im M. \.@ \)m ~.
\. . \;.o A

\ . e \ . A M \. \.N) @
M) e

2<I<FGK@D@Q8S8K@FEJ N@CC 9< LJ<; K?IFL>?FLK K?< :@I:L@KJ GIFGFJ<; @E K?@J NFI
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>?



FGK@D@Q8K@FE F= K?< JQE>C< 9@K 16> 6 MO WK< @QH<EK JKB8E;8I; =FI :@I:L@K
<J@>E F=JL:? 8 LE@K

"e "M @ Q7. w "@ "R Q )RY Q m ) @
"e "'m e Q7. w Ve VI @
.M .M N \"e \.e”.

"e "R )Im "Q

"@ "R )m "Q \.m \.m A

\)wm \Q *Q

\)wm \Q "Q \"@ \)m v M) e
Je I e

WCHB Single Bit Register: @IJK K?<:@l:L@K @J :FEM<IK<; KE '8 JK8EBIl. ==C@E>
2@J J@DGC@=@<J K?< ?8E;J?8B< D8B@E> @K <8J@<I KF K?@EB 89FLK

E Y \"r  \)» \Q~3

'R )2 A3 \"r  \)» \Q~3

. @ "M Q’\. M \.@ \"m”™. ™

. @ "M Q’\. \.@ \"mM”™N. ™

3 3 R L \ 3 \ 3 Ve Yo A% @
3 34) @ \ 3 \31) @

\Q \;37Q

\Q \:371Q

Q 3 1Q

Q 31 Q
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3.9 Integrated QDI/BD Circuits
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QDI/Datapath Cycle
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5.4.2 Upflow Approach
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Condition Average Cycles/Stream
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Type Transistors Condition Token Frequency Energy/Token Latency
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Condition Average Cycles/Stream

1-bit 4-bit
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Condition Average Cycles/Stream
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5.5.3 Serial to Parallel
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6.4 Evaluation

6.4.1 Bitwise Operators
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Type Transistors Condition Token Frequency Energy/Token Latency
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Type Transistors Token Frequency Energy/Token
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8.3.0 Conditional Sink
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Condition Average Cycles/Stream
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9.1 Behavioral Specification
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Effective Sequential
Operator Forward Latency Improvement
Execution Throughput
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R.11 Micro Processors
R.11.1 Bit-Parallel

Synchronous
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R.12.1 Bit-Parallel
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