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BACKGROUND ART. SDpwmsappheatlopa&eaat Na,p(iYIORﬁiﬂﬁ)Qirﬁ)ZhHJSBOl/SZ?S_)),lmn‘,‘AtNQWebd "A
Novel WMassi v Par al |l e u,ter a_conput conpri sed of
many conput i Wb@é%ibﬁrﬁhel up%?o% FaPng) H%é’ra e&PaRp/hﬁatﬁ%’g‘? ?$ﬁesremnodes are
connect ed by SAYRIEI020643WE 1KQ 5243)), T8 tSnkaHt Pdn Moligie€amPSiRtend!. €

I nterconnected by both a torus nét'wor k and by a dual functional tree
network. This torus network may be used in a nunber of ways to inprove the
efficiency of tﬁgg@@@gl) n%-élTrTo el aborate, on a machine which has a | arge
enough nunber a network that has the connectivity of an
M di mensi onal Pro®isiemal pdient upplidativmyio.t60/210 , 124, gilalred NopelirMhdsorly Barbljelt he

means of shift and operate. For exanple, to do a global sum (MPI_SUM over
al | nodes, af PwiereEputen r¢6§ﬁrlsbiesﬁG@@PWS%CWeﬁinH@MC‘P@E‘&an @éﬁ%masum
each nod I r S I e

di nensi oﬁlofandﬁ.{l%%gﬂg@c’ig}?ﬁgﬁﬁdr% ‘TﬂlestechohEsS h?ﬁgéegﬁgegl%?&%%rﬁﬁgorﬁgl ghbor to
its owmn sum peﬁ&@ﬂﬂﬂtheﬂénd&SSﬁﬂnﬁei’@nﬂ@dﬂéﬂﬂfybdth heaas netdrofkmdbya;dmlnus

nei ghbor to its plufﬁ nei gh and agai n ,adds the nunber receives to

its own sum wwortfé)e%mr%r@bwr nif)ylquénmwbermf.“éaym nunber

of nodes al ong t. 0RE5 BF HRBbmphRd | owed by repeating the whol e
sequence over i {;'Védthnensc?éo one mp time, yields 25 the desired results
on all nodes. However, for float| ng poi nt nunbers, because the order of

P g e et e Bt S350 00, oLl ety el iode i
the fact thatpetwork that has the connectivity of an M-dimensional torus, the usual way to do a
global operation is by the means of shift and operate. For example, to do a global
sum (MPI_SUM) over all nodes, after each computer node has done its own local
partial sum, each node first sends the local sum to its plus neighbor along one
20  dimension and then adds the number it itself réceived from its neighbor to its own
sum. Second, it passes the number it received from its minus neighbor to its plus
neighbor, and again adds the number it receives to its own sum. Repeating the
second step (N-1) times (where N is the number of nodes along this one dimension)
followed by repeating the whole sequence over all dimensions one at a time, yields
25  the desired results on all nodes. However, for floating point numbers, because the
order of the floating point sums performed at each node is different, each node will
end up with a slightly different result because of roundoff effects due to the fact that
the order of the floating point sums performed at each node is different. This will
cause a problem if some global decision is to be made which depends on the value
30 of the global sum. In many cases, this problem is avoided by picking a special node
which will first gather data from all the other nodes, do the whole computation and
then broadcast the sum to all nodes. However, when the number of nodes is

sufficiently large, this method is slower than the shift and operate method.
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the order of the floating point suns perforned at each node is different.
This will cause a problemif sone global decision is to be nmade which
depends owotokeeoaat ue 30 of the global sum In many cases, PCHIGSOpossig em i s
avoi ded by picking a special node which will first gather data from all

t he ot her nodes, do the whole conputation and then broadcast the sumto
all nodes. However, when the nunber of nodes is. syfficiently large, this
method is sl oedditioprasiipdicatad pbovgnin tﬁﬁé@f&?@%@bﬁ%@ﬁ?ﬁ n prgeIEbpet us 1 2 WO
02/ 069177 PCT, g Ighd i9ctionAbcdll IAPOYSal. flifktioRgl trRPUL er
di scl osed in Jﬁyggﬁﬁ{s?gg%aﬁo%g%’g%! tltl‘Jétpp K %E’ta:‘lonono. 601/%271, 124, tﬂe nodes are
al so connect atbyrkahatsappdrisrintegaraimbinieg operationsy such s integeppans and nt eger
conbi ni ng operations,, such as_infeger suns,an i nt eger i yms (max) and
mi ni nuns (m ANeeTHBVERUSSdMAK) apd RTgRGE i dheehsig et PRalopens. up
possi bi | t5i esonfhifihb hetwiik bYerls ! fos&Hitied BRMicightly iPtéhént gRIEI AithRiRfc OVer
t hi s network. OFor1 eéarrpl e, g%igirﬂr%’%up fllloati ngCIpoi%I?{H;unbers from ea((::h of
t he conputi ngpecdiess owardhib nemdckas Fomaxampte, sddmg vp Sbitingpdintgiuprersigomodes.

On | | el ter, t . ki nd ti N
done over t HBCHB ticRTPHARE BNk 04 tropshEminate e o oA hEs (o
There is usuabhy rdp Oghgrhllleﬁé @féﬁn?ﬁ&ﬁ%@sb%déﬁoﬂi?éﬂﬁ&hsiﬂré\dﬁxaﬂil dehébadr

operations. SUWVA HE | NTIT ON An object of this invention is to

i nprove pr ocelenewotiothat earpies tha gounal meassagatpgesing wefficgToeeeis spatlhighns on a
di stri but,ed l el ¢ . er - ] of the present invention
isto cor%g)ut gg‘%ﬁé nigscslﬂcégtgg?(%tgllSu%%%&é‘pgﬁ)gggal%gklggg?&operati on using the shift
and operate nethod in a highly efficient way on distributed parall el
Mtorus architectures with a large nunber of nodes. 20 A further object of
the inventio b4 f_z Ol HHE AN IN _d apparatus, working in conjunction
Wi th software l)gﬁ{:tj&fm i%ﬂti&?fsqmﬁro'vggg)%%ﬂ&afo& g&ﬁﬁﬁﬁngcggﬁa‘i valiel " K
routing, to achieve a very signifrcant reduction in the t required for

gl obal ari t hrglobat opgrations aresdistnibatet paradlebeomiputerct ure. 25 Anot her obj ect of
this invelr%ti onis to efficiently inplenent global arithnetic

- _TIOA] KL IN A A

Another object of the present invention is to compute a unique global value for a
global operation using the shift and operate method in a highly efficient way on

distributed parallel M-torus architectures with a large number of nodes.

20 A further object of the invention is to provide a method and apparatus, working in
conjunction with software algorithms and hardware implementations of class
network routing, to achieve a very significant reduction in the time required for

global arithmetic operations on a torus architecture.

25  Another object of this invention is to efficiently implement global arithmetic

operations on a network that supports global combining operations.

A further objective of the invention is to implement global arithmetic operations to
generate binary reproducible results.

30
An object of the present invention is to provide an improved procedure for

conducting a global sum operation.
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operations on a network that supports global conbining operations. A
further objective of the invention is to inplenent global arithnetic

oper at i orwotoe/o6gener at e bi nary reproduci ble results. 30 Arcohjserosesd t he
present invention is to provide an inproved procedure for conducting a

gl obal sum operation. YOR920020031 US 1 3 WD 02/069177 PCT/ US02/ 05618 A
further object of the invention is to provide an inproved procedure for
conducting aAdhmhsalobigrt offhe Hwentignds 4 provideprdmproygd Percedure &oy coadpeting ar e
attained with lﬁﬁaltéﬂlg%}'ﬁepg GLided methods and 5 systens for performng
arithmetic functrons.©In actcordance with a first aspect of the invention,
nmet hods and apparatus are provided, working in conjunction of software

al gorithnms ang hard e i.npl enent ation, of . cJ network . routi.ng, .to achi eve
2 very signi Hiesaad SBERRRSE fealieingd puhTaeRrlon dercsibed meAads 484 ¢ ot f o
oper ati onsg; ornyykfigs fi)P;ISéi'ﬁ)rmE%' AithRBESfuh SidHs e 4 %coﬁfaﬁk@@ith'atﬂ&stqafsgéﬁ?ﬁf teat 1 ons
running on |large parallel 10 machines. The invention involves three steps
f or i nmprovi ngnvéndiosf methodnand apperatusacs prosiddd exerkingin sonjdndiadi dfisoftwarfe gl obal
operations: 1. Ensurin en .necessary, that all the nodes do the gl obal
operation on atlg\(gﬂ%@ls ﬁngp?'f VRE IEQE@“%&%%’P OJHG’S%B‘E%’BP%\HOHHE&E?\F B,
i ndependent  afjgrfifeHHd edduc®st @the tirhe ré’cgiﬂea if&@%létblﬁ afi Rt BpeRtiohd¥h ther us to
m nim ze the nunber of hops and the bidirectional capabilities of the
network to redmse Thisdeadsid greatsr sedlahalitytod ppplicatienseruneiag gniargeparelleloper at i on
to an absol ute m.ni num. 3. Usi.ng,class function routi atent_application
no. (ALt P eyt TR iadens e fesie SRS bor Soiokita (B sERERED acBpRr v i b
t he net hod ofarﬁmxgctir?fgﬂﬁdmmy of AolRY Bpetatidzgl € el enent is injected into the
i

network only once and it will be stored and forwarded w thout any further
sof tware overhead. In accordance with a second aspect of the invention,

nmet hods and sys . Vi | Cl [ £ I
arithnetic op%r ;EF‘ F{g}@[ glrlllelgﬁ%ee% s\%%g &ﬁa? ﬁg&ﬁe&@ dgggég}et@aﬁgs %a%%la(ﬁ'p@lg r%i?ni ng
operations. Theid thesaay ofifer dnd swolstaiah wpkqieanswer, independent of roundoff error.

15 2. Using the topology of the torus to minimize the number of hops and the
bidirectional capabilities of the network to reduce the number of time steps in the
data transfer operation to an absolute minimum.

3. Using class function routing (patent application no. (Attorney Docket
15270)) to reduce latency in the data transfer. With the method of this invention,
20 every single element is injected into the network only once and it will be stored

and forwarded without any further software overhead.

In accordance with a second aspect of the invention, methods and systems are
provided to efficiently implement global arithmetic operations on a network that

25  supports the global combining operations. The latency of doing such global
operations are greatly reduced by using these methods. In particular, with a combing
tree network that supports integer maximum MAX, addition SUM, and bitwise
AND, OR, and XOR, one can implement virtually all predefined global reduce
operations in MPI (Message-Passing Interface Standard): MPI_SUM, MPI_MAX,

30 MPI MIN, MPI LAND, MPI_BAND, MPI_LOR, MPI BOR, MPI_LXOR,
MPI_BXOR, MPI MAXLOC, AND MPI_MINLOC plus MPI_ALLGATHER over

this network. The implementations are easy and efficient, demonstrating the great

YOR920020031US1 4



operations are greatly reduced by using these nethods. In particular, with
a conbing tree network that supports integer maxi num MAX, addition SUM
and bitwiwe 0286077 OR, and XOR, one can inplenment virtuall ycalusopossoefi ned
gl obal reduce operations in MPI (Message-Passing Interface Standard): MPI
SUM MPI MAX, 30 MPI M N, MPI _LAND, MPI_BAND, MPI LOR, MPI BOR, MPI_LXOR,
MPI BXOR, MPl MAXLOC, AND MPI M NLOC plus MPlI _ALLGATHER over = this network.
The i npl ement SeXibiHYy aa}deefﬁaggc%@r@hmmgméﬁmﬂ@ﬁbﬂgg&taﬁ lpnge sepde pirabie]
YOR920020031 { ? élpm 02/ 069177 PCT/ US02/ 05618 flexibility and efficiency
a conbining tr work brings to a large scale parall el  superconputer.
Furt her benefi ts and advantages of the invention wll becorre apparent from
a b5 consideration of the faoll ow ng detailed deﬁgrlptlon é_en W th

reference to Ftherbensfitsand adyanipgasiof fie inyEntion va E?WW@H ?MA ef err ed
enbodi menigs q{ongllasraﬁbﬁls?me'felnowﬁg'dﬁéumﬁ OBVeh whHreRRENE DR 10 Fi gure
1 schematically represents a tor network that “connects e nodes of a
conput er. Theaosrmpaeingdtawings, wbichepedifyrsad ahev podfers¢tbembodingnts ef the

schemat i caIIy re resents a tree network that connects the nodes of a
conmput er. 18- 3 il lustrates a procedure for performng a global sum
on a one-d| rrenS| onal torus. Figure 4 is a table identifying steps that can
be used to inprove the eff|C| enc of 20 Iobal arithnmetic operations on a

torus archit eBE per ation of global sumon a

al'| gat nafl ng BREd & %ﬁ%‘lﬁ .&E%% {S?drtgadS'n'ﬁ@?&*?‘%?&mﬁsgﬁﬁé@#k BPt ust Pat oo a

3 by 4 torus ¢ugipidrk ThEvgtippedhetwdrk sbiirdctionsaaré hetsshowhwor k for doing a fi nal
br oadcast operati on.

Figure 2 schematically represents a tree network that connects the nodes of a
computer.

15
Figure 3 illustrates a procedure for performing a global sum on a one-dimensional

torus.

Figure 4 is a table identifying steps that can be used to improve the efficiency of

20  global arithmetic operations on a torus architecture.
Figure 5 illustrates the operation of global sum on a dual-functional tree network.

Figure 6 illustrates the operation of global all gathering on a dual-functional tree

25  network.
Figure 7 illustrates a 3 by 4 torus network.

Figure 8 illustrates a tree network for doing a final broadcast operation.
30
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The present invention relates to performing arithmetic functions in a computer, and
one suitable computer is disclosed in provisional patent application no. 60/271,124.

YOR920020031US1 5



30 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The present invention
relates to performng arithnetic functions in a conputer, and one suitable
conput er we odiosarosed i n provi si onal patent applicati on n@CTAGR2Ib1424.
YOR920020031US 1 5 WD 02/069177 PCT/ US02/ 05618 This conputer is conprised
of many conputing nodes and a snaller nunber of I/O nodes; and the nodes

of this conputer are interconnected by both a tﬁ?rus net wor k, sch$mati cally
represent ed abhi§omAUter issomprised-efnanyompuiing aedesag asmedepmimbsr pf /O

schemati cal | y,JRRI LA fsliebf this éd?nﬂt%%@in?ercﬁw%@@@ by B6&!  tofidletworRNe

aspect of the present 1nvention pr es a net and apparatus working in
conj unct i on wichbmstidallyaepreshtedrat O msFigne handiadna functipnelntecetretwark, of cl ass

network routin to achi eve v .signi fjcant reduction in the tine
required for ﬁﬂ@ﬂ&?cagyif?mﬁﬁpﬁéagééﬂ%f%ﬁ n the torus architecture. 10
Therefore,5it |eads to greater scalability of applications running on |arge

paral l el machines. As illustrated in Figure 3, the invention involves
t hree steps iMorapeoifically, onpespstt ofdheprsyens invendeupratidest mgthwdaandoper at i ons:

1. Ensuring, when necessar.y, that.all. the nodes do the .qgl obal operation on
the 15 data SHRAPHB Sorh g bevincich b S ko Bedatire ° haependent
of roundoff igl@hentationlst dMds herokORAIAGMo QEhikVeEa VéHy Uinifitatil elldtioa ih he
nunber of hops and the bi- directional capabilities of the network to

reduce the nuthbéimegequitadefor glepal arithmetisecongeationondhefosys asghtestion to an

absol ute m nipum. 20.3, I n | - functlon. I [ . ency in
the data 1t ran eé?f'orwtﬁﬁa#ﬁ%g% 8&’5? "Za?arbélgy%rﬁtgfl ﬁ@gaﬁé’ﬁstrﬂ?:ghg 85/2%?%’ iﬁ%ﬁ%ver y

si ngl e el enenhadtfindsnjBGlladratditia Figage 3Bk Wolektieinyolves thrégWepstin Whproving
stored and forwarded wi thout any further software overhead. 25 Each of
these steps ithegfficiencyand pequeasyiof glpbabenerationsiensyri ng that all nodes to the
gl obal operation (eg. MPl _SUM in the sane

1. Ensuring, when necessary, that all the nodes do the global operation on the
15 data in the same order, and so obtain a unique answer, independent of
roundoff error.

2. Using the topology of the torus to minimize the number of hops and the bi-
directional capabilities of the network to reduce the number of time steps in
the data transfer operation to an absolute minimum.

20 3. Using class function routing to reduce latency in the data transfer. With the
preferred method of this invention, every single element is injected into the
network only once and it will be stored and forwarded without any further

software overhead.
25  Each of these steps is discussed below in detail.

1. Ensuring that all nodes to the global operation (eg. MPI_SUM) in the same

order:
30  When doing the one-dimensional shift and addition of the local partial sums, instead

of adding numbers when they come in, each node will keep the N-1 numbers

received for each direction. The global operation is performed on the numbers after

YOR920020031US1 6



order: 30 Wen doing the one-di nensional shift and addition of the | ocal
partial suns, instead of adding nunbers when they cone in, each node wll
keep the Wob2nembers received for each direction. The gl ®@oalusopescati on i s
performed on the nunbers after YOR920020031 US 1 6 WD 02/ 069177

PCT/ US02/ 05618 t hey have all been received so that the operation is done in
a fixed order _and results in a unique result on all nodes. For_exanple, as

i | lustrated iheyhgaadl beenirecepsdiso tnd theaparatiop idans in 8 fixgd prder andsreplisei ved,

the suns co t . S2+S 1 on nodeOQ, S 1+S0+S3+S2 on nodel,
S2+S 1+SO+Sgpignaq%%%g,eglaltﬁ(§1§%@$S 1+S0 on node4. There should be roundoff

di fferences between these suns. However, if the nunbers that every node
receives are kept in nmenpry, than.all the node uld do the sumin the
Care order - (Epranemple Sllaliasd Biding 4 Hend i aSbRRER oD AI
difference 1Qcdihid thessunR@aipRtbd Wouldbt sbhe3-ahel ofindBesisanso+y+sohn end,

all the nodes will have the "sane nunber and the final broadcast is
unnecessary. mdeM $RHB148A4ST benodaband SHS2AHEHESO an nodedd dihgreshanldrber on an

Mtorus architec cen 15 n chi ne re the. network Links between two
nei ghbor | ng. HSuBestE fireiehoet bR Yol Bk Ui ool fr RERURERS e Eerd RBET o e
in each of thec&l& e kdftiis mdnldry,tR@all theabdésheulddrthe dibtiafiesameoidetat a

el enent has to travel on the network is reduced by a_ factor of two. This

reduces the ttormbtain S04l +%7+§P apdthese wowlddeine repndopiedifferense-al so by 20
al nost a kact or of two. 3. Reducing the |atency using class function
routing: ‘Additional performance gains can be achieved by including a store
and forward 7PHis id epeataifonall kher athidri digemsasait tie end, dllnthe nedesovid Haee thear e,
thereby elimnating the software oyerhead of extracting and injecting the
sane data el eWEWMURPer etfingplroadqastys PARECESEMor k. When i npl enenti ng
gl obal arithnetic operations on a network capable of class routing, steps
1to3illustrated in Figure 4 will sinply becone a

2. Minimizing the number of steps in the data transfer on an M-torus architecture:

15
On any machine where the network links between two neighboring nodes are bi-
directional, we can send data in both directions in each of the steps. This will mean
that the total distance each data element has to travel on the network is reduced by a
factor of two. This reduces the time for doing global arithmetic on the torus also by

20  almost a factor of two.
3. Reducing the latency using class function routing:

Additional performance gains can be achieved by including a store and forward

25  class network routing operation in the network hardware, thereby eliminating the
software overhead of extracting and injecting the same data element multiple times
into the network. When implementing global arithmetic operations on a network
capable of class routing, steps 1 to 3 illustrated in Figure 4 will simply become a
single network step; i.e., each node will need to inject a number only once and every

30 other node will automatically forward this number along to all the other nodes that
need it, while keeping a copy for its own use. This will greatly reduce the latency of
the global operation. Instead of paying software overhead every hop on the torus,
one will pay only a single overhead cost per dimension of the machine. For

YOR920020031US1 7



single network step; i.e., each node will need to inject a nunber only once
and every 30 other node will automatically forward this nunber along to all
t he ot herwpadeedirhat need it, while keeping a copy for iteTame/oes This
will greatly reduce the |atency of the gl obal operation. Instead of paying
sof tware overhead every hop on the torus, one will pay only a single

over head cost per dinension of the machine. For YOR920020031 US 1 7 WO
02/ 069177 PCTgxaswly, 08dhecampuigl sestemrditaiesed anProvisionsl Applinatips Noosed i n

orovenent oA P 8 Sttt G e B RRMR bt A0t Sy 0T 1 e

user node andwh&i @elGPNisduhEfg Of sidfle usst mdlenid imore tHaAra HREEOS ten WY tbilti-he
t hree i nprovenent steps di scussed above, one can achieve at |east a factor

of ten inprovéssemOdeor gl obal arithmetic operations on distributed paralle
architectuwes and also greatly inprove the scalabilty of applications on a
| arge parallel machine. 10 In addition, as previously nentioned, in the

conput er syst Withahe tHreésiathrovenidne stapodiscussedaibbid, ioad car avhieveanihstafhttocat i on,
t he nodes are aI so connected hy a tree network that sugoport dat a
combi ni ng ope?fden BAROVETEH farsglplml afymediGioperatians on EsEbutedpa and

ut omat  tal |y B Ee e el Frprlt BEGal i of R P B MRl (g

nodes. Wt h aparaigbmiachipenet wor k supporti ng gl obal conbi ni ng operati ons,
many of the gI obal comuni cation patterns can be efficiently supported by
this netM far the sinplest requirenent for the conbi ni ng network

hardware is tm a%luﬁw bs Fﬁ%@ﬁbﬁﬂ?%ehﬂ&ﬁ‘&lefn A6 dorApstertiiBicB@Sc1bRSH Ble dBB¥E-TUM UP
to certain precision. exanpl e, the superconputer disclosed in the

above- i dent i fidenfifiadawbisionallapphicasinn, theppdés@se dlsmcannested by pétes ngtwarkast 32
R T N, R R
combi ni ng f unghkigifing dhdirhigirehyitkifANDROR MdNORS. i #ditidn| &iélthab| ity in
15  network will automatically broadcast the final combined result to all participating
nodes. With a computing network supporting global combining operations, many of
the global communication patterns can be efficiently supported by this network. By
far the simplest requirement for the combining network hardware is to support
unsigned integer add and unsigned integer maximum up to certain precision. For
20  example, the supercomputer disclosed in the above-identified provisional patent
application will support at least 32 bit, 64 bit and 128 bit unsigned integer sums or
maximums, plus a very long precision sum or maximum up to the 2048 bit packet
size. The combining functions in the network hardware provide great flexibility in
implementing high performance global arithmetic functions. A number of examples

25  of these implementations are presented below.
1. Global sum of signed integers

Figure 5 shows the operation of global sum. Each participating node has an equal
30 size array of numbers with the same number of array elements. The result of the

global sum operation is that each node will have the sum of the corresponding

elements of arrays from all nodes. This relates to the MPI_SUM function in the

MPI (Message Passing Interface) standard.

YOR920020031US!1 8



i npl ementing high performance gl obal arithnmetic functions. A nunber of
exanpl es 25 of these inplenentations are presented below. 1. d obal sum of
si gned i 'wegene1Fi gure 5 shows the operation of gl obal sumrCTES0h0S618
partici pating node has an equal 30 size array of nunbers with the sane
nunber of array elements. The result of the global sumoperation is that
each node will have the sumof the corresponding elenments of arrays from
al | nodes. Thités ysuhldy neressaryt foaist/Rlhighenpreoisioniin the network comare@mgmhge
Passing I nterfage t apndar.d. . YOR9200200 U 69

peT USo2/ 056180 el B Ppin SR PRI ot Bad S uGE NI diberof e
net wor k conpagcids pﬂ“ue@ﬁﬁngin(lﬁaburﬁuﬂﬂfél’thé Rirgosi dbisalue vahee ¢fitheinsdgen of the

final result. Let N be the nunber of nodes participating in the sum M be
the |argest oBuRless © Reummeds apdy P?ﬁ‘élj‘é%eP%Gﬁ’ﬁé’?‘%gqré‘uﬁ’é’%&fﬁﬁ‘éﬁthaﬁ% 211P

be a largeg p ned
nt oger sam i ob EhMEmER R iR Slmh 33fork WP fipghs It drn e BGratirl

need to (1) Asdotnlymebditage positive integer 211P to all the nunbers to be
summed so that they now becone non-negative. 10 (2) Do the unsigned integer
sum over the network. (3) Subtract (N * 2"P) fromthe result. 15 P is
chosen so that 211P > gl)@IMtﬁé\large?pos(tf%lﬁﬂegéNZhP tO8l tMRIdeRYoibe t he

conbi ni ng network. 2. bal Max and signed integers 20 These
operations are very sini| aummedsohagythsyabwhesonie sonrasgafivabove, except t hat
the final result is not the sumof the correspondi ng el enents but the

maxi mum the mnimmone. They relate to MPI MAX and MPI M N functions
in the MPI standard WI z?u]j(;}gehﬁg@%rmﬂegmhﬁlov‘th,eldm{,&ﬁent ation of gl obal
max is very simlar he i npl ementatrons of the global sum as discussed
above. 25

(3) Subtract (N * 2"°P) from the result.

15  Pis chosen so that 2P > M, and (N * 2" (P+1)) will not overflow in the combining
network.

2. Global Max and Min of signed integers

20  These operations are very similar to the global sum discussed above, except that the
final result is not the sum of the corresponding elements but the maximum or the
minimum one. They relate to MPI MAX and MPI_MIN functions in the MPI
standard with the integer inputs. The implementation of global max is very similar

to the implementations of the global sum, as discussed above.

25
(1) Add a large positive integer 2"P to all numbers to make them
non-negative.
(2) Do the unsigned global max over the network.
30

(3) Subtract 2"P from the result.

To do a global min, just negate all the numbers and do a global max.

YOR920020031US1 9



(1) Add a large positive integer 2"P to all nunbers to nmake them

non- negative. 30 (2) Do the unsigned gl obal max over the network. (3)
Subt ract WOIR0éa1om t he result. To do a global mn, just negatusozbicis he
nunbers and do a gl obal nax. YOR920020031 US 1 9 WO 02/069177

PCT/ US02/ 05618 3. d obal sum of floating point nunbers: The operation of
the gl obal sum of fl oati poi nt .nunbers is very simlar to the earlier
di scussed int gglo%%m&%gﬁgngmpt %%e inputs are floating point
nunbers. 5 For sinplicity, we will denonstrate summ ng of one nunber from
each node. To do an array sum just repeat the steps. The basic idea is to
do two round-The gueraiiontdi ¢hecglatml sumgef Mleatg pointhunibkys Eivexy dilndar totthger

maxi mrum of the exponent of all nunbers, Emax, .using the.steps outlined in
the di scussi ofRoHT disvussefl GHgger sums exasp{ Bt eyt fhedprits HefloatingPOIRLRRIG S e it s
| 'ocal nunier If’d}@irﬁﬁ('ialé){ ,%ve'v%ill}dgmgﬁ%hdtﬁéstﬁ%_ inF ofBhe hitRbdrafsh cATHIRE. 98 ﬁ!gOde

"iI" be X i, whose onen Ing The notation defined int

descri pti on ofn artayesufd, pishtepsatrthe sthpss conver si on corresponds to the
calculation, A i=2AP+2'"'[P-(Emax-E)-1] * Xi, [Eq. 1] 20 25 Wiere Ai is
an unsi gned integer. A global unsigned integer sumcan then be preforned

on the networihdisdsiRddédns 16 @y B dtduad RapyRihe cofBlind M@wbiknal sum A has
arrived at each node, the true sum S can be obtained on each node | ocally

by calculating S=(A- N* 22P) / 2P _1).
10 (1) Find the integer maximum of the exponent of all numbers, Emax,

using the steps outlined in the discussion of the Global max.

(2) Each node will then normalize its local number and convert it to
an integer. Let the local number on node “i” be X_i, whose
15 exponent is E_i. Using the notation defined in the description of

the Global sum, this conversion corresponds to the calculation,

A i=2"P+2NP—(Emax-E) - 1] * X i,
[Eq. 1]
20
Where A i is an unsigned integer. A global unsigned integer sum can then be
preformed on the network using the combining hardware. Once the final sum A has
arrived at each node, the true sum S can be obtained on each node locally by
calculating
25
S=(A-N*2"P)/ 2P -1).

Again, P is chosen so that N * 2A(P+1) will not overflow in the combining network.
30 It should be noted that the step done in equation (1) above is achieved with the best
possible precision by using a microprocessor’s floating point unit to convert

negative numbers to positive and then by using its integer unit to do proper shifting

YOR920020031US1 10



Again, P is chosen so that N* 2*(P+1) will not overflow in the conbining
network. 30 It should be noted that the step done in equation (1) above is
achi eved wbtok/osd1e7 best  possi bl e precision by using a m CcPOPrUSOBE®08 ' S
floating point unit to convert negative nunbers to positive and then by
using its integer unit to do proper shifting YOR920020031 US 1 10 WO

02/ 069177 PCT/ US02/ 05618 One nportant feature of this floating poi nt sum
algorithmis ‘t)ﬂ%ltm%@ﬁh@é“?%@f%@tﬂi)ﬁmg BO#RT $un aléﬁ@thfrhwdh@weaww 81l sum

there is no dgpe %ﬂsp}r&gge{mﬁ{éga Qi ®her®fs ddEepe éénﬁ rtﬁee& aurthEach

participating no e-exact’ sarre nu e after obal sum No
addi ti onal braadisastriddromm Bachgecticpatingadede wﬂlhgctehe;exapt samim mhnbes aftenthaal | y

t he case when .t flo n sum i s .inmplenmented through the
nor - mess agdopa st dva el breRtSa ot Aaec T & et PhRBdDgni s
that even sof {dugliyfHe\Wasdwhe HWAoSTE AR d1sbal SfthYs HASLABRE] & EHGhe SUTTS,
when integers are represented in 2's corrpl enentary 10 format, correct sunms

wi || be obt ai mstabmessaggpassingmetnasks | ow occurs on any final and
internediate results and the carry bit of the sumover any two nunbers are
dropped by the hardware. The sinplification of the operational steps to

the gl obal i nTiegerkillad®sh the @ttwill Gedd@hizk tisit 6BerCHNRS nativoklt RarlWeresapptsof t he
invention, as well as when the network hardware di rectly supports signed

i nteger suns @ily Bnggneddategensupp) whenintagarsdire regresersed B apPmplepieatary he
har dwar e gl fo%rﬂ&’tp%&% 054 4R ﬁe 661&‘3&?{1 Bﬂg? @&%&pﬁ&%c@ﬁr's oni@irg}é?lba{nhs from

unsi gned i'nt eger odve OW suchn as | nplenented on e superc

di scl osed i n ipfepmkdinRradultpahtic oaﬁpibitcba?&ﬁdmm oneer aﬁﬁiﬂ&ﬂurﬁaeks aredftoppedp! i fi ed
si gned int eger sum st eps coul d be: sign extend each _ integer to a hi gher

preci si on t o Bhibehardwere e slmhﬁeﬁﬂoawﬂ}eéwraﬁ@HWEﬂpa tetheglobal ingeger nad 0
Il th t 1, t
21 the oxt oS BlEpSHe Slme Qinid il BEXbb G PLRARG AIG & fnckBR o °
net wor k. The rdtwedk haedwdre dinedtly suppearts dignedantegertsunsivgth correct overflow
15  handling.

For example, when the hardware only supports unsigned integer sums and drops all
carry bits from unsigned integer overflow, such as implemented on the
supercomputer, disclosed in provisional patent applications no. 60/271,124 a

20 simplified signed integer sum steps could be:

(1) sign extend each integer to a higher precision to ensure no overflow
of any results would occur; i.e., pad 0 to all the extended high order
bits for positive integers and zero, pad 1, to all the extended bit for
negative integers.

25 (2) do the sum over the network. The final result will have the correct
sign.
The above can also be applied to the summing step of floating point sums.

With a similar modification from the description of the Global Sum of integers to

30 the description of the Global max, floating point max and min can also easily be

obtained.

YOR920020031US1 11



The above can al so be applied to the sunm ng step of floating point suns.
Wth a simlar nodification fromthe description of the 3 obal Sum of

i nt egers wo 028&1the description of the A obal nmax, floati rgTamsomosemsax and
mn can al so easily be obtained. YOR920020031 US 1 11 WO 02/ 069177

PCT/ US02/ 05618 There is also a speci al case for floating point max of

non- negati ve nber t he per n can be acc?ggl ished in ne round trip
i nstead of two"“rEbr? %’tﬁﬁ?é’?‘é‘ Hgg peipEmax of renspegative PBW ?‘Fdﬁ?l ng P0| nt
Bi nary Ari t el iohQLABE acdt Hahématonefr dd}ip FRAGHD TG PO REARS

addi tional |ocal operations dre requi recr ? 5 proper byte orderi n%;, each

node can |j ustthp(EEE 64 Smmﬂﬂdsfonﬂloam anttiBmmrygAmhmMr: KormaEaas imtrivetr off | oat i ng
poi nt fornmats i ke thpse used in s nal Processo somne
Pocal mani pui e MSHCBIETPBSEauRE o ANEioRaA BRI rEraoTs Bitte oi nl o
round-trig cag ?‘%{3’%‘%“%@ @Y¥@FhddR/cat ﬁ?bﬂit@h@ﬁurﬂ@&%ﬁﬂfed&ﬂmﬁﬁﬁén%oﬁ@' ng a

gl obal nmax on absolUte val ues. A obal all gather oOperation
usi ng i nt egerFaglothzalflogtimg fdint fprrohts) likel thosgarsedin sopwriigitalrBigeal Proagssorat ed | n

Figure 6. Each n de contri ute one nupber s. i_nal sult is
That  these ncitBBrog ERRIRHRGT ¥ Sopain RRIGmALET Rafired ofhg 1oy st

cor r espondi NGrohfd-WiEE dlstede afoﬁ{B?edl f?the i ofeeghiVenunibeidigy doihg @globapde 1
appear first in the final array, followed by nunbers fromnode 2, ..., etc.

This oper at iB#x entheiAbseldts vabieshe MPI_ALLGATHER function in the MPI
standard.;oThis function can be easily inplenented in a one pass operation
on a conbining 20 network supporting integer suns. Using the fact that
addi ng zero t4 @lobahdiegatlérepeation heing anegenglobersuneach node sinply needs to
assenbl e an array whose size equals the final array, and then it will put
its nunbers in the correspondi ng place and put zero in all other pl aces

correspondi n Hl?jk{ilaﬁ Hef GPBridn i9 iINRIrate@ #8 Figuft 6. CEachodk RbAGBH §H
arrays from gﬁe% es (%\%tefre ?I??é CorTglE Efsr% netwlt§u eac% n g &ﬁ © ave
the final arrayneennmbets. {The fmahtesultissloat tiede nmlnbertdmeput 1ptoemm'ray5mtIG obal
mn loc air%d nﬁeﬂ"‘ocaﬁoﬁJ gclmp %pcl)ril’]dtix(lagqto w elrg aey carrl%e from. For example, numbers from
node 1 appear first in the final array, followed by numbers from node 2, ..., etc. This

operation corresponds to the MPI ALLGATHER function in the MPI standard.

This function can be easily implemented in a one pass operation on a combining

20  network supporting integer sums. Using the fact that adding zero to a number yields
the same number, each node simply needs to assemble an array whose size equals
the final array, and then it will put its numbers in the corresponding place and put
zero in all other places corresponding to numbers from all other nodes. After an
integer sum of arrays from all nodes over the combining network, each node will

25  have the final array with all the numbers sorted into their places.
5. Global min_loc and max_loc, using integer global max

These functions correspond to MPI MINLOC and MPI MAXLOC in the MPI
30 standard. Besides finding the global minimum or maximum, an index is appended
to each of the numbers so that one could find out which node has the global

minimum or maximum, for example.

YOR920020031US1 12



These functions correspond to MPI M NLOC and MPI MAXLOC in the MPI 30
standard. Besides finding the global mninmmor maxi rum an index is
appended wo®meeah7 of the nunbers so that one could find orCTWishzbsemode has
t he gl obal m ni mum or maxi num for exanple. YOR920020031 US 1 12 WO

02/ 069177 PCT/ US02/ 05618 On a conbi ning network that supports integer

gl obal max, these functions are straight forward to inplement. W wll

il lustrate gl©@palcombiningretwerkathatesupngtscintegereglopd greax; these fungtions arqy,  have

nurrber Xj an a , Kj), the
node "j" onl dSt}a@gigorwafdtﬁ%lpnu %(taryeﬁgﬁalhﬁﬁgﬁdm?iﬁaﬁg%e 'un? 'onto t he
conbi n| ng netlmmbdé o, Al phdl, hwetxﬁgﬁher XaX andindehE_gnidetM betaligrge petegeri on,

each node woul d recei ve: 5 M K “e”re X = max(X ) is the maxi num val ue of
all X's, andahes Mypma W“i“é‘?i’é&%’(&%ﬂ‘{e& the maxi mum X. |f
there is nore than one nunber equal to the maximum X, then Kis the | owest
i ndex nunber. 20 dobal mn |oc can be achieved simlarly by changing X to
P- Xj in the above wh¥rje Pis a large positive integer nunber and
P>max(Xj). The idea of appending the index nunber behind the nunber in the
gl obal max or 25 m x operation also applies to floating pointing nunbers.
Wth steps simlar to tjyasg ; descri bed above in the discussion of the
procedure for perform ng the" gl obal sum of floating point nunbers. 6.

QG her operations: 30 On the superconputer systemdescribed in the

provisi Ori%l aastaesrllrtlgléle B.Rllt Ior(xzt%ttfle comnblmng network for global integer max. At the end of

the operation, each node would receive:

X

15 M-K

Where X = max(X_j) is the maximum value of all X_j’s, and K is the index number
that corresponds to the maximum X. If there is more than one number equal to the
maximum X, then K is the lowest index number.

20
Global min_loc can be achieved similarly by changing X _j to P — X _j in the above

where P is a large positive integer number and P>max(X_j).

The idea of appending the index number behind the number in the global max or
25  mix operation also applies to floating pointing numbers. With steps similar to those
described above in the discussion of the procedure for performing the global sum of

floating point numbers.

6. Other operations:

30
On the supercomputer system described in the provisional patent application no.
60/271,124, additional global bitwise AND, OR, and XOR operations are also
supported on the combining network. This allows for very easy implementation of

YOR920020031US1 13



60/ 271, 124, additional global bitwi se AND, OR and XOR operations are al so
supported on the conbining network. This allows for very easy

I mpl enentwDioenemf7 YOR920020031 US 1 13 WO 02/ 069177 PCT/ BE@A/S05EGESS gl obal

bitwi se reduction operations, such as MPI _BAND, MPI _BOR and MPI BXOR in the
MPI standard. Basically, each node just needs to put the operand for the

gl obal operation onto the network, and the gl obal operations are handl ed
aut omat i cal | yglbalhiteviseanedwetion opbrationsasibhtas MPL_BagVI2.aVPH ;RORuandns MPI LAND,

MPI _LOR and ca e. IL.npl ement ed. by . ' bit inth
bi t wi se oper Wﬁ‘l lﬁg?ﬁa@‘??é‘éeﬂﬂéfﬁ?%gﬁ@r S?ffgl%ggﬁfsgf‘%%hgg%ﬁgﬁe ?Il?fb"'l“id;s ae
gl obal barri efor gfeesdbdl @Peratiéh Sntb $he ABwHRC antBBe gidalGierdions el Handlei pr oceed
until all operands are 1njected into the network. Therefore, efficient MI

BARRI ER oper aduternatically byithehasdwangpl ement ed using any one of the gl obal
arithmeti ¢ operations, such as the global bitwise AND. 7. Operations using
both the torus and tree networks: 15 Depending on the relative bandw dt hs
of the torus arsdditioaglogiial\epdiationa MPIODANDE MPV &x0Read MPI diXOReanalsedsar y
conversions between floating and fixed point representations, it may be
more ef fi ci endmilgmented Byiust Using enshitindhediVise ORIEUNISks  si mul t aneousl y to
do gl obal floating point reduction operations. In such a case, the 20 torus
is used to do the reduction operation, and the tree is used to broadcast
the results Fioally,leactoafthe glebaloyperations also doplivy arglchat baries oparation; drhusisar e

known. However, in rior .ar t he broadcast phase is .also.dopne on the
Corus. Foib exoespe o Yyt oot HosEL g A rpuBT L MREEE FRE B ot 301 n
Figure 7, redighbADSTH oG08 RAVIIPT WRRRIIR! opérafithstanalse VediiPrentintddodes at
the ends of the rows. In particular,”in a sum 25 reduction, Figure 7

depi ct s node @R dnysmetafithy globa ekithmeti@pseratidng, gudhtasithe globadl biywvise ANDL
processes this packet by adding its corresponding el enents to those of the
i ncom ng packet and then sending a packet containing the sumto Q2. Q@2

processes this EfekionP¥sidsBbtdhd ofusedbtRePendirkg el ements to those of the
i ncom ng s
Depending on the relative bandwidths of the torus and tree networks, and on the
overhead to do the necessary conversions between floating and fixed point
representations, it may be more efficient to use both the torus and tree networks
simultaneously to do global floating point reduction operations. In such a case, the
20  torus is used to do the reduction operation, and the tree is used to broadcast the
results to all nodes. Prior art for doing reductions on a torus are known. However, in
prior art, the broadcast phase is also done on the torus. For example, in a 3 by 4
torus (or mesh) as illustrated at 30 in Figure 7, reductions are done down rows, and
then down columns by nodes at the ends of the rows. In particular, in a sum
25  reduction, Figure 7 depicts node Q20 inserting a packet and sending it to node Q21.
Q21 processes this packet by adding its corresponding elements to those of the
incoming packet and then sending a packet containing the sum to Q22. Q22
processes this packet by adding its corresponding elements to those of the incoming
packet and then sending a packet containing the sum to Q23. These operations are
30 repeated for each row. Node Q23 sums its local values to the corresponding values
in the packet from Q22 and sends the resulting packet to Q13. Node Q13 sums its
local values to those of the packets from Q12 and Q23, and sends the resulting sum

to Q03. Q03 sums its local values to the corresponding values of the packet from
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packet and then sending a packet containing the sumto Q3. These
operations are 30 repeated for each row Node @3 suns its local values to
t he correwpon@saig’ val ues in the packet from Q2 and send®crhmsoresus ti ng
packet to Q 13. Node Q 13 suns its |ocal values to those of the packets
fromQl2 and 23, and sends the resulting sum to Q3. Q3 suns its |ocal
values to the correspondi ng val ues of the packet from YOR920020031 US 1 14
WD 02/ 069177 REY/ Q83 nowdes theqgiohal sy, Hoprierzst, thieglgbelisam is gent over the or art

this global sypg r%t&(fri}tto 2l e cﬁﬁé’r nolhgsr {ﬂ%}g%&ﬁ%&sh%‘?reg ab sﬁcﬂf‘n %ttﬁg'ﬁ

(rather than on't ree as s ensi on rmre

nodes and to Thdéxgésioncto meors nodeslant & ahighsr ditriehsiondl barusisi withiy thmefbllﬁﬂyose
skilled in the %sesgﬁd wi thin the scope of the present invention. For 5
I

reducti ons o lmﬁwwé&anéfw%n&@comﬁthﬁp@smérw&pgorar%orused ina
pi pel i ned fax%ﬁﬁ&#bpls g?en;/lﬁffe rluftfbef bf@hﬁ%ﬁﬁﬁﬁ@f’éﬂacﬁ&ﬁﬁ@dsﬁan t Plﬁleﬁone

faster and nore e using the tr rat her t torus,

net wor k. Thi sfaslsom.| | ustrated in Figure 8. 10 Perfornmance can be optim zed
by having one processor handle the reduction operations on the torus and a
second processor handl e the reception of the packets broadcast on the

tree. Perfor ngoGeyd: e iiHéltﬂ?Sﬁch& g@ﬁahﬁh éﬁ%@dfon'é%'slﬂé}' and mdie efHETERY byof hops

in the reduction step. For exanpl packets could be sent (and sumTed) to

t he mi ddl e ofusingethe tres, rathat then theltarst metwork. é[ﬂnhleﬁllustreted@mﬁlgunﬁl n a

3-di nens rus, the strﬁ ht.forward extensi on, of {gﬁ (glove results in
o &

a singl Iel%nod% qrmadieq £ag b op rh%}}%m?l?@fe ProFsysqpbandle ‘YP™ensi on.

This has the op&a‘z@ﬂyeﬂtmsn@fana 2Qbdond P debds BartREI B rbpREPELHS phélicte
i ncom ng packets. For exanple, node 3z has to receive ackets from Q2z,

Ql3z, and Qo3readepst anfthe free. JPerfrmenessen fimhes be optimized My cmﬁ the fpmbehecome
the bottleneck irl‘t%e?«?a%rf{zl ﬁ@%OFBg%@R]ISlgfBa%ﬁetﬁ’%Jl(ngg Ocess é?fl)fta the

comuni cat i ons p ern so require e than 2

i ncom ng packi@g smiddle o thetrowb,rathéhihan tcsmblehdlsfmatr@dsl n F| gure 8. Inthis
Figure, node Q03z forwards its packets to node QOOz for summ ng down the
z-di mensﬂén In addition, node QOOz does not send its packets to node

In a 3-dimensional torus, the straightforward extension of the above results in a
single node in each z plane summing their values up the z dimension. This has the
disadvantage of requiring those nodes to process three incoming packets. For
example, node Q03z has to receive packets from Q02z, Q13z, and Q03(z+1). If the
20  processor is not fast enough this will become the bottleneck in the operation. To
optimize performance, we modify the communications pattern so that no node is
required to process more than 2 incoming packets on the torus. This is illustrated in
Figure 8. In this Figure, node Q03z forwards its packets to node Q00z for summing
down the z-dimension. In addition, node Q00z does not send its packets to node
25  QO01z but rather receives a packet from node Q00(z+1) and sums its local values
with the corresponding values of its two incoming packets. Finally, node Q000

broadcasts the final sum over the tree network.

While it is apparent that the invention herein disclosed is well calculated to fulfill

30 the objects stated above, it will be appreciated that numerous modifications and
embodiments may be devised by those skilled in the art, and it is intended that the
appended claims cover all such modifications and embodiments as fall within the
true spirit and scope of the present invention.
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25 QO z but rather receives a packet fromnode QO(z+l) and suns its | ocal
values wth the corresponding values of its two incom ng packets. Finally,
node QOOwWolmwmerdeasts the final sumover the tree networ k PCWUISOB0I6S | S
apparent that the invention herein disclosed is well calculated to fulfill
30 the objects stated above, it will be appreciated that nunerous

nodi fi cati ons and enbodi nents nay be devised by those skilled in the art,
and it is intWMHAT ISHGEAIMED Espended cl ai ns cover all such nodifications
and enbodi nents as fall within the true spirit and scope of the present

i nvention. YOR920020031 US 1 15 WO 02/069177 PCT/ US02/ 05618 WHAT IS CLAI MED
IS: 1 1. A net.hadn&hodef pepforinity @ithrhétiefunctidndnesingnshift uhd ogerateshi ft and
operate 2 procedure, .in a conputer system haying a distributed paral] el
torus arcHit eRIPEFIGIR A corpyfersystem iyangs dlﬁwiﬁ@fegcwil@f@w%@w? Q¥ithet hod
conprising t : Ie Sl nodes with the
sane set %f E@It%%u%é?érdg@é%%ﬁr ore %ﬂﬁgmgﬁ‘é’?cﬁg‘é‘ Hgalpgtt}hetn%ﬁsb oper ati on,
wherein edch of the nodes perfornms the 8 arithnetic operation on all of
the data values to obtaip a final, val.ue; .and 9 10, e ri that all of the
nodes of tsﬁe EPH@FWEBEWEP@?&e JFs :t]lh“tsiag’r‘?s%(’f?%gaﬁag‘?ei; 11 val ues in
the sane grder to ensure binary reproducible results. 1 2. A nethod

according to aim1, wherein the ensuring step includes the step of, 2
each node 7perpesfomning a glebajlasanetieraperationi whespioreach ofithehodss perfermethe i s

provided with .3 all of the d alyes.. 1 3.  A.neth ccording to Claim
D Oaherei i 1 rsimgs afteetcdtoa e e Semes CionfpiE 03 i B aeof 1 e
group recei ving the data values fromother nodes of the group. 1 4. A

met hod according to Caim1, wherein the nodes are connected together by
bi - 2 di rléct | ensuting thakall ofthe nedes of theagremmperéarsysaidglpbal @peratien gr gpf dsta

sendi ng tlrie d\zlia Tesif khuees%me%r&e? tb Qﬁsupeoaggryirgprgwciﬁie rréas%ft.é.ons over said |inks.

—

2. A method according to Claim 1, wherein the ensuring step includes the step of,
2 each node performing the global arithmetic operation after the node is provided with

3 all of the data values.

1 3. A method according to Claim 2, wherein the providing step includes the step of

2 each node of the group receiving the data values from other nodes of the group.

1 4. A method according to Claim 1, wherein the nodes are connected together by bi-
2 directional links, and the providing step includes the step of sending the data values

3 to the nodes in two directions over said links.

1 5. A method according to Claim 1, wherein the providing step includes the step of

2 each one of the nodes injecting one of the data values into the network only once.

6. A method according to Claim 5, wherein the injecting step includes the step of,
nodes of the group of nodes, other than said each one of the nodes, forwarding said

one of the data values to other nodes of the group to reduce the latency of the global

BOWOND

operation.

YOR920020031US1 16



1 5 A nethod according to Caim1l, wherein the providing step includes the
step of 2 each one of the nodes injecting one of the data values into the
net wor k owby2oeme7 1 6. A nethod according to Caimb5, wheCEusor/bsss
injecting step includes the step of, 2 nodes of the group of nodes, other
than said each one of the nodes, forwarding said 3 one of the data val ues

to ot her nodes of theé%rou? to reduce,.

¢ t he I_atg&% of the global 4
oper ati on.l YOR92GuemSer pestormi SliQBetionspisiig gaBiftsad pgerate; A syst em
for perfonm ngoaldurd il b Bﬁ{ SRS havis 4\Gis@ibaid HardMRtoPREL iR cirdlvagedur e,
in a conputeﬁ&gy§?€%1 af@ﬁ gpﬁkstr?gﬁﬁ%d Saraﬁ? I torﬁ% ar@ﬁﬁ?ecture W th
3 a nul ti tudea miultitndessidnterceohededmdes, the $ystesysinapnistmgrpri sing: 4 5 a group
of the nodes provided with the sanme set of data values; 6 7 neans for
perforninﬁ a global arithnetic operation, wherein each of the nodes 8
perfornms tshe é"gﬂohﬁ'aﬁﬂe(hoﬁwérrgtvfdgﬁ‘“@ﬂﬂtﬁéimﬁgseﬁg‘ﬁda@@{/ﬁué’sal ues to obtain a
and 10 11

final val ue; ans for ensuring that all of the nodes of the
group perféorm sai d gl obal operation 12 on the data values in the sane

order to ensure binary.reproducihle.results. .1 8.. A .syste ccording to

3 aim 7 dnor DR EEe bl B Bt e BRSO RS g ¢ he

gl obal ar igt hnRérformS BRY AithB B Adpefaion dnQieofahd @ita VilBed10dBtdifa BhOWallRd 3 wWith
all of the data values. 1 9. A?system according to Claim?7, wherein each
node of tKe gidup receives the data 2 values from other nodes of the
group. 1 JOO. A system according to aim7, wherein the nodes are connected
t oget her ]by bi- 2 directional |inks, and the providing neans includes neans
for sending theardadbeensuning thasalt of thbaodwdf shd grofip\perfbiriresiid global@peratisai d

links. 1 11. A systemaccording to Claim?7, wherein each one of the nodes
injects dde on thrgatayalngs i &5 IS888 OFdet & ensEredBIaR qurefﬁacgblwé@.t&

—

8. A system according to Claim 7, wherein the ensuring means includes means for
2 performing the global arithmetic operation at each node after the node is provided

3  with all of the data values.

1 9. A system according to Claim 7, wherein each node of the group receives the data

2 values from other nodes of the group.

1 10. A system according to Claim 7, wherein the nodes are connected together by bi-
2 directional links, and the providing means includes means for sending the data

3 values to the nodes in two directions over said links.

1  11. A system according to Claim 7, wherein each one of the nodes injects one of the

2 data values into the network only once.

1  12. A system according to Claim 7, wherein nodes of the group of nodes, other than
2 said each one of the nodes, forward said one of the data values to other nodes of the

3 group to reduce the latency of the global operation.

1 13. A program storage device readable by machine, tangibly embodying a program
2 of instructions executable by the machine to perform method steps for performing

YOR920020031US1 17



1 12. A systemaccording to Claim?7, wherein nodes of the group of nodes,
other than 2 said each one of the nodes, forward said one of the data

val ues t owotobesoimpdes of the 3 group to reduce the | atenegrafsoribssigl obal
operation. 1 13. A program storage devi ce readabl e by nachine, tangibly
enbodying a program 2 of instructions executable by the machine to perform
nmet hod steps for performng YOR920020031US 1 17 WO 02/ 069177

PCT/ US02/ 356 18itRmeti¢ funntdriscudinge shifrapd operategpracedhief in acommpersystempr ocedur e,

in a conpyter, system 4. havin di stributed rallel. torus architecture

Wt o i | (e SRR AR S L REHEE VEha it neSob PEESTsHES ol ng: 6
7 providi g effdls,dhe Mme@o@uRpStohpesingdes Wi th the same set of data val ues;
8 9 performng a global arithmetic operation, wherein each of the nodes

performs he 10 arithmetic operation on all of the data values to obtain a

final value; and.ll [ t hat £ 0, e group perform
said gl obgl 0%8%3{‘1%%‘%%%’1{?%%“8%3‘ e@ge%}ﬂ&g{se Slaﬁl%tsgg&@;d%ae‘t%é%ér to ensure

bi nary regroducible results. 1 14. A program storage device according to
Claim 13, wherein the ensuring step 2 includes the step of, each node

perforni n§ t HRErgramg a glpbal prthmeticgperationonheasin gach ofdhe gods perfpamythsyi ded
with all f teﬂﬁhg : I ccording to
Claim 14,1%vvher el ngt{“ﬁoeﬁl eg";rtg’gl?"é‘l a’r%lg&f? %éhtggﬁlﬂéﬁ@uoggagﬁ tg %gag‘?‘g%é’:anaeach node of
the groufdlreceiving the data values fromother 3 nodes of the group. 1 16.

A program storage device cording to Claim13, rein the nodes are 2
connect ed2t ogdEWaRE . pt 93‘ Qf?fﬁ? Bedes ohthe ?P?ﬂ(%?rf%amgo?ﬁlWFﬁp%oglt@_pfﬁ’itancI udes
the step 133 Qo381 HAaMBSrdR | fettRieilark SefrBuciiE fulefl T di rections over

said |inks. program st orage according to Claim 13, wherein
the providing step 2 includes the step of each one of the nodes injecting
f the dat I i ] . .
one o % a1 4('.i Avf)irogr%gl étgl:[age Eig\%ce asccg%gﬁlgm trokCI%rr]Ill ¥3,Qﬁq{:e(raem the ensuring step
2 includes the step of, each node performing the global arithmetic operation after the

3 node is provided with all of the data values.

1 15. A program storage device according to Claim 14, wherein the providing step
2 includes the step of each node of the group receiving the data values from other

3 nodes of the group.

1  16. A program storage device according to Claim 13, wherein the nodes are
2 connected together by bi-directional links, and the providing step includes the step

3 of sending the data values to the nodes in two directions over said links.

1  17. A program storage device according to Claim 13, wherein the providing step
2 includes the step of each one of the nodes injecting one of the data values into the

3 network only once.

1  18. A program storage device according to Claim 17, wherein the injecting step
includes the step of, nodes of the group of nodes, other than said each one of the

nodes, forwarding said one of the data values to other nodes of the group to reduce

LN

the latency of the global operation.
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1 18. A program storage device according to Claim17, wherein the injecting
step 2 includes the step of, nodes of the group of nodes, other than said
each one wbD othe137 nodes, forwardi ng said one of the data walrass2eswiot her
nodes of the group to reduce 4 the latency of the gl obal operation.
YOR920020031 US 1 18 WO 02/069177 PCT/ US02/ 05618 1 19. A nethod of
performng an arithnetic function in a conputer systemhaving a 2

mul titude lof Hbodmethndoimsnieaningdntzyithmeficdbagtionriae caapiksr kRystémahasinggor t s

i nteger 3. conpipin rall ons h LS tep f- 45

provi di ng zgag%uglftu‘% °§5‘§8§5t‘8%r dé’&é(té}gﬁ%g Og?gfé%éhﬁéﬂg(?h&gga&ﬁﬁd@tgg y ng each
of the fimst smhbifing operadiosh, (e hethed Edmprisisiethe RePs pf:ocess, to obtain a 8
respective second value fromeach of the first values, wherein all of the

second 9 Values are integer values; and 10 11 perforning a gl obal integer

conbi ne oper atj o, i ] . er the 12 network. 1 20. A
nmet hod acg’gr%‘Jﬁgﬁ%néu%glgﬁ?%@gpmggggﬁlmgggg%lﬁ%rm ng step includes the step
2 of perf@&mng a global unsigned integer sumover the network. 1 21. A

met hod according to Caim 19, wherein the perfqQrmng step includes the step
2 of perfdrmiPI§CsigeS %&ﬁﬁ%w@%@m ﬁg&/%?lr%t Hsf%ﬁétmg?qﬁ?, 3 ABtas? ng

results ofs 3csalglvOLRNAL vAIBX FEHLRRBE Heifl Vafeh APRHRMIURGIREL M OF the

first values. 1 22. A matﬁ according to Caim19, wherein the performng
st ep i ncl Wdesvalies as¢ mpegePvalfiespand or ni ng a gl obal naxi mum operati on over the
net wor k, wd using the results 3 of said global maxi num operation to
identify he minimumof the first values. 1 23. A system for perform ng an

arithmeting f ungidrRihg NglebsGnebérRombiiel (Pt dtio] WehgdsaiPsedbind Vlkdieowdr thodes
i nterconnected by a global tree network that supports integer 3 conbining
operation®, tieéwask hod conprising the steps of 4

1 20. A method according to Claim 19, wherein the performing step includes the step

2  of performing a global unsigned integer sum over the network.

1  21. A method according to Claim 19, wherein the performing step includes the step
2 of performing a global maximum operation over the network, and using results of

3 said global maximum operation to identify the maximum of the first values.

1  22. A method according to Claim 19, wherein the performing step includes the step
2 of performing a global maximum operation over the network, and using the results

3 of said global maximum operation to identify the minimum of the first values.

23. A system for performing an arithmetic function in a computer system having a
multitude of nodes interconnected by a global tree network that supports integer
combining operations, the method comprising the steps of:

a group of nodes, each of the nodes of the group being provided with first values;

a processor to process each of the first values, according to a first defined process, to

obtain a respective second value from each of the first values, wherein all of the

O 6 1 O W S~ W N =

second values are integer values; and
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5 a group of nodes, each of the nodes of the group being provided with
first values; 6 7 a processor to process each of the first val ues,

accor di ngwbe2aes1rT st defi ned process, to 8 obtain a respectrivse2eweond
value fromeach of the first values, wherein all of the 9 second values are
i nteger values; and YOR920020031 US 1 19 WO 02/069177 PCT/ US02/ 05618 10
means for perform ng a gl obal integer conbine operation, using said second
val ues, 101 omesnsifpreperborminga global integergompinecaperations upingpaidbsechad valnes,

wher ein Hne qg%paﬁng&wgﬁfforning includes 2 neans for performng a gl obal
unsi gned ‘integer sum oveir the network. 1 25. A system according to Caim
23, wherein the neans for performng step includes 2 nmeans for performng

a gl obal maxi mum operati on _over the network, and for using 3 resu|ts of
sai d gl obdl - ki KSR EFeRIiag to Qﬁqva'e%%pw Greimhige meen sxrfowgmci%ies 4

val ues. 1,26. ﬁ;;f q i i i ans for
perform n92 st%‘gm‘%*?’t C u@%ﬁgggalg%ﬁ%‘gdrl 0 n%’%dsﬂgeﬁfg%‘té‘?@%ggi mum oper ati on
over the network, and 3 for using the results of said gl obal maximum
operation to jdentify the minj of . 4 the first val ues. 27. r,ogr am
P or age_ddvi S At PRI LIRS 23 et ey P s B

| nstructi ons gxgRYbARRring I8oBRGHRLARUHOREALROILTRL Aol 4R8 filsing
performng an 3 arithnmetic function 1n a conputer system having a

mul titude 3of madssfisaitalaahmesinaun ogerbtoratogiaitdy therpaximammfitke fitsit supports
i nt eger c%nbiniqg operations, the nethod 5 steps conprising: 6 7 providing
each of a groYf‘&u f nodes with first values; 8 9 processing each of the
first values, according to a first defined process, to obtain a 10
respective second value fromeach of the first values, wherein all of the
second 11 lval 2fesA system pcengding va Clasm: 23awherein the means for performing step

2  includes means for performing a global maximum operation over the network, and
3 for using the results of said global maximum operation to identify the minimum of

4  the first values.

1  27. A program storage device readable by machine, tangibly embodying a program
2 ofinstructions executable by the machine to perform method steps for performing an
3 arithmetic function in a computer system having a multitude of nodes interconnected
4 by a global tree network that supports integer combining operations, the method
5 steps comprising:
6
7  providing each of a group of nodes with first values;
8
9  processing each of the first values, according to a first defined process, to obtain a
10  respective second value from each of the first values, wherein all of the second
11  values are integer values; and
12
13 performing a global integer combine operating, using said second values, over the
14  network.

1  28. A program storage device according to Claim 27, wherein the performing step
2 includes the step of performing a global unsigned integer sum over the network.
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12 13 perform ng a gl obal integer conbine operating, using said second

val ues, over the 14 network. 1 28. A program storage device according to
Cl ai m 27, wateneiin7 t he performng step 2 includes the stepcafusopofons m ng a
gl obal unsigned integer sumover the network. YOR920020031US 1 20 WO

02/ 069177 PCT/ US02/ 05618 1 29. A program storage device according to Claim
27, wherein the performng step 2 includes the step of performng a gl obal
maxi mum oper a?9-dnpiogem staeagadeviee Recording toClasn A¢, wheseintthe parfosming $embal

maxi mum o raf t I 30. A
program slt%gr a%le Q%S\t/t?lggggc%té % 01%1%% ”%ébgP Ign]a’gg‘uw\/\ﬁ% rMO% e the% o(?r%i gnngcjl step

2 includes3 t hesisgd Rpulesf offseidf ot ﬂ@xﬁm@h@ba’atl@fﬁw 1ﬂ"eﬁtif5m&rrﬁaxlﬁmmvﬁhe fikse

net wor k, and 3 using the results of said gl obal naxi mum operation to
|dent|fy the YABESum of the 4 first values. 1 31. A method of performng a
gl obal operation on a conputer systemhaving a 2 multitude of nodes

i nterconnected by a global tree network that supports integer 3 conbining
oper at i (r)rtr;SL t3i];b A@tdfgtmtncsmrmei c?vmg acdordif.ﬁgm ﬁ}lrfiimiﬁ?rbwhamin ?eqierﬁmimihgstep or
nore nu rs o assenbl, i t.he nunbers o s into an
rr oy The ar sl arer HB R pr e RE AR Y B T e e RETR A ng
step i ncl udi ngiddBe $¢ARS oPéai P globd mamﬁﬁﬁfbpzmn@wdehﬁ@ e tigimui®bethef t he
nunbers of the node into 11 one or nore of the positions of the array, and
putting zeéro fizstvadees. 12 into all of the other positions of the array, and
13 14 ii) using the global tree network to sumall the nunbers put into
each 15 position in the array.

1  31. A method of performing a global operation on a computer system having a

2 multitude of nodes interconnected by a global tree network that supports integer
3 combining operations, the method comprising:
4
5  providing each node with one or more numbers of any type;
6
7  assembling the numbers of the nodes into an array, the array having a given number
8  of positions, said assembling step including the steps of
9
10 1) each node putting one or more of the numbers of the node into
11 one or more of the positions of the array, and putting zero values
12 into all of the other positions of the array, and
13
14 i1) using the global tree network to sum all the numbers put into each
15 position in the array.
1 32. A method according to Claim 31, wherein:
2
3 the given number of position of the array are arranged in a defined sequence; and
4
5  the assembling step includes the further step of, each node establishing an associated
6  array also having said given number of positions arranged in the defined sequence,
7  and putting the one or more numbers of the node into one or more of the positions of
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1 32. A nmethod according to Caim31l, wherein: 2 3 the given nunber of
position of the array are arranged in a defined sequence; and 4 5 the
assenbl i igogkemirncl udes the further step of, each node eecahiSozbiomgy an
associated 6 array al so having said given nunber of positions arranged in
t he defined sequence, 7 and putting the one or nore nunbers of the node
into one or nore of the positions of . YOR920020031 US 1 21 WD 02/ 069177
PCT/ US02/ (561t 8ssopiatedastayi andamtting zeyo values ipafliof thy otherpogisioneef the al | of

t he othergposA%6%Q€d he 9 associated array. 1 33. A systemfor
performng a glo op ration on a conputer systemhaving a 2 multitude of
nodes i nterconnected by a gl obal tree network that supports integer 3

conbi ni ng operatl ons, the system cq r| sin of ngdes, each of
the group lof %d%éyﬂgvl %P%%@HHEWP 1 Q0Fis ?%Onaéomp\%‘ééﬁg tqyhavinganp) | ng

t he nunberys n numnber
of positi ons Rﬁi asse ‘?%eg“’%&e@%ﬁi‘{%%?b@?‘n%& %ﬁ\%ﬁgu orf lﬁ]ﬂegégutu ng
one or nor3e odormlhmngmebansnsothetslysatemcndﬁq)mi’ngt he 11 group |nto one or nore
of the posjtions of the array, and for 12 putting zero values into all of

t he other4positions of the array, and 13 14 ii) neans for using the gl obal
tree netwy k £ g%rﬁ&dest&%hewﬂaeg& J@loﬁb'sthdvﬁﬁgoorﬁ%'ﬁnd%gﬁhﬁqb&@ in the
array. 1 34. Asytemaccordlngto aalm wherein: 2 3 the given nunber
of positidn of the array are arranged in a deflned sequence; and 4

7  means for assembling the numbers of the nodes into an array, the array having a

8  given number of positions, said assembling means including

9
10 1) means for putting one or more of the numbers of the nodes of the
11 group into one or more of the positions of the array, and for
12 putting zero values into all of the other positions of the array, and
13
14 ii) means for using the global tree network to sum all the numbers
15 | put into each position in the array.

1  34. A system according to Claim 33, wherein:

2

3 the given number of position of the array are arranged in a defined sequence; and

4

5  the means for assembling further includes means for establishing a respective one

6 array associated with each of the nodes of the group and also having said given

7  number of positions arranged in the defined sequence, for putting the one or more

8  numbers of each of the nodes into one or more of the positions of the associated

9 array, and for putting zero values in all of the other positions of the associated array.

(S

35. A program storage device readable by machine, tangibly embodying a program
2 ofinstructions executable by the machine to perform method steps for performing a

3 global operation on a computer system having a multitude of nodes interconnected
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5 the neans for assenbling further includes neans for establishing a
respective one 6 array associated with each of the nodes of the group and
al so haviwg wasd7gi ven 7 nunber of positions arranged in tlaa/whet/nsesl
sequence, for putting the one or nore 8 nunbers of each of the nodes into
one or nore of the positions of the associated 9 array, and for putting
zero values in all of the other positions of the associated array. 1 35. A
progr am st4or agiea globalaeeemeadak tiat Bypports firteger combiying gpeeationdythaghethodr ogram 2
of instructions executable by the nachine to perform nmethod steps for
perforning a SePSFOBIPESINGper ati on on a conputer system having a nultitude of
nodes int%c%}gﬁg\s@dﬁ? #ORAR B3 olfRork itnbdf3; 02/ 069177 PCT/ US02/ 05618 4 by
a global tree network that supports I nteger conbining operations, the
method 57steps conprising: 6 providing each node with one or nore nunbers;
7 8 assenpling the nunbers of .the nodes into ap array, the array having a
gi ven nunter 358l tBF PPIE}E‘?,S of Q]edmoggsslgﬁ%qq HEYs 6‘%%‘?‘(}85 ﬁ(f“feﬁé%ﬂ%éaﬁs of
10 11 a. geacdf pyeridnd shid A3gniRgQtepTREIGdiAE tHeepswiber s of the node into one
or 12 nore of the positions of the array, and putting zero values into all
of 13 thé other positions of the array, and 14 15 b. using the gl obal
tree netwgrk to sum gl |l i Lt i

array. 1 °36. A netho .a%atgg?lgﬁﬁgmﬁ%geﬁiér% %%f\aﬁg[{rlgb;e?s @qﬁhg&gﬁ\r}{eﬂm{nﬁﬁber of
position iof the array amereasfitheg®itions ofthdaiiapechdymetinguess vaoek infd al éthe
assenbl i ng step includes the further step of, each node establishing an
associ at 5 array al sbeREer Besidansf gheasrayntitber of positions arranged in
the defingd sequence, 6 and putting the one or nore nunbers of the node
into one or nore of the positions of 7 the associated array, and putting
zero val uss in all ob. tisngthhgtobpbised netwmerkad strhall the numbers put into each

16 position in the array.
1  36. A method according to Claim 35, wherein:
2 the given number of position of the array are arranged in a defined sequence; and
3
4  the assembling step includes the further step of, each node establishing an associated
5  array also having said given number of positions arranged in the defined sequence,
6 and putting the one or more numbers of the node into one or more of the positions of
7  the associated array, and putting zero values in all of the other positions of the
8  associated array.

37. A method of performing an arithmetic function in a computer systems having a
multitude interconnected by a global tree network that supports integers combining
operations, the method comprising the step of:

each of the nodes contributing a set of first values; and

performing a global integer combine operation, using said first values, over the

00 1 O W bk W N

network.
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8 associated array. 1 37. A nethod of performng an arithnetic function in
a conputer systens having a 2 nultitude interconnected by a global tree
net wor k tweto2megaports i ntegers conbining 3 operations, treTrasviiosis
conprising the step of: 4 5 each of the nodes contributing a set of first
values; and 6 7 performng a global integer conbi ne operation, using said
first values, over the 8 network. YOR920020031 US 1 23 WD 02/ 069177

PCT/ US02/ 056138. 1A Zwthod aeeending taddainyd hgvhereicthe nerformingistapdneludesdhestep or i ng

operationd oo AmATEgts o nR ol ek Minbipelpeliioh B3eni JpiER AR "°

system f o3 pedsffth¢ fitsgalaes ari thnetic function is a conputer system having a
2 multitude of nodes interconnected by a global tree network that supports
i ntegers 3 conbi ni ng operations, the systemconprising: 4 5 a group of

nodes, eagh t b SLik f | . ues;
and 6 74 prosduna ottt Al aldds 3 cobhicP bston BhitEa 031 g
t he first 2valmelitude®fmvdes inteeconaestead by a globél troé reywedrk tha coppods igtegers Cl ai m
39, wherein the processor. inc¢ludes neans for 2 using results of the gl obal
i nt egers GonbioFPIBIHE CRETAHNS: HheiSYRAM OPPESPRar act eristic of 3 the first
values. 1441. A nethod of operating a parallel processing conputer system
having a 2 nultitude of nodes interconnected by both a gl obal tree network
and a toruds @Bgmoepwbnddessdach nEthemddesofthé gionp combistimgws setepfifing vebwgsandr
syst ens t% perform defi ned operations; and

7  aprocessor to perform a global integer combine operations, using the first values,

8  over the network.

1 40. A system according to Claim 39, wherein the processor includes means for
2 using results of the global integers combine operation to identify a characteristic of

3 the first values.
1 41. A method of operating a parallel processing computer system having a
multitude of nodes interconnected by both a global tree network and a torus

network, the method comprising:

using the computer systems to perform defined operations; and

N N AW

using both the torus and tree networks to cooperate on reduction operations.

p—

42. A method according to Claim 41, wherein the step of using both the torus and
2 tree networks includes the step of doing so by having one processor handle torus

3 operations and another processor handle the tree operations.

43. A method according to Claim 4], wherein the step of using both the torus and
tree networks includes the step of doing so by arranging the torus communications

so that, in a three-dimensional torus, no node on the torus receives more than two

HOW N -

packets to combine.
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6 7 using both the torus and tree networks to cooperate on reduction
operations. 1 42. A nethod according to Caim4l, wherein the step of using
both t he wonameant 2 tree networks includes the step of ®orngozesey havi ng
one processor handle torus 3 operations and anot her processor handl e the
tree operations. 1 43. A method according to Caim4l, wherein the step of
using both the torus and 2 tree networks includes the step of doing so by
ar r angi ng It he#4 oh psogEamstniageadaving seadsble bytrpaphine; tangiblyherakodyinghpriogran

torus, no,noder: [ t . Conbi ne.
Voroa00000a1 08 gl st sg e TRES IR fnol ﬁéb%lr{fg‘tg%e&n&s & age
devi ce r eddabpazalbel provedsinpeconipandishtymdiabing i mgjtitude rod godexintdroohnéctgi Byuct i ons
execut abl e by the chine to perform nmethod steps faor operatjng a 3

paral l el fr oME?ﬁg%eQweéwo PR RETPTS thﬁ?"(eﬂ’t"gcféepdpn}%’d 3
interconngcted by 4 both a global tree network and a torus network, the
nmet hod step conprising: 5 6 using the conputer systens to perform defined
oper at i on®, arsihg the gomputeysystents toiperformn defiraddpetations; aad wor ks t o cooper at e
on reduct i7on operations. 1 45. A program storage device according to Claim
44, wherei'n the step of using both 2 the torus and tree networks includes
the step @f dinbdiR tHitoAs uhd thredBetRbAGeS S68pefat&lan fdBcicH offeratdasat i ons and

anot her processor handle the tree operations. 1 46. A program storage
devi ce according to Cl aim44, wherein the step of using both 2 the torus

d i ncl : £ doi g by, ar. ' h
ommin; cath orb- coPpREn SF et 1Pt ERaRlng GiCHHin % SneBbh BBl B AT o/ s
receives 24 e erudadl trddhebR6iks irfclddes ﬂﬁmw-doﬂngdsabyﬂlaﬂﬁffﬁide%‘mdééwesSi ng

conputer systemconprising: 2 3 a multitude of nodes; )
3 handle torus operations and another processor handle the tree operations.

1  46. A program storage device according to Claim 44, wherein the step of using both
2  the torus and tree networks includes the step of doing so by arranging the torus
3  communications so that, in a three-dimensional torus, no node on the torus receives
4  more than two packets to combine.
1  47. A parallel processing computer system comprising:
2
3 amultitude of nodes;
4
5 a global tree network also interconnecting the nodes;
6
7  atorus network also interconnecting the nodes; and
8
9  means for using both the torus and tree networks to cooperate on reduction
10  operations.
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5 a global tree network also interconnecting the nodes; 6 7 a torus
network al so interconnecting the nodes; and 8 9 neans for using both the
t orus andworee®6giet wor ks to cooperate on reduction 10 opePariusny05618
YOR920020031 US 1 25 WD 02/069177 PCT/ US02/ 05618 1 48. A conputer system
according to Caim47, wherein the neans for using both the 2 torus and
tree netwgrks jnclude one process orus. o era ons a other

an
3 processdr t¥-nAgamEUteRsysRacH P%fq Gﬁgn ﬂ% wherein the, r ugjag poth
according o &ha Ca?fﬂgl%e nbbUEd § cfuﬁ@ oH@ﬁr’&Ees@&r todhde t&at b érgl‘?ons%na %&ﬁexand

tree networks in means or arrahgi ng the torus cohmunications so 3
that, is & thpreesssomtehsndladie tregrapsrations.node on the torus recei ves nore than
two 4 packets to conbine. YOR920020031 US 1 26
1 49. A computer system according to Claim 47, wherein the means for using both the
torus and tree networks includes means for arranging the torus communications so

2
3 that, is a three-dimensional torus, no node on the torus receives more than two
4

packets to combine.
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