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Figure 2. System Topologies
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1($ 5 E=()$/4 5 #2?)/)" 5 -0$0 5 7,,:$)/=2A$NC-#=2=/0J23.d

?#,7J23.5,:$)/=2,305=)2..$)57,3=$G=50F2=7($0& 1($0$57,3=$G=
0F2=7($05,77-)5235-0$)50:/7$5A2/5B-37=2,357/##05/345/)$5=(-0
7($/:$)5=(/3502.3/#N?/0$457,3=$G=50F2=7($0& 1(205/::),/7(
/##,F05=()$/405=,5(24$57,CC-327/=2,35#/=$372$05/345/A,24
7,3=$G=N0F2=7(5,A$)($/45-3=2#5-3/A/2#/?#$54/=/52053$$4$4&
H/7(5E=()$/45(/05/5#,7/=2,3* ,)5i0($:($)4&j ;($:($)40

4$^3$ 5 2CC,A/?#$ 5 )$.2,30 5F2=(23 5 =($ 5 0"0=$C& b=()$/40
7/3 5 ?$ 5 0:/F3$4 5 42)$7=#" 5 =, 5 / 5 0:$72^7 5 0($:($)4 5 F2=(
!*/'()0%1#'5%*#+,* /34 5 C2.)/=$ 5 ?$=F$$3 5 0($:($)40 5 F2=(
!*/'()0%647')*(%*#+,& HG:#272= 5 C2.)/=2,3 5 .-/)/3=$$0 5 =(/=
=()$/4057/33,=5$G$7-=$5235-3$G:$7=$45:#/7$0& ;-7(57,3=),#
:)$A2,-0#"5)$E-2)$45=($5-0$5,B5:#/=B,)CN0:$72^75#2?)/)2$05/34
($/A"F$2.(=5=()$/40& 1($5420=/37$5?$=F$$350($:($)405C/"
?$54$=$)C23$45-023.5=($ !*/'()0%04.*)3&(+, B-37=2,3&

I> !%#%''(')%#-91$(-$3#(0

;$A$)/# 5 42BB$)$3= 5 0"0=$C0 5F2=( 5 4)/C/=27/##" 5 42BB$)$3=
=,:,#,.2$05/)$5-0$45=,54$C,30=)/=$5-023.5=,:,#,."5=,523B,)C
)-3=2C$54$7202,30d /54-/#N:),7$00,)54-/#N7,)$5M3=$#5l$,3
RVRY5F,)J0=/=2,3* /5[]N:),7$00,)5;oM D#=2G5_hYY577<@9D
;9X*5/345/54-/#N:),7$00,)5VaN7,)$5;-35<2/./)/ S50$)A$)&
1($0$5C/7(23$05F$)$50$#$7=$45=,54$C,30=)/=$5=()$$542BB$)N
$3=5=":$05,B5:/)/##$#50"0=$C0d /57,CC,354$A$#,:C$3=5F,)JN
0=/=2,3* /5#/).$577<@9D 0"0=$C* /345/5C/002A$#"5C-#=2N
=()$/4$457(2:5/)7(2=$7=-)$& 1($5=,:,#,."5,B5$/7(5,B5=($0$

C/7(23$052052##-0=)/=$45235f2.-)$ S&
1($5l$,350"0=$C* f2.-)$ SO/P* 205/54-/#N7,)$54-/#N:),N

7$00,)& H/7(5:),7$00,)5(/052=05,F357/7($5?-=50(/)$05=($
VYaa9(`5B),3=N024$5?-0& 1(2050"0=$C5)-305>23-G* :),A24N
23.5=($5#2?3-C/523=$)B/7$& +-$5=,5=($50(/)$45?-0* #2?3-C/
:)$0$3=05=(2050"0=$C5/05/5023.#$53,4$5F2=(5B,-)5$E-2420=/3=
:),7$00,)0& 1(205#/7J5,B54$=/2#5205-3B,)=-3/=$* 0237$57/7($N
234$:$34$37$5205/352C:,)=/3=5/0:$7=5,B5=($5C$C,)"5(2$)/)N
7("& '2=(,-=57/7($* =($5C$C,)"5#/=$37"5205-32B,)C&
1($5D#=2G5;9X*5f2.-)$ SO?P* -0$05M3=$#5M=/32-C S5:),7$0N

0,)0& 1($53,4$05/)$57,33$7=$45?"54-/#5_&S5o%k05-3242)$7N
=2,3/#5#23J0& H/7(53,4$5(/05=F,58X@05/345/5#/).$5?#,7J5,B
6D9&51($5C/7(23$520542A24$4523=,5=F,57,C:,3$3=0d ,3$
ODP F2=(5VaN3,4$05=($5,=($)5O%P F2=(5]& 8,C:,3$3=5D 205/)N
)/3.$45235B,-)57#-0=$)05,B5B,-)53,4$0& 8,C:,3$3=5%Z053,4$0
B,)C5/54-/#N:#/3$5B/=N=)$$& 1($5=F,57,C:,3$3=05/)$5/0"CN
C$=)27/##"57,33$7=$45?"5/442=2,3/#5-3242)$7=2,3/#5#23J0& 1($
0"0=$C5)-305>23-G5F2=(5#2?3-C/&
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)-305;,#/)20 VY5/3450-::,)=05=($5#2?#.):523=$)B/7$&
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>,7/#2=" 5 /F/)$3$00 5 7/3 5 2C:),A$ 5 =($ 5 :$)B,)C/37$ 5 ,B
420=)2?-=$454/=/ 50=)-7=-)$0& 1()$$54/=/ 50=)-7=-)$54$02.30
4$C,30=)/=$5=(205,::,)=-32="d /5:,,#* /35/))/"* /345/5E-$-$&
1($0$54/=/50=)-7=-)$5=":$05/)$57,)3$)0=,3$05,B5/::#27/=2,3
4$02.3* /345/)$5-0$45235/5F24$5)/3.$5,B5(2.(N:$)B,)C/37$
/::#27/=2,30& 1($5J$"5B$/=-)$5,B5=($0$53$F54$02.305205=(/=
=($"5/4/:=5=,5=($5=,:,#,."5,B5=($50"0=$C5235-0$5/=5)-3=2C$&
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Figure 3. Multithreaded 44-byte memory allocations/sec, 100-million allocations.

5.1. Distributed memory pool

9$C,)"5/##,7/=2,35205/5B)$E-$3=#"5,A$)#,,J$454$=/2#5=(/=
7/3502.32^7/3=#"52C:/7=5:$)B,)C/37$& ;=/34/)45C$C,)"5/#N
#,7/=2,35#2?)/)2$05/)$5=":27/##"54$02.3$45B,)5.$3$)/#N:-):,0$
/##,7/=2,35235023.#$N=()$/4$45/::#27/=2,30* ?/#/3723.5/##,7/N
=2,350:$$45F2=(5#2C2=23.5B)/.C$3=/=2,3* F2=(,-=57,37$)35B,)
#,7/#2="& 9$C,)"5#,7/#2="5205=":27/##"50:$72^$45:$)N:/.$5/34
3$$405/35/?0=)/7=2,35B,)5.$3$)/#N:-):,0$5-0$&
D 0$=5,B5C$C,)"5:,,#05F2=(5C-=$G$05=,5:),A24$5=()$/4N

0/B$5/77$005205B-37=2,3/#* ?-=50-BB$)05B),C5(2.(5C-=$G5,A$)N
($/4& 1($5E=()$/45C$C,)"5:,,#* E:,,#* 2052C:#$C$3=$45/0
/50$=5,B5#,7/=2,3N0:$72^75#,7JNB)$$50=/7J05F(27(5:),A24$5B/0=
/77$005=,5#,7/#5C$C,)"& 1,:,#,."523B,)C/=2,35205-0$45=,
:-##5C$C,)"5B),C53$/)?"5C$C,)"5:,,#05F($353$7$00/)"&
D E:,,#52057)$/=$45A2/ !"##$%&'()*(+,& W37$57)$/=$4* $#N

$C$3=057/35?$5B$=7($45B),C5=($5:,,#5F2=( !"##$%)$$#&+, /34
)$=-)3$45=,5=($5:,,#5-023. !"##$%1'((+,& D :,,#52054$0=),"$4
?" !"##$%0(.*'#-+,& H/7(5/##,7/=2,35205:-##$45B),C5=($5#,7/#
0=/7J& >,7/#5C$C,)"5205/##,7/=$45235#/).$5?#,7J05/345:,)N
=2,3$45,-=52357(-3J05,B5=($502`$50:$72^$45/=5:,,#57)$/=2,3&
9$C,)"5=(/=5205B)$$45205:-0($45,3=,5/5#,7/#5#,7JNB)$$5)$N-0$
0=/7J& @:,35/##,7/=2,3* =(2050=/7J52057($7J$45^)0=& MB5=($
#,7/#50=/7J5205$C:="* C$C,)"5205:-##$45B),C5=($57-))$3=5#,N
7/#5#/).$5/##,7/=$45?#,7J& '($35=(205?#,7J5205$G(/-0=$4* =($
)$N-0$50=/7J05,B53$2.(?,)23.50($:($)45:,,#05/)$57($7J$4* 23
)/34,C5,)4$)& MB53,3$5,B5=($C5(/A$5C$C,)"* /53$F5#/).$
?#,7J5,B5C$C,)"5205/##,7/=$45B),C5=($5#,7/#53,4$Z05C$CN
,)"* /345/44$45=,5/5#20=5,B5/##,7/=$45?#,7J0& MB5/##,7/=2,3
B/2#0* =($5/##,7/=$45?#,7J05,B5/##5:,,#05/)$57($7J$4* 235,)4$)
,B5=($2)5420=/37$5B),C5=($5)$E-$0=23.5=()$/4& MB53,5C$C,)"
7/35?$5B,-34* =($5/##,7/=2,35)$E-$0=5B/2#0&
1($5.)/:(05235f2.-)$ _ 7,C:/)$5=($5/##,7/=2,305:$)50$7N

,345,B 5/ 5C-#=2=()$/4$45/::#27/=2,35 =(/= 5/##,7/=$0* F)2=$0
=,* /3454$/##,7/=$05VYY5C2##2,350$:/)/=$5[[N?"=$5C$C,)"
?#,7J0 5 O=($ 5 02`$ 5,B 5 / "*/'()0%68*(9%* ,3 5 0,C$ 5 0"0=$C0P&
1()$$5/##,7/=2,35C$=(,405/)$57,C:/)$45,35=($5>23-G50"0N
=$C0d =($5E:,,#* /502C2#/)5C-=$GN:),=$7=$457,37-))$3=5C$CN
,)"5:,,#* /3450=/34/)45C/##,7& 1($5E:,,#5,-=:/7$05.#2?7
C/##,7 QVYT5/=507/#$& 1($5C-=$GN?/0$45C$C,)"5:,,#050-BN

B$)5B),C5>23-GZ050#,F5C-=$G5,:$)/=2,30& 1($5C/##,752CN
:#$C$3=/=2,3* F(2#$53,=5)$=-)323.5#,7/=2,3N0:$72^75C$C,)"*
-0$05/4/:=2A$5/)$3/5/##,7/=2,35=,507/#$& 1($5;,#/)205C/#N
#,75#2?)/)"* 4$02.3$45B,)50$)2/#5/::#27/=2,30* 205-32B,)C#"
0#,F& ;,#/)20Z0 5C-#=2=()$/4$45C=C/##,7 5 #2?)/)" 5:),A24$0
?$==$)5:$)B,)C/37$5B,)5)$#/=2A$#"5#,F53-C?$)05,B5=()$/40*
?-=54,$053,=5/::$/)5=,5?$54$02.3$45B,)5C,)$5=(/3502G=$$3
=()$/405/3457/35,3#"5/##,7/=$5?#,7J05235:,F$)N,BN=F,502`$0&

5.2. Distributed array

1($5420=)2?-=$45/))/"* ,)5E/))/"* -0$05/5?/0275i?#,7J$4j
4$02.3* F2=(53,4$N0:$72^75/))/"50$.C$3=0& '$5$G/C23$
=()$$5/0:$7=05,B5=(2054$02.3d 0$.C$3=5420=)2?-=2,35:/==$)3*
0$.C$3=502`$* /345$#$C$3=502`$& 1($5E/))/"5420=)2?-=$052=0
C$C,)"5F($357)$/=$4* A2/ !)'')-%&'()*(+,& W37$57)$/=$4* $#$N
C$3=05F2=(235=($5/))/"57/35?$5/77$00$45F2=( !)'')-%($(6+,* ,)
-023.5:,23=$)5C/=(5F2=(235/50$.C$3=& 8,3A$32$3=5:/)/##$#52=N
$)/=2,357/35?$54,3$5F2=( !)'')-%4*('%$##"+, & 1(205C$7(/320C
-0$05/5-0$)N0:$72^$45B-37=2,35=,5:),7$005234$G5)/3.$0* $3N
0-)23.5=(/=5=($5B-37=2,35$G$7-=$053$/)5=($5)/3.$52=5:),7$00$0&
D))/"05/)$54$/##,7/=$45F2=( !)'')-%0(.*'#-+,&
1($5420=)2?-=2,35:/==$)35/345C$=(,45,B5#,7/=23.50$.C$3=0

2C:/7=05:$)B,)C/37$& W3$5,:=2,35205=,5:#/7$5$/7(50$.C$3=
/77,)423.5=,52=05,)4$)5235=($5/))/"* A2/5/5(/0(& 1(205(/05=($
A2)=-$05,B502C:#272="5/345-32B,)C2="* /345/A,2405/77$0023.
C$C,)"5=,5#,7/=$50$.C$3=0* ?-=57/33,=5)$#,7/=$50$.C$3=0&
D#=$)3/=$#"* =($5#,7/=2,35,B5$/7(50$.C$3=57/35?$50=,)$45F2=(
=($50$.C$3=& ;$.C$3=05C-0=5?$5/77$00$45=,54207,A$)5=($2)
#,7/=2,3* ?-=5=(205$3/?#$05/5F24$)5)/3.$5,B5420=)2?-=2,35:/=N
=$)305/3450$.C$3=5)$#,7/=2,3& ;$A$)/#5,:=2,305/)$57,C:/)$4
235f2.-)$ [& 1($5i;=/=275e/0(j5:/==$)35-0$05=($50$.C$3=
,)4$)5=,54$=$)C23$50$.C$3=5#,7/=2,30& 1($5i+20=j5:/==$)30
/##50=,)$50$.C$3=5#,7/=2,305F2=(235=($50$.C$3=0& i+20=56$.
;=)2:$0j5420=)2?-=$0502C2#/)#"5=,5=($5;=/=275e/0(* i+20=56/34j
420=)2?-=$05)/34,C#"* /345i+20=56$.5f2$#40j57#-0=$)050$E-$3N
=2/#50$.C$3=05$A$3#"& i;$)2/#5M=$)/=2,3j52053,=5/5420=)2?-=2,3
:/==$)3* ?-=50$)A$05=,57,C:/)$5=($5420=)2?-=2,35:/==$)305F2=(
=":27/#53,3NE/))/"5/))/"52=$)/=2,3&
M=5205F,)=(53,=23.5=(/=5:/)/##$#52=$)/=2,3507/#$05F$##5,3
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Figure 4. Impact of distribution pattern on multithreaded memory bandwidth over large arrays.
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Figure 5. Impact of segment size and distribution pattern on multithreaded memory bandwidth over
100-million element arrays.

=($0$50"0=$C0& M=$)/=2,35F2=(5VS]5=()$/405F/05]a&SG5B/0=$)
=(/350$)2/#5 2=$)/=2,35,35=($5<2/./)/ S& M=$)/=2,35F2=(5_S
3,4$05F/05_V&SG5B/0=$)5=(/350$)2/#52=$)/=2,35,35=($5D#=2G& 1($
l$,35F,)J0=/=2,35:$/J$45/=5S&VG5B/0=$)5=(/350$)2/#5,:$)/=2,3*
#2J$#"5?$7/-0$5=($)$5/)$5,3#"5=F,5C$C,)"57,3=),##$)0* 7,CN
:$=23.5B,)5/5)$#/=2A$#"5#,FN?/34F24=(5C$C,)"5?-0&
1($50=/=275(/0(5F/05=($5B/0=$0=5,35=($5D#=2G5/345l$,35?$N

7/-0$5/77$0023.5)$C,=$5C$C,)"5=,5E-$)"52=05#,7/=2,352050#,F
/3457/-0$05237,))$7=5:)$B$=7(23.& 1(-0* 0=/=275(/0(5205=($
4$B/-#=5420=)2?-=2,35C$=(,45B,)5/##5?-=5=($5<2/./)/ S& 1($
<2/./)/5S5?$3$^=05B),C5B$=7(23.5i237,))$7=j5?#,7J05?$7/-0$
F(/=5205237,))$7=5B,)5,3$5=()$/45205#2J$#"57,))$7=5B,)5/53$/)?"
=()$/4& +20=56$.5;=)2:$05#$A$)/.$05=($5<2/./)/ SZ050(/)$4
7/7($5?"57#-0=$)23.5=($5F,)J23.50$=5,B5C$C,)"&
+20=)2?-=$45/))/"5:$)B,)C/37$5/#0,54$:$3405,35=($5420=)2N

?-=2,35.)/3-#/)2="* ,)5i0$.C$3=502`$&j 9,0=5#,7/#2="N/F/)$
C$C,)"5/##,7/=2,35C$=(,405,:$)/=$5,35:/.$N02`$5C$C,)"
?#,7J0* =($)$?"54$^323.5=($5C232C-C50$.C$3=502`$& 1(-0*
,3#"5#/).$5/))/"057/35?$5$B^72$3=#"5420=)2?-=$4* /345=($50$.N
C$3=502`$5205/5C-#=2:#$5,B5=($5:/.$502`$& f2.-)$ R 2##-0=)/=$0
=($52C:/7=5,B50$.C$3=502`$& >/).$)50$.C$3=502`$057/35$2N
=($)5$C:,F$)5:)$B$=7(23.5,)57)$/=$5#,/452C?/#/37$0& +20N

=)2?-=2,35(/05/502.32^7/3=52C:/7=5,35,:=2C/#50$.C$3=502`$&
1($50=/=275(/0(5:$)B,)C/37$5A/)2$45#$005=(/35VSp5,35=($
<2/./)/ S50$)A$)* F(2#$5=($5?$0=5:$)B,)C23.50$.C$3=502`$
B,)5+20=56$.5f2$#405:),A24$05/5S&SG52C:),A$C$3=5,A$)5=($
F,)0=5:$)B,)C23.502`$& 1($50=/=275(/0(5420=)2?-=2,35:),A24$4
=($5?$0=50C/##50$.C$3=502`$5:$)B,)C/37$5,B5=($5420=)2?-=2,3
C$=(,405=$0=$4n ,=($)5C$=(,4053$$45C-#=2:#$5:/.$05=,5C/0J
=($57,0=5,B5237,))$7=5:)$B$=7(23.UVa5:/.$05205/5.,,454$B/-#=&
D#2.3C$3=57/35?$57)2=27/#5=,5=/J23.5B-##5/4A/3=/.$5,B5=($

7/7($5/05F$##5/05/A,2423.5-33$7$00/)"5?-05=)/B^7& 8/7($0
/#C,0=5/#F/"05#,/45/#2.3$454/=/5B),C5C$C,)"& D77$0023.
-3/#2.3$454/=/57/35)$0-#=5235C-#=2:#$5#,/45230=)-7=2,30* 7,CN
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Figure 6. Impact of alignment on multithreaded memory bandwidth over million-element arrays.
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5.3. Distributed queue

X/)/##$# 5E-$-$ 54$02.30 54$:$345,3 5 =($ 5-0$N7/0$& MB 5/
E-$-$5205/5?-BB$)5?$=F$$35=F,5=()$/40* /00-C:=2,3057/352CN
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Figure 7. The ops/sec of strictly ordered multithreaded queues.
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Figure 8. The ops/sec of end-to-end ordered multithreaded queues with small elements.
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Figure 9. The ops/sec of end-to-end ordered multithreaded queues with large (1024 byte) elements.
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8-##$)* g& 9&5e$##$)0=$23* +& X/==$)0,3* /345!& r$#27J& 8#-0N
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