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ALCF Early Science Program!

Rich Brower SciDAC!
 Software co-ordinator.!
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! H(I4$;<&=I$+J&=C&=?-

! /54C4$3"55<(4'$+K#?(&#&-
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Data Parallel!
Classic Cray!
Vector Fortran!

Beowulf Cluster!
(Intel Micros)!
    MPI)!

Data Parallel!
(GPU !
Many-Core!
“threads” )!

!"



http://www.mission-base.com/tamiko/cm/cm-tshirt.html 

Historical Perspective:!
First “commercial” QCD machine"



First University installation in 1989*!

*(from left) Roscoe Giles, Glenn Bresnahan and Claudio Rebbi  with CM-2!



In late 1980's Thinking Machines Corporation  the 64K 1 bit processer CM-2 with 
performance in excess of 2500 MIPs, and floating point above 2.5Gflops!



Killed by Beowulf-clusters!
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BG/L FNAL 

JLab 



† LLNL BG/L weak scaling up to 131,072 cores: 2006 Gordon Bell  award!

by Vranas, Bhanot, Blumrich, Chen, Gara, Giampapa, Heidelberger, Salapura and Sexton!

Wilson Dirac Inverter 

QCD Perfect scaling!!



K. Wilson (1989 Capri) !

 “lattice gauge theory could also require a 108 increase in 
computer power AND spectacular algorithmic advances 
before useful interactions with experiment ...”"

•  ab initio Chemistry"
1.  1930+50 = 1980"
2.  0.1 flops ! 10 Mflops"
3.  Gaussian Basis functions"

•  ab initio QCD"
1.  1980 + 50  = 2030?*"
2.  10 Mflops ! 1000 Tflops"
3.  Clever Collective Variable?"

vs 

*Hopefully sooner but need $1/Mflops ! $1/Gflops! 

BUT THIS IS NOT SUFFICIENT 



Disruptive many-core Architectures!

•  1/4 CM-2!

 16 K bit serial PE.           512 x 32 bit PE = 16 K bits!

! 

Nvidia FERMI chip!

! 



•  Disruptive QCD Technology!  Graphic Processor Units  !

• GPU/BU code  sent to Jefferson Lab for 3 million $ ARRA Cluster 
          !  5 x performance @ 20% extra cost 

Nvidia’s Fermi GPU:"
 512 cores x 32 bit FPU!

3-6  GigaByte Mem, 1+ Tflop peak 
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!  B-26+@7C&2:DE+F7@&!"&.3@&#$!"%&'(&C2*67-C&G2-&H+*C23&.3@&
=*267-I+E:-267@&H+*C23J&C?::2-D3K&)$*+,-./+0$%$12&L+M8&
/+3$'(3+-4.,'&+%>&

!  N7*7.C7&O>P&+3=*?@7C&C?::2-M&G2-&CM.KK7-7@&G7-E+23CJ&
=23M-+,?M7@&,/&QM767&R29*+7,J&R?2=8?3&Q8+J&.3@&=2**.,2-.M2-C>&

!  #2E.+3&L.**&0=23M-+,?M7@&,/&S27*&R+7@M5J&ML+CM7@&E.CC&
0=23M-+,?M7@&,/&$*7T7+&QM-7*=873U25J&.3@&)4356"78&C?::2-M&L+**&
,7&.6.+*.,*7&C223>&

!  '23673+73M*/&+3M7-G.=7@&M2&7T+CD3K&:.=U.K7C&&&&&&&0'8-2E.;!#BV
VJ&!#B;'J&'BQJ&7M=>5>&
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111!

!  Cost to apply this matrix to a vector?!

!  Bytes moved to/from memory?!

!  Floating-point operations?!



!"#$%&'()*+",-./0*%+1'2#%3'0%4&*'

112!

Spin-project (from 4 to 2 independent 
spin components), once per direction:!
8 x 12 = 96 flops!

SU(3) multiply, once per direction: 8 x 
132 = 1056 flops!

Accumulate to the output spinor:!
7 x 24 = 168 flops!

Altogether, this gives 1320 flops per 
site.!
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(5$*1'

!  ;/)8'%&/'$7"&%+'7/+'8"+/0<%&9'=%+')'*%*)#'%='>','?@'A'BC?'D%)*$'

113!

Read one gauge matrix per 
direction, for a total of!
8 x 18 = 144 floats!

Write one output spinor, consisting 
of 24 floats!

Altogether, we must transfer 360 
floats from memory, or 1440 bytes 
in single precision.!
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114!
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)"&2:%24$(4-(1'1-3;7(3"4$'3(4$"&(3":(<-"=&/(>-%&4(
4$3-5/$>54?(

!  04(:"6&@4("*:";6(*%.'(4$%6+(

•  A$'3'(:"6("(=1'(:$'&(<->6(:'3'(15#$(1-3'(>3'#%-567(
3'*"=B'(4-()"&2:%24$?(

(Cartoon by John McCalpin, author of 
the STREAM benchmark)!



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

!  0"1*2(3'#4-1(5"#$%&'6(7'*%3'1'7($%/$()"&78%74$(
4$1-9/$("(3'12(8%7'(5'5-12()96:(
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!  O$'(!??6K(P!?6K("&7(#-55-7%42(#*964'16(4$"4(
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"5-9&4(-;(;"64(5'5-12(#*-6'(4-(4$'(M1-#'66-1G(4-(
#-&4'&7(8%4$(4$'()"*"&#'(%669':(

!  !-7'1&(#-55-7%42(M1-#'66-16($"3'(4$1''(*'3'*6(-;(
#"#$'K(8%4$(,H(B"&7(6-5'Q5'6(,IG(6$"1'7("5-&/(
59*QM*'(#-1'6:(
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!  0&(1$%2(3'24'#15(6782("3'("(1$3-9)"#.(1-(1$'(4"21:((;$'(<=0>0?(
6'@-3#'(6;A(BCD($"2('%/$1(EFG)%1()"&.25(H'*%I'3%&/(!"#$%&'(+(

J;$'(K-3'(3'#'&1(6;A(FCL($"2("(&"33-9'3(MCFG)%1()N25()N1(O"21'3(K'K-3P:Q(
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•  !"#$%&'$("&')*+,&
•  .",'+&-"/&$,0")1#0"23)14&"556"781#9"

•  :;:<"=1%%1'8"#+$8-1-#'+-"

•  50$+&4">?"@$,0&A":B"CD"

•  >:E>BA"."F"/?BG"HD9"I":JBG"HD"

•  -*,&./(01&2345&

•  67&.891&:$:(;<&=>"?@A?#B&

•  7*"#'"BKK"LD"/J."LD"1-"+&$%1-M,9"

•  CD!E!F&.$G(;H$&.I'&J+,&
•  2KG",'+&-"

•  ?;G"=1%%1'8"#+$8-1-#'+-"

•  50$+&4">B"@$,0&A"<.K"HD"

•  >:E5CEN&OA":P"F":JB"HD"I"BKKG"HD"

•  -6J)&./(01&2345&

•  -KK&.891&:$:(;<&=>"?@A?#B&

•  :;P"LD"/7*"#'"."LD"18"Q&-%$"R$+1$8#9"

“Gulftown”! “Fermi”!

7.5:1!5:1!
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•  !"#$%&'()$*+,-$

•  ./$%01)$232'45$6789:;9<=$
•  !.>?$%&'()$*+,-$

•  !@@$%01)$232'45$6789:;9<=$

!  Recall that in single precision, the Wilson matrix-vector 
product has a byte/flop ratio of just over 1 (slightly lower 
for clover).!

!  We're entirely constrained by memory bandwidth. On the 
GPU, flops are virtually free.!

7.5:1!5:1!
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120!

(GeForce GTX 480)!
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Serial on CPU  and Data Parallel on GPU!
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'''C*D*"'&E<<'34567'>/&'9'F/"/-*(*"&')2'36'G'3H'

! I>))&*'/'B/--/'=/&#&'J#(>'!4'+#/B)2/<A'

! K#G'()'(>*'(*-F)"/<'B/,B*'5&*L2B'B/,B*'''''''''''''''''''''''''''''<#2%&'#2'(>*'!M
+#"*$E)2'()'(>*'#+*2E(.7A'

similarity!
transforms on 
D!
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85-+%(*&'.#5971").%#*4#%3,).*:;!"#$"%<=>*

!  /,(+*?"#"*3%("*%(*'*@"A%#)"*@BC*DEF*:)%(+,&"#7-"1"-*
;A"#&5<*)'#3=>*

!  A%#*#"$"#"()"G*'*+.'(3'#3*3,'-7+%)H".*(%3"*?5.0*#")"(.*
:8"+.&"#"=*I,'37)%#"*C"%(+*?%,-3*+,+.'5(*'#%,(3*!"#$%&'(*
5(*+5(J-"*4#")5+5%(*$%#*'*?"--7%46&5K"3*85-+%(7)-%1"#*L+-'+0>*

!  8"M--*)%&4'#"*#"+,-.+*$%#*3%,N-"G*+5(J-"G*'(3*0'-$*4#")5+5%(>**
O(*.05+*)'+"G*0'-$*5+*'*PQ7N5.*I,'+57R9"374%5(.*5&4-"&"(.'6%(G*
N,.*@!S+*+,44%#.*.#,"*A!PQ*'+*?"-->*

!  B0"*+4'6'-*1%-,&"*5+*0"-3*R9"3*'.*TDU>*

125!
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Ron Babich (BU) – QCDNA 
VI, September 9, 2010! 127!
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!  1/,,$)23(4&)("/#5"&$)(&*+)&$&.+-"()6$76(&.$"(&89:;)(.+-"5)/.5&<25%&-+&5(,'+)$#&

=$/=(;>?2-=@A&

!  12-=#(&$-4&%$#*&'()*+),$-.(&$)(&$B+/5&CAC?&$-4&DAE?&%2=%()&5%$-&4+/B#(A&
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$#)*#+#*"&9+(&:,#-#."(./$$#.&/*;<6&./$&=(50+>&*32*'1)$&"*&
./(+-,&1-15&1.&$>$(5&($*.1(.?&

4,&10.$(,1@>$&"*&:$#0!%10#(23,%"#46;&+("A",1005&",.(+%3)$%&.+&)+721.&($*"%310&
%("B&)13*$%&25&./$&$((1@)&)+,>$(A$,)$&+8&C"DE*.12?&EF&GF&EF&H0$"I'$,6&1,%&JF&4F&>1,&%$(&
K+(*.6&:L$0"120$&3'%1.$%&($*"%310*&",&/52("%&C"MDE&7$./+%*6;&D+7'3@,A&NO6&PQPMPOQ&9PRRO<F&
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5;01(<&$.&10:=&1(>"?@ABCC:DCBC7&

!  E$0"120$&3'%1.$*&*$$9*&.+&-",&/1,%"08&1.&0"F/.&G31(<&91**$*&51,%&"*&,+&-+(*$&./1,&
".$(1H?$&($I,$9$,.&1.&/$1?8&91**$*7:&

•    ^ denotes reduced precision.!
•       is a parameter determining         
the frequency of updates.!
•             denotes the maximum           
iterated residual since the last        
update.!
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*",>0$?/107&+(&%+320$?/107&($*30.*&",&+,0@&1&9A;BAC&",)($1*$&",&".$(1D+,&
)+3,.&1*&)+E'1($%&.+&'3($&*",>0$&+(&'3($&%+320$5&($*'$)D6$0@=&

(Time to solution on 
a real lattice; 
updates are in 
double precision)!
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!  !"#$$"%$$&'#()*%$$+#,-.)@$2-2"#+0)&0"72"0)/097"9#",')A0<&<4)
2")&#7&0)%/)1.2")90&/001)%:):/009%-B4)1%-0C-01)#+)+50),%1+)%:)
0D+/#),%-.7+#C%")A#1)2")+50)EFAGB)/0,%"1+/7,C%"B<)

!  !"#$$/&'#()*%$$+#,-.&H5/%I)#I#')1%-0)2":%/-#C%"4)?7+)9%)2+)
1+/#+0&2,#$$')A0<&<4)/097,09)./0,212%"B<)

!  E%):#/4)I0J60)#..$209)+5010)290#1)%"$')+%)/097,0)-0-%/')
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“Parallelizing the QUDA Library for Multi-GPU !
Calculations  in Lattice Quantum Chromodynamics” !
(by Ronald Babich, Michael A. Clark, Bálint Joó)!
 Proceedings of Supercomputing 2010!
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Ron Babich (BU) – QCDNA 
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~ 500 GPUs dedicated       
to LQCD at Jefferson      
Lab!
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“Jaguar” - Oak Ridge Leadership Computing Facility!

“Intrepid” - Argonne Leadership !
                  Computing Facility!

QPACE – NIC Juelich!
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!  ./0/1232-)*)J8DH)#>K8)0*)5/*,H8-)018)/,-28)*@)3/*5#8<6)0*)
A1>;1)&'(6),/8),33#>;,5#8)78929:)2,"28)28-8/,$*-=9)
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Ron Babich (BU) – QCDNA 
VI, September 9, 2010! 138!

~ 3+3 GB/s!
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(MPI bandwidth as measured by NetPIPE v3.7.1)!
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(GPU bandwidth measured with CUDA SDK v2.3)               
“bandwidthTest --memory=pinned” 
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•  ***********B0'*C%&@#"(*5677D89*'#E0B;:"/F,'A<7DG77DH*

Ron Babich (BU) – QCDNA 
VI, September 9, 2010! 142!

!  For the Wilson matrix-vector product, we have:!
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6%/(6*3%*1'#',,",/7"*/(*',,*8*+/&"(0/%(09**:%#*0&',,*(4&;"#0*%$*
(%+"0<*3./0*/0*("="#*%12&',9*

!  >3*/0*%12&/02)*/(*',,*%3."#*#"01")30*?'004&/(6*1"#$")3*
%="#,'11/(6*%$*)%&&4(/)'2%(*'(+*)%&143'2%(<*$%#*
"@'&1,"A<*3",,/(6*40*3."*;"03*5"*)'(*1%00/;,B*+%9*

!  :%#*3./0*"@"#)/0"<*5"C#"*/(3"#"03"+*/(*3."*!"#$%&'!()*+%&*#"6/&"*
?0&',,"03*1%00/;,"*04;D=%,4&"0A9**E%5*0&',,*)'(*5"*6%*;"$%#"*
3."*04#$')"F=%,4&"*#'2%*,/&/30*40G*
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!  6-)+00=*+(.3)(%.),=@<.*')<./&I)'=JJ.'()K)?L)@;0*&'.0&,4')(&)(*+,'-.*)+)
<1(.)-*&@)&,.)!"#)(&)+,&(%.*A)



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

!  .##)/+*01*2345+)4"26+*,)3*+)01*)-7+)0"##)849+*-+*):;8<&,-36=)348,1-*1/85)
5#19+*%82/*19+>)?8#,14)@8-7)A,B22+-*85C)+9+4D1>>)/*+514>8$1484EFG)

!  H+,-,)@+*+)*"4)14)3)IJ%41>+)5#",-+*)3-)K+L+*,14)M361*3-1*B=)84-+*5144+5-+>)
6B)NOP)Q4R48634>G)

!  Each node has 2 GeForce GTX 
285 cards (previous generation; 
240 cores/GPU).!



!"#$%&'#()*+%,-./%0%/-%(1'#(2%

!  31'#(%41(56"%,7"8%9:;2%)&%<"(=%>0"=?%-./%0%/-%

243 x 128!



!"#$%&'#()*+%,-./%(0'#(1%

!  20'#(%30(45"%,6"7%89:1%)&%;"(<%=>"<?%-./%

323 x 256!



!"#$%&'()*+,%&'-./.'0'/123'

!  4$"*+'5$+678',('98+:';08:<'./='0'/12'
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!"#$%&'()*+,-.&#/$()%$&01&!/#'"&

!  2&103/&45(6)+$078/%93(6)+
7:";$/%<&

!  =&>?@5@A&,/!0#7/&,BC&=DE&
76#3$&

!  F03/&:6$&10%&G//1&;6#*7()6#)H&
0;*'"I/3J&

!  K($%6"1/3&;/#L0#'617/&"1&%:/&
"1M/#%/#&4N"F,$%6GO&7)0M/#+
"';#0M/3&P")$01O&'"Q/3&$"1R)/9
:6)L<S&

150!

1020 Gflops!



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

•  !""#,+-.$&#+/+01%'&+&2&#3.4"5+++++++++++++++++
6%$+789+:;<+=$343&>+

!  /+$3(?+@A2"+B"4"CD+
!  E+F/G+.4+HIIJ+%$+HIIK+

!"$",+/+01%'&+&2&#3.4"5L+245"$++++++++++++++
M%2$+5"&?+

!  923AN&%(?"#+4%5"+O.#P+Q+B;R&+
!  E+FJ?+:HIIS+.T'$%*"T"4#+++++++++++++++++.4+

'$.("C'"$6%$T34(">+

+++<<<+6%$+'$%UA"T&+#P3#+V#<+

:/+$3(?+@BCD+P3&+J/H+B@+!WG++++*&<+K+B@+6%$+
6%2$+B0X+QYI&>+

151!



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

•  0'1*$2.$31$&"45)"4$67$8$98)*'&$'9$8*$:"81*$$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$;<<=$

$$$-%/$>?;<=@$$$$$$$$$,-$>?;<=@$
!"#$8AA1+$$
;B  C2DD1E!5):"'.$)'5A:2.D$9'&$$F8&G$,8H"&$4"*")I'.$
JB  K"7'.4$*L"$M*8.48&4$,'4":$&"15:*1BBB$

NB  !5):"8&$"O)2*8I'.1$8.4$2.*"&8)I'.1$"*)BBBB$
PB  -%/E,-$9'&$D&8AL"."$8.4$1':24$Q'4":2.D$$





!"#$%&'("#')
!  !"#"$%&'

!  *+,')$%-./%0)1(#)2"/)3.#0).#.%0'(')4"5')6789:;)
(3</"=-3-#>)(#)</($-?<-/2"/3.#$-@)

!  A)5&>)3&%BC/(D)"#)>/.D(B"#.%)$%&'>-/')(')$"3<-BB=-)
6&<)>")E:;)"=-/)'>.#D./D)'"%=-/').>)%(CF>)3.''-'@G)

!  H-;>)'>-<I)()*&)J&%B8*+,)3&%BC/(D)6&<)>")9::;K@G)
!  L./C-8'$.%-)C.&C-)C-#-/.B"#)(').)F./D)</"5%-3G)

!  +,%%-.%&'
!  MF-)2&>&/-)(')2&%%)"2)F./D)</"5%-3'G)

!  MF-)>/-#D)(')>"1./D)F&C-)N".B#C)<"(#>)
<-/2"/3.#$-O)5&>)/-%.B=-%0).#-3($)3-3"/0)
5.#D1(D>FG)

!  P#>-/8#"D-)$"33&#($.B"#)(').#)-=-#)C/-.>-/)
$F.%%-#C-G)



Broader impact!

•  Initial target applications in Lattice Field Theory and 
Computational Fluid Dynamics.!

•  But also to be a catalyst for local researchers in many fields to 
explore GPU architectures and share experience and methods.!

•  Access to faculty, post docs, graduate and undergraduate 
students in nano technology, chemistry, biological modeling, 
medical imaging, etc.!

•  Educational context and impact is crucial advantage of university 
based experimental GPGPU cluster!!


