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20 Barrier Networks' ;. U S. pafent. appldcaii;on, Seimi-al (Bl \ iR 030
(15273)), for &S?sispﬁf"é‘é‘ﬂng@éﬁa @lﬁaﬁﬁb%?%?‘éﬁ%?’@éwgé{dent appl I’cat |U§ﬁ
"SZ : : ?lhma{\lfj 3°(F I@B’@ant i QQRQQMAMT L'Wmd 20182 GUPBHS AMPUTERS the)Whold antents

on o ; .
Serial No. Ve dodonusolhich papimemy BoEROREd by st se b af Ll Bt e o
Techni que 25 f ' S ' g ; | foRb Serial No.
( YOR920020035 u@ﬁ’““?%a@??q’a%‘?@%ﬂ% ! s@"@.?ﬁ??ﬁ‘??ﬁ“’\qf?? o REE i ndovs:
U S. patent appbimmhlyeswneBecd-pénding UritebSprsdatotapaiicatiqnytiodon sy dats ’

(15000), oL pRaheiate ML b ARRTBR A ROSIIGNSERR | U,S pacen
E?I IFaIO(ﬁ; e]‘;sr U'ﬁhgdoﬁﬁﬁftgcﬁlts)ﬁr&&ex_i% ihetek asiif]@nyséqfomehéreinnm@amt applicatiodsence
for "Fault s Ojsaﬁgl&rp.fxpgﬁgﬁﬁziqﬁf}d&? yorpbHoodsus (155769 I qaNSL (15277))
Networking Routing”; U.S. patent application Serial No. (Y OR920020028US1
(15271)), for “A Global Tree Network for Computing Structures”; U.S. patent
app.ication Serial No. (YOR920020029US1 (15272)), for ‘Global Interrupt and
20  Barrier Networks™; U.S. patent application Serial No. (YOR920020030US1
(15273)), for ‘Optimized Scalable Network Switch”; U.S. patent application Serial
No. (YOR920020031US1, YOR920020032US 1 (15258)), for “Arithmetic Functions
~ in Torus and Tree Networks’; U.S. patent application Serial No.
(YOR920020033US1, YOR920020034US1 (1 5259)), for ‘Data Capture Technique
25  for High Speed Signaling”; U.S. patent application Serial No. (Y OR920020035US1
(15260)), for ‘Managing Coherence Via Put/Get Windows’; U.S. patent application
Serial No. (YOR920020036US1, YOR920020037US1 (15261)), for “Low Latency
Memory Access And Synchronization”; U.S. patent application Serial No.
(YOR920020038US1 (15_276), for “Twin-Tailed Fail-Over for Fileservers
30 Maintaining Full f’erformance in the Presence of Failure”; U.S. patent application
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Over head Link Level Checksuns'; U S. patent application Serial No.
(YOR920020040US1 (15278)), for "Ethernet Addressing Via Physical Location
for Massively Parallel Systens"; U.S. patent application Serial No. 35

( YOR920020M0LUIBIE91685274) ), for "Fault Tol erance in a Supe®&dHMIEB86Thr ough
1111111111111 *ACTI ONF WO 02/ 069168 PCT/ US02/ 05586 Dynam ¢ Repartitioning”;
U S. patent application Serial No. (YOR920020042US1 (15279)), for
"Checkpointing Filesystent; U S. patent application Serial No.
(YOR920020043US1 (15262)), for "Efficient |nplenentation of _

Mul ti di mensi onBynareRephtitioniog”; TF.Srpatent mpbn%nﬁegewcdeW9%$b| | el

(YORS. 20010211083 Dhfa? eBkndirBR e Pl Bftcatpbfcaslt Seral No.

Super conput er " [Y@RG20026043U8 16105262 ir Effictent Beplementdiion of Madipamsional 5 US1

(15263)), for "Smart .F dul es and..S n' . D ENTI ON
10 Field of thgaﬁqﬁf)\é‘h?’ia'lgwl\s/‘bl"rﬂ"so"i %1‘3@&%@%%’?%&’%%%&? %FMFP.‘Q% el d of
di stri but eds me gDy patERESDYUEatdA SeHANo. FRORDI20016200D82 €r5206)) fgn“Adbvely st em
software, and nore particularly, to a novel. net hoci and g_f)%at us for

i nt er connect i nylassivelyParsllel Swpeicempues; ngrU.§spateny application; Py-parallel;
di stributed-me Q%8 Sfiart Pad M16351e0 AndSystépe. Pri or Art

Massi vel y par aﬁgpggonpg%ﬂlsgl 1?%633’(&?25 f]gl so referred ){o as "ultra-scale
conputers”™ 20 or "superconputers") interconnect |arge nunbers of conpute
nodes, generally, in the form gf e aqul & such as grids,

| attices or tori. One problem POk o —.'- f@N ely parall el
systens isjphe efficient  conputati orField of teolnvestionve arithmetic or | ogical
operation involving many nodes. A 25 second problem commonly faced on such
systens is the efficient sharing of a limted nunber of external 1/0
connect i ons by rldinfhibf et iRferalp (X AR loP dBiribRtedanETEY nicasigsipaisiran

i nvol ving col l ective arithnetlc operations over nmany conpute nodes is-
iterative spar parallelremputerdesignoand system seftwase.rand meseparfienlarhb 6.3 RRVEL gl obal

method and apparatus for interconnecting individual processors for use in a

v/

15  massively-parallel, distributed-memory computer, for example.
Discussion of the Prior Art

Massively parallel computing structures (also referred to as "ultra-scale computers"
20 ~ or "supercomputers") interconnect large numbers of compute nodes, generally, in

the form of very regular structures, such as grids, lattices or tori.

One problem commonly faced on such massively parallel systems is the efficient
computation of a collective arithmetic or logical operation involving many nodes. A

'25  second problem commonly faced on such systems is the efficient sharing of a
limited number of external IO connections by all of the nodes. One example of a
common computation involving collective arithmetic operations over many compute
nodes is iterative sparse linear equation solving techniques that require a global
inner product based on a global summation.

30
While the three-dimensional torus interconnect computing structure 10 shown in

Figure 1 comprising a simple 3-dimensional nearest neighbor interconnect which is
2




i nner product based on a global summation. 30 While the three-di nensional
torus interconnect conputing structure 10 shown in Figure 1 conprising a
si npl e 3-di mensi onal nearest nei ghbor interconnect which is 2 WD 02/ 069168
PCT/ US02/ OpEB@®/06s968pped” at the edges, works wel |l for nostPCI{[$8H05586

I nter-processor conmunication, it does not performas well for collective
operations such as reductions, where a single result is conputed from
operands provi ded by each of the conpute nodes 12, or efficient sharing of
limted resources such as external 1/0 5 connections (not shown). It would
t hus be hi ghl y “weanpedibatdhe edges, sxorksevelhfonmoptdypes of interaseqessoiput i ng :
architecture t . i ' s kLNg nodes
optim zed | for Bppayta ikt oG B HF DA ARrartht GEA S T

oper at i ons i nclredtictionst where akfhgieagstiltris ngmputedfrdm aperahdsgiroddedilsyr each ofithesuch
as gl obal reduction co atiogns., .data L St.ri.bution, synchr.oni I on, and
limted resour é’gmgﬂtﬁr"loﬁ%.ul Tﬂ'é&ﬁﬁlFWéﬁa%(ﬁJél 1{e9ir?s9ur8f§ ﬂ’i‘%ﬁs %ﬁ%@ﬂz‘a‘%t wor ks
such as thest orchsnertiénsI(hotdhywhpt fully suited for this purpose because of
| onger | atencies. 15 That is, nmere nmapping of a tree conmunication pattern
onto the physical torus interconnect results in. a tree of greater depth
than i s necess ' J ; | imgl] acent on
the torus, or g{\tv?ﬁelg dﬁ\ngtbﬁﬁr%ir?é%{sg e{?gbﬁgéwgg??mggﬁgﬁ%%g%%ﬁhn@gut ose nodes
are not adj acemtchitectutedhat somprises a uoique interconnoctiontof praskssingtriodes abimigesk at i ons

nost efficientl en i nterconnect.resources,.ar |1 . ee
network is reqtf%/rre\gﬁ?le ‘iye*!“, rﬁ'%&%@ﬁﬁﬁé‘?%‘?fﬁseﬁﬁtﬁéﬁ% h@é&rdtﬁ:rgﬁ]és{:et I ons
bet ween nages réquiring glébal adtimetio bperatidns @ch aSEuBI¥dwdiofl kmpitaiods) dath 25 | t
I's an object of _the present invention, to provide a system and nethod for
i nt er connect i ng‘lmt‘w’oﬂﬁ?hfﬁ?‘%’%sﬁnﬁg“mfﬂégsoweéh"(%‘ﬁputi ng structure so

t hat they _

The normal connectivity of high-speed networks such as the torus are simply not
fully suited for this purpose because of longer latencies.

15 _
That is, mere mapping of a tree communication pattern onto the physical torus
‘interconnect results in a tree of greater depth than is necessary if adjacent tree nodes
are required to be adjacent on the torus, or a tree with longer latency between nodes
when those nodes are not adjacent in the torus. In order to compute collective

20  operations most efficiently when interconnect resources are limited, a true tree
net“fork is required, i.e., a network where the physical interconnections between

nodes form the nodes into a tree.

SﬁMMARY OF THE INVENTION

25
It is an object of the present invention to provide a system and method for
interconnecting individual processing nodes of a computing structure so that they
can efﬁcientiy and reliably compute global reductions, distribute data, synchronize,
and share limited resources.

30

It is another object of the present invention to provide an independent single

physical network interconnecting individual processors of a massively-parallel,
3



can efficiently and reliably conmpute gl obal reductions, distribute data,
synchroni ze, and share limted resources. 30 It is another object of the
present invention to provide an independent single physical network

i nt er conneW™a 02¢P69168li vi dual processors of a nassivel y- par aPCEUSIZ055§9

02/ 069168 PCT/ US02/ 05586 di stri buted-nmenory conputer that is arranged as a
tree interconnect and facilitates global, arithnmetic and collective
operations. It is still another obj ect of the present invention to provide
an i ndependent single physi cal netmork | terconnectu@g IH8IVI ual

processors of A @WWWW@ thatjs STANESY A8 4 1Hg HTGO dacilitptes

arranged as a HHnfeficlaRd &41ceMESeratiBhs. Provi di ng external

(1 nput/ out put)%gé service functlonf';lalll tsy to one ornore nodes of a
virtual tree network which is a sub-tree of the physical network. Such a

gl obal tree i r '

keepi ng messag(réiI ﬁéﬁﬁ%ﬁ%@ {‘@#%Q@%ﬁg@gﬁﬁ%n%gﬂo%te?grutdse%draggtfs;i"n conputing
structure. Acc@hgsical netwotl 'fntérmmattmgﬁndimﬂml prqcsssprsmf i dredisively-patatieh, and

met hod for enab).i I gh- speed W- | at enc ni,cald pps among
processi ng noddst nﬁﬁ?‘g?ﬂg&q té@%}sfrﬁﬁg‘%&g O?D& n%clpﬁ&k Ucture. The
gl obal tree netppsfiding extemial WuWu@me%d@wvicetﬁﬁncﬁ&nmdminle@ﬁmmmﬂm ons to
be perforned during paralle

orithm operati ons, executing in nput er
structure havi ®§ aazlrmahm mqtyorgfwtyﬁbls aiSpR- B'P%%ﬁfhéﬂlﬂiétfab?eé‘ﬁ%sgﬁ‘fé‘ aré@é"i
Rout er devi ces ee via
links to faci.li ?%b%éwgfs&agﬁ@?%{‘ P%&@Ebg%gydé % s %%ﬂg{laéltsnlgﬁaéé
oper ati ons 18t nafficoffbf 4 nessagepassiag ndrugerrgridicompoting srustuzg.e | ncl uded t hat
allow for the 20 definition of "virtual trees" which constitute subsets of
the total nodes in the tree network. The gl obal operations include one or
nore of . gl obalsdkbfantiche inp@itioh,) there is tovided 4 8awnd dndhahodofor emubling t 0 | eaf

nodes of a virtual tree, global reduction .operations stre m from | eaf
nodes to root rﬁ’é&l\ssﬂeﬁﬂ’t]%‘téqﬂﬁf"?cﬁ’lﬁéﬂ ba} cqmmunicatj &ﬁ‘?ﬂ e‘ﬁ%‘i‘ ssage passing

from any node tlﬁ’teﬁcaﬁéc%tacm&iiﬁ% td'a ﬁ'&eneYWcSrkldﬁ*ﬁctﬁr"ee%e Qﬁﬁalrtﬂié@le%rl@f the
virtual tree network Is cou to and functions as an 1/ O node for
provi ding 15 optimally enables collectwe reduction operations to be performed during parallel

algorithm operations executing in a computer structure having a plurality of the
interconnected processing nodes. Router devices are included that interconnect the
nodes of the tree via links to facilitate performance of low-latency global processing
operations at nodes of the tree. Configuration options are included that allow for the
' 20  definition of “virtual trees” which constitute subsets of the total nodes in the tree

network. The global operations include one or more of: global broadcast operations
downstream from a root node to leaf nodes of a virtual tree, global reduction
operations upstream from leaf nodes to root node in the virtual tree, and point-to-
point message passing from any node to the root node in the virtual tree. One node

25  of the virtual tree network is coupled to and functions as an /O node for providing
I/O functionality with an external éystem for each node of the virtual tree. The
global tree network may be configured to provide global barrier and interrupt
functionality in asynchronous or synchronized manner. This is discussed in co-
pending application U.S. patent application Serial No. (YOR920020029US1

30  (15272)). Thus, parallel algorithm processing operations; for example, employed in
parallel computing systems, may be optimally performed in accordance with certain

operating phases of the parallel algorithm operations. When implemented in a
_ R 4



| /O functionality wwth an external systemfor each node of the virtual
tree. The global tree network may be configured to provide gl obal barrier
and interrupt functionality in asynchronous or synchronized manner. This
i s di scussab da6ew8 pendi ng application U S. patent appli ®ETTUSH2/E5686 al No.
(YOR920020029US1 30 (15272)). Thus, parallel algorithm processing
operations, for exanple, enployed in parallel conputing systens, may be
optimal ly perfornmed in accordance with certain operating phases of the
paral l el al gorithm oper ations. Wen i ng_eerrent ed in a 4 WO 02/ 69,1Eh€:3yb

PCTI US02/ 05586 massiye lypasallgksupercempusingshrueiis, the globaktregmetyrark is; tBbal tree
network is phygp Fd&k Yﬁ%tl Rﬁ)‘l@éﬂc&r&%m&de@d}%?'a%r&%s% i1gdtith, the needs
of a processing a n a nassi y parall conputer, all of the
conput e nodes generally reqU|re access 5 to external resources such as a

filesystem Th roble f,ficientl ri | jp I xt er nal
1/ 0 connecti oni“gmaésége &ﬁ%‘éﬂ“%‘e&&g{’%@‘? %‘Bﬁ\}t?&?%gg%ﬁ%ﬁlwgg‘%en%ec lon is
si gni fi cantky h&eﬂeﬁaammréebeuamta fidésystemi MHe piobilend ofetigienitly shaxieg a -
Ther ef or e, eff|C| ent sharl g of .the 1/0 connections insure

that. 1/ 0
bandwi dt h does linitsd external{/O; Gognectiens %E%Q?Fa"fSBFhesfﬁft‘ng%"& PERTh ¢y
Assuning |ini t%%h,mcﬁan £Qi i QR Righdr tha! tROBSE6H an lhmeldmsaon@htel roident

network for sharing a single resource, in terns of averaq}e | at ency, is the
gl obal tree, widews qrb,eefémmt@uammstf@wdéo cenngetions énspres that P bapdwidihedoes oy

gl obal and col | t i .to

i nt er connect {@%#&%‘ﬁe%@g@s &%f &Ed\}-ggtéi? ‘}*‘2{%’35 e‘rﬁﬁgs?l 0 ‘T"lé@ﬁﬁlglg&nany,

smal | treed0w tphockésor fmodnnhcte&eatosttdfﬁcwmmtwoﬂeﬁmshmng al singlgeresouzee, onpri ses

Fi1 esyst em 17 0 WsaH Aisrads eney isgRe @i s uirbe SdRbtet A R 1 o

the roots of apptReRfdeat €l y-sized subtrees. Additionally, filesystem1/0
requires point-to-point messagi ng which is enabled by the present 20
invention and is not required for collective operations. Advantageously, a
scal abl e, massi | RO Ylshigle, e tp&rxﬁ‘at Buskd® in@kdRAdet t F €€
net wor k of thel:‘()ie %anﬁa%ﬁc%)@éc&g%ﬁﬁ@t eg ﬁ%’r paral | el yal gorithns perfornmed
in the fielld ofalliprécesscs. duvesyer, filesystem I/O requires many, small trees with /O

facilities at the root. Because a large tree comprises multiple, smaller subtrees, the
single, large tree may be used for filesystem /O by strategically placing external
connections within it at the roots of appropriately-sized subtrees. Additionally,
filesystem 1/O requires point-to-point messaging which is enabled by the present

20 invention and is not required for collective operations.

Advantageously, a scalable, massively parallel supercomputer incorporating the
global tree network of the invention is well-suited for parallel algorithms performed
in the field of life sciences.

25

BRIEF DESCRIPTION OF THE DRAWINGS

Further features, aspects and advantages of the apparatus and methods of the present
invention will become better understood with regard to the following description,

30 appended claims, and the accompanying drawings where:



25 BRI EF DESCRI PTI ON OF THE DRAW NGS Furt her features, aspects and
advant ages of the apparatus and nethods of the present invention wl]l
beconme better understood with regard to the foll ow ng description, 30
appended cWQ#69%8d t he acconpanyi ng drawi ngs where: 5 WBCHASOREI
PCTI USO2/ 05586 Figure | depicts a three-di nensional torus network .

I nt erconnecting ei ght conputing nodes; Figure 2 depicts an exanple of a
typi cal systemincluding thirty-five (35 nodes 5 (represented by
circles), and a tree network 100 connecting all the nodes. Fjgure 3

i |l ustrates thdiguei depists pithree-dimeasignal forppigtwprk pigrconnechig ighHOmPUERE ¢ he
gl obal tree netwark of Figure 2. 10 DETAILED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS The présent invention nmay be inplenented in a conputer
structure such as described in herein-incorporated, comonly-owned,

co-pendi ng United State Pat ent, £ [.catd [; 2 15275]
whi ch descri be??%"ig%ﬁ%étéfan R}éasmsqlc\a/éﬂ; %@gﬁrﬂé&r léﬁ%@o#&uﬁ%ﬁ&%ﬁ%@?ect ure in
the form of 5a t(fepresentel biecirdlesfahd & aeeiscterorki if0ednneotiniedll themogesocessi ng power

on the order of teraOPS (trillion floating-point operations per second)
for a wide range of applications. The Massively Parallel superconputer

archi tecture, iwg&mﬂ%&g%& fheba S CHitdERI of HHRGRE UG infpiidntedds tRS, 536

processi ng nodes organi z as a 64x32x32 three 20 dinensional. torus with
each processi nglotabitrecnptmerktoffiguee i x (6) nei ghboring nodes 12. Figure 1
shows such a torus consisting of eight (8) nodes 12, and it is clear to

see how this interconnect scales by increasing the nunber of nodes 12 al ong

all three1di nensi orBETXLED DESCRIPTIONOF THE PREFERREDIEMBODIMENTS be

| everaged to hundreds of teraOPS for applications that require
significantly nore conputation 25 than comruni cation or which require only
near est nei ghbomegpsBIhveRtioPMEy bé impleheiitdinheompaer stheade sithtast he present

;B\égp t(:;lo(r)rgupg?/_ tzi%scgrirlr)gcll iennlllaerr]éig-(ijnclorr-})orrg%n , c_grgurr]xgrrﬂy-o%(r)ne ,uéo?pren 1tnrg Tfntitléé §§atet§e5| des a
Patent Application ____ [YOR920010211US2, D# 15275] which describes a

15  novel Massively Parallel Supercomputer architecture in the form of a three-
dimensional torus designed to deliver processing power on the order of teraOPS
(trillion floating-point operations per second) for a wide range of gpplications. The
Massively Parallel supercomputer architecture, in the exemplary embodiment
described, comprises 65,536 processing nodes organized as a 64x32x32 three-

20 dimensional torus with each processing node connected to six (6) neighboring nodes
12. Figure 1 shows such a torus consisting of eight (8) nodes 12, and it is clear to
see how this interconnect scales by increasing the number of nodes 12 along all
three dimensions. With current technology, this architecture can be leveraged to
hundreds of teraOPS$ for applications that require significantly more computation

25  than communication or which require only nearest neighbor communications. It
should be understood that the present invention may be implemented in many other

computer structures besides a supercomputer.

As mentioned, the interconnect network connecting the torus processing nodes
30  works well for most types of inter-processor communication but not for collective
operations such as reductions, where a single result is computed from operands

.provided by each of the nodes.



As nentioned, the interconnect network connecting the torus processing
nodes 30 works well for nobst types of inter-processor communi cation but not
for collective operations such as reductions, where a single result is
conput ed f WOW2068¥68nds provi ded by each of the nodes. .6 ROTAEIHESI6S

PCT/ US02/ 05586 As described in herein incorporated conmonly-owned,
co-pending United States Patent Application No. [D#15275], the npst

ef ficient nmechanismfor performng a collective reduction operation on the
torus, in terms of mninmum5 latency, is to provide a true tree network,
I.e., a network where the physical interconnections betmeen nodes formthe
nodes into a tr

i nventi on, ef-qi)r elen ne@glilquigﬂ’%mtt&i %8{315 Iy it;V gd[ %g@ te]gltégspt urality of
i nter connect ed PamntAppld:a&mmNs _one_ [mismﬁd,ehdmost@fﬁmcrEmhm&r provi des

three "child" ports .and arent " ctively
enabl ed. Two C%Fﬁmegﬁg@gvgﬁflﬁt@pgﬁ ratfddl %‘rﬂgﬁ °é“s‘ F‘g‘p ?#01%'3{%%@ Mbr e
chil dren reguceatédty, 1@ providefa tiuberet hétorkot.c.condteoik winge theghisiead t o reach
the root. Thus, nore ¢ Idr en can red e latency for collective
operations at ﬂﬂfé’%&%&‘@ betyreepppdesif ‘?‘EBﬂ dAtp g e The tree is formed by
starting with a "root" node that has 15 no parent (i.e., nothing connected

toits parent port). The root node forns the topnost "level” of the tree.
The next |evel Thowaceosdingfoaprefoyred smhedimentpf Shecinyntionss glokal treqpetwgrk iss

child ports toppogéfeptmﬁ%@gn?eg a%@tﬂﬁfty BPHF {)O(ZLP%J\}VEHI %ome &Acs; onteg‘r%r houet  node

Is the "parent' he "no eve 'S process continues
recur si vel YyountASICnBabhsowtercproeidesthrbe t*thikd” Ipamaamlmm HMpdremt? poxtj each of whichi ng

o orreq t o as ik saeiyey subied, FVp Bl forfdre gl Id st ¥ e MRl Mo
exanpl e tree nehiifekrelite hé h&E&Lb’f@xe&reer&dﬁn&cudﬂ&eqlﬁreﬁh@rdadomem@de and t he

| eaves are the nodes 120 at t bottom farthest fromth &t node.

referred to hefbih mareehildsensangeduse thedatencydor qollariivg "PFFé“?"&d"t‘ |°§P?‘1§Fer r ed
to as "uptree” gn%ié &r&ﬁhé&ipg@tme h-Eé‘x‘é%r'n{bﬁ b@wlﬁgm h A@oPGRHe tHapHay d t he

| eaves is 25 re erre to as owntree” traf be described in
great er detlai | potphrent (i.eq notbingeohnecte to mpamt; parth umeaotmrode forms the

topmost “level” of the tree. The next level down is formed by connecting one or

more of the root’s child ports to parent ports of other routers. In this case, the root
node is the “parent” of the nodes in the level below it. This process continues
recursively until nodes are reeched that have no children (i.e., nothing connected to

20  any of their router’s child ports). These nodes are referred to as the “leaves” of the
tree. For example, as shown in the example tree network 100 of Figure 2, node B
110 is the root node, and the leaves are the nodes 120 at the bottom farthest from the
root nod.e. As referred to herein, data moving up the tree, toward the root, is referred
to as “uptree” traffic while data traveling away from the root, toward the leaves is

25  referred to as “downtree” traffic.

As will be described in greater detail, the tree network may include a number of
independent “virtual networks”, supported by virtual channels on the links
interconnecting the routers (nodes). In order to share the links, virtual network data

30 streams are packetized and interleaved in a fair manner. Each of the virtual
networks has its own storage resources, and a functional deadlock in one will not
affect the other.



I ndependent "virtual networks", supported by virtual channels on the |inks
I nterconnecting the routers (nodes). In order to share .the |inks, virtual
network data 30 streans are packetized and interleaved in a fair manner.
Each of thWOY691%8 networks has its own storage resour c®ET/USHHOSA86
functional deadlock in.one will not affect the other. 7 WO 02/069168 .
PCT/ US02/ 05586 Each virtual network nmay be further subdivided into virtual
trees (or sub-trees), which may or may not be independent (w thin each
virtual network). Any node may be configured to be the root of one of
sixteen virtual trees. A virtual tree conprises 5 the node designated as

the root and a'Eacmirﬂ'u?&eﬁ»b&&%@me;mﬁh@&Mdi@aednﬁﬁqsnﬁdna’eesc”(besxmLms,

designated as roots of the same virtual tree nunber, and b) children of
nodes sati sf yiwhichanay qtiaaenalbe independent (within eaehoviztuglinetvarkle ARy medemay ya)
tree nunber ca | ‘ ' dj _apﬁlé can.
10 Nodes nay b@g%’ﬁq@\éﬁ%ﬁg?}%@%@r%ﬁoﬁ gg%l’éttel&ﬁﬁg}l]@nt}ﬁgsﬁb}é&{lﬁ{ V|ertu %s'rsees,
or none. |f5 t higyndderdesignatel 3.thd foerandadlyof éts ehikirere,cixeept pnddes thataralalsot r ee
semantics, such as contributing operands to reduction. operatipns. As nodes
may partici pat designated %sifﬁ?téo{‘%‘Fg%'E‘gW@&é@S P“‘E‘h%tya'@t&g&% P?’i’/o Svirtual
tree nunber for,@yahY o)) afteRiforeRY virfthBides With ¢he sAméivirhiaf iredRinilr kannb® An
exanpl e tree structure 100 used i n accordance with the invention is shown
in Figure 2. yedapphuttvighed! sreesywittdifforeat munghepi eehs an exanpl e of a virtual
tree network including thirty-five (35) nodes (represented by circles),

and a tree network 100 connecting all the 35 nodes. The tree network 100

i s used fon0gl MNales may be tonfigaredria p@ticipate ilanygtumber of vittud) ereele srnonself i n
greater detail., For the r e of input/o ut . (1/ n soqurce sharing
with external §l§,§rtp@ﬁt§1pa§£§|eﬁg€egsar%?xqeﬁtgé @é%ygll&e;?@qnﬁﬁ%ﬂ%@ﬁ% 100 of
Figure 2 are grcahtpigatingdperdndy ® redictio® Speratidnk.aap nodes maytpatticipatdintnndtiple
referenced in I:jﬁ%lure 2 as virtual trees 1 - 5. That is, e CF‘aof. fhe virtual
sub-trees is ivirthat Heasathey mustoipeqify asyirtus Giee aumbgriey ‘?YCW"@‘?‘ yagectineo
respective nodgq,i&t;a}?e%,gﬁ( 25 113, 114 and node 110 at the root of each

respective sub-tree I ncl udes an
15

An example tree structure 100 used in accordance with the invention is shown in
Figure 2. More particularly, Figure 2 depicts an example of a virtual tree network
including thirty-five (35) nodes (represented by circles), and a tree network 100
connecting all the 35 nodes. The tree network 100 is used for global reductions and

20 broadcast as will be described in greater detail. For the purpose of input/output (/O)
and resource sharing with external systems, the nodes of the example virtual
network 100 of Figure 2 are grouped into five (5) non-overlapping virtual sub-trees
referenced in Figure 2 as virtual trees 1 - 5. That is, each of the virtual sub-trees is
indicated by a different number within the circles. The respective nodes 111, 112,

25 113, 114 and node 110 at the root of each respective sub-tree 1-5 includes an
interface connection to the external system (e.g. host or file system). Therefore,
each 1/O connection handles all the traffic for the seven (7) nodes of the sub-tree
whose root it is connected to. In the preferred embodiment, the node at the root of
each sub-tree is dedicated to I/O, however, this is not always required.

30 '
Referring to Figure 2 and virtual tree number 1, with Node A 111 at its root, a

typical node 115 desiring to send data out of the structure passes a message up to the
8



I nterface connection to the external system (e.g. host or file systen).
Therefore, each 1/0 connection handles all the traffic for the seven (7)
nodes of the sub-tree whose root it is connected to. In the preferred
enbodi nent WQ 6p06ps8e at the root of each sub-tree i s dediP€A(USH2/955861/ O,
however, this is not always required. 30 Referring to Figure 2 and virtual
tree nunber 1, with Node A 111 at its root, a typical node 115 desiring to
send data out of the structure passes a nessage up to the 8 WD 02/ 069168
PCT/ US02/ 05586 root node | | | of the virtuyal tree where it is forwarded to
an external come@odehll offthe wirtupitrepiwhgreshisiioravagded do prexteraglopRectighmect i on
may be forward t&&ri@in?%éfﬂ?&%k{tﬁgarl nBRRF SHBetRA el beTYrwiddddto @ phitiRame ast

filter that filters ou _ nodes as described in greater detail
herei n. Furt hemodesugh las 1 }ebpansingmbropdeass fidtenthabitltess outiall othegnedesiast r ee

net wor k, parti W Lh T . ' ' i
pr ogr ammabl e p@%ﬁ’%" %%l% na a‘gfaﬂgmﬁé{)eui %Jéﬁ%ééstggﬁ%a}a{ug%g@? géﬁﬁ‘ﬂgﬁft‘}‘%ut put,
]E)rog&a_m Ihoad_, gmb_atmanmvmg,qziﬂmﬂarWifﬂﬂemecjmlfumﬁnhaliw‘sumoﬂing debug can be
ound in herein- incorporated, - d,. - di U S Pat ent
N o e

YOR982001- 1009 0ad]16ysRRA{ BhndgBRemapdtalled {'o%i 1HoHiRridg and debep artbe fodndinHeadihd C
remains within the'virtual trees that have an external connection at their
roots. However indofposaieds commenly-@iedeeorpeadingflis) Batenh Applieation SerdalWash an

oxt ornal 170 commoeton [ioRRER0L 1005 ¥ OREENL LG snd YASHROLIEUIC) 15 1he

nodes in tA@ sub-tree whose root is Node A can communi cate with the

external file tern or hast stemt hr t he de. 0. uld be
under st ood th aﬁf%n ntéarck\,\%%@“% & g%’ﬁ’ﬁ?’i]@g%ﬁf Ir?mzi\l% ‘21@@4% "Pret‘é&l ﬁ% B9

i ncl udes, bb ;Jt ittsat gag&el dnl qﬂ&@m%wct':)@taegetr rlaateli Hb\lvéver,i iﬂmegeemmlmlohlmtimll

m ni nrum bitw se ogi cal AND, bitw se | qgical OR . hitwse i cal XOR
(excl usive OR) failsganofies perequith ameitern ﬁemeﬁﬂg"'af‘)é??ﬂi?flg%‘l#&‘@aﬂr he | owest
latency manner passik Gf fre exfefial Pé%tBHﬁé%tioﬁQQ\I&Qqﬂl‘ilpﬂffiglﬂékifﬂﬁ,theﬁuilbﬁ in the

| onest byte of t wor d being sen )
15 the nodes in the sub-tree whose root is Node A can communicate with the external

filesystem or host system through the Node B 110.

It should be understood that the hardware functionality built into the tree 20
includes, but is not limited to, integer addition, integer maximum, minimum, bitwise

20 logical AND, bitwise logical OR, bitwise logical XOR (exclusive OR) and |
broadcast. The functions are implemented in the lowest latency manner possible.
For example, the addition function results in the lowest byte of the word being sent
first on the global network. This low byte is immediately added to the other bytes
(in hardware) from the other sources with the result being shifted out to the next

25 level of the tree. In this way, an 8-byte word, for example, has already progressed up
several layers of the tree before the high order byte is shifted out. This results in the
possibility for a very low latency addition over the entire machine. As is explained
in co-pending application U.S. patent application Serial No. (YOR920020031US]1,
YOR920020032US1 (15258)) entitled “Arithmetic Functions in Torus and Tree

30 Networks”, other arithmetic functions such as minimum and subtraction can be
accomplished by suitable preconditioning of the data. Floating point summation can

also be accomplished by 2 passes on the tree, all at very low latency compared to
9



first on the global network. This low byte is i medi ately added to the
other bytes (in hardware) fromthe other sources with the result being
shifted out to the next 25 level of the tree. In this way, an 8-byte word,
for exanpl &0 es9%Br eady progressed up several |ayers of PCRASI¥®8Gef or e
the high order byte is shifted out. This results in the possibility for a
very |low | atency addition over the entire machine. As is explained in
co-pendi ng application U S. patent application Serial No. (YOR92002003 1 US

1, YOR920020032 15258 nti ed "Arit tic, Functio in Torus and
Tree 30 Net wor Resthodsthaomplith Hureltiuitioh HHIG0R GoRbaiEten AYRYAAD
subtraction ca@n&@net%ewﬁﬂal SpEeAtionYon Ikt &@%ﬁlt@itﬁ&ﬂmiubm&gwﬁéretaﬂe dat a.
Fl oating point summati on can al so be acconplished asses on the tree,

all at very | ovesulis eieepmbiepeand @ svbseguwgwf@sgthsaoqb theBes et hods
to acconplish tdmtﬁblftiﬁﬁ ‘d{etreyﬂltttg%%fﬁcﬁégpk%nl%’éma'sﬁﬂw delfain: Hrﬁlcﬁ@é’éan

arithnetic or logic operation on t tree results in a flow up the tree,
where all 6esuohtitedsdfiram dlendalcntatipn analcantrollésbfashient f1 ow from t he root back
down the tree, distributing the result to all branches. As will be
described, certain branches can be 5 omtted fromthe calculation in a

control | ed fasfmﬂi&préfBrrédﬁ&anﬁﬁaﬂrtﬁdgl@Bmﬁbm%rk bfhthe pregdndinversitien net wor k of
t he present 1 nvention,6 conprises I nterconnecte g gt ers, , one LaSgOde t hat

each nove dat aCa@Prigesintgrgonnested reuters, One pennode, mgygdatass
illustrates th%oﬁ.aﬁt%oﬁécabe }elaﬁ&wn@ mguréz.'imuh%s thd bESY heRitetile P4 rdube tree

network of Figure 2 shown 1 n gure 3, each router device 200 includes
a nunber ofl0podesice %0ng0r theuree nﬁmk ﬂﬁlg@?ﬂhéﬁ shewr tnfrigare 3¢ each rowieiot her

router. or d SaBliedhliEnuas AHEEH ftks 08 SO bl BHAMEEcnckbEr OUter

has four I nput po a and rrespondf ng r ou s 21
b-213b to foanotiatramat, bs dishitdéd whenmiot canndeted. eds showndan @ugm;e 3, ulm mater| N one

enbodi nent ne, 15 of th orts de nat.e S connecti on
to a parent nohésgaﬁﬂ’l’ﬂﬂ’omzﬂﬁﬁé&% c?'ﬁﬁp%ﬁpﬁ%‘ﬁ% ggﬁ’ %@bctfinnect ed
to child nodes forfh daR@atHI iR perimit 1$-treOtd ¥ BoRitructede I 6mddiméiﬁ,\kﬁﬂya&w t he

one port connected to its parent node enabled, while the root of fhe tree

will have md paf thefournens may bedesignatadeas scomestiomiolapagsat ppdssiand yp toghree
under stood t hajr i ARhRARFLRS cfH e ohfted%o ERIdNHABs. 2A TP ASHRA tiYottohh F15 as

shown in
the tree will have only the one port connected to its parent node enabled, while the

root of the tree will have no parent enabled, but at least one child enabled. It is
understood that the datapaths are created through a crossbar switch 215 as shown in
20 Figure 3.

For purposes of description, in the router device 200 of Figure 3, data always flows
from left to right. Thus, a packet may enter the router device 200 from either a locgl
injection FIFO 202 or, one of the router’s input ports 210a-213a. If the packet enters
25  aport, then it is placed into one of two input FIFOs (e.g., A or B) depending on
which of the two virtual networks it is. The packet is eventually consumed by either
logic and arithmetic operations executed by ALU unit 240 provided in uptree select
block 220 or, the downtree select block 230. The result of the uptree logic or the
downtree selection is broadcast to all four output stages 210b-213b, each of which
30 may or may not handle it depending on the operation and output ports it is destined

for. The select blocks 220, 230 include an arbiter circuit (not shown) that decides

10



20 Figure 3. For purposes of description, in the router device 200 of
Figure 3, data always flows fromleft to right. Thus, a packet may enter
the router device 200 fromeither a local injection FIFO 202 or, one of

t he rout er WO 0Mat68ports 210a-213a. |If the packet enters PETASPYPISS6 t hen it
I's placed into one of two input FIFCs (e.g., A or B) depending on which of
the two virtual networks it is. The packet is eventually consuned by either
|l ogic and arithnetic operations executed by ALU unit 240 provided in uptree
sel ect block 220 or, the downtree s;lect bl ock,230. The_r-esul t of, the

uptree | ogi c oMhera pagkeh{or Rackets) ig(ar) s move thropeh dhesouter; 1t ig undgtstood that ¢

stages 21 _Ob-2%}%m%?sbsﬂult%oﬁyuﬁ&ermuewmmmm handl e it depending on
the operation and output ports it is destined for. The sel ect blocks 220,

230 include an arbiter circuit (not shown) that decides 10 WO 02/ 069168

o S AR PR A ATl i

router. It is un e nay t aneous uptree and
downt r ee tr &f f 204, afidfatsetofeonfiguestiontregisters 24 8.cln geaerl; thei cdefigurgtianregistejsect i on

and reception interfaces 202, 204, and set .of confj.guration registers
218. In generalz,lgf‘Wé’s Wf%ﬁﬂ&??‘ww‘&fg%'@td&&?’?ié‘séﬁa@su‘%@%‘E‘B“E%?HPP e the
router and det %&%ﬁtﬁl intePfaSdsPONS204\Wré hsed bip applithisHsit®Proitid opérafidiindon
i nterfaces 202, 204 are used by aEPIicatlons to_ provi de operands, and

recei ve resul t seceivepessits respectivilyr Mosapartieubarhs pach vistioh tres isconfigredly i s
configured by s&hﬂg?@rﬂgﬁ%%Qﬁigésg{)ﬁ @ hﬁt%ﬁé RhbalGRe %ﬂﬁ&b&ﬁfdﬂ%ﬁiétléﬁﬂﬁk tree

configuration reqgi Z )f which there is one per virtual tree. For
each virtudd toéwhichikere isronieger drtial tree.digr sachrvirtynb freg, the eonfigrationoregistes; f vy

whet her or not it .is to functi.on 1)t . £ t her
or not it is pRFTitsAnade o Heity H’Bg‘ﬁ?'e"é?"°‘;‘§n]§/‘é?‘q‘§3‘g‘&ﬁé? b réifof b e o1
force receptiWheﬂlferbtnidtﬁesbdrﬁa'ga&gtinﬂﬁﬁieelﬁd/okﬁ)wﬂdhériwmptitkimuidfo’rml tree
configuration register 218 enables a nqde t.qQ specify which of its children
either partici ﬁ%ﬁeehqwftlmgeqhwsw,melfﬂ%30@“439%i ki lgeﬁé?'ﬂfﬁ“{”ﬂé’ﬁ\ This is
necessary for [ : ' ' ' civdté th thee tree
t hrough the CPB%?%&}?CI? irég?]bq%{z@ﬁtéé %f)rl Qgg’glt" ?g%é}ﬁrzdgeg %ﬁaﬁgc%us. Data is
sent into tlhe tres@ribyvipdrticipantshetew thema Thisik aecepsarivior BPPOTNESPUEY Hees.
interface 202, either explicitly or through direct nenory.access (DWA).

Applications interact with the tree through the CPU injection 202 and CPU reception
204 interfaces. Data is sent into the tree by being stored as a packet into the
injection interface 202, either explicitly or through direct memory access (DMA).

20  Similarly, results are removed from the tree by being read as a packet from the

reception interface 204, either explicitly or through DMA.

Although not shown, it is understood that a flow control technique is implemented
between routers using, for example, a token-based protocol that permits several

25  packets worth of slack. That is, every output port 210b-213b that is enabled is
connected to a single input port of another router. Generally, each virtual channel of
that input port grants the corresponding virtual channel of the output port a token for
every packet worth of buffer space in its input FIFO. The output port consumes
tokens as it sends packets, and the input port returns tokens to the output port as if

30 frees FIFO space. Therefore, the output port may continue to send packets as long

as it has tokens available.

11



20 Simlarly, results are renoved fromthe tree by being read as a packet
fromthe reception interface 204, either explicitly or through DVA

Al t hough not shown, it is understood that a flow control technique is

i npl ement e®O B460k8N routers using, for exanple, a token- FATEFHIB¥IGCO!
that permts several 25 packets worth of slack. That is, every output port
210b-213b that is enabled is connected to a single input port of another
router. Cenerally, each virtual channel of that input port grants the
correspondi ng virtual channel of the output g%ort a token for ggglry packet

worth of buff erThepattemetic andd ogieddit ALY blogk248 within the seuterdskise pEdet okens as
it sends packe =Ty o N i I tdet Byt port as
if 30 frees F%:ﬁecgeSpagg@ﬁﬁrhéeh?z%egﬁgw;{o@?t’gﬁ{i‘g&%@gggﬁnﬁg ?Eg%ﬂﬁlu_e to send
packets as | ongperasd sigesh Jhe ppérations arecintegdriaddition, ineed 2iaxdoupshitwise US02/ 05586

The Arithnetic,and ' ni, t . . L4 ko . | ce of
the preferr ed1%?%&?&?%%@5&%%@&‘%@@%#%' ?Igggé%cﬁ&%%:a}‘%t I ons
on four gpsr and b&fmlts?m tﬁts,?ndtzpwsitsaﬂ&hb?]ﬂ&@mndmtgb% thatthe hnTxﬁgmurel

maxi mum bitw se . gica itw s 00,. La . an i twi se | ogi gal AND.
The operand si f‘@%‘c‘&ﬁ?én lglgg@ qegpot@,geogqc{eggf@ggltg pige ?0598“269@ %PPE’&“&

shoul d be understoedri-iaty! dewarGhEmpIYS Br sdleihg iRGpkratifh s spefandoes not

preclude a different choiCe for operations or operand sizes. Particularly,
software is enpizeyed for selecting the operation and operand size. 10
Typi cal ly, those nodes which participate in reduction operations inject
"reduction"- type packets by storing themin the CPU injection FIFO 202.
Reduct i ons 1ar e Typieally thosel nades twhichgragtivipate intrgducfiorpepekations injéet reductiondk et |,

according to one e I ment arries _a payloa 6 r exanpl e.
An i ndi vi dual ﬁa’éw&fr’[“?%d‘?ﬂn&‘&f%ﬁ%%‘iﬁ@‘g F%?{g%&g)fl%?hé‘b%‘éc h%%“%e, and
perform the saperfortidat thergralasity ofpfackdns whereaprtkundcording toione can be '
configured not to participate in reogucé{)ons for ea]gh \L%WI tree. .lkn this
case, the nodeembpdimest camispt pavdend of 256,bytes, for gxamplsn 4nd glpackebwill .o ve
results. For e \ d P Ghefithe réduclbh b Wl 8fitheO
ooty which Afolly¥ ety Berdrdf B thi Sind G4, 8hd PRt

15  operands. Any node can be configured not to participate in reductions for each

virtual tree. In this case, the node will not supply any data to reductions and will

not receive results.

For each virtual tree, the router device 200 is configured to specify which of its -

20 children will be participating in reductions. When it receives a reduction packet
from each of its participating children and the local injection FIFO (unless the local
node is not participating), it computes the specified reduction operation on the
coﬁtents of the packets and sends the results as a single packet to its parent. That is,
the first word of each packet is combined to produce the first word of the result

25  packet. The second word of each packet is combined to produce the second word of
the result packet, and so forth. In this manner, the global result is recursively
computed up the tree, finally completing‘ at the root node of the reduction tree as a -

single packet containing the results.

30  Preferably, any node can be configured as the root of a virtual reduction tree. Once
the reduction reaches that node, the single, combined packet is either received,

broadcast to all of the participating children, or both. When a router receives a
12 '



20 children will be participating in reductions. Wen it receives a
reducti on packet fromeach of its participating children and the | ocal
injection FIFO (unless the local node is not participating), it conmputes

t he speci f WQI0%601¢8t i on operation on the contents of the PSIARBYE¥d sends
the results as a single packet to its parent. That is, the first word of
each packet is conbined to produce the first word of the result 25 packet.
The second word of each packet is conmbined to produce the second word of
the result packet, .and so forth. . In this nner, the global result is
recursively cdﬁ‘iﬂﬁtl%lp%ﬂiettq?émtqdé‘@ﬁaQh‘laépﬁgg%mﬁ%e‘f f%fjgréf COmEs ‘ﬁi’b‘?pq‘fkﬁe of
the reduction tg @fcg%?i@chizdr%'ﬁ B@Efﬁ@ég £} Bf e BAckED R ifs38¢al feBept®R FIFO
Preferably, any node can be conflg red as the root of a virtual reduction
tree. Once th@OAéfitstconfigureditoimagticipate inmesyetionsion that virtual treeonbi ned packet is
either received, broadcast to all of the participating children, or both.
When a router receives a 12 WO 02/ 069168 PCTI US02/ 05586 reducti on packet
destined fof§ a Iahiprefernsicemibditnént,ake width 6fthepliydicalintereemnert isdaeropacthen  to

h of it hil]d .t Lal | f th ket. j.n,ts | |
acopti on B otheeseind widll & erlsras s SateBiteBon s freR e Feeliig dmgh R,
that virtual tr@ggert@adhievd R 16West ?Qﬁim&ﬂmﬁ%eﬁ bp@andsdrdrtransmitted wilty si cal

i nt erconnect i s narrower than t he oper an SO oper at%ds ar e
transnitted on thelowestoader bits fisstsq tt rests genbrsalculated and gxen fopwarded ae t he

| owest possi bl [ Qﬂ%g{m : @@ﬁéﬂ ] owest
order bits fi rgplg@g%}t’e'r@tst@?%y’can e cgﬁ%ﬁf% anﬁaﬁ%%gv%%]rﬁgggg as
oper ands arlbi véhe tree tiefors itevhigh oader bissiare shifted puts resulting inyeny loyrlatenestovep
several levels qgf, 10 the tre efore its hiah.or. |- |.f.f ed out,
resulting in vé‘ﬁﬁh‘? %Qﬂtef'a{téﬁoégd E?/‘é‘} ersgop%lﬁtlg%@m&g&f ﬁn?mg'ﬁ“gﬁép?r@éhdgnder st ood
that the pi pﬁ' icﬁﬁ@ﬁmbbgwghgmgmmd‘gmiosmammg% H@héseqida#ﬁim@gmwhbt he word
contai ni ng the hi ghest order bits because unbers are found .t .

di fferent basedUBReISIiEe foundtode %ﬁ‘éf_é'?t bgsed on ?All‘fg'&‘??_t ‘P'ﬁé‘\e}‘”ﬂ‘i“f"(ql%?h. t%e)[-ﬁngfer.

har dvare aut Oeijedwhed SYSHARALY fvEelsificlSdlafdiealivainiiimiilipeRiRas N ds s

15 that the conputation I's perforne romhigh order to | ow order bits. The
i nt eger red@ct ithatshenampatation iscpesformpedocom bigh order ¢wleprardertbi8at i ng poi nt
reductions. For exanple, a global floating point sumnmay be performed by
utilizing

The integer reductions may additionally be used to compute floating point
reductions. For example, a global floating point sum may be performed by utilizing
the tree two times, wherein the first time, the maximum of all the exponents is

20 obtained, and in the second time, all the shifted mantissas are added.

As mentioned, the tree network 100 of the invention is an ideal structure for
performing efficient global broadcasts. A hardware broadcast operation is always
performed from the root of the tree, but any node may broadcast by first sending a

25  point-to-point, “broadcast™-type message to the router device at the root node, which
then starts the broadcast automatically. For the most part, global broadcasts respect
the rules and restrictions of reductions, but differ in their uptree behavior. Any node
may perform a broadcast of a payload by injecting a packet of the broadcast type on
a virtual tree. The packet travels unaltered up the tree until it reaches a node

30 configured as the root of the virtual tree. There it is turned around and broadcast to '
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the tree two tines, wherein the first tinme, the maxi numof all the
exponents is 20 obtained, and in the second tine, all the shifted manti ssas
are added. As nentioned, the tree network 100 of the invention is an ideal
structure M 02/qs8t680or ni ng ef fici ent gl obal broadcasts. A R&TGRAYES$ oadcast
operation is always perforned fromthe root of the tree, but any node may
broadcast by first sending a 25 point-to-point, "broadcast"-type nessage to
the router device at the root node, which then starts the broadcast

automatical ly. For, the ppst, r. gl obal .broadcasts yespec the rul es and
restrictions ofallpéémanm}mg&l}da%%&%imﬁ%ﬁ-a'ﬁ‘mfé@’ﬁ&ﬂ@w@! € Any node

may perform a l?é&%ﬂ%?‘thd@@n@de@i!ﬂti@?ﬂti@’m't&ﬂu@ﬁ&ﬂs% tRatRatfilsPlredf the broadcast
type on a virtual tree. The packet travels unaltered up the tree until it

reaches a node 30 configured as the root of the virtual tree. There it is

turned around oR 3¢ BRANCAR, ablorifile A HAGMARHor, S/ 1ulthl<0fibdIRA 1/ dltepihg ! Ne

participating chil"dren on that” virtu ree. erefore, it wll only be

recei ved by5t hasfermatidesnghadedivdthirathe packiets Thedilteting mechanisnhefithe prefemed ¢ r ee.

Reception of broadcast ccording,.to the i.nwentd.on. | r controlled
by filtering m%ﬁﬁmenﬁf“f‘g?msﬁx Wg%‘b“gvﬁ Yaﬁqednéﬁﬁée]eddg%éa?keﬁ.ﬁiﬁ ?Il%l tering
nmechani sm of t kenfpRéevalarktersd ickdatervuter, und ohyneceiingrthic packeyifahe/vdlues

i ncluded in the packet to a pre- configured, value stored |&ez&f£ router,

and only recei vaatgh tIn@epelketery noderths AySiem is assignsd 2 yrausy &9L59 node
in the system igg m&%@g@éﬁg@%é&%iéﬁ?h (AHEGERTI) be Séht frohi the Rig asded!

filtering mechanisma L"nessage to be sent” fromthe root node to 10 a
si ngl e nodd0Obelasimgle nodetbelow it| & i aleospostible ta usemon-unigye addregses 9 F@¥Esses to

cause receptiqgn b t . Y% BiBRadtn Whi ch
broadcast fil trﬁcrepﬁ‘b“abc‘gﬁ%{%g%g?ghgr?g?%%)ﬁgig%.ar%%r%}gyg#g gﬁﬁuu]se of agatt bit vector
i nstead of an d#iIgfieg souldbe zeherlizaly Ronktinple uselofs Wit vector dnstefad gfi ambddsessubset s

Connect i ons. | S SPULNIRRGBYDIe. S Fan et o3s athoes iy BFHE PR

"root" packet type. The root-type packet always travels up a virtual tree
until it encounters a node designated as a root of that tree, where it is
uncondi t i oAl | \Efficientisharing oftexternal I'Qwonnpestionsdsproyised By ¢ gombinationats ages to

;Prei \r“()(r)]; o nWPﬁg) oadogsY ﬁﬁgﬁhgba?idfao‘?&@r Sifefetltfhel Mhe FodtyiPacke ARG tradvels Bt 2
a virtual tree until it encounters a node designated as a root of that tree, where it is
unconditionally received. This allows non-root nodes to send messages to the root,
where they can be forwarded to the external connection. Data arriving on the

20 external connection may be forwarded to a particular non-root node using a filtering

broadcast with an address that matches the intended destination.

If an external connection fails, the nodes using that connection may fail over to the
next node up the tree with an external connection. For traffic from the nodes, this is
25  performed by simply reconfiguring the node at the failed external connection so that
it no longer becomes the root of the virtual tree, and reconfiguring the failover node
as the new root. Traffic to the nodes is more complicated because a broadcast from
the failover root will go to all the children of that node, not just the children below
the failed node. For example, if node A 111 fails over to node B 110 in Figure 2,

30 then packets from node B will be broadcast to the entire tree.
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20 external connection may be forwarded to a particul ar non-root node using
a filtering broadcast with an address that matches the intended
destination. |If an external connection fails, the nodes using that
connect i onWne2/06816B over to the next node up the tree w tPETAISOHOSSEG nal
connection. For traffic fromthe nodes, this is 25 perforned by sinply
reconfiguring the node at the failed external connection so that it no

| onger becones the root of-the virtual tree, and reconfiguring the fail over

node as the newroot. Traffic to the_nodes is pore co Iicgted betﬁaLi(se a
broadcast f r omlIn Per toprevspEynnegessary trafficganyrguter deviqganayihe copligured to Blaek node,

not just the chy ' 0 TR, 111
J Elgggfrgé‘tﬂigb Bl eadhN\Brtda? treSfhd genntlgé?ﬁﬂéé% tefing e fO8RE oA

fails over to _ in Figure 2, 301 ets fromnode B wll be
br oadcast to t Hie upttee lisk foraevirnial treghadis cadigasedreblodear sieplgsironpeds Ber t o

prevent unnecessarv tr i ny. Louter devi . f | ock
downtree traff ieégg%le,esgﬁélgssiﬁw %og%&gﬁ’l%g‘é&é«éﬁggﬁﬁ}gg Eg%ﬂee*sgntﬁ(;\ﬁ&éérlﬁrﬁg t he
router on §he laheledarellito kerdaind feceive exiainal V@ asinp die doanetioh anoded 11, bl ock
are sinply droppe For exampl e,, suppose that t nodes bel o de A 111
T gure 2" ar o e s ComeEtion Rurite AMREBacanR: nede BRatEane! G REtet o
external /O ugifiBtublPeeClOnfesd ofHdde A, AddEs ¢hdd D al®cdnfiguredi@bloernect i on at
node A over to node B, node B is confi d roof of virtual tree

to be th
1 instead of ndgwntree tsaffic ApdiEBaktregd 1ts gl;lgbéfﬁ%ﬂilgmdégt‘t%‘ that Saik dowtren r ee
traffic on vi ”b%ldng;ngtﬁh&nisrﬂna ;@9%&! iRggﬂeﬁﬁ% ﬁﬁnb‘o{x’ﬁﬁﬁﬁ-é}?.d that this

downtree bl ocking anism be us I'n general to prune virtual trees.
10 Any pach@t may be injected into the tree network with an interrupt

hed. Th | ef f this i. |
orrupt o o pefR ey e in etk il etk hith asindeRpEagheRE SRR
reductions, a g dléntedBffiett ofithis OO daise Padkable intémipt dti@leryonvdeelal| t }[Mhl![
a

cause interrupts if any of the injected packets contributin o1
resul t request EeFCHES thepacketph In theFasge FﬁgP%t!"“_ée Wﬁg%omﬁéﬁq%bh‘e@ﬁ &_t i on
can be used tg Jtﬁﬁ%s%lt%ﬂfltc!i%é %taﬂip’wa?an fifte iR tedPaliels RntdBRERGR SM

Briefly, each node enters the barrier by clearing its interrupt fl'ag and
t hen cont rilut ithagresult réqeesgédodneintermptd Burthiepmore) & gldbal sedustiorheperatiopicar bon of

the barrier by uQe%J tlo ip@ﬁ‘o&p a Em&pﬁﬁ'ﬁw&h {l'lle%ger?ﬁpt mechanism. Briefly, each node
enters the barrier by clearing its interrupt flag and then contributing to the global
reduction. It detects the completion of the barrier by polling on the interrupt flag or
receiving an interrupt. Further details regarding the operation of the global
20  combining tree and barrier network may be found in detail in herein-incorporated,
commonly-owned, co-pending U.S. Patent Application Serial No.
[YOR 8-2001-1009] |

The tree néhavork of the invention guarantees the correct completion of operations as

25  long as they follow basic ordering rules. That is, because packets are processed by
the routers 200 in the order in which they are received, deadlock of a virtual network
results if the nodes participating in operations on a virtual tree do not inject
reduction operands in the same order, or fail to inject an operand. Similarly,
deadlock may occur if two virtual trees overlap on the same virtual network, and

30 operand injection violates the strict ordering rule of the virtual network. Preferably,
there are no ordering restrictions on broadcast or point-to-point messaging

operations, and these operations may be interleaved with reductions.
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receiving an interrupt. Further details regarding the operation of the

gl obal 20 conbining tree and barrier network may be found in detail in

her ei n-i ncor porated, conmonly-owned, co-pending U S. Patent Application
Seri al No. WO/@R68168001- 1009] The tree network of the i nve®CIasoy¥adtéant ees
the correct conpletion of operations as 25 long as they follow basic
ordering rules. That is, because packets are processed by the routers 200
in the order in which they are received, deadl ock of a virtual network
results if the nodes participating in operations on a virtual tree do not

I nject reduction operands in the sanme order, or fail to inject an operand.

Simlarly, de j j ' sane
virtual networ @%W%g@ﬁ%ﬁ%ﬁke té‘gﬁ%%ﬁrggoggﬁtlﬁgﬁgédﬁmﬁg grrc ing rule
of the virtual emettecovery Reefasismb|Briefly; ¢ach eouteraetnios o coppr dfreyerygacket that isns on

e nt or | caved I ATPEAEPPH T Tag ot mRLE e A af koby BB ERTHR AR C o
conpl etion of packeEwhs dbcailelRwn®aRsA RiSlevel com@tinitatiorprotocbisudinas £ ~error
recovery nechanism Brjefly, each router retajns co%gq&; ever%s packet

that is sends skding¥indewgprelesel withspacke (Rdr may pe implemer tBelidGAs an
acknow edgnent . P Sco ' | ' | nk-1evel
comuni cati on ﬁ%ﬁ%‘é%?%éﬁgﬁ as a kgﬁ@ﬁﬁ%ﬁ%&n g%r%#gélgscrglwﬁhts%&ggécket CRC
may be i npl enepackitstth bt rétransmitted using the sanedicepy.f or det ecti on of corrupted
packets, and a nmechanismto cause those packets to be retransmtted using
the saved copy. 10 As nentioned, flow control is maintained through the use
of a tokenqidasad meviohed)floatdontiol s maincained tiroughithe useafid'tokendbased sendi ng

packets to a "downstreant router has soge nunber. of tokens. which represent
the anount of FPREUBICAHORIOtOCOl, 4\ R‘?Stfqﬁmt H@ltﬁ'cﬁﬁh’é{‘gg?fﬁ?ﬁsg%?ew ERver the
UPSt T eam I out ery & HiS semPAGKS of iokensPiSFBfeséht tFfw@ibunpotdidelstoragynot send

fe.
the packet unless it has a token left. 15{%0nversel y, the downstream router
i ssues tokens tepacityinthe dowasticar souser. Whensvesthq upstreanp eonter sepdigragkshdb. The

bal ance bet V\Be?%r?]st ﬁ{;gg?ok%g,aaﬁﬁ it 3G Ghe be?c]cgtrlﬁﬂ'es?ﬂﬁusrfﬁkeﬁ faat the Iink be

kept busy cons _
15 Conversely, the downstream router issues tokens to the upstream router whenever it

frees storage space. The balance between storage space and packet latency ensures

that the link be kept busy constantly.

In a downtree broadcast where a single packet is typically sent over multiple

20 downtree links, as well as received locally, flow control may be implemented to
prevent a packet from advancing until tokens are available on all of the downtree
links and there is room in the CPU receive FIFO 204. However, this conservative
approach may affect throughput for filtering broadcasts intended for a single
destination, because that destination could be below a link that has tokens, while the

25  packet waits on another link that does not. Thus, in the preferred embodiment, the
tree network performs an “aggressive” broadcast, which essentially decouples flow
control on the individual downtree links. Referring to Figure 3, a packet is
forwarded to the Out FIFOs 250 of the appropriate downtree links and virtual
network as soon as there is sufficient storage space available in all of them. Each

30  Out FIFO 250 is then individually drained to its output port 210b-213b as tokens

become available. Note that the individual copies of the packet must be placed in

16



In a downtree broadcast where a single packet is typically sent over
multiple 20 downtree |inks, as well as received locally, flow control may
be inplenmented to prevent a packet from advancing until tokens are

avai | abl e d¥0 8306988 t he downtree |inks and there is roomBAGT/{SAY0SEY
receive FI FO 204. However, this conservative approach may affect

t hroughput for filtering broadcasts intended for a single destination,
because that destination could be below a Iink that has tokens, while the
25 packet waits on_another link that does not. Thus, in the preferred
embodi nent, t heach QWFIRSA0arywer fop thepurnese effranamissipn errey rgeqyersthroughi ch
essentially de ; on the individual downtree |inks.
Referring to F?%thrgglﬁ?,slfog’odgg%rﬁbg?%@&forvvarded to the Qut FIFOs 250 of the
appropriate downtree links and virtual netwrk as soon as there is

suf fici ent stolathe psefered emodiraéiteasidescaibed of gréadterrdetatian borBModlytovrieB(®0250 i s

avai | bl e, Rot €eidink Ohamenchpolidhian SEalNBS CoReRBo MRIRUEE (odf efdced i n
16 WO 02/ 069168AR(VelSedi (i Biralél SpétudmpltérQ) aAd destnipedleréiawithespeortpose of

transm ssion error recovery through, retransm ssion, descgribed earlier. In
the preferred EHPES Indifach processiag podel? ‘Fhaﬁaéﬂﬁéyﬂ%lo&arc MPROGFR IOy owned,

c0- 5, Pendi,Ng g RAVISA ccHRfhi SBAL AR SEY B g SRSHe2 R 1ARER ) 25275))

entitled "A Nove y “Par _ conputer”, and descfibed herein
with respect t singlei ASICe sesultipg inedrematic sizeandipawerwedection forgh¢ynedesiagn This

system on- g;chi rocess, L.e.. al fynctj of e e,
hel udi ng fhe FORFIRE TG e X i Ptedl T fRroch RO BT Inel@y e
resulting in dlaaéfedh_sing the éﬁarﬂhcbsﬂpmﬁfh nnm;mdlf&tthemgélﬁﬁe. Bach ﬁmﬁ@réfbrgblydThi s 10
superconputer architecture is further |everaged t nc se. node..density
thereby decr e3CCMRTAteRMeRyuSh funchions/inig F‘?WH&WF&A%6¢ inclpding, b1, !lmEtﬁah node

preferably inwram}mmaﬁbe‘aasdw%&&sﬁh' 0618, d Fib&tirig Firtt @By Ermbedded C
i ncluding, but not limted to: a PowerPC 440 enbedded processing ctore, a

Fl oati ng Poi nt DReAM, intagraserhiesdernabRR memogy;pantrollerernessaprproeasforyg
troller, 1 t k
Couters. -1 15 on 2o B A ASRE perwo 0l brodtititimertindSinle GRehli? 00

e ‘used as an
UO node whi ch iASI@swdemay belusudtab am/Outode whivh is #ssociated with a subset of the

compute nodes, e.g. 64 nodes, for handling fileserver communication and I/O

-

operations. That is, the I/O nodes are very similar to the compute nodes however,
may differ only in the respect of external memofy configuration and, in the addition

20 of an external network interface, such as a Gigabit Ethemet, for example. It should
be understood that the tree network router described herein can function as a stand-
alone device in addition to the integrated device of the preferred embodiment.

While the invention has been particularly shown and described with respect to
25  illustrative and preformed embodiments thereof, it will be understood by those

skilled in the art that the foregoing and other changes in form and details may be

made therein without departing f"rom the spirit and scope of the invention which

should be limited only by the scope of the appended claims.
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conput e nodes, e.g. 64 nodes, for handling fil eserver conmunication and 1/0
operations. That is, the 1/0 nodes are very simlar to the conpute nodes
however, may differ only in the respect of external nenory configuration
and, in thavaorNeP168n 20 of an external network interface, PETAIOHSSE G gabit
Et hernet, for exanple. It should be understood that the tree network
router described herein can function as a stand- al one device in addition
to the integrated device of the preferred enbodi nent. Wile the invention
has been particularly shown and described with respect to 25 illustrative
and prefornmed enbodi nents. t hereof, it &AM under st ood by those skilled
in the art that the foregoing and other changes in formand details my be
made therein without departing fromthe spirit and scope of the invention
whi ch shoul d Bavingthusal#saribied obwyinvéntion.cwhae weiclait @s nppand ddsirsl taseaure byy WO
02/ 069168 PCTI%%QZ/%%F@@ CLAI M5: Having thus described our invention, what
we claimas new & dgesre to secure by Letters Patent is: 1 1. Apparatus

for performng collective reductions, broadcasts, and point-to-point 2
nmessage passing durin aral | el , al gorithm.operations execyti. in.

conput i ng 3?St HU&P@P@ %ﬂ‘p‘? Fﬁ’é‘gﬁgﬁ‘?cﬂ?’%Tef’P‘?}wa’tbﬁ?agﬁ%ggs F‘ng%‘g&%g's‘ﬂm@ai d
appar at us C9NPhi3iagd passthglufing baraRe] algofnlEperdtiols bXehtitil iRG comphtify devi ces
interconnecting said nodés ina tree 6 configuratjion, said tree
configuratidn istrasturgicampuisiag s plusality of proeessing podes, saidianpRRWS POMPRTIRET  sai d
gl obal tree,network enabling global processing operations including 8 one
or nore of gl obal broadcast operations downstream from a root node to | eaf
9 nodes of $peaigldbatitrsd nctwork itolwdingmiting deviceg intdradnneetingspidmodesigradtéeons

t f 10 | eaf nodes to root node in said virtual
01 nt -0 pobnt CARER T saponRBFEPInGHy g Bk ot il by R cc 1o

the root nogde @er&d fid/glbbdldke hétRBricdnablagipldatiprodesing Spshesmiinchsdingl gl obal
tree network and routing device configuration are OB’“ m zed for

14
provi di ng | Sw- oae enmgrednglobal bepadenstonerations dpvmstigam ram atoptpads te leaf

9  nodes of specified virtual tree networks, global reduction operations upstream from
10  leaf nodes to root node in said virtual tree, and point-to-point message passing from
11 anynode of said virtual tree to the root node of said virtual tree as required,

12 .
13 wherein said global tree network and routing device configuration are optimized for

14  providing low-latency communications in said computing structure.

2. The apparatus as claimed in Claim 1, wherein said computing structure includes a
plurality of processing nodes interconnected to form a first network, said one or
more virtual tree networks and said first network are collaboratively or

independently utilized according to bandwidth and latency requirements of a parallel

th H W N =

algorithm for optimizing parallel algorithm processing performance.

3. The apparatus as claimed in Claim 1, wherein a root node of a virtual tree
network functions as an I/0 node including a high speed connection to an external
system, said 1/O node performing I/O operations for that virtual tree network

HWON

independent of processing performed in said first network.
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1 2. The apparatus as clained in Claim1, wherein said conmputing structure
includes a 2 plurality of processing nodes interconnected to forma first
network, said one or 3 nore virtual tree networks and said first network
are col | abdY@9P3/868168 or 4 i ndependently utilized accordi ng REIBRHEEBUt h and
| atency requirenents of a parallel 5 algorithmfor optimzing parall el

al gorithm processing performance. 1 3. The apparatus as clainmed in Caiml,
wherein a root node of a virtual tree 2 network functions as an I/ O node

i ncl uding a_hi gh speed con an ex er.nal stem,said 1/0 node
performng 3/ 0% ﬂi‘Fé‘PP%i‘%‘s t“‘ &aﬂ‘ da¥’ %f?l@éaweiavé%wemc EHOR%ent of
processing per fgelg&dot fbc&@in@ gﬁél{e?stﬁ'&ﬁbw Koded 8F AARMI/t126, Dhesut Bgfééﬂ\otﬁlz/ 05586

1 4. The apparatus as claine Claim 3, wherein each said router includes
i nput 2 devBcedomardingpackets tyotherciedessofisaidrirest aleeal injertion devige far injeatingt r ee,
out put devi ges d a

| ocal inj ec'gl oﬁg‘g{a\t/sllgto s?{dV@Jeh&@%lBﬁﬁg&ﬁﬁlohcqgglicgﬁl{rﬁ%}g&ga%gﬁctk?g'g%rﬁ i a | ocal
reception dévi tee,said appamumﬁgt}wanichﬂmgfmeam fonicohfiguring said smitet tapitker at us
further includin ns for canfiquri said router to either participate
or not partPci B# g@‘ﬁ“ﬁ’%é‘f’ﬂ"%’?‘?ﬁ% st“l’dg"g’ft“a?trg The apparatus as clained in
Claimi4, V\/nereln said means for configuring said 2 router further

speci fies partchg‘atlon of said node as a roaqt of a viytual_ tree f 3

reduction oper &t {186 gpparatas asthaimag Butlaim 4, wherein spidmeansiorronfigugng s r ein
said means Hor (GA fahisp 1ﬁ&'pql'tlc?paﬁ&%iesral  d&iab BEA rooP 64 ViktGal tRR'S C1 pati on

of i nput deV|ces an e l'ocal” i nj'ection device 3 for providing operands
during reduatluMHnmnememms 1 7. The apparatus as clained in Caim®6,
wherein said router further including neans 2 for conputing a specified
reducti on operation on packet contents received by 3 contributing input
devi ces andit h@. IThe apparathead dlaimed ivClaim 5fwherein said aretns foritonfiguringishid 4 means

o o ot ST AL 20 SR LY e R W OB R °2

3 for providing operands during reduction operations.

7. The apparatus as claimed in Claim 6, wherein said router further including means
for computing a specified reduction operation on packet contents received by
contributing input devices and the local injection device if it is contributing, and

means for causing transmission of computation results to that node’s upstream

Vi b W N e

parent node via said output device.

1 8. The apparatus as claimed in Claim 7, wherein said virtual tree network is
2  programmed for recursively causing a global combined result to be computed up

3  said virtual tree for completion as a single packet at said root node.

1 9. The apparatus as claimed in Claim 8, further including means for broadcasting a
2 single, combined packet at said root to each all of the participating children
configured to contribute operands to reductions on that virtual tree.

10. The apparatus as claimed in Claim 3, further including mechanism for enabling
2 compute nodes to send point-to-point packets to an I/O node at the root of a virtual

3 tree that are destined for an external system via said high-speed connection.
19



1 8. The apparatus as clained in Caim?7, wherein said virtual tree network
is 2 programred for recursively causing a gl obal conbined result to be
conputed up 3 said virtual tree for conpletion as a single packet at said
root node. WO /069168 apparatus as claimed in Caim8, furtP&TYAYPIR ng
means for broadcasting a 2 single, conbined packet at said root to each
all of the participating children 3 configured to contribute operands to
reductions on that virtual tree. 1 10. The apparatus as clainmed in Caim 3,
further including nmechanismfor enabling 2 conpute nodes to send

poi nt -t o-poi nt packets to an 1/0 node at the root of a virtual 3 tree that
are destineqd fqfq gfe niss cRRERIR Clhith §,%ﬂ1&?b&hfﬁ§@§ﬂlt&9ﬂ%ﬁﬁﬁs@%r 19 WO
02/ 069168 PCTI US02/ 05586 1 11. The apparatus as clainmed in Claim9, further
conpri si ng 2i | centrofingeeasntion pbbroadrastackets at nadesiof 8 vjstuabiieey saidh Fesaptions ¢
packets at podes: i i £00: i based upon a
node addresgl aﬁg‘"gfé’é’%d \é‘:p%ﬁa??{))dnet%dﬁpegsal p\%ﬁcﬁﬁaﬁ?ﬁ%xﬁ&d@%@@?@ g“I'he apparat us as
clainmed in Caim1ll, wherein each node includes an address, 2 said system

among. nodes Lof 12adhE SEARANA Selsmed fisasint .ttt ek nedenfibnd en dBSET LY
host SySten]zt0sﬂH%§§éﬂ1fa&ﬁF&l§ﬁr§sﬁ%@Qaﬁﬁﬁanﬁﬁd@eﬂbli poimselpofrit t he nodes.
I ned 1 n

1 13. The apparatus_as cla alm9, further including a nechani sm
for 2 gener ati messegingramongaodestaf epahsaidvirtyal free) said sddregsrengblinBsaex node

based h c ' [
dovico, 1 13. FRESTREH S oo cBRRloat ¥ BckPiodborh Sfhae{iidhe SEBED, 10

mechani sm for 2 bl ocki ng unnecessary downtree traffic on each virtual tree

i ndependent | y. . The appar at us. cl aidred L n im furd her

conpri si ng nﬁ-éhiﬁ? §?ﬁafa5?§o£f[abrpﬁqsﬁn3ﬁﬁ'ﬂ1 ?’I%eébnﬁ%ﬁl}% %@%C\J%Iepﬁ&r%ﬂt ers when
communi cati pg pakdssing a Hardvfare THtGrUPP AT beessorsf & bricessinginodébaedod the f urt her
conpri sing means enabling, 2 broaegg);sﬁiln&hof ackets on individual

downst r eam Pi nkeNIGRIEH dpEchetrpesiyed by dhe logg)re 6P mechani smto perform
aggressive broadcasting. . 1 17. The apparatus as clained in daim 2,

wherein said first network includes an n- 2 dinmensional torus, where nis
greater or &qud#. The epparatus as claimed in Claim 9, further mch_l_dmgamechamsm for

2 blocking unnecessary downtree traffic on each virtual tree independently.

1  15. The apparatus as claimed in Claim 11, further comprising a mechanism for

2  providing flow control between routers when communicating packets.

1  16. The apparatus as claimed in Claim 15, further comprising means enabling
2 broadcasting of packets on individual downstream links decoupled from said flow

3 control mechanism to perform aggressive broadcasting. .

17. The apparatué as claimed in Claim 2, wherein said first network includes an n-

2  dimensional torus, where n is greater or equal to one.

1 18. A method for performing collective reductions, broadcasts, and message passing
2 during parallel algorithm operations executing in a computer structure having a

3 plurality of interconnected processing nodes, said method comprising:
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1 18. A nmethod for perform ng collective reductions, broadcasts, and
nmessage passing 2 during parallel algorithmoperations executing in a
conputer structure having a 3 plurality of interconnected processing nodes,
sai d nmet hoV@e4sP168i ng: 20 WO 02/ 069168 PCTI US02/ 05586 4 RCIWSAPE8¢ out er
devi ces for interconnecting said nodes via links according to a 5 gl obal
tree network structure, said tree structure including one or nore one or
more 6 virtual sub-tree structures; and, 7 8 enabling |owlatency gl obal
processing operations to be perforned at nodes of said 9 virtual tree

st r uct ur es, 4sappvidingeautes devieasiforiatercoanerting said pedes vialinks aggordipg tod| 10
broadcast oper ?}dbﬁlrﬁeeqﬂ\’w&k e mt?eersﬁ'gét].l&qgﬁuéiﬂ biAdr Gt Bfe & mafeeci T 1 ed
atree 11 virtfual sub-tree networks, global re uct%on operations .upstream
from | eaf n6desirtual sub2reestrictnesieandn sai d tree, and point-to-poi nt nessage
passi ng fro? any node of said 13 virtual tree to the root node of said
virtual treé as required when performng said 14 parallel algorithm
operations. 81 ¢Rablihffowibitdied ghobaliradesdinlg operdtions to betherfolmedat nodasiof saidnput i ng
structure includes, 2 a plurality of processing,nodes intergonnected to
forma firs? nairygltee starcyrassartglobal operptiqns in qgﬁié'r&mer?g"%%@é&@g%f

col | abor at jyel )Srd%ﬂcdsg&%%{&ﬂ@@évbﬁéu’d&h ol IdoPrid t8leabadded of dpREifie@h wee k and

first network in accordance wth bandw dth and l'atency 5 requirements of a
paral | el allfjor ivirtwal subrtrasietweirks, globplrediction opgrgfinns ppsirepmdrams afippdeg to

performance, 1 al_ | |2 0Q: ﬁq/@g | ot node
of each vi ?? uar&glhg‘g@ SE@?&%’%Q%B%&:@ gﬁgt rggss%fﬁ# 5‘4ngéoe |%§?‘fj&d‘? r?éﬁa

hi gh- speed13onrirtial @& tbtheootnode bfisdid vidtual\tese asteqarediwhet parfbrminglsaidi ng t he
step of perform ng node 1/0 operations for that 4 virtual tree network

i ndependent? of Pbrﬁﬂ‘?l 8Ogithm BRETRANSed in said first network. 1 21. The method
as clainmed in Caim20, wherein each said router includes input 2 devices

for receiving packets fromother nodes of a virtual tree, output devices
for 3 forwhrdilfgThemethod as elaimeddn Claimds, whereinjsaidicomputing stryetire ingludes i on

device for 4nj g@idr&ﬂ o?g&@&gﬁkﬁoﬁéﬁﬂgﬁm&eﬁ &P forAairst deBFStk, aRGRBthb®N
ng packets from sal

devi ce for Trenovi . .
further including the step of collaboratively or independently utilizing said global

4  tree network and first network in accordance with bandwidth and latency

5 requirements of a paralle! algorithm for optimizing parallel algorithm processing
6 performance.

1  20. The method as claimed in Claim 18, wherein a root node of each virtual tree
2 network functions as an /O node including a high-speed connection to an external
3 system, said method including the step of performing node I/O operations for that
4  virtual tree network independent of operations performed in said first network.

1  21. The method as claimed in Claim 20, wherein each said router includes input

2 devices for receiving packets from other nodes of a virtual tree, output devices for
3 forwarding packets to other nodes of said tree, a local injection device for injecting
4  packets into said tree, and a local reception device for removing packets from said
5 tree, said method further including the step of configuring said router to either

6 participate or not participate in a virtual tree.
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5 tree, said nethod further including the step of configuring said router
to either 6 participate or not participate in a virtual tree. 21 WO

02/ 069168 PCTI US02/ 05586 1 22. The method as clainmed in O aim?20, wherein
sai d rout eWQ@MeP$8ri ng step further 2 conprises the ste@CHUSSYESSG yi ng
participation of° a node as a root of a virtual tree 3 when perform ng
reduction operations. 1 23. The nethod as clainmed in Caim22, wherein said
router configuring step further 2 conprises one or nore steps of 3 4
speci fyi ng Earti cia%ati on of said processing node coupled _to, said fouter for
i nj ecting opdr Themethedias glajraed ja Glaim 29y whereinsaid rogfspconfgurngsien-Jurthen g
participatiegn ! %e(ﬁ% Elﬁ’ﬁéﬂ&f)lﬁrtfc?déﬂ [ i ¢dlj ecti ng
8 oper ands gur%rgﬁﬁée%ﬁs? n oBer trons. 1 gﬁgféﬁe&%&e?ﬁgﬁ%gghj%{%ﬂ in

Cl ai m 23, fart hwehen perfpmiing reguction operapiensof : configuring 2 said router to
conpute a specified reduction operation on packet contents received 3 from
contributing children nodes and sai d processi ng node, and causing 4

transm ssi om 0f23c QHp wietod @B clatited ih Tliim 22hwhereimdeidroutpseonfiguninpstemfurthexde vi a
an 5 output device.- 1 25. The nmethod as clained in Caim24, further

i ncl udi ng t Re $PWPrises opgeMeTeAAPS 8 causing a gl obal conbined result to be
conput ed upysaid virtual tree for conpletion 3 as a single packet at said
root node. 1 26. The nethod as clained in Caim?25, further including the
step of broAdcapedifyingpartivipation pEsaid-preesssinginrdecdeupled o said rquien fr injgctingch al |

of the partici J LLdren.. 1 aur to contribute operands to
reducti ons Els)'n @ﬁgﬂﬁ%%ﬁgﬁéﬁr@%@&%@%?ﬁ% met hod as clainmed in Caim 20,
further incbuding the step of enabling 2 conpute nodes to send

poi nt-to-popnt packets to.an 1/0 npde at. the,r . V] ‘s ree that
are destine f&F“é‘JS"%aaﬁPfP&ﬂ% Qgﬁa rgfegmg%p%dehq%gﬁlg@ke bdlﬂgg%ﬁgdéﬁjg#ngzz-

8  operands during reduction operations.

24. The method as claimed in Claim 23, further comprising the steps of: configuring
said router to compute a specified reduction operation on packet contents received
from contributing children nodes and said processing node, and causing

transmission of computation results to that node’s upstream parent node via an

h H W N e

output device.

1  25. The method as claimed in Claim 24, further including the step of recursively
2 causing a global combined result to be computed up said virtual tree for completion

3 as a single packet at said root node.

26. The method as claimed in Claim 25, further including the step of broadcasting a
2  single, combined packet at said root to each all of the participating children

configured to contribute operands to reductions on that virtual tree.
1 27. The method as claimed in Claim 20, further including the step of enabling

2 compute nodes to send point-to-point packets to an /O node at the root of a virtual

3 tree that are destined for an external system via said high-speed connection.
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WO 02/ 069168 PCT/ US02/ 05586 1 28. The nethod as clained in O aim 26,
further conmprising the step of controlling 2 reception of broadcast
packets at nodes of a virtual tree, said reception being based 3 upon said
addr ess of Wa02P6Ps8e and its participation in said virtualPCGIUS82058809 The
met hod as clained in Caim28, wherein each node includes an address, 2
said nethod further conprising the step of enabling point-to-point and
sub-tree 3 nessaging anong nodes of each said virtual tree, said address
enabling a host 4 systemto directly communicate to every node of, a subset

of the noded. 283Fhemethodws plaimedsin Glaimnddy furthersomnyising, the ’i}PR efsontrallingqi ng
the step of, ger}g{) o 'F Hoa aﬁ?ﬁ&\é@ra?néd%% 6f £%Pﬁ1a]ttféeasamﬂ9€pﬁ§ﬁbelﬂﬁ based
processi ng node sed on t ontents o pac ket received t he | ocal
reception davi epon aidaddrassof said hedt and ltebeﬂhmpdtmmn@léwmbtreﬁ urt her
including the step of. independently 2 blocking unnecessary downtree
traffic on each virtual tree. 1 32. The nmethod as clained in C aim 28,
further conpri 29nghe heﬂﬁ:ﬂepcrafmwmﬂlainm wherkinmacicnoderindludes anaddressout er s

wh t I d
Pt hor Conr  SHAdRMel Grs camPGHABIe D of SrYGRe BaRL B IR SO FFG o
packets on sndwésgugﬁ{g AP SHAKTehYaR] Vidtud] €66 4Ridiadress®entBlinth £ hayv cont r ol

mechani sm .
4 system to directly communicate to every node or a subset of the nodes.

30. The method as claimed in Claim 26,further including the step of: generating a
2 hardware interrupt to a processor of a processing node based on the contents of a

packet received by the local reception device.

31. The method as claimed in Claim 26, further including the step of: independently

2  blocking unnecessary downtree traffic on each virtual tree.

"1 32. The method as claimed in Claim 28, further comprising the step of providing

2  flow control between routers when communicating packets.
1 33. The method as claimed in Claim 32, further comprising the step of enabling

2  aggressive broadcasting of packets on individual downstream links by decoupling

said flow control mechanism. .
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