
! "

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

-.//!01234!5677!"89:29!
";<1::9=!)*!>/?@-!

!
AAAAAAAAAAAAAAAA!

!
"&*BC50D ( CDEFG!
AAAAAAAAAAAAAAAA!

!
!
!
!

" ##$%&' (%) * !+, -.) -/ ' * &, !01' $2' (%) * !
).!(3,!4565!"-&3%( ,&(2-, 7!

!
HI!
!

6'-8!4,-,$9 =J=E!:1'*!;<!=29>)* =J!;%&8!?(,1,*>J=E=@!
K49;9LM=!N2M71: =!73989: 7OPQ R7S6: LS<18!

!
JC6349Q63TR7!6:M!51QU239;!0RT9:R9!VT8T7T1:=!";<1::9!&63T1:6L!*6H1;631;I!

E51QU2363T1:!):73T3239=!(49!W:T89;7T3I!1X!54TR6<1!!
@V9U6;3Q9:3!1X!51QU239;!0RT9:R9=!(49!W:T89;7T3I!1X!54TR6<1!!

!
!

!
!
!

!
C6349Q63TR7!6:M!51QU239;!0RT9:R9!VT8T7T1:!

!
(9R4:TR6L!C9Q1;6:M2Q!&1S!EFG!

!
!
!

Y6:26;I!E//@!

!
!

Z%2;![1;\!1:!349!732MI!72QQ6;T]9M!49;9![67!72UU1;39M!HI!&"0.DJE>/S!!^;9U6;63T1:!1X!
34T7!;9U1;3![67! 72UU1;39M!HI!_ ` %!"<;99Q9:37![T34!Y93!^;1U2L7T1:!*6H1;631;I!&1S!
GF*./!U9;!"&*!^;1U176L!^D/J/J?=!Hybrid Technology Multithreaded (HTMT) 
Application Benchmarking Final Report=!6:M!HI!&1S!GFGa@!U9;!"&*!^;1U176L!^D-./G?=!
Hybrid Technology Multithreaded (HTMT) Computer Architecture for Petaflops 
ComputingS!

! ! !!



! +

!
Argonne National Laboratory, a U. S. Department of Energy Office of Science 
laboratory, is operated by The University of Chicago under contract W-31-109-Eng-38. 
!
!
!
!
!
!
!
!
!

! V)05 *")C '# ! !
! ! !
(4T7!;9U1;3![67! U;9U6;9M!67!6:!6RR12:3!1X![1;\! 7U1:71;9M!HI!6:!
6<9: RI ! 1X! 349! W: T39M! 036397! $ 189;: Q9: 3S! &9T349;! 349! W: T39M!
036397!$ 189;: Q9: 3!: 1;!6: I !6<9: RI !349;91X=!: 1;!( 49!W: T89;7T3I !
1X!54TR6<1=!:1;! 6:I! 1X!349T;!9QUL1I997!1;!1XXTR9;7=!Q6\97!6:I!
[6;;6:3I=! 9bU;977!1;!TQULT9M=!1;!6772Q97!6: I !L9<6L!LT6HTLT3I !1;!
;97U1: 7THTLT3I !X1;! 349!6RR2;6RI =!R1QUL939: 977=!1;! 279X2L: 977!1X!
6:I! T:X1;Q63T1:=!6UU6;6327=!U;1M2R3=!1;! U;1R977!MT7RL179M=!1;!
;9U;979:37!3463!T37!279![12LM!:13!T:X;T:<9!U;T8639LI!1[:9M! ;T<437S!
#9X9;9:R9!49;9T:!31!6:I! 7U9RTXTR!R1QQ9;RT6L!U;1M2R3=!U;1R977=!
1;!79;8TR9!HI !3;6M9!: 6Q9=!3;6M9Q6;\=!Q6:2X6R32;9;=!1;!1349;[T79=!
M197! : 13! : 9R9776;TLI ! R1: 73T3239! 1;! TQULI ! T37! 9: M1;79Q9: 3=!
;9R1QQ9:M63T1:=!1;!X681;T:<!HI!349!W:T39M!036397!$189;:Q 9:3!
1;! 6:I! 6<9:RI!349;91XS!(49! 8T9[7!6:M!1UT:T1:7!1X!M1R2Q9:3!
62341;7!9bU;9779M!49;9T:!M1!:13!: 9R9776;TLI!73639!1;!;9XL9R3!34179!
1X!349!W:T39M!036397!$189;:Q 9:3!1;!6:I!6<9:RI!349;91XS!

!
!
!
!
!
!

" 86TL6HL9!9L9R3;1: TR6LLI !63!433UcBB[ [ [ SM19S<18BH;TM<9!!
!

"86TL6HL9!X1;!6!U;1R977T:<!X99!31!WS0S!V9U6;3Q9:3!1X!
':9;<I!6:M!T37!R1:3;6R31;7=!T:!U6U9;=!X;1Qc!

!
WS0S!V9U6;3Q9: 3!1X!' : 9;<I !
%XXTR9!1X!0RT9: 3TXTR!6: M!( 9R4: TR6L!): X1;Q63T1: !
^S%S!+1b!>E!
%6\ !#TM<9=!( &!!@. G@JD/ / >E!
U41: 9c!dG>Fe!F. >DG?/ J!
X6bc!dG>Fe!F. >DF. EG!
9Q6TLc!;9U1;37P 6M1: T7S173TS<18!

! ! !!

mailto:reports@adonis.osti.gov


! 5

!
" #$%&$%' !

!
()'%*+,%ffffffffffffffffffffffffffffffSSfJ!

!
-.! !"##$%&'#("' !)"%" fffffffffffffffffffffffffSSE!
!

-.-! (//01,+%1#$' !2&&31$4!5&%+',+0&!"#6/7%1$4ffffSfffffffSfS@!
-.8! 9#+36+/!%#!:;1'!9&/#*%ffffffffffffffffffffS!F!

!!!!!
8.! *+,+' -"./0.12%)"' 342562#$0%'7.21" 8 0.9 SSSffffffffffffSSS!F!
!

8.-! !"# " $%&'(&)'* fffffffffffffffffffffffff>!
8.8!+ , )- ). / $0(). 1)23' 4fffffffffffffffffSfffffSSfSG!
8.<!"5'$ # 6-'3)./$ !)'(7(1 58fffffffffffffffSSfffSSSfSSSf-!

8.<.-! (T9;!Jc!"UULTR63T1:!^4679!V9R1QU17T3T1:fSSffffffffffS!-!
8.<.8! (T9;!Ec!^6;3T3T1:T:<!T:31!̂6;R9L7fffffffffffffffS! J/!
8.<.<! (T9;!@c!$189;:T:<!'g263T1:7!6:M!^6;6Q939;7ffffffffff!JJ!

8.=!92238)./$ :5' $# 6-'3 fffffffffffffffffffffff!J@!
!
!
!
<.! :.$#$)25'342562#$0%'0/' #("'*+,+';.)($#")#6." ffffffffffffS!JF!
!

<.-! 9223)17:)6.$;,):'$ %&'( &)'* fffffffffffSSfffffffSff!JF!
<.8!;,<<7(8$ 6=$>'.1 5<7(?$9223)17:)6.4 $9.7384)4 ffSSffffffffffSS!JF!

<.8.-! V9:79!C63;Tb!C2L3TULIfffffffffffffffSffffS!JF!
<.8.8! 0I:3493TR!"U9;32;9!#6M6;ffffffffffffffSffffS!JG!
<.8.<! ^L67Q6!^)5fffffffffffffffffffffSfffEJ!
<.8.=! h1L2Q9!#9:M9;T:<fSffffffffffffffffffSSSfSEF! !

<.<!; , < < 7(8$@&73, 7:)6. $6=$9 223)17:)6. $0' (=6(< 7. 1' fffffffffffSSS!EG!
!
!
=.! 342562#$0%'0/' *+,+<:' 2='2'+005fffSSSffffffffffffffS!@/!
!

=.-! A' 8$B, ' 4:)6. 4fffffffffffffffffffffffffS!@J!
=.8!; , < < 7:)6. $6=$! " # " CD$E' < 7(?4ffffffffffffffffffSS!@@!

!
>.! 7$%25':011"%#= ffffffffffffffffffffffffSf!@@!
!
;)9%08 5">&1"%#=ffffffffffffffffffffffffSSSf!@F!

!
? " /" . " %) " =fffffffffffffffffffffffffffffS!@>!

!

! ! !!



! J

!
!

!
(//01,+%1#$!5&*?#*6 +$,&!@A+07+%1#$!!

#?!%;&!B:C:!(*,;1%&,%7*&!
!

HI!
!

C6;\!a9;9LM=!)86:!#S!Y2M71:=!6:M!#TR\!03989:7!
!
!
()'%*+,%S!!):! 34T7!;9U1;3![9! 72QQ6;T]9!XT:MT:<7!X;1Q!6!732MI!1X!349!U;9MTR39M!
U9;X1;Q6:R9!1X!6!72T39!1X!6UULTR63T1:!R1M97!36\ 9: !X;1Q!349!;9796;R4!9: 8T;1: Q9: 3!6: M!
6: 6LI ] 9M!6<6T: 73!6!Q1M9LT: <!X;6Q9[ 1;\ !X1;!349!a ( C ( !6;R4T39R32;9S!_ 9!XT: M!3463!349!
T:[6;M!H6:M[TM34!1X!349!M636!81;39b!Q6I! H9!6!LTQT3T: <!X6R31;!X1;!71Q9!6UULTR63T1: 7S!_ 9!
6L71!XT:M!3463!686TL6HL9!Q9Q1;I! T:!349!R;I1<9:TR!L6I9;!T7!6!R1:73;6T:T:<!X6R31;!T:!349!
U6;3T3T1: T: <!1X!6UULTR63T1: 7!T: 31!U6;R9L7S!( 49!6;R4T39R32;9!T: !7989;6L!9b6QUL97!Q6I !H9!
T:6M9g2639LI!9bUL1T39Mi!T:!U6;3TR2L6;=!6UULTR63T1: 7!3I UTR6LLI !MTM!:13!R6UT36LT]9![9LL!1:! 349!
686TL6HL9!R1QU2363T1:6L!U1[9;!1;!M636!1;<6:T]63T1:6L!R6U6HTLT3I !T: !349!^)C !L6I 9;7S!( 49!
6UULTR63T1: !72T39!U;18TM9M!7T<: TXTR6: 3!9b6QUL97!1X![TM9!9bR2;7T1:7!X;1Q!349!6RR9U39M!dTX!
7TQULTXT9Me!U;1<;6Q!9b9R23T1:!Q1M9L!j!T:!U6;3TR2L6;=!HI!;9g2T;9M!R1QUL9b!T:D0^'**!
7I:R4;1:T]63T1:!H93[99:!U6;R9L7S!(49!686TL6HTLT3I!1X!349!a(C(D5! 9Q2L63T1:!9:8T;1:D
Q9: 3!MTM!: 13!R1: 3;TH239!7T<: TXTR6: 3LI !31!349!6HTLT3I !31!6: 6LI ] 9!6UULTR63T1: 7=!H9R6279!1X!349!
L6;<9!<6U!H93[ 99: !349!686TL6HL9!46;M[ 6;9!M97R;TU3T1:7!6:M!U6;6Q939;7!T:!349!Q1M9LT:<!
X;6Q9[1;\! 6:M!349!3IU97!1X!M636!3463!R12LM!H9!R1LL9R39M!8T6!a( C(D5!9Q2L63T1:!;2:7S!
V936TL9M!6:6LI7T7!1X!6UULTR63T1:!U9;X1;Q6:R9=!6:M!T:M99M!X2;349;!R;9MTHL9!M989L1UQ9:3!1X!
349!a(C(DT:7UT;9M!U;1<;6Q!9b9R23T1:!Q1M9L!6:M!7I739Q!6;R4T39R32;9=!;9g2T;97!M989L1UD
Q9:3!1X!Q2R4!H9339;!311L7S!54T9X!6Q1:<!349Q!6;9!RI RL9D6RR2;639!7TQ2L63T1: !311L7!X1;!
R1QU2363T1: 6L=!: 93[ 1;\ =!6: M!Q9Q1;I !R1QU1: 9: 37S!"MMT3T1:6LLI=!349;9!T7!6!R;T3TR6L!: 99M!
X1;!6![41L9!7I739Q!7TQ2L63T1:!311L!31!6LL1[ !M936TL9M!U;1<;6QQT: <!9b9;RT797!6: M!
U9;X1;Q6: R9!39737!31!H9!M989L1U9MS!
!
_ 9!6MM;977!34;99!T77297!T: !34T7!;9U1;3c!

! " (49!L6:M7R6U9!X1;!6UULTR63T1:7!1X!U936XL1U7!R1QU23T:<!
! " (49!U9;X1;Q6:R9!1X!6UULTR63T1:7!1:!349!a(C(!6;R4T39R32;9!
! " (49!9XX9R3T89:977!1X!a(C(D5!67!6!311L!X1;!732MIT:<!6:M!M989L1UT:<!349!a(C(!

6;R4T39R32;9!
!
_9!793!349!7R9:9![T34!1H79;863T1:7!6H123!349!R12;79!1X!6UULTR63T1:!M989L1UQ9:3!67!
U936XL1U7!R1QU23T:<!H9R1Q97!U177THL9!31!R1:39QUL639S!_ 9!349: !6MM;977!349!31UTR!1X!
6UULTR63T1: !U9;X1;Q6: R9!6: 6LI 7T7!1: !34T7!6;R4T39R32;9=!T: RL2MT:<!12;!6:6LI7T7!X;6Q9[1;\!
6:M!349!R1:R9U37!L96MT:<!2U!31!T37!6M1U3T1:=!72QQ6;I!6:6LI797!1X!X12;!R1QU2363T1:6LLI!
MT73T:R3!3973!6UULTR63T1:7=!6:M!MT;9R3T1:7!T:!U9;X1;Q6: R9!6: 6LI 7T7!X1;!R1QUL9b!4I H;TM!
6;R4T39R32;97!72R4!67!349!a(C(S! _ 9!H;T9XLI!MT7R277!349!73;9:<347!6:M![96\:97797!1X!
a(C(D5=!6:M![9!349:!R1:RL2M9![T34!R1QQ9:37!1:!X232;9!U9;X1;Q6:R9!6:6LI797S!

! ! !!



! E

!

@' ! " ##$%&'#( " ' ! ) " %" '
):! 349!96;LI!J--/7! MT7R277T1:7!H9<6:!T:!349!W:T39M!036397!d6:M!U9;46U7!9L79[49;9e!31!
R1: 7TM9;!349!39R4: 1L1<I !U6347!3463!R12LM!L96M!31!349!M989L1UQ9:3!1X!U936XL1U7!R1QU239;7!
!!7I 739Q7!R6U6HL9!1X!72736T:T:<!189;!1:9!g26M;TLLT1:!dJ/JFe!XL163T:<DU1T:3!1U9;63T1:7!U9;!
79R1:MS!!(49!;972L37!1X!34979!MT7R277T1:7![9;9![9LL!M1R2Q9:39M!T:!6!H11\!6:M!T:!6!79;T97!
1X![1;\741U! ;9U1;37!d^936`*%^0!_1;\ 741U!09;T97!J--?DJ---eS!54T9X!6Q1:<!349!
9779: 3T6L!;972L37!X;1Q!34T7![ 1;\ ![ 67!3463!Q6:I!6UULTR63T1:7!M1Q6T:7!R12LM!9XX9R3T89LI!279!
U936XL1U7!R6U6HTLT3T97!6:M!3463!34979!6UULTR63T1: 7!M1Q6T: 7!4689!6!86;T93I!1X!Q9Q1;I! 6:M!
32;:6;12:M!;9g2T;9Q9:37S!
!
"3!349!^676M9:6!^936XL1U7!C993T:<!T:!J--?=!349!+1M9<6!+6I!02QQ9;!0R411L!1:!
^936XL1U7!T:!J--F=!6:M!349!̂936XL1U7!))!Q993T:<!T:!06:36!+6;H6;6!T:!J---=!6UULTR63T1:7!1X!
U936XL1U7!7I739Q7![9;9! MT7R2779MS!!"UULTR63T1:7![9;9!R1:7TM9;9M!X;1Q!7RT9:R9!dT:RL2MT:<!
R1QU239;!7RT9: R9e=!9: <T: 99;T: <=!U1LTRI =!: 63T1:6L!79R2;T3I=!H27T:977=!6:M!9:39;36T:Q9:3S!
#9g2T;9Q9:37!TM9:3TXT9M!X1;!U936XL1U7!6UULTR63T1: 7!T: RL2M9M!349!X1LL1[ T: <c!!
!

! " C 9Q1;I !6: M!R6R49!X113U;T: 37!d349!6Q12: 3!1X!Q9Q1;I! ;9g2T;9M!63!96R4!L989L!1X!349!
Q9Q1;I !4T9;6;R4I e!

! " V9<;99!1X!M636!;9279!6771RT639M![T34!R1;9!\9;:9L7!1X!349!6UULTR63T1: =!349!7R6LT: <!1X!
34179!\ 9;: 9L7=!6: M!349!6771RT639M!973TQ639!1X!Q9Q1;I!H6:M[TM34!;9g2T;9M!63!96R4!
L989L!1X!349!Q9Q1;I !4T9;6;R4I !

! " ): 73;2R3T1: !QTb!;9g2T;9M!HI!349!6UULTR63T1:!
! " )B%!;9g2T;9Q9:37!6:M!79R1:M6;I!731;6<9!:99M9M!X1;!T:39;Q9MT639!;972L37!1;!

R49R\U1T:37!
! " "Q 12:3!1X!R1:R2;;9:RI!686TL6HL9!T:!349!6UULTR63T1:=!6:M!R1QQ2:TR63T1:7!

;9g2T;9Q9:37!dHT79R3T1:!H6:M[TM34=!L639:RI=!X673!7I:R4;1:T] 63T1: !U6339;: 7e!
! " W79!Q1M6LT3I !dH63R4=!;96LD3TQ9=!T: 39;6R3T89=!Q2L3TD279;e!1X!349!6UULTR63T1: !6: M!

9bU9R39M!32;:6;12:M!3TQ97!
!
( 4979!;9g2T;9Q9: 37!6;9!MT7R2779M!T: !d039;LT:<=!C977T:6=!6:M!0QT34!J--FeS!):!Q6:I!R6797!
349!6UULTR63T1:7!6:6LI7T7!R6:!H9!;9M2R9M!31!2:M9;736:MT:<!349!Q9Q1;I! H6:M[TM34!
;9g2T;9Q9:37!X1;!\9;:9L!6L<1;T34Q7!6:M!349!7R6LT:<!U;1U9;3T97!1X!34979!R1;9!\ 9;: 9L7!dTS9S=!
41[! M1!349!Q9Q1;I! R6U6RT3I!6:M!H6:M[TM34!;9g2T;9Q9: 37!7R6L9!67!U;1HL9Q!7T] 9!
T: R;96797keS!!( ;6MT3T1: 6L!7RT9: 3TXTR!6UULTR63T1:7!6;967!72R4!67!<9:9;6L!RT;R2L63T1: !Q1M9L7=!
g26:32Q!R4;1Q1MI:6QTR7=!6:M!XL2TM!MI:6QTR7!T:!673;1U4I7TR7!4689!;9L63T89LI![9LL!
2:M9;7311M!;9g2T;9Q9:37S!!(4979!6UULTR63T1:7!6;967!6L71!4689!7T<:TXTR6:3!7R6L6HTLT3I!T:!
3463!349!R1QU2363T1: 6L!R1QUL9bT3I !<;1[ 7!X6739;!346: !349!Q9Q1;I !;9g2T;9Q9: 37!67!349!
U;1HL9Q!7R6L97=!TQULIT:<!3463!72736T:9M!U936XL1U7!U9;X1;Q6: R9!R12LM!H9!72UU1;39M!HI!6!
Q9Q1;I!7I739Q!3463!T7!7T<:TXTR6:3LI!7Q6LL9;!346:!6!U936HI39S!!%349;!6UULTR63T1:7!6;967!
72R4!67!M636!QT:T:<!6:M!M9RT7T1:!72UU1;3!4689!6!Q2R4!4T<49;!:99M!X1;!Q9Q1;IS!(427=!349!
;9L63T89!TQU1;36:R9!1X!MTXX9;9:3!3IU97!1X!6UULTR63T1:!279!Q1M6LT3T97!T7!6:!TQU1;36:3!
R1:7TM9;63T1:!T:!M939;QT:T:<!X967THL9!M97T<:!U1T:37!X1;!U936XL1U7!7I739Q7S!!!
!

! ! !!



! @

"!\9I!T:7T<43!X;1Q!34T7![1;\!T7!3463!M97T<:T:<!H;96\34;12<4!R1QU239;!6;R4T39R32;97!
[T34123!MT;9R3!X99MH6R\!X;1Q!6UULTR63T1:!U9;X1;Q6:R9!6:6LI7T7!T7!6!;T7\I!H27T:977!63!H973S!
51:79g29:3LI=!349!aIH;TM!(9R4:1L1<I!C2L3TD(4;96M9M!";R4T39R32;9!da(C (e!U;1N9R3!
T:RL2M9M!R1:7TM9;63T1:!1X!349!U9;X1;Q6:R9!1X!R2;;9:3!6:M!X232;9!6UULTR63T1:!67!6:!T:39<;6L!
U6;3S!!(4T7!;9U1;3!72QQ6;T]97!349![1;\! 1X!349!6UULTR63T1:!U9;X1;Q6:R9!732MI!<;12US!(1!
9b9R239!349!6UULTR63T1: !U9;X1;Q6: R9!732MI !T: !R1:R9;3![T34!349!;973!1X!349!a(C(! M97T<:!
[1;\=![9!6779QHL9M!6!<;12U!1X!6UULTR63T1:!M1Q6T:!9bU9;37=!76QULT:<!6![TM9!;6:<9!1X!
MT7U6;639!6UULTR63T1: !3I U97=!96R4!;9LI T: <!1: !6!MTXX9;9:3!793!1X!2:M9;LIT:<!6L<1;T34Q7!6:M!
R1QU2363T1:6L!:99M7S!):! 6MMT3T1:!31!U6;3TRTU63T:<!T:!;9<2L6;!6LLD46:M7!a(C(! U;1<;977!
Q993T:<7=!349!<;12U!R1:89:9M!T:M9U9:M9:3![1;\741U7!6:M![1;\T:<!Q993T:<7!31!M9XT:9!
349!U9;X1;Q6: R9!986L263T1: !X;6Q9[ 1;\ S!!` 1;!96R4!6UULTR63T1: !M1Q6T: =!6: !6: 6LI 7T7!1X!349!
U9;X1;Q6: R9!1X!6!;9U;979: 363T89!R1M9![67!R6;;T9M!123S!

FGF$9223)17:)6.4$H''-)./$ 0':74173'$ D6<2,:)./$
C6:I!U139:3T6L!6UULTR63T1:7!X1;!U936XL1U7!6:M!U9361U7!R1QU23T:<!7I739Q7!R6:!H9!
TQ6<T:9M!d03989:7!6:M!(6IL1;!J--Fec!
!
! " C 639;T6L7!7TQ2L63T1: 7!3463!H;TM<9!349!<6U!H93[99:!:6:17R6L9!6:M!Q6R;17R6L9!dH2L\!

Q639;T6L7e!
! " 512UL9M!9L9R3;1Q9R46: TR6L!7TQ2L63T1: 7!1X!:6:17R6L9!73;2R32;97!dMI:6QTR7!6:M!

Q9R46: TR7!1X!QTR;1Q6R4T: 97e!
! " ` 2LL!UL6: 3!1U3TQT] 63T1: !X1;!R1QUL9b!U;1R97797!dR49QTR6L=!Q6:2X6R32;T:<=!6:M!

6779QHLI !U;1HL9Q7e!
! " aT<4D;971L23T1:!;96R3T:<!XL1[!U;1HL9Q7!dR1QH273T1: =!R49QTR6L!QTbT: <=!6: M!

Q2L3TU4679!XL1[ e!
! " a T<4D;96LT7Q!TQQ9;7T89!8T;326L!;96LT3I !H679M!1: !;96LD3TQ9!;6MT17T3I !Q1M9LT: <!6: M!

R1QUL9b!7R9: 97!
! " ( TQ9DM9U9: M9: 3!7TQ2L63T1: 7!1X!R1QUL9b!HT1Q1L9R2L97!dQ9QH;6: 97=!7I : 3497T7!

Q6R4T:9;I=!6:M!V&"e!
! " C 2L3TMT7RTULT: 6;I !1U3TQT] 63T1: !U;1HL9Q7!R1QHT: T: <!73;2R32;97=!XL2TM7=!6: M!<91Q93;I !
! " C1M9LT:<!1X!T:39<;639M!96;34!7I739Q7!d1R96:=!63Q17U49;9=!HT1<917U49;9e!
! " )QU;189M!M636!677TQTL63T1: !R6U6HTLT3I !6UULT9M!31!;9Q139!79: 7T: <!6: M!9: 8T;1: Q9: 36L!

Q1M9L7!
! " 51QU2363T1:6L!R17Q1L1<I!dT:39<;63T1:!1X!U6;3TRL9!Q1M9L7=!673;1U4I 7TR6L!XL2TM7=!6: M!

;6MT63T1: !3;6: 7U1;3e!
! " 51QU2363T1: 6L!3973T: <!6: M!7TQ2L63T1:!67!6!;9UL6R9Q9:3!X1;![96U1:7!3973T:<!d731R\UTL9!

739[6;M74TUe!
! " 0TQ2L63T1: !1X!UL67Q6!X27T1: !M98TR97!6: M!H67TR!U4I7TR7!X1;!R1:3;1LL9M!X27T1:!d31!

1U3TQT]9!M97T<:!1X!X232;9!;96R31;7e!
! " V97T<:!1X!:9[!R49QTR6L!R1QU12:M7!6:M!7I:3497T7!U634[6I7!d9:8T;1:Q9:36L!76X93I!

6: M!R173!TQU;189Q9: 37e!
! " 51QU;949: 7T89!Q1M9LT: <!1X!<;12: M[ 639;!6:M!1TL!;979;81T;7!dR1:36QT:63T1:!6:M!

Q6: 6<9Q9: 3e!
! " C 1M9LT: <!1X!R1QUL9b!3;6: 7U1;363T1: =!R1QQ2:TR63T1:=!6:M!9R1:1QTR!7I739Q7!
!

! ! !!



! ?
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): !349!high-throughput category 6;9!279;!R1QQ2:T3T97!3463!4689![9LLDM9XT:9M!
R1QU2363T1: 6L!6: M!M636!6: 6LI 7T7!U;1HL9Q7!X;1Q!XT9LM7!72R4!67!9L9R3;1:TR!RT;R2T3!M97T<:=!
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X;1Q!U936XL1U7!M989L1UQ9: 37!T: !7989;6L![ 6I7S!!`T;73=!349;9!T7!349!U177THTLT3I!1X!
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Will the application perform wellT!)X!349!6UULTR63T1:!M197!U9;X1;Q![9LL=!349:![9!
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What system parameters are responsible for the performanceT!( 49!6: 7[ 9;!31!34T7!
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6UULTR63T1: 7!67!Q1;9!;96LT73TR!6RR12: 3!T7!36\9:!1X!T:73;2R3T1:!QTb!6:M!UTU9LT:9!;9712;R9!
R1: 39: 3T1: S!_9 !: 139!3463!X1;!6LL!1X!349!6UULTR63T1: 7!349!U;1HL9Q!M9R1QU17T3T1: !H9<6: !HI !
7R6LT:<!31!686TL6HL9!5#"C=! 2726LLI!TQU17T:<!6:!2:R1QX1;36HLI!3T<43!R1:73;6T:3S!(4T7!
TQULT97!31!27!3463!T: R;967T:<!5#"C!7 412LM!H9!R1:7TM9;9MS!
!
Is the system balanced from an applications viewpointT!):! 7989;6L![6I7=!349!6:7[9;! 31!
34T7!g2973T1:!799Q7!31!H9!:1S!`1;!63!L9673!71Q9!6UULTR63T1:7!dUL67Q6!̂ )5! 6:M!81L2Q9!
;9:M9;T:<e=!349!M636!81;39b!H6:M[TM34!T7!2:R1QX1;36HLI !RL179!31!LTQT3T: <!12;!6HTLT3I !31!
\99U!349!0^'**7!U;1XT36HLI!1RR2UT9MS!%:!349!1349;!46:M=!46LX!1X!349!6UULTR63T1:7!MTM!:13!
Q6\ 9!Q2R4!279!1X!349!686TL6HL9!Q9Q1;I !T: !349!V^)C7!6:M!U6;3TR2L6;LI!T:!349!0^)C7!j!
3412<4![9! :139!3463!34T7!Q6I! ;9XL9R3!9R1:1QT97!1X!TQUL9Q9:363T1:!T:!34979!46:MD[1;\9M!
6:6LI797S!^9;46U7!349!Q173!73;T\T:<!TQH6L6:R9!T7!349!2:M9;23TLT]63T1:!1X!349!U;1R977T:<!
R6U6RT3I !T: !349!^)C !L6I 9;7S!( 4T7!T7!: 13!72;U;T7T:<!6:M!Q6I! 7TQULI!;9XL9R3!6!LTQT363T1:!T:!
311L7!31!49LU!6UULTR63T1: !U;1<;6QQ9;7!XT;73!9bUL1;9!6: M!349: !279!34T7!;9712;R9S!_ 9!: 139!
3463!349!X12;!XTH9;7!U;18TMT:<!T:U23!31!349!0^)C! 2:T3!QT<43!:13!U;18TM9!Q2R4!;9LT9X!2:L977!
Q63R4T: <!R6U6RT3I !X;1Q!349!V^)C !2: T3!T7!6MM9M=!7T:R9!349I!R6::13!H9!279M!T:!6:!
9g2TLTH;T2Q!79: 79S!
!
Do we understand the execution model and its performanceT!&1=!U;1H6HLI!:13S!'89:!349!
7Q6LL!72T39!;9U1;39M!1:! 49;9!9b4THT37!6![TM9!;6:<9!1X!T:39;973T:<!M936TL7!T:!349T;!279!1X!
U6;R9L7!31!9bU;977!6L<1;T34Q!M9R1QU17T3T1: !6: M!M636!Q13T1: S!_ 9!:139!3463!3[1!1X!12;!
6UULTR63T1:7!d0"#! 6:M!56::1:e! T:N9R39M!U6;R9L7!T:31!349!0^' **7! 3463!MTM!:13!T:!
349Q79L897!T:RL2M9!6LL!1X!349!M636!:99M9M!31!9b9R239!31!R1QUL93T1:!j!73;T\T:<!M9U6;32;97!
X;1Q!349!M97T<:!U4TL171U4I!1X!349!a(C(! U6;R9L!U9;R1L63T1:!Q1M9LS!
!
What tools are needed to improve performance analysis and predictionT!0989;6L!311L7!
[ TLL!49LU!27!TQU;189!1: !34T7!6: 6LI 7T7S!` T;73=!M936TL9M!7TQ2L631;7!1X!349!T: MT8TM26L!
R1QU1:9:37![T34!RIRL9DL989L!6RR2;6RI![TLL!9: 6HL9!27!31!2: M9;736: M!41[ !31!Q1M9L!
T:73;2R3T1:!QTb!9XX9R37!1:!U9;X1;Q6: R9S!( 4T7!R6U6HTLT3I !9bT737!d63!71Q9!L989Le!X1;!6LL!1;!
U6;3!1X!349!0^'**!H23![67!:13!T:![TM9!279!X1;!34979!732MT97=!:1;! [9;9! 7TQ2L631;7!
686TL6HL9!X1;!349!^)C!U6;37S!(4979![TLL!9:6HL9!QTR;1\9;:9L!U9;X1;Q6:R9!R46;6R39;T]63T1:7!
3463!R6:!H9!279M!67!6!H67T7!X1;!;9XT:9M!Q1M9L7!1X!6UULTR63T1:!R1QU1:9:37S!09R1:M=!6!
R1QUTL9;!1;!7TQ2L63T1: !311L!3463![ TLL!6LL1[ !27!31!986L2639!Q1;9!M936TL9M!Q1M9L7!1X!12;!
6UULTR63T1: 7![ 12LM!H9!1X!TQQ9: 79!23TLT3I S!

M' 342562#$0%'0/'* +, +<: '2='2'+005'
%: 9!1X!12;!367\ 7![ 67!31!986L2639!349!R2;;9: 3!9XXTR6RI!6:M!X232;9!U139:3T6L!1X!a(C(D5! 67!
6!311LS!+I!a(C(D5![9!Q96:!6!L6:<26<9!6:M!R1QUTL9;!U;1H6HLI!H679M!1:!(4;96M9MD5!
d(491H6LM!93!6LS!J--Gi!(;9QHL6I!93!6LS!E///e=!T:!32;:!M9;T89M!X;1Q!'"#(aD5S! "7! I93=!:1!
6R326L!a ( C ( D5!R1QUTL9;!9bT737S!( 4;96M9MD5!T7!Q173!;9R9: 3LI !T: R6;: 639M!67!6!U2HLTR!
;9L9679!89;7T1:!ES/S!01Q9!1X!T37!1;T<T:6L!76LT9:3!X9632;97![9;9!3463!T3!
!

! " 72UU1;39M!XT:9D<;6T:9M!Q2L3T34;96MT:<=!
! " 1XX9;9M!M936TL9M!R1:3;1L!1X!U;1<;6Q!9b9R23T1: !HI !U;1<;6QQ9;!T: !34T7!9: 8T;1: Q9: 3=!

! ! !!
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! " T:39<;639M![T34!46;M[6;9!7I:R4;1:T]63T1:! 1X!349!' " #(a! Q6R4T:9!6;R4T39R32;9=!
6:M!

! " 311\!6M86:36<9!1X!@EDHT3!<L1H6L!6MM;977!Q9Q1;I !7U6R9!1X!3463!6;R4T39R32;9S!
!
(49!XT;73!3[1!1:!349!LT73!6;9!1X!<;963!T:39;973!31!a ( C(! M989L1U9;7=![4TL9!349!1349;7!6;9!
L977!;9L986:3=!U9;36T:T:<!31!U6;3TR2L6;!67U9R37!1X!6:1349;!46;M[ 6;9!6;R4T39R32;9S!!
!
(49!L6:<26<9!T7!H679M!1:!5=!72UU1;37!34;96MT:<=!6:M!1:! 6!XT:9;!<;6T:!72UU1;37![463!6;9!
R6LL9M!XTH9;7S!):!349!U6;L6:R9!1X!(4;96M9MD5=!XTH9;7!4689!7989;6L!T:39;973T:<!U;1U9;3T97c!
349I!6;9!6!\T:M!1X!LT<43[9T<43!34;96M=!349I!72UU1;3!;6UTM!R1:39b3!7[T3R4T:<=!349I!6;9!
9b9R239M!1:LI![49:!6LL!;9g2T;9M!M636!6;9!686TL6HL9=!6:M!349I!9b9R239!31!R1QUL93T1:S!( 4979!
U;1U9;3T97!6:M!R1:MT3T1:7!6;9!;9L639M!31!34179!UL6R9M!1:!U6;R9L!9b9R23T1:!T:!349!0^'**!
6: M!6;9!T: !L6;<9!U6;3![ 463!Q6\ 97!( 4;96M9MD5!6:!T:39;973T:<!736;3T:<!U1T:3!X1;!a(C(D5S!
!

KGF$A' 8$B, ' 4:)6. 4$
"3!349!;T7\!1X!189;L6U!T:!12;!6:6LI7T7=![9 !4689!MT8TM9M!71Q9!1X!12;!1H79;863T1:7!6:M!
R1:R9;:7!T:31!6!793!1X!6:7[9;7!31!g2973T1:7!1:9!QT<43!67\!6H123!a(C(D5S!_9!X99L!3463!
34979!g2973T1:7!9bU179!X9632;97!6:M!R6U6HTLT3T97!3463![TLL!H9!TQU1;36:3!31!349!X2;349;!
M989L1UQ9:3!1X!349!a(C(!71X3[6;9!6:M!7I739QS!
!
Porting. )7!a(C(D5! 279X2L!T:!349!U;1R977!1X!U1;3T:<!R1M97!31!349!a(C(k !":!
2: M12H39MLI !TQU1;36: 3!712;R9!1X!TQU1;36: 3!6UULTR63T1: 7!X1;!986L263T1: !1X!349!7I 739Q![ TLL!
H9!9bT73T: <!R1M97i!34979!Q6I ![ 9LL!M1QT: 639!349!7R9: 9!X1;!349!96;LI !I 96;7S!
!

a(C(D5!467!7989;6L!X6R31;7![1;\T:<!T:!T37!X681;!T:!34T7!R1::9R3T1:S!)37!5!;1137!
Q6\9!T3!6!73;1:<!R41TR9!d`1;3;6:!LT\9LI!9M<T:<!T3!123e!67!6!U1;3T:<!89R31;=!7T:R9!
Q6: I !R1M97!6: M!LTH;6;T97!9bT73!3463!6;9!5DLT\9S!(49!U1[9;!1X!5!31!M9LT89;!6LQ173!
Q6R4T: 9DL989L!R1: 3;1L!Q6I !6L71!H9!1X!71Q9!49LU!49;9S!
!
%:!349!1349;!46:M=!349!:13T1:7!1X!34;96M7!6:M!XTH9;7!6:M!349!R1QQ2:TR63T1:!
Q9341M7!Q6M9!686TL6HL9!HI !( 4;96M9MD5!6;9!89;I!X1;9T<:!31!:13T1:7!R6U32;9M!T:!
6: I !9bT73T: <!R1M9!3463![ 9!4689!R1Q9!6R;177S!":I! 6MMT3T1:7!31!349!L6:<26<9!3463!
9bU;977!349!6MMT3T1: 6L!67U9R37!1X!349!a ( C ( !: 13T1: !1X!U6;R9L!U9;R1L63T1: ![ TLL!1: LI !
T:R;9679!34T7!MT736:R9S!`2;349;Q1;9=!349;9!M1!:13!6UU96;!31!H9!6:I! 6231Q63TR!
;9Q9MT97!31!34979!U;1HL9Q7!1: !349!41;T] 1: S!

!
System development. )7!T3!6!279X2L!67!6!7I739Q!M989L1UQ9:3!311Lk!`1;!9b6QUL9=!M197!T3!
6LL1[!72XXTRT9:3!XL9bTHTLT3I!T:!6!;6UTMLI!R46:<T:<!M989L1UQ9:3!9:8T;1:Q9: 3=![T34!67U9R37!
1X!349!U;1<;6Q!9b9R23T1: !Q1M9L!981L8T: <!R1: 736:3LI!6:M![T34!U6;6Q939;7!6:M!31U1L1<I!1X!
349!46;M[6;9!6L71!2:M9;!R1:736:3!Q1MTXTR63T1:k!
!

_9!727U9R3!3463!67!(4;96M9MD5!981L897!72UU1;3!X1;!a(C(!6;R4T39R32;6L!6:M!
U;1<;6Q!9b9R23T1: !Q1M9L!X9632;97=!T3!R12LM!H9R1Q9!6!U1[9;X2L!311L!X1;!7I739Q!
M989L1UQ9: 3S!!

!
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Expressiveness and power. C1;9!<9:9;6LLI=!T7!T3!6:!6UU;1U;T639LI!9bU;977T89!L6:<26<9k!
V197!T3!9: 6HL9!U6T: L977!6RR977!31!349!M99U973!67U9R37!1X!349!46;M[ 6;9!6;R4T39R32;9=!R1: 3;1L!
189;!349!U;1<;6Q!9b9R23T1:k!(49!9:M!<16L![12LM!H9!31!9:6HL9!d6:M!989:!9:R12;6<9e!
R;963T1:!1X!4T<4DU9;X1;Q6:R9!6UULTR63T1:7S!
!

"7! 467!H99:!:139M=!H679M!1:!T37!T:49;T36:R9!X;1Q!5=![9! H9LT989!3463!(4;96M9MD5!T7!
U1[9;X2LS!
!
)37!9bU;977T89: 977=!6!RL179!\ T:!31!T37!U1[9;=!T7!U177THLI!6:1349;!Q6339;S!_4TL9!1:9!
R6:!H2TLM!9XXTRT9:3!R1M9!3463![TLL!279!349!6;R4T39R32;9!31!<11M!6M86:36<9=!T3!QT<43!
: 13!H9!967I !1;!: 632;6L!31!M1!71S!( 4T7![ TLL!M9U9: M!T: !U6;3!1: !349!M936TL7!1X!349!
981L23T1:!1X!(4;96M9MD5!d1;!71Q934T:<e!T: 31!a ( C ( D5S!)X!72T36HL9!R1: 73;2R37!6;9!
M989L1U9M!31!9:6HL9!349!9R1:1QTR!9bU;977T1: !1X!R1QU2363T1:!6:M!R1QQ2:TR63T1:!
T: !39;Q7!1X!349!a ( C ( !U6;R9L!U9;R1L63T1: !Q1M9L=!349: !a ( C ( D5![ TLL!4689!
72RR99M9M!T: !U6;3S!

!
Simulation and emulation. 56:!a(C ( D5!UL6I!6!279X2L!;1L9!T:!7TQ2L63T1:!6:MB1;!
9Q2L63T1: !1X!349!U9;X1;Q6: R9!6: M!H9468T1;!1X!349!46;M[6;9!6:M!;2:3TQ9!7I739Q7![4TL9!
349I!6;9!73TLL!1:!349!M;6[T:<!H16;Mk!
!

(49;9!Q6I!H9!6:!6M86:36<9!31!M989L1U9;7!1X!7TQ2L63T1:!6:M!9Q2L63T1:!R6U6HTLT3I!
31!279!( 4;96M9MD5!X1;!T37!34;96MBXTH9;!R1:73;2R37S!):! U6;3TR2L6;!349!7I:R!7L13!
Q6:6<9Q9:3!QT<43!H9!89;I!49LUX2L!T:!H2TLMT:<!1HN9R3D1;T9:39M!R1QU1: 9: 37S!)3!T7!
: 632;6LLI !U6;6LL9L!6: M!49: R9!6231Q63TR6LLI !36\97!6M86:36<9!1X!L6;<9!R1QU23T:<!
X6;Q7!31!R6;;I!123![463![TLL!2:M12H39MLI!H9!R46LL9:<T:<!7TQ2L63T1:7S!

!
Extensibility. ^;1H6HLI !6!R1;1LL6;I !31!71Q9!1;!6LL!1X!349!6H189!T7!349!g2973T1:c!)7!a(C(D5!
72XXTRT9: 3LI !9b39: 7THL9!31!46: ML9!349!9bU9R39M!6:M!349!2:X1;9799:!;9g2T;9Q9:37!1X!349!
M989L1UQ9:3!U;1R977k!
!

(4T7!T7!:13!6:!9b39:7THL9!L6:<26<9!T:!6:I!1X!349!Q1M9;:!79:797!1X!349![1;MS!(49!
R;T3TR6L!7I:36R3TR!X9632;97!1X!349!L6:<26<9!6;9!U6;3!1X!349!M9XT:T3T1:!1X!349!L6:<26<9!
TQU179M!HI !349!R1QUTL9;S!" L3412<4!349;9!6;9!73ILT73TR!6UU;16R497!31!9b39:MT:<!5=!
LT33L9!6H123!349!L6:<26<9!1;!6: I !M989L1UQ9: 3!9: 8T;1: Q9: 3!9: R12;6<97!72R4!
9b39: 7T1: S!)3!Q6I !H9!67!7TQUL9!67!349!X6R3!3463!R1QUTL9M!X2: R3T1: 6L!L6: <26<97!6;9!
:13!H2TL3!31!H9!3[96\9MS!

!
Ease of use. ):!6MMT3T1:!31!349!U;9R9MT:<!X2:R3T1:6L!g2973T1:7=!1:9!QT<43!M;T89!349!
986L263T1:!1X!a(C(D5! HI!67\T:<c!)7!T3!967I!31!279=!1;!:632;6L=!R1:89:T9:3=!RL96:k!
!

(49!9bU9;T9:R9!1X!349!6UULTR63T1:!U9;X1;Q6:R9!6:6LI7T7!9XX1;3!72<<9737!3463!
a(C(D5![T LL!:13!H9!967I!31!279S!(49!L96;:T:<!R2;89!X1;!(4;96M9MD5![67!X6T;LI!
7399US!"L71=!67!I93=!349!Q6UUT:<!1X!(4;96M9MD5!R1:73;2R37!31!a(C(! R1:73;2R37!T7!
:13!1:9D31D1:9S!^;1<;6QQT:<!6:!6UULTR63T1:!27T:<!349!U6;R9L!U9;R1L63T1: !Q1M9L!
[12LM!H9!<;963LI!7TQULTXT9M!TX!349;9![9;9 !1HN9R37!T:!349!L6:<26<9!3463!:632;6LLI!
9bU;9779M!R1:R9U37!T:!349!Q1M9L!j!(4;96M9MD5!T7!:13!349;9!I93S!
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!

KGI $; , < < 7:)6. $6=$! " # " CD$E' < 7(?4$
Strengths.!a ( C ( D5!467!6!U6;3T6L!T: R6;: 63T1: !6L;96MI!T:!(4;96M9MD5S!+9R6279!(4;96M9MD
5!T7!2:M9;!M989L1UQ9:3=!349!M989L1UQ9:3!1X!a(C(D5! R12LM!H9!7399;9MS!)3!M197!9QH1MI!
67U9R37!1X!Q2L3T34;96MT:<!3463!6;9!R1;9!31!349!a(C(!6;R4T39R32;9!6:M!U;1<;6QQT:<!
Q1M9LS!(49;9!T7!U1[9;!T:!T37!5!49;9MT3I=!R1:X9;;T:<!31!349!6UULTR63T1: !6: M!7I 739Q!
U;1<;6QQ9;7!Q2R4!U139: 3T6L!X1;!R1: 3;1LS!
!
Weaknesses.!" 7!I 93=!349;9!T7!6!<;963!MT736: R9!H93[ 99:!349!U;1<;6QQT:<!Q1M9L!9bU;9779M!
HI !( 4;96M9MD5!6: M![ 463!T7!LT\ 9LI! 31!H9!6:!9XXTRT9:3!9bU;977T89!9:<T:9!X1;!a(C(D5S! )3!
M197!: 13!72UU1;3!1;!;9XL9R3!6: I !67U9R37!1X!6:!a(C(! 9b9R23T1:!Q1M9L!1;!;2: 3TQ9!T: 39;X6R9!
dH9I 1: M!Q2L3TD34;96MT: <eS!( 49;9!6;9!: 1!6UU6;9: 3!Q9R46: T7Q7!31!36;<93!349!7U9RTXTR!
U;1R977T:<!L6I9;7!1X!a(C(c!0^'**=!0^)C=!6:M!V^)CS!
!
Alternatives.!&1!1H8T127!6L39;:63T897!6;9!2:M9;!M989L1UQ9:3S!
!
Comments.!(49!M989L1U9;7!1X!a(C(!71X3[6;9!QT<43!R1:7TM9;!62<Q9:3T:<!349!:13T1:!1X!6!
71LT36;I!a(C(D5!71L23T1:S!

! " " 7!6: !6L39;: 63T89!31!349!U;979: 3!a ( C ( D5=!1: 9!QT<43!R;9639!6!;9L63T89LI !7TQUL9!
LTH;6;I DH679M!" ^)!31!349!TQU1;36: 3!U6;R9L!R1:73;2R3T1:!6:M!U9;R1L63T1: S!( 4T7!R12LM!
9:6HL9!Q1;9!MT;9R3!9bU;977T1:!1X!U;1<;6Q7!T:!39;Q7!1X!349!U;1<;6Q!9b9R23T1:!
Q1M9L!346: !T7!R2;;9: 3LI !U;18TM9M!j !6!741;3R23!31!6!4T<49;!L989L!1X!T:39;X6R9!6:M!
9bU9;TQ9: 363T1: S!
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