~® NON UNI FORM MEMORY ACCESS (NUMR) DATA PROCESSI NG SYSTEM THA'MI':U H%_Bg%D
REI SSUES REQUESTS AT A TARGET PROCESSI NG NODE | N RESPONSE TO A RETRY
BACKGROUND OF THE | NVENTI ON 1. Techni cal Field: The present invention.
relates in general to.a nmethod and systemif-or data processing and, in
particular, to data processing wthin a non-uniformnmenory access (NUVA)
data processing system Still nore particularly, the present invention
relates to a NUMA data processing system and net hod of conmunication in a
NUMA data processing systemin which transactions that receive a Retry
response at a target processing node are held at the target processing node

prior to being REHUTREFLIY MHMOEE AREEENINROC S2TANORrBEHSsING syd®@gr i ption
of the Rel ated #uAT hérds 0 IRECERURS REQUESTD MIURETARGED PROCESIDNG er -
conput er system perfornmance NGDE lIn aEBpengEl Ty zh&RETRYSI ng t he pr.ocessi ng
power of nultiple individual processors in tandem Milti-processor (M)
conput er systens can be desi ggned .with a nunber of different topol ogies, of

whi ch various ones may be betBATKCROUNROF oFHE INVERFEAN appl i cati ons

dependi ng upon the perfornmance requirenments and software environnment of

each applicatipn. %echgic e §§3.comon MP conputer topologies is a
symmetric multl-processor Sﬁg% configuration in which nultiple processors
share common resources, such as a system nenory and jnput/output (I/0O

subsystem which are tyfPCaPrEseBhptReationr IRRESS IR IR Te M0 fnect .
Such conput er myieimmet eystieth forbdata processing and, in particular,

to data processing within a non-uniform wemory access
(NUMA) data processing system.' Still more particularly,
the present invention relates to a NUMA data processing
system and method of communication in a NUMA data
processing system in which transactions that receive a
Retry response at a target processihg node are held at
the target processing node prior to being returned to the
requesting processing node. '

2. Description of the Related Art:

It is well-known in the computer arts that

- greater computer system performance can be achieved by
harnessing the processing power of multiple individual
processors in taﬁdem. Multi-processor (MP) computer .
systems can be designed with a number of different '
topologies, of which various ones may be better suited
for particular applications depending upon the
performance requirements and software environment of each
application. One of the most common MP computer
topologies is a symmetric multi-processor (SMP)
configuration in which multiple processors share common
resources, such as a system memory and input/output (x1/0)
subsystem, which are typically coupled to a shared system
interconnect. Such computer systems are said to be
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_-2- symmetric because all processors in an SMP conputer systemideally have
the sane access latency with respect to data stored in the shared system
menory. Al though SMP conmputer systens permit the use of relatively sinple

i nt er-processor communi cati on and data sizari ng net hodol ogi es, SMP conput er
systens have limted scalability. In other words, while perfornmance of a
typi cal SMP conputer system can generally be expected to inprove with scale
(i.e., with the addition of nore processors), inherent bus, nenory, and

i nput/output (1/0O bandwidth Iimtations prevent significant advantage from
being obtained by scaling a SMP beyond & i npl enmentati on- dependent size at

whi ch the utidjzalidaR gkchlgeeasnappecdarayr QﬁSaﬁSSMJ?DtddﬂﬂpZﬂ:(ér Thus, the SWP

topol ogy itself suffers certain_extent fro faki ons,
especi al |y atS¥#&E% é#ﬁfeﬁﬁ?’? Egg TR SFStem g‘]"c% rgéj’%(\llncr easéersEp %P
conput er systtenRladias Gtaoredotins thkeeshared faystenheere@ndpoi nt  of

manuf acturing efficiency. For exanple, although sone corrponents can be
optim zed for use in bq h un| rg@ ssor L -scal e xotela eIt

systenms, such conponen FRTFY eE gP{f P7 %%rén]i n B & scaﬁ e SMPs.
Conversel y, cmmneam @émpgleednter peecessoracgumerktat igvPang ddtdpract i cal

for use in sngld mofmgm Cofib SSNRe! Byst s hdvasuliimi i MP
conput er systemto ol .ogy known non accessf(NUI\/A) has
energed as arf@@taltiddityre d&siO §2‘ei‘h‘é{? <g%l’dr Bid8oDRER %/Ir“b
typical SMP computer system can generally be expected to
improve with scale (i.e., with the addition of more
précessors), inherent bus, memory, and input/output (1/0)
bandwidth limitations prevent significant advantage from
being obtained by scaling a SMP beyond a implementation-
dependent size at which the utilization-of these shared
resources is optimized. Thus, the SMP topology itself
suffers to a certain extent from bandwidth limitations,
especially at the system memory, as the system scale
increases.- SMP computer systems also do not scale well
from the standpoint of manufacturing efficiency. For
example, although some components can be optimized for
use in both uniprocessor and small-scale SMP computer
systeﬁs, such components are often inefficient for use in
large-scale SMPs. Conversely, components designed for
use in 1arge-scale SMPs are impractical for use in
smaller systems from a cost standpoint.

As a result, an MP computer system topology
~ known as non-uniform memory access (NUMA) has emerged as
an alternative design that addresses many of the
limitations of SMP computer systems at the expense of
some additional complexity. A typical NUMA computer
system includes a number of interconnected nodes that
each include one or more processors.and a local "system"

memory. Such computer systems are said to have a non-



l.Limtations of SMP conputer systens at the expense of sone additional
conplexity. A typical NUMVA conputer systemincludes a nunber of

i nt erconnect ed nodes that each include one or nore processors and a | ocal
"systen! memory. Such conputer systens are-3aid to have a non- - 3-

uni form nmenory access because each processor has | ower access |latency with
respect to data stored in the systemnenory at its |ocal node than with
respect to data stored in the systemnenory at a renote node. NUVA systens
can be further classified as either non-coherent or cache coherent,
dependi ng upon whet her or not data coherency is maintained between caches
in different nodeiformmeanemamt éddasgsobegcatie extePERCeREMA KO- MRWAY syst ens
i s attributabl eatBesslr ga diRAS Wikt eelsheclddd tdilste@BIL Ctid Qs dagni I ed

for hardware tomg;%nt al n._the various |evels

n data coherenc ot only betwe
of cache rrermry.andr%ys% elcrl.‘uSrrt(f:]:lr‘roﬁ:r"’lry1 Wt iﬁﬂgréc%ﬂr%ffgsgﬁfga?%o e VESH Fhche
and syst em neno#iebhe rexHtee mamoryodds 2 KERMECE aindet er NONA taytefes dmwever,
address the scababfhither idldsdiifies ek eQENENtiN@bhSMLE WP UWLIhSY St €NMB

since each node_w t hi aANUMA onputer systemcan _be inplenented as a
smal | er SMP sys?‘\é\fﬁ?relrh s, eﬁ%’d‘é‘ﬁgr) é’ﬁmgo?%%ﬁé?ﬁ fxi/\nnf’ﬁl ﬂggaac‘%ﬁ?‘m%rf'%e
optim zed for umainmteindd, hetwegnprachesoin, dififidrenthnods®r alThesyst em
benefits from t&smsaiiabids icacke Cahdebns i RRCalbmA) P is
ol A g rel g YR AstY i §3%%e meBLuRS' feR°REQILRALS concern with
communication required for hardware to maintain data
coherency not only between the various levels of cache
memory and system memory within each node but also
between cache and system memories in different nodes.
NUMA computer systems do, however, address the
scalability limitations of conventional SMP computer
systems since each node within a NUMA computer system can
be implemented as a smaller SMP system. Thus, the shared
components within each node can be optimized for use by
only a few processors, while the overall system benefits
from the availability of larger scale parallelism while
maintaining relatively low latency.
LA principal performance concern with CC-NUMA
computer systems'is the latency associated with
communication transactions transmitted via the
interconnect coupling the nodes. Because of the
relatively high latency associated with request
transactions transmitted on the nodal interconnect versus
transactions on the local interconnects, it is useful and
desirable to reduce- unnecessary communication over the
nodal interconnect in order to improve overall system
performance.



_Comput’er systens is the |atency associated w th comunication transactions
transmtted via the interconnect coupling the nodes. Because of the
relatively high |atency associated with request transactions transnmtted on
t he nodal interconnect versus transacti ons on the |ocal interconnects, it
I's useful and desirable to reduce unnecessary conmuni cati on over the nodal

I nterconnect in order to inprove overall system perfornmance. - 4- SUMVARY
OF THE I NVENTION I n accordance with the present invention, a non-uniform
menory access (NUMA) conputer systemincludes at |east a | ocal processing
node and a renote processing node that are each coupled to a node -

I nterconnect. The | ocal proceggMRarR06R TH¥ IEesTebn| east a processor and a
| ocal system nenory, and the renote processing node includes at |east a

processor having an associ ated cache menory, a |ocal systemnenory, and a
node controller that arin eaxdowiamglectith the quslsenfit énvempen. 3 n response

to receipt bynaﬂeuﬂpé&r@q&hﬁw %.rcdefssa (moesiodph@egas s@émtiﬁmaég ed from
t he | ocal proces g via the node int node controller at

the renote pr BEe ar]séifé‘felsl‘?éngeﬁ ‘i%taﬁ]énﬁ&‘? PO THE- T Dcal
i nt erconnect. nbﬂethhateqmaseadhc aspdiedohor gwidec g nerconyecespdf®e at t he

renote procesgppgy 5}.[ qﬂﬁecqwc&ahésra@q%%seoa progdigdeland et urn the

retry response to_t ocess%p% node. | nstead, the node
local system me he remote processing node

includes at least a processor having an associated cache
memory, a local system memory, and a node'controller that
are each-coupled to a locaifinterconnect. In response to
receipt by the node controller of a request transaction
transmitted from the local processing node via the node
interconnect, the node controller at the remote
processing node issues the request transaction on the
local interconnect. If the request transaction receives
a retry reeponse at the remote processing node, the node
controller does not immediately return the retry response
to the local processing node. Instead, the node
controller reissues the request transaction on the local
interconnect at least once, thus giving the request
transaction another opportunity to complete successfully.
In one embodiment, the request transaction is reissued on
the local intercohnect of the remote processing node
until a response other than retry is received or until a

retry limit is reached.

All objects, features, and advantages of the
present invention will become apparent in the following
detailed written description.



controller reissues the request transaction on the | ocal interconnect at

| east once, thus giving the request transaction another opportunity to
conpl ete successfully. In one enbodi nent, the request transaction is .
rei ssued on the local interconnect of the-¥enpte processing node until a
response other than retry is received or until a retry limt is reached.
Al |- objects, features, and advantages of the present invention will becone
apparent in the following detailed witten description. BRI EF
DESCRI PTI ON OF THE DRAW NGS The novel features believed characteristic of
the invention are set forth in the appended clains. The invention itself
however, as well as a prefBRIER] DESERIDTION OF fIHE DBRAWDRERCt S and advant ages

thereof, will best be understood by reference to the follow ng detailed
descrlptlon of an illustrative enbodlnent when read in conjuncti.on with the
acconpanyi ng drawi ngs, WhH&r BPHelrFgateras hsditevedaphard HtiFe O%mbodi ment

of a NUMA conpﬂkemm&wmm&mnlaracsetdﬁomﬁhvmnIthbheppenduﬂﬂchaim&ntlams Fi gure
2is anore d a t eggont i n<Fi gure
L Figure 3 | oeritlch JpletbAR S, O RLICaEO8 PR iR e o
i nt er - node coﬁﬁiﬁ%’néEg rlﬁbAEEBFd%BQeaQHQQ¥a9ﬁ§ phecesh. MHldndest P§ which
a request thaturrdmmtmesl hyRetfgratca temiee fpnmoes:sg rdetadded s hel d and

reissued at thed5MpeqoR" 8868R! 1918863 embodiment when read in

conjunction with the accompanying drawings, wherein:

Figure 1 depicts an illustrative embodiment of
a NUMA computer system in accordance with the present
invention;

Figure 2 is a more detailed block diagram of
the node controller shown in Figure 1;

Figure 3 is a high level logical flowchart of
an exemplary method of inter-node communication in
accordance with the present invention in which a réquest
that receives a Retry at a remote processing node is held
and reissugd at the remote processing node; and

Figures 4A-4D together illustrate an exemplary
processing scenario in accordance with the method '
depicted in Figure 3.



_Figures 4A-4D together illustrate an exenplary processing scenario in
accordance with the nethod depicted in Figure 3. DETAI LED DESCRI PTI ON OF
| LLUSTRATI VE EMBCODI MENT System Overview Wth reference now to the figures
and in particular with reference to Figuge 1, there is depicted an

il lustrative enbodi nent of a NUMA conputer systemin accordance wth the
present invention. The depicted enbodi nent can. be realized, for exanple,
as a - workstation, server, or mainfrane conputer. As illustrated, NUVA
computer system 6 includes a nunber (Na2) of processing nodes 8a-8n, which
are interconnected by node interconnect 22. Processing nodes 8a-8n may each

i nclude M (Mao) priGassens pkdcriet 26/ of rﬂn@b@@ﬁﬂ@fﬁ HMBOYYMERTSY St em nenory

18 that is accessed via a nenory controller 17. Processors | Ga-10m are
preferably (but not necessarily) identical and may conprise a processor
wi thin the Payenla ovemeiek processors avail able fromInternationa

Busi ness Wachi nes (T By COT POE@ELA GlowB0Rke A landl Bpaddition to the

registers, instruction o ic an exequtlon Units utilized to.execute
progran1|nst&@@ﬁﬁ@ﬁéarmﬂﬁﬁh BeECTRNRE 49 FigUER ghat ' ERe FP088REG6FBore 12,
each of process@dubeath@n ahsodimeaitudEs aaNUMA - odwguteac sy shiewr &nchy t hat

til dt
roror o5 18, ERCHASEhelhhor A PSR, THRRBL B0 e e T evel o

menories 18. may i nclude, for exanple a |level one
(Li) cache argnbpdigmeat can be rea ized, for example, as a -

workstation, server, or mainframe computer. As
illustrated, NUMA computer system 6 includes a number
(N=2) of processing nodes 8a-8n, which are interconnected
by node interconnect 22. Processing nodes 8a-8n may each .
include M (M=20) processors 10, a local interconnect 16,
and a system memory 18 that is accessed via a memory
controller 17. Processors l1l0a-1l0m are preférably (but
not necessarily) identical and may comprise a processor
within the PowerPC™ line of processors avaiiable from
International Business Machines (IBM) Corporation of
Armonk, New York. In addition to the registers,
instruction flow logic and execution units utilized to
execute program instructions, which are generally
designated.as processor core 12, each of processors 1l0a-
10m also includes an on-chip cache hierarchy that is
utilized to stage.data to the associated processor core
12 from system memories 18. -Each cache hierarchy 14tmay
include, for example, a level one (Ll1l) cache and a level
two (L2) cache having storage capacities of between 8-32
_kilobytes (kB) and 1-16 megabytes (MB), respectively.

Each of processing nodes 8a-8n further includes
a respective node controller 20 coupled between local
interconnect 16 and node intercomnect 22. Each node
controller 20 serves as a local agent for remote
processing nodes 8 by performing at least two functioms.



two (L2) cache having storage capacities of between 8-32 kil obytes (kB) and
1-16 nmegabytes (MB), respectively. Each of processing nodes 8a-8n further

i ncludes a respective node controller 20 coupl ed between | ocal interconnect
16 and node interconnect 22. Each node comol ler 20 serves as a |ocal

agent for renote processing nodes 8 by performng at |east two functions.
-7 - First, each node controller 20 snoops the associated | ocal

i nterconnect 16 and facilitates the transm ssion of |ocal comrunication
transactions to renote processing nodes 8. Second, each node controller 20
snoops communi cation transactions on node interconnect 22 and nasters

rel evant comuiFicati orathansast camsralldrheoasaospatiad laeeakibakar connect

16. Communi cat i n; [ . | ontrolled by an arbiter
29, Acbiter e 2dorallfBERabARge: I8 RO MBI Hked G vidnaRladtoR g e
request si gnal $°G8heFATBYNEGAHIOR deransactdoRAdte GIANdte PsheeeatRdr esponses

for snooped comedescati 0Setdwds asddlonfoden cbatablidy @@;&E\g@ﬁé? 16, as
di scussed furt L . ] oc ' C t i S .couple \Y; nezzani ne
bus. b dge 26, Comant4bLoR elad M 8R node ' SreekBBter 28 84"
Peri pheral ConP8fERTS| Felerrphamundicatigaatrangactiionseganphe. Mezzani ne

bus' bridge 26 psevtfilasedoldcal |avtdmicnmertpash tduruahcabish GROSSSSOrS 10
my direct!y ageess SEVLAESAMNG d 12 ARKLEET &F 1 S LOLEPE, dgY! cos 34
that are mapped to bus nenory and/ or

Arbiters 24 regulate access to local interconnects 16

based on bus request signals generated by processors 10

and compile coherency responses for snooped communication

transactions on local interconnects 16, as discussed

further below.

Local interconnect 16 is coupled, via mezzanine
bus bridge 26, to a mezzanine bus 30, which may be
implemented as a Peripheral Component Interconnect (PCI)
local bus, for example. Mezzanine bus bridge 26 provides
both a low latency path through which processors 10 may
directly access devices among I/O devices 32 and storage
devices 34 that are mapped to bus memory and/or I/O
address spaces and a high bandwidth path through which
I/0 devices 32 and storage devices 34 may access system
memory 18. I/O devices 32 may include, for example, a
display device, a keyboard, a graphical pointer, and
serial and parallel ports for connection to external
networks or attached devices. Storage devices 34, on the

~ other hand, may include optical or magnetic disks that
provide non-volatile storage for operating system and
application software.

Memory Organization
All of processors 10 in NUMA computer system 6

share a single physical memory space, meaning that each



_address spaces and a hi gh bandwi dth path through which I/0O devices 32 and
storage devices 34 nmay access systemnenory 18. |1/0O devices 32 may i ncl ude,
for exanple, a display device, a keyboard, a graphical pointer, and seri.al
and paral l el ports for connection to exterpal networks or attached devices.
St orage devices 34, on the other hand, may include optical or magnetic

di sks that provide non-volatile storage for operating system and
application software. Menory OrQani zation Al of processors 10 in NUVA
conput er system 6 share a single physical nmenory space, neaning that each
-8- physical address is associated with onIy a single | ocation in one of

t 18. Th th | | t whi ch
Chn goner al |y BB SATAR S Cary BPOPSEDTS 10 iy ORUKRE COMBITEr Sy<t om 6,

can be viewed bacagfakan tinowad l@eftwwatemysemme@rréﬁl. sTh@s, Folre exegrprlel in an

illustrative em%mtofofch@%y%a&eabmbﬂyemwﬁ an éfwhpr&cess' ng
nodes 8, NUVA co utqg}ayste n%% have SIC addr ess

space i ncl udi n3CHBIIF A& P Fﬁ5§§ °§B area. The
general pur posearmsbﬂ)r\memeda ass pamu@ednedatbﬁ&@@nwsystaqmﬁmrms H.&ach of

the four procepsi ngcigsies §0@nNg18lLkecat B¢k "e\‘&b&ﬁt@ﬂét& Sﬁgém;%ese'ﬁ@

reserved area, mhlch nay cQ ntagp %pBrOXInH I el I ncl udes stem

control and pel®YHr m RUE PEPSFREY eﬁrg RO £9 € to a

respective onesyﬁtem may have a 16 gigabyte (GB) physical address space
including both a general purpose memory area and a
reserved area. The general purpose memory area is
divided into 500 MB segments, with each of the four
processing nodes 8 being allocated every fourth segment.
The reserved area, which may contain approximately 2 GB,
includes system control and peripheral memory and I/O
areas that are each allocated to a respective_one of
processing nodes 8.

For purposes of the present discussion, the
processing node 8 that stores a particular datum in its
system memory 18 is said to be the home node for that
datum; conversely, others of processing nodes 8a-8n are
said to be remote nodes with respect to the particular
datum.

Memory Coherency
Because data stored within each system memory

18 can be requested, accessed, and modified by any
processor 10 within NUMA computer system 6, NUMA computer
system 6 implements a cache coherence protocol to
maintain coherence both between caches in the same
processing node and between caches in different
processing nodes. Thus, NUMA computer system 6 is
properly classified as a CC-NUMA computer system. ‘The
cache coherence protocol that is implemented is



processi ng nodes 8. For purposes of the present discussion, the processing
node 8 that stores a particular datumin its systemnenory 18 is said to be
t he hone node for that datum conversely, others of processing nodes 8a-.8n
are said to be renote nodes with respect t-@-the particular datum Menory
Coher ency Because data stored within each system nenory 18 can be
reguest ed, accessed, and nodified by any processor 10 within NUVA conputer
system 6, NUMA conputer system 6 inplenents a cache coherence protocol to
mai nt ai n coherence both between caches in the same processi ng node and
between caches in different processing nodes. Thus, NUMA conputer system 6

is properly cl aﬁ@léh@ﬂt@@l&l%ﬂﬂ%@m& aaysa&aﬁmse Ther cagdproher ence

protocol that nt ed ghent de en and may
conprise, for ‘e:égrrp Jéiar?fe ?dlk e\ﬁrgf I%%RP g?‘alrﬁg #ﬁéed I nval i d
(MESI) protocol(MEEIh mé@t‘r%ml t%raedﬁarwﬁeﬁhﬁmoﬁ t erﬁﬁfb%ras’sfarmnﬂl hat

cache hi erar chbgsadduméd eHdd tRiche?hileFalroHESS Ib%naoaﬁﬁﬂtéﬁé\&i‘l MESI
protocol , of m@ ontrollers 20 1 niz ates and

node
consi der the E'% gf%e?t N e ﬁgg gﬁéEQ§° Edﬁ%ﬁ%ﬁﬁg§i That
i's, node contrGDnérQIM%s@erqqmlm@ehuloE@m tlssveWSbiyn@ renote cache

has been nodi f ceflsidbetdid Wrstitle ithe vdahardes BftidiehkyMbeede for -
correctness. That is, node controllers 20 assume that
data held exclusively by a remote cache has been
modified, whether or not the data has actually been
modified.

Interconnect Architecture

Local interconnects 16 and node interconnect 22
can each be implemented with any bus-based broadcast
architecture, switch-based broadcast architecture, or .
switch-based non-broadcaét architecture. However, in a.
preferred embodiment, at least node interconnect 22 is
implemented as a switch-based non-broadcast interconnect
governed by the 6xx communication protocol developed by
IBM Corporation. Local interconnects 16 and node
interconnect 22 permit split transactions, meaning that
no fixed timing relationship exists between the address
and data tenures comprising a communication transaction
and that data packets can be ordered differently than the
associated address packets. The utilization of local
interconnects 16 and node interconnect 22 is also
preferably enhanced by pipelining communication-
transactions, which permits a subsequent communication
transaction to be sourced prior to the master of a
previous communication transaction receiving coherency

responses from each recipient.

Regardless of the type or types of interconnect



nodi fied. Interconnect Architecture Local interconnects 16 and node

I nt erconnect 22 can each be inplenented with any bus-based broadcast
architecture, switch-based broadcast architecture, or swtch-based :
non- broadcast architecture. However, in ajipreferred enbodi nent, at |east
node interconnect 22 is inplenented as a sw tch-based non-broadcast

I nt erconnect governed by the 6xx communi cation protocol devel oped by | BM
Corporation. Local interconnects 16 and node interconnect 22 permt split
transactions, nmeaning that no fixed timng relationship exists between the
address and data tenures conprising a comuni cation transaction and that

dat a packets e Urdgie ghg'cf EFEG bVeddiRdl hS agSoLL aﬁlﬁc%

packets. The ut] |zat|on i nt'er connect's 6 and. no S%%nnect 22
i s al.so preferblPashessc dpsgfkﬁFpleﬂ?ﬁmgs%#ﬁﬁﬁ.eawwwéhsb&me&@a whi ch
permts a subssyuemiscartenuadti off infveatiion) te AddBesy ceiht,@r,i @nhd o the

master of a pr@&ﬂé}%%cé,glr?glggbﬁ%' gna%%€r\§%.q.tll 24 ESC%H{’%}? Voed Tl ton

responses from ea ess. of t ype
i nt er connect be tPé'G’FﬁﬁélflﬁaF°ﬁ?% ‘?rfﬁiaeﬁ@ﬁ?ean %?C‘Pfgbﬁﬁt 4% 88% ypes of
"packet s" (pacﬂeaiwehm Bgovpetsheia YOOLY | ttddryohfet®s €16 0 Refdiradmet e unit
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convey i nformation bet ween processt h Vi a node Tnterconnéct 22 and
bet ween snoopélefipifiogsaprengévennfet taddnessrand r daty packets,

respectively.

TABLE I

I Field Name l . Description l
lAddress Modifiers defining attributes of a I
0:7> i i i

< communication transaction for coherency,
write thru, and protection

Address Tag used to identify all packets within a
<8:15> communication transaction
Address Address portion that indicates the
<16:63> physical, virtual or I/0 address in a
request
AParity Indicates parity for address bits <0:63>
<0:2> :
TDescriptors | Indicate size and type of communication
transaction
TABLE II
I Field Name | Description )
- 1
Data Data for read and write transactions

<0:127>

Data parity | Indicates parity for data lines <0:127>
<0:15>

DTag Tag used to match a data packet with an
<0:7> address packet




now to Tables | and 1, a summary of relevant fields and definitions are
given for address and data packets, respectively. TABLE | Field Nane

Description | Address Modi fiers defining attributes
of a <0:7> comuni cation transactiien for coherency, wite thru, and
protection Address Tag used to identify all packets within a <8: 15>
comruni cation transaction Address Address portion that indicates the
<16: 63> physical, virtual or 1/0O address in a request AParity

I ndicates parity for address bits <0:63> <0:2> TDescriptors Indicate size
and type of communication transaction TABLE Il Field Nanme

Description. [Og I
Data parity PH?%b@es pa
Tag used to natfhina>data pd . ] = 2
Dval i d Indlcates |f vaI|d i nformation is present <0: 1> I n Data

and DTag fi el dss Amndinditead deh iTablakl €sahdaIm Ith, peomperar tedipgigeitpi ent .

node or snooper to determine the communication

transaction to which each packet belongs, each packet in
a communication transaction is identified with a
transaction tag. Those skilled in the art will
appreciate that additional flow control logic and
associated flow control signals may be utilized to
regulate the utilization of the finite communication

resources.

Within each processing node 8, ccherency
responses are communicated between each snooper and the
local arbiter 24. The signal lines within local
interconnects 16 that are utilized for status and
coherency communication are summarized below in Table

ITI.
TABLE III
L Signal Name Description
AStatOut Encoded signals asserted by each bus
<0:1> receiver to indicate flow control or error
information to arbiter
AStatIn Encoded signals asserted by arbiter in
<0:1> response to tallying the AStatOut signals
agsserted by the bus receivers
ARespOut Encoded signals asserted by each bus
<0:2> receiver to indicate coherency information
to arbiter
ARespIn Encoded signals asserted by arbiter in
<0:2> response to tallying the ARespOut 51gnals
asserted by the bus receivers




_node or snooper to determine the conmmuni cation transaction to which each
packet bel ongs, each packet in a conmunication transaction is identified
with a transaction tag. Those skilled in the art will appreciate that
additional flow control |ogic and associ atted fl ow control signals may be
utilized to regulate the utilization of the finite communication resources.
Wthin each processi ng node 8, coherency responses are comruni cated bet ween

each snooper and the local arbiter 24. The signal lines within |ocal
i nterconnects 16 that are utilized for status and coherency comuni cati on
are summari zed below in Table Il11. TABLE I'll Signal Name

chs:g:’llgﬁl ?2 ;A‘%t?étqég and cgﬂﬁgt@ﬁ@ Sk@@ﬁ&ﬁs@%&ﬁh@ﬁh@t’e&&ﬁfh e ?ﬁi R at
at e W _cont .o error_jnfor o arbiften Astatln
Encoded si gnalasndifssé:ratte 1B¢SaPhi §8‘F ?‘n"rgtfrfé’nnecga i€ onseq}lcyta YSi ng

t he AStat Qut < difadesl &:mept'edrbytmahéebtmnmme\létsomwth theEncoded
signal s asse”ﬂséaia%@aﬁaa%egg gackecs f&C%bc& 1&0 d i gt crgher ency

|nfornat|onto arbiter ARe Si ssert rbiter in
<0: 25> sé"l"tl(‘fgt EPWHS ?h@ri%é%ﬁ’géf‘@ 5? UL S Bﬁe %t he bus
recel vers or not each snooper has successfully received an address

packet transmitted on local interconnect 16, may be

required in the second cycle following receipt of the

address packet. Arbiter 24 compiles the AStatOut votes

and then issues the AStatIn vote a fixed but programmable

number of cycles later (e.g., 1 cycle). Possible AStat

votes are summarized below in Table IV.

TABLE IV
| AStdt vote I Meaning “
Null Idle
Ack Transaction accepted by snooper
Error Parity error detected in tfansaction
Retry Retry tranéaction, usually for flow
' control

Following the AStatIn period, the ARespOut votes may then
be required a fixed but programmable number of cycles
(e.g., 2 cycles) later. Arbiter 24 also compiles the
ARespOut votes of each snooper and delivers an ARespIn
vote, preferably during the next cycle. The possible
AResp votes preferably include the coherency responses
listed in Table V.



«12- Status and coherency responses transmtted via the AResp and ASt at

| ines of |ocal interconnects 16 preferably have a fixed but progranmbl e
timng relationship with the associ ated address packets. For exanple, the
ASt at Qut votes, which provide a prelim nang-indicati on of whether or not
each snooper has successfully received an address packet transmtted on

| ocal interconnect 16, may be required in the second cycle follow ng
recei pt of the address packet. Arbiter 24 conpiles the AStat Qut votes and
then issues the AStatln vote a fixed but programuabl e nunber of cycles

| ater (e.g., 1-cycle). Possible AStat votes are summari zed bel ow in Tabl e
V. TABLE IV AStat vote | Meaning Null rappe v 1dle Ack Transacti on
accepted by snooper Error Parity error detected in transaction Retry
Retry transaction, usually for flow control Followi ng the AStatln period,

t he ARespQut oe required a f1xed but progrannani e numper of
cycles (e.qg., MeaphR¥er 24 al so conpiles the ARespCut'votes
of each snoops '_-'_:'___‘.’_'_‘_._____-__A.!v-___-___._:-_____:-___.___-___________.____:_:_ ext

cycle. The po §5uPLET&F ANk BChHLE dIS+F RREREAGY s LS pONSES

listed in Tablj -- usually for flow control reasons
l1Modified ' Line is modified in cache and will be
intervention | sourced to requestor
Shared Line.is held shared in cache
Null " | 1ine is invalid in cache
ReRun Snooped reqﬁest has long latency and

source of request will be instructed to
reissue transaction at a later time

The ReRun AResp vote, which is usually issued by a node
controller 20, indicates that the snooped request has a
long latency and that the source of the request will be
instructed to reissue the transaction at a later time.
Thus, in contrast to a Retry AResp vote, a ReRun makes:
the recipient of a transaction that voted ReRun (and not
the originator of the transaction) responsible for
causing the communication transaction to be reissued at a
later time.

Node Controller
Referring now to Figure 2, there is illustrated

a more detailed block diagram of a node controller 20 in
NUMA computer system 6 of Figure 1. As shown in Figure

" 2, each node controller 20, which is coupled between a
local interconnect 16 and node interconnect 22, includes
a transaction receive unit (TRU) 40, a transaction send
unit (TSU) 42, a data receive unit (DRU) 44, and a data
send unit (DSU) 46. TRU 40, TSU 42, DRU 44 and DSU 46
can be implemented, for example, with field programmable



. TABLE V Coher ency | Meani ng responses . Retry Sour ce
of request nust retry transaction -- usually for flow control reasons

Modi fi ed Line is nodified in cache and will be intervention sourced
to requester Shared Line is held ghared in cache Nul

Line is invalid in cache ReRun Snooped request has |ong | atency
and source of request wll be instructed to reissue transaction at a later
time The ReRun AResp vote, which is usually issued by a node controller 20,
i ndi cates that the snooped request has a long | atency and that the source
of: the request will be instructed to reissue the transaction at a |later

time. Thus, i nt t r In k reci pi ent
of "5 transhot FBEST REPIys, PR ok HRANCHEL g BoRPAE TRLEgqEaeciplent
transaction) €&5EBAEELIRSIEP) calds nigdicated mihs &St PAAsERER on to be
rei _slstJed at aphaherthfg@hl\m@e Q&Fﬁt{(ﬁd]]l&lr Pefarg ibigurcated, Fvjthe 2, there
Is illustrate nor.e aj | f t£ol I n
NOVA conput er SS0508R, 658 eitr ' (HARES Beind? f20EEa0RA £F R &0
control | er 20anghT8H £2 apdpfakr Rackess Reing RraeEseeoRKeREU 1952 AR node

I nterconnect pRy kBcl udes a transaction receive unit (TRU) 40, a
transaction send unit (TSU) 42, a data receive unit (DRU) 44, and a data
send unit (DSU) 46. TRU 40, TSU 42, DRU 44 and DSU 46 can _be inpl enented, -
for exanple, with fiel dTREoHP arwigistle is so designated to indicate

transaction flow off of node interconnect 22, is

' responsible for accepting address and coherehéy packets
from node interconnect 22, issuing transactions on local
interconnect 16, and forwarding responses to TSU 42. . TRU
40 includes response multiplexer (mux) 52, which receives
packets from node interconnect 22 and passes selected
packets to both bus master 54 and coherency response
logic 56 within TSU 42. 1In response to receipt of a
address packet from response multiplexer 52, bus master
54 can initiate a communication transaction on its local
interconnect 16 that is the same as or different from the
type of communication transaction indicated by the
received address packet. As illustrated, in accordance
with a preferred embodiment of the present invention, bus
master 54 has an associated retry queue 55 in which
request transactions sourced on local interconnect 16 are
temporarily stored, as discussed further below.

TSU 42, which as indicated by its nomenclature
is a conduit for transactioné flowing onto node
interconnect 22, includes a multiple-entry pending buffer
60 that temporarily  stores attributes of communication
transactions sourced onto node interconnect 22 that have
yet to be completed. The transaction attributes stored
in an entry of pending buffer 60 preferably include at
least the address (including'tag) of the transaction, the



1l4- gate arrays (FPGAs) or application specific integrated circuits
(ASICs). As indicated, the address and data paths through node controller
20 are bifurcated, with address (and coherency) packets being processed by
TRU 40 and TSU 42 and data packets being-psocessed by DSU 44 and DRU 46.
TRU 40, which is so designated to indicate transaction flow off of node

i nterconnect 22, is responsible for accepting address and coherency packets
from node interconnect 22, issuing transactions on |ocal interconnect 16,
and forwarding responses to TSU 42. TRU 40 includes response mnul tipl exer
(mux) 52, which receives packets from node interconnect 22 and passes

sel ect ed packet %behQ PSR SRSE £8n DhrRNEHE ORGRIRIC b £ €% 8858d| ogi ¢ 56

Wi thin TSU 42. onse to receipt of a_.address packe om response
Tl 11 bl exer 5ECTBRET Ao BRIt (AATH REBISIE GHTARAR SAEGK RRan&hots on on
its local intea=coriatedl8tatas, ivhidie csarbeasenreidifefretenNulipm the type of

communi cat | on skiBReRehEORNL A ES Shdind BarEEF Aliey, 2t Sésﬂgfé‘éé& As

illustrated, in accordance w.th referred enbodi nent of r esent.

i nvention, buSTmkSt BERER. h?a’%d’a‘FF‘ dibgted ?e??%f“iﬁ?é‘&@n%sl fCdht ch request
transacti ons yemdiad.onIhosdditidrertmomoactid§. addmesscppokats!| gnshoded, as

di scussed furtjhel %hﬂ&’ctT%# ggmsuvxm “i@:t%irag{?&“v%?&?‘h@’ctbté | nCJfét ure is

a conduit for transactions ont o node, i nterconnect udes a
mul ti pl e- ent r PR ﬁsqgggyepransactlons and issues commands to DRU 4
and DSU 46 to control the transfer of data between local

interconnect 16 and node interconnect 22. TSU 42 also
'implementslﬁhe selected (i.e., MSI) coherency protocol
for node interconnect 22 with coherency reéponse logic 56
and maintains coherence directory 50 with directory

-

control logic 58.

Coherence directory 50 stores indications of
the system memory addresses of data (e.g., cache-lines)
checked out to caches in remote nodes for which the local
processing node is the home node. The address indication
for each cache line is stored in association with an
identifier of each remote processing node having a copy
of the cache line and the coherency status of the cache
line at each such remote processing node. Possible
coherency states for entries in coherency directory 50

are summarized in Table VI.



60 that tenporarily- stores attributes of communication transactions
“sourced onto node interconnect 22 that have yet to be conpl eted. The
transaction attributes stored in an entry of pending buffer 60 preferably
i nclude at | east the address (including-t&g) of the transaction, the
type of the transaction, and the nunber of expected coherency responses.
Each pending buffer entry has an associ ated status, which can be set either
to Null, indicating that the pending buffer entry can be deleted, or to
ReRun, indicating that the transaction is still pending. In addition to
sourci ng address packets on node interconnect 22, TSU 42 interacts with TRU
40 to process nenory request transachggﬁg gRd i ssues commands to DRU 44 and

DSU 46 to co 0 he en local interconne 5 and
node interco : ; Iected (i.e., wnBI)
coherency pr Fgégﬁéghce (e8I e (572 mntﬁlgoherency responsell ogi c
56 and nmi nt |§@a@§here Ggh dige@t qrap 50 with directory control |ogi ¢ 58.
Coherence dinectory 50 4t i ndi ' psses of
data (e.g., dache Iines checked ¢ i ch

t he | ocal prqd N0 € €. address 1ndica |on or each
cache line isg @&@*F4|1 d%SOC|at|c A&+ 9%an hg ?%ﬁ Wﬁy"i

processi ng ndd %aV|ng | copy of t cache I b?

the cache I|i

g ol sfat us of
e at each quch renotg processing yggg re cy
states for e c

tries in cqherency dijrectory 50 node

’lshared SorI Sorl Cache line may be held
(s) non-exclusively at
: remote node
|
Invalid M,E,S, I Cache line is not held
(I) or I by any remote node
Pending- Sor I SorTI Cache line is in. the
shared process of being
invalidated at remote
nodes
Pending- I ' M,E, or Cache line, which may
‘Imodified I be modified remotely,

is in process of being
written back to system
memory at home node,
possibly with
invalidation at remote
| node

As indicated in Table VI, the knowledge of the coherency
states of cache lines held by remote processing nodes is
imprecise. This imprecision is due to the fact that a
cache line held remotely can make a transition from S to

I, from E to I, or from E to M without notifying the node
controller 20 of the home node.

Inter-node Communication

With reference now to Figure 3, there is
depicted a high level logical flowchart of an
illustrative embodiment of a method of inter-node



are summarized in Table VI. TABLE VI Coherence Possible Possible

Meani ng directory state(s) state(s) state in local 1in cache
renote cache Modified I ME, or Cache line may be (M :

I nodified at a renpte node w t hiarespect to system nenory at hone
node Shared S or | Sor |  Cache line may be held (S
non-excl usi vely at renote node Invalid ME, S, I Cache line
is not held (1) or I by any renote node Pendi ng-

S or | S or | Cache line is in the shared

precess of being invalidated at renote nodes Pendi ng- I ME, or

Cache |ine, wWhiGhnbmdedOf ied requests within b NUMA compift dPQyidtReh
renotely, is in procﬁaﬁﬁff bei ng g%ltten back to system menory at home
node, possi bl y*%i *¢C? Gy Nitdh the PERGERE invention. s )

illustrated, the process begins at block 80 and
thereafter proceeds to block 82, which illustrates the
processor core 12 of a requesting processor 10 issuing a
request (hereinafter it is assumed to be a read request)
to its cache hierarchy 14. As illustrated at block 84,
cache hierarchy 14 then determines if it can service the
read request, that is, if the read request results in a
cache hit. If so, the process proceeds to block 86,
which illustrates cache hierarchy 14 servicing the read
request by supply the requested data to processor core
12. The process then passes through page connector A and
terminates at block 150.

Returning to block 84, in response to a
determination that the fead request missed in cache
hierarchy 14, requesting processof 10 issues the read
request on its local interconnect 16, as depicted at
block 90. In response to snooping the request
transaction on local interconnect 16, all snoopers.
coupled to local interconnect 16 issue AStatOut and
ARespOut votes, and arbiter 24 compiles the votes to
provide AStatln and ARespIn votes, as detailed above and
as illustrated at block 92. .

In order to determine an appropriate ARespOut
~ coherency response to the request transaction for node

controller 20, TSU 42 determines if the local processing
node 8 is the home node for the requested cache line and,
if so, whether coherence directory 50 indicates that the
cache line specified by the read request is checked out
to a remote processing node 8 in Modified state. If the
local processing node 8 is the home node and the



) 1node ‘As indicated in Table VI, the know edge of the coherency states of
cache lines held by renpte processing nodes is inprecise. This inprecision
is due to the fact that a cache line held renotely can nake a transition
fromStol, fromEtol, or fromE to MguMthout notifying the node
controller 20 of the honme node. Inter-node Comuni cation Wth reference now
to.Figure 3, there is depicted a high |level |ogical flowhart of an

illustrative enbodi ment of a nmethod of inter-node -17- comuni cation of
requests within a NUVA conputer systemin accordance with the present
I nvention. As illustrated, the process begins at block 80 and thereafter

proceeds-to block 82, whi.ch jllustrate e ess e 12 of a
requesting prrggél??g?dlﬁa?ges&hnge alfr e":ql%}s(%a(ﬂlgé celfon;af %anlﬂ% is assuned to be
a read requeprpcegsing redteimhiMadifded sgatas TU & rapddest tel BRR 84,

cache hi erar ghynddtt beansederdsn nes lidcdlt inBdr&ainddte 1sheithad request, that

is, if ther r est_resulits in.a.c it. 0.l b cess proceeds
to bl ock 86.SiﬁﬁP§ﬁEiﬁ?%ﬁﬁr%ﬁ%§?%§§ ge%ﬁggggéhyréé{é?e?&bgﬁﬁgi?he read
request by swpsey ReaBuncdupeinedhfatPRespOpEopesiest ifottke1tocqhe process then

passes thr QU@EoEégﬁiﬁQnﬁ&Eé o8 ¥ &ﬂﬂ: tt_@ferfhaﬁléem&&. blogdlerdb8e, RESI_Jr ni ng to
bl ock 84, 1N 5egBROSNEP1 2 GRS RN 2k Bhnp Yoo 38 ARAUBSe SSCD I
votes to determine the ARespIn vote, Retry will override
all other votes, Modified Intervention will override all
others besides Retry, ReRun will override Null and Shared -
(assuming shared intervention is not enablgd), and Shared
will override Null (and ReRun, if shared intervention is

enabled) .

If arbiter 24 issues a ARespIn ReRun vote at
block 92, the process passes -to block 94 and then to
block 100, which is described below. Alternatively, if
the read request received a Retry AStatIn or ARespln
vote, the process proceeds from block 92 through blocks
94 and 96 and returns to block 90, which illustrates
requesting processor 10 reissuing the read request at a
later time.. If, however, the read request on local
interconnect 16 received a Modified Intervention or
Shared ARespIn vote (assuming shared intervention is
enabled), the process passes from block 92 through blocks
94 and 96 to block 98, which depicts a snooper servicing
the read request locally by sourcing the requested cache

_line to requesting processor 10 via local interconnect
16. Following block 98, the process passes through page
connector A and terminates at block 150.

Referring now to block 100, in response to
receipt of the ReRun ARespIn vote from arbiter 24, node
controller 20 of the requestiﬁg processing node 8 issues



hi erarchy 14, requesting processor 10 issues the read request on its |ocal
I nterconnect 16, as depicted at block 90. In response to snooping the
request transaction on |local interconnect 16, all snoopers coupled to.

| ocal interconnect 16 issue AStatQut and ARespQut votes, and arbiter 24
conpiles the votes to provide AStatln and ARespln votes, as detail ed above
and- as illustrated at block 92. In order to determ ne an appropriate
ARespQut coherency response to the request transaction for node controller
20, TSU 42 determines if the |ocal processing node 8 is the hone node for
t he requested cache line and, if so, whether coherence directory 50

i ndi cates that at begastherdy r@léa%%fée%@cbaaén@ T8Rd chegueshots checked out
to a renote processin node e”# di fied stat | f the | ocal processing
e

node 8 is the RBAESHY (1. ereq&ésF%H Uﬁ%ﬁ@mﬁlﬁ8 ?s°%ifecked out to a
renot e processPrgessding madeliimdddatedt én JSerhaeeglirestony t9k arsequest

transacti on onhbo8ghg 'ﬁ@rmhdléa%éhlﬁé%@@&fﬁém%er
response. TSU 42 S|mlarl vot e Re url gi OJt peri o |f t he
e

| ocal processi RGO t 18K, votes Null.
When arbiter 2¥espompid tﬁweA@@:sp@Jtheorequast de‘aasactmomhenoﬁ%espl n vote,

Retry will ovegéhéefofldr Cﬁd"%ff Y:(Pke§'em%g' E:f@éieéél‘h?"’ ﬁsaé'é’réﬂé%iéue%ver ride
all others bes#ges Ret r e Nul (assum ng

ve
shared i nter venttor ‘T%e%ot r@ﬁ?ﬁl"é&)’n B£§hai‘?eet&yv\nq}lfau‘6v%$ rfe Nul | (and
ReRun, if sharasisooiaticentwidh @s programmable retry count that

represents a number of retries for which the request will
be held within retry queue 55. Bus master 54 of-TRU'40
then issues the request transaction on local interconnect
16 of remote processing node 8. Next, at block 104, TRU
40 of remote processing node 8 determines if the request
transaction received a Retry AStatIn or ARespIn vote from
the local arbiter 24. If not, the process passes to
block 130, which is described below.

However, if the request transaction received a
Retry AStatIn or ARespIn vote, the process proceeds to
block 106, which illustrates TRU 40 decrementing the
retry Eounp associated with the request transaction. If
a determination is made at block 108 that the retry count
is not equal to zero, meaning that the request
transaction has been retried less than a maximum number
of times, node controller 20 reissues the request
transaction on local interconnect 16 of remote processing

. node 8, as depicted at block 110. The process then

returns to block 104, which has been described. 1If,
however, a determinatibn is made at block 108 that the
retry count of the request transaction has reached zero,
the request transaction is removed from retry queue 55,
as illustrated at block 120. Then, as shown at block
122, TSU 42 of remote processing node 8 transmits the



_énabléd). If arbiter 24 issues a ARespln ReRun vote at block 92, the
process passes to block 94 and then to bl ock 100, which is described bel ow.
Alternatively, if the read request received a Retry AStatln or ARespln -
vote, the process proceeds from bl ock 92.4%brough bl ocks 94 and 96 and
returns to block 90, which illustrates requesting processor 10 reissuing
the read request at a later tine.. If, however, the read request on | ocal

i nterconnect 16 received a Mddified Intervention or Shared ARespln vote
(assum ng shared intervention is enabled), the process passes from bl ock 92
t hr ough bl ocks 94 and 96 to bl ock 98, which depicts a snooper -servicing the

read request hgg@*l YooY SR Ghdighdlae qugﬁgé@.iﬁgcglg%%ig%gpgo r{]o%u%sti ng

processor 10 vi.a Tocal interconnect 16. oW nfg’ t he process

passes t hr oughiBafRI oHHeRAFIE G 2 or TR RTOSCSF BReR PTasEedRe S ri ng now
to bl ock 100, blackelpbnsehiah rdapdiciis CRUt4E dfeRequéietpd mnoaiessfihgm ar bi t er

24, nod t ' ' I3
node cont pghkeg u%%xg%n%%%hrgge%ﬁ%shbegypfégb%ﬁééngor@és{gxeeéﬂl es a

request for the req f l1.ne to a renote processing node 8 (i.e.

ei ther the hoRECHBEECHIY P desdlngnisaecnnrfitc df ed@nth sr@aE E® directory
50 as. hol di ngteheinstpwe sitebloadhd s50i.neRequadidinki ptosésdad) 10 amayode .

I nt er connect depi et l.ack I n_re r i of the
request transgé'?lséﬁl nod% I%nsféruo Itgl(ré f%%s%'hgsrgﬁg eﬂ?)%%(?éog)g'i%ngtnode 8
enqueues t he PEOEEs$2 t r FRUS i3h SHOWRI At rRYqcksgilbelds fequests

that continue to receive retry responses at a remote
processing node 8 are returned to the requesting
processing node 8 in order to avoid deadlock conditions.
However, because many conditions that cause Retries, such
as a full queue within a snooper or a need to write back
modified data to the home node, resolve themselves
relatively quickly, the Retry response is not immediately
returned to requesﬁing processing node 8. Instead, the
reéuest transaction is reissued for a certain number of
times at remote processing node 8 before the Retry
response is returned to requestihg processing node 8. In
this manner, request transactions that are Retried due to
temporary conditions can be serviced more quickly, and
the pdtential for livelocks associated with requests
being bounced between processing nodes is reduced.

'Returning to block 104, if the regquest
transaction transmitted on local interconnect 16 of
remote processing node 8 receives an AResplIn vote other

. than Retry, the process passes to block 130. Block 130
illustrates TRU 40 of remote processing node 8 removing
the request transaction from retry queue 55. If the
request transaction received a ReRun ARespIn vote at the
remote processing node, meaning that the remote
processing node 8 is the home node and that a third node
must be involved to service the request, the process



association with an programable retry count that represents a nunber of
retries for which the request will be held within retry gqueue 55. Bus
master 54 of TRU 40 then issues the request transaction on | ocal :

i nterconnect 16 of renote processing node-8- Next, at block 104, TRU 40 of
renote processing node 8 determnes if the request transaction received a
Ret.ry AStatln or ARespln vote fromthe |ocal arbiter 24. If not, the
process passes to block 130, which is described bel ow. However, if the
request transaction received a Retry AStatln or ARespln vote, the process
preceeds to bl ock 106, which illustrates TRU 40 decrenenting the retry
coun't associ atR@Gseist hot BEcERUSS! WhidlsdalueBratés analixt eomitrafiler 29 nade

at block 108 t0at NG LeLi¥-COUlL, ! Sod0ls RURLL L 28 Snd2RBLAGe! NAL L e

request transacti&n as peen re ( an a naxl num nuriber -of times,
node controlIeﬂtna@sﬁetsgaeEOthber%hﬁ%%tPRQQ§ﬁ§aéﬂi%ﬁﬁ%n?IW%?aPOﬂﬁterconnect
16 of rendte prigReseboRdende28, BBe OEpind edodbsbingkndd 8 Ehenprocess then

returns to bl ock _1Q4, | ch_has _been;, . ) r,
deterninationiﬁfrﬁﬁﬁssgghﬁlﬁﬁﬁuiﬁ ’t%€§§%%%2§gfréé%%ﬁﬁgﬁﬁﬁotﬁgerequest
transaction hasetdadhddluetvatedeat deoftrdt 10RapsdcEoblPwiag &AoFkd PROm retry
qreue 551 as 'lﬂﬂﬁﬂéhﬁEggtﬁ% ?éq&éséﬁﬁ-%ﬁﬁae&o 2646 heot il lelroel 22, TSU 42
of renmpte processing node ransmit s =20 - epgy response
to requesting proeESsPRECREEA™E 9$é?n%de%wﬁtgfég%%%ﬁﬁh%gF%%%ggp?%cess t hen
proceeds to block 140, which is described below. :

Returning to block 132, in response to a
determination that the request transaction did not
receive a ReRun ARespIn vote, the process passes to block
136, which illustrates a snooper within remote processing
node 8 servicing the request transaction, if possible, by
sourcing the requested cache line to node controller 20
on local interconnect 16. As illustrated at block 140,
node controller 20 of remote processing node 8 then
transmits the coherency response received by the request
transaction and the requested cache line to requesting
processing node 8 via node interconnect 22. As depicted
at block 142, node controller 20 of requesting processing
node 8 then forwards the coherency response and the
requested cache line to requesting processor 10 in a
transaction on local interconnect 16. (If requestihg
processing node 8 is the home node, the requested cache
line is written to system memory 18 rather than forwarded
to requesting processor 10 if intervention is not
enabled.) Thereafter, the process terminates at block
150.

Referring now to Figures 4A-4D, an exemplary
communication scenario in accordance with the method
depicted in Figure 3 is depicted. Figures 4A-4D



.block 124, which depicts TRU 40 of requesting processing node 8
transmtting-the Retry response to requesting processor 10 via |ocal

i nterconnect 16, and thereafter term nates at block 150. Requesting
processor 10 may subsequently rei ssue the22-equest, as descri bed above at

bl ock 82. Thus, as shown at bl ocks 104-124, requests that continue to
receive retry responses at a renote processing node .8 are returned to the
requesting processing node 8 in order to avoid deadl ock conditions.
However, because many conditions that cause Retries, such as a full queue
wi thin a snooper or a need to wite back nodified data to the home node,
resol ve thensdltlestrektatsinepyifind khiswst bE ReMA yoongaRAS 8yis§eob

rmredi ately T ebihngdahfe! 2R SLIdME RIPGEIEEG0ANA Y chitobeadenthe Tequest

transaction i s reiss fora certain nunber o enot e- processi ng
node 8 beforelB¥&2R&PRy response is returned to requesting processing -node
8. In this manner, request transactions that are Retried due to tenporary

conditions can be servi g€ egp:[lg%qﬂ'_zcég )(:Be?\?\ggégeupotdﬂ&&hgl ﬁggg__a{__%gl ocks

associated wth requests berng bounced n prdcessin s T's reduced.
Returning to Bﬁo@ﬁﬂ}OQ?mP‘Ft?ﬁeSY%'eﬁI%sﬁ: Prafsagey gk rinprPeesging | ocal
i nt erconnect #h6def sbepviRePtOHCLEAdE: Ndgde Rot efsdidmtainARespLacHet e ot her

than Retry, tReeRLOGRyS1pasSRs i HLAGknl 30l fok IO LLLUsELA! e TR 40

of renpte processi ng_ no 8 TEénovi I e requ ;ransac 1 ron1retry
queue 55. |f FREhpediBethas pERResHING 8eAPvER 35 RERUACMReBPAR-volR at the
renet e procesgeBgonsdetonRanisg idaitd Rachenpierdddne I, ngroedss8ri s the

home node andypaak (gL £ 40988 SHletBn BXOLY SRS U bG8 g1 hgUSST

t he process
. the requested cache line. 1In response to receipt of the

read request, processor l0a votes Null during the
ARespOut period, and node controller 20 of processing
node 8b votes ReRun because cohe;ehce directoxry 50
indicates that the requested cache line is Modified at
processing node 8a. The arbiter éompiles these ARespOut
votes and issues a ReRun ARespIn vote. In response to
the ReRun ARespIn vote, node controller 20 of processing
node 8b transmits the read request to node controller 20
of processing node 8a via node interconnect 22.

ks shown in Figure 4B, following receipt of the
read request, node controller 20 of processing node 8a
issues the read request on its local interconnect 16. As
indicated, the requested cache line is held in Modified
state by cache hierarchy 14 of processor 10a and is
Invalid (i.e., not resident) in cache hierarchy ‘14 of
processor 10b. In response to snooping the read request,
processor 1l0b of processing node 8a votes Null during the
ARespOut period, and, because intervention is not
enabled, processor 10a votes Retry. Processor 1l0a also
issues a write with kill transaction containing the-
requested cache line on local interconnect 16. In other



.-21- passes to block 134, which illustrates node controller 20 of renote
processing node 8 transmtting the request transaction to the third
processi ng node 8 via node interconnect 22. The third processing node 8 .
then services the request, if possible, aesording to the nethod illustrated
at block 102 and follow ng blocks and transmts the requested data to node
controller 20 of renpte processing node 8. The process then passes to bl ock
140, which is described below. Returning to block 132, in response to a
determ nation that the request transaction did not receive a ReRun ARespln
vote, the process passes to block 136, which illustrates a snooper within

renot e processidifis)ogeoBesebyi thagihheidspiede Wwipbsasdclonnt ithegossible, by

sourcing the r e ca le roll I '
| nt er connect f%gﬂf%&%%Iﬁ?%?%tgéﬂgtggl%@%gTﬁggkﬁo efééﬁgégﬁéég%kw%f renote
processi ng nodwde tBhekefprasthesrend reAasindy pespbiizrd rtex ol afie t he
request transafidc@ssFndli/hacr paoeskeingatdte lBane to requesting processing
node 8 via node interconnect 22. As depicted at block 142, node controller
20 of requesting processing node 8 then forwards the coherency response and
the requested cache |i nUiFg Fe§aEsRraYt deeFigrre 04¢ n dinehdd& i on on

Iﬁcal inteng"iﬂﬂ;“ethrvlllﬁ._- betiveefqpestesgoP ML DE PPobeseidly iroddhe@ahone. node,
Forwarded (o AERIES SBS,PELEE. EHAFI T HTRERREEIBY forkd degsher 1 her
controller 20 issuing the write with kill transaction on
node interconnect 22, TRU 40 of node controller 20 will
continue to reissue the read request on local
interconnect 16 of processing node 8a until the retry
count for the read request is decremented to zero. In
response- to snooping the read request, processors l0a and
10b vote Null during the ARespOut period, and node
controller 20 votes Retry until the write with kill

operation is issued on node interconnect 22.

As shown in Figure 4D, when node controller 20
reissues the read request on node interconnect 16 of
processing node 8a after node controller 20 has issued
the write with kill transaction on node interconnect 22,
all of the snoopers within processing node 8a will vote
Null during the ARespOut period. Meanwhile, node
controller 20 of processing node 8b updates system memory
18 at processing node 8b with the modified cache line by
issuing the write with kill transaction on local
interconnect 16. Thus, when the Null coherency response
received by the read request at processing node 8a is
returned to processor 1l0b of processing node 8b,
prdcessor 10b reissues the read request on local
interconnect 16, and the read request is serviced by
local system memory 18. In this manner, servicing the
read request entails only a single transmission of the



enabl ed.) Thereafter, the process terninates at block 150. Referring now to
Fi gures 4A-4D, an exenplary conmuni cati on scenario in accordance with the
nmet hod depicted in Figure 3 is depicted. Figures 4A-4D -22- illustrat.e
sinplified views of NUVA conputer system.g§fromFigure 1 in order to avoid
obscuring the present invention. Referring first to Figure 4A, during
operation of NUMVA conputer system 6, processor 10b of processing node 8b
requests a cache line not resident in its cache hierarchy 14. In the
present exanple, the requested cache line has processing node 8b as its
hore node. In response to a mss in its cache hierarchy 14, processor 10b

ssues a read deAUesoB: | B EK GRPGn kR SRREL! Vi GdBE L ECOHESEE: cache

line. In response toreceip read request essor 10a votes Nul
during the ARESGEUERBEFERA, r%ﬁ%?%d‘@sc&?tti"bﬂie?t Z-'G‘EOFGE‘PBEes& ng node 8b
vot es ReRun becacesstnpeneidee directory 50 indicates that the requested

cache line is Mddified at processing node Ba. The arbiter conpiles these

ARespQut votes and issues a ReRun ARespln vote. In resgonse to the ReRun
ARespln vote, node cont®®|hag Qﬁ?ﬁﬁdﬁﬁqi&?§§rn@P?uRﬁ?SSB t LBYRRF1™ t he read
request to nogeovtdesoah eimpfbwdd Metdessang spsieerBEori dntedendds er connect

22. As shown i I ' ' regd node
o Ter 50 oﬁ%ﬁ%‘%ﬁ%ﬁ {9 A%ﬁgﬁg dohphkBl Sfcddif ' eRUaLEMESTce
h the present invention, request transactions that are

transmitted to remote processing nodes, issued on the
remote processing node’s local interconnect, and then
Retried are held at the remote processing node and
reissued at least once prior to returning a coherency
response to the requesting processing node. In this
manner, deadlock and livelock conditions are avoided, and
request transactions are serviced in a timely manner
‘while minimizing communication over the node
interconnect.

While the invention hag been particularly shown
and described with reference to a preferred embodiment,
it will be understood by those skilled in the art that
various changes in form and detail may be made therein
without departing from the spirit and scope of the
invention. For example, while the present invention has
been described with reference to an exemplary processing
scenario in which a read request is transmitted between
processing nodes, it should be understood that the

. exemplary method described above with respect to Figure 3
is equally applicable to other request transactions,
including without limitation read-with-intent-to-modify
(RWITM) requests and cache operation requests such as
flushes. In cases in which the queued request
transaction has associated data, the data may similarly
be queued in DRU 44 and accessed by transaction tag.



i ssues the read request on its local interconnect 16. As indicated, the
‘requested cache line is held in Mdified state by cache hierarchy 14 of
processor 10a and is Invalid (i.e., not resident) in cache hierarchy 14 of
processor | Qb. In response to snooping thes+ead request, processor 10b of
processi ng node Ba votes Null during the ARespQut period, and, because

i ntervention is not enabl ed, processor 10a votes Retry. Processor 10a al so
issues a wite with kill transaction containing the- requested cache |ine
on | ocal interconnect 16. In other -23 - words, processor 10a initiates
the wite back of the requested cache line to system nenory 18 of

proceSS:c nlgl nockfhﬁﬁlé&erfdyee Evh@léeéﬁl mmmtatusepsmaimtt @fC @Rl et e o
successfully at_progessin erence, no r , during
the interval %%ﬁﬁ# 8§§8F fﬁbs%?e%roggégfﬁ 63% (ﬁééggég . e wite
with kill tr arasapzﬁntmnamdmbedeoéohimm git Bhouddube gundrrafcaode kil l

t ra?sacu ;)n onytiRde dde@Ji:&BﬁBeebui’éth R.Lélﬂ@.zefi B?dhr@mtﬂ}@ Infimbéo- wﬂ |
continue to reissue equest. on |1 o i nt er conne gcessi ng
node 8a unti |l tt’ﬁ’éesré:g??f 5@5&' Fg?s'l?hrer?%s P‘gﬁuégtr?lsssdle% gngofred% S zero.
In response t Refmopiesponke Leaterwrprdito ghecrsquest irth ReFessingot e Nul |

during the ARexﬁzﬁlt R edamplé, n?é@rﬁQﬁié’u@ 58 ca@ld W RSerRRlciveanti| the
wite with kil Q%bon IS no e_interconnect 2 As shown in

Fi gure 4D, mhéﬂ: ﬁFngFtsgﬁﬁnsac ion in association with a
timestamp and reissue the request transaction until a

predetermined interval had elapsed since the timestamp

was recorded.



reissues the read request on node interconnect 16 of processing node 8a
after node controller 20 has issued the wite with kill transaction on node
i nterconnect 22, all of the snoopers within processing node 8a will vote
Nul I during the ARespQut period. Meanwhi Lg. node controller 20 of
processi ng node 8b updates system nenory 18 at processing node 8b with the
nodi fied cache line by issuing the wite with kill transaction on | ocal
i nterconnect 16. Thus, when the Null coherency response received by the
read request at processing node 8a is returned to processor 10b of
precessi ng node 8b, prdcessor 10b rei ssues the read request on |ocal
i nterconnect &fpr@ed the read request is serviced by local system nenory
18. In this manner, servicing the read request entails only a single
transm ssion of the -24- read request over node interconnect -22 despite
the fact thatwhae itsadlaigpisismas Retried at the renote processi ng node.
As has been described, the present invention provides an inproved nethod
and system for inter-node conmunication in a NUVA conputer system In
accordance wi th thR TR EGH\RANMGH caf g LTuasin$ZerraRtipPRat inr 2
transmtted toonpibér $HFcas HanfingOeEeplurabited o prdeekeimgenpiesessi ng
node's | ocal | cl, h Led .. hecsrenote
Egﬁé%%@;%f 4 n atﬁ{%%’%é%%%h@, i %t%‘}aﬂfﬁ_aﬁ( &£

processi ng no ssued at | east once prior ‘to returning a coherency
response to tRECPREFART inRAYH dRHIHFINSdEC3h RIFcessing node and a

remote processing node, said method comprising:

in response to receipt at said remote
processing node of a request transaction transmitted from
said local processing node via said node interconnect,
issuing said request transaction within said remote
processing node; and

in response to said regquest transaction
receiving a retry response at said remote processing
node, reissuing said request transaction within said
remote processing node at least once.
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manner, deadl ock and |ivel ock conditions are avoi ded, and request
transactions are serviced in a tinely manner while m nim zi ng communi cati on
over the node interconnect. While the invention has been particularly shown
and described with reference to a preferréﬂ'enbodinent it will be
understood by those skilled in the art that various changes in form and
detail may be nade therein without departing fromthe spirit and scope of
the invention. For exanple, while the present invention has been descri bed
with reference to an exenplary processing scenario in which a read request
is-transmtted between processing nodes, it should be understood that the
exenpl ary nethad deBs itmsthabove Qliatn Aespatd resRisgutsagsasteeual |y
applicable to Q%Q@if eé&tatraéai@n-l&aéd Eaet nuh QQ)m Wt Bogg |imtation
read-with-inten égﬁgn' requests and, ca% Egrat|o€ Tequests
such as qusheEra?ﬁWb EﬁﬁﬁiﬁFﬁﬁﬂh $t SAFENEETPTYON has
associ at ed dat grotdams:dag awadey igi mesgongebto qare viedliicatDR 44 satdaccessed by

transaction tagyea) photeddiiddIdHY Ehathkhed afbddilsislr ahtyeignbodi ment  of
t he pr esent i nventLon_rel SSUES aretriedre quest t ansaction a certain

nunber of time®oditiehRft FHE FRIGE QSBCFﬁ%’tn%tnr? ‘condi tions coul d be
utilized to limt the nunber of tines that the request transaction is
rei ssued before the Retry response is returned to the requesting processing

node. For exangle, retry queue 55 could alternatively
. The met od of Claim 1, wherein reissuing said

request transaction within said remote processing node at

least once comprises:

reissuing said request transaction within said
remote processing node until a response other than retry
is received or until a limit is reached. :

4. The method of Claim 3, wherein said limit is a
maximum number of times to reissue said request
transaction determined by a retry count.

5. The ﬁethod of Claim 3, wherein said limit is a time
limit.
6. The method of Claim 1, thereafter transmitting a

final response to said local processing node.
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store the request transaction in association with a timestanp and rei ssue
the.request transaction until a predeterm ned interval had el apsed since
the tinestanp was recorded. -26- CLAIMS: What is clained is: 1. A

met hod for conmuni cating request transacti,@ns in a conputer system having a
plurality of processing nodes coupled by a node interconnect, said
plurality of processing nodes including a |ocal processing node and a
renote processi ng node, said nethod conprising: in response to receipt at
said renpote processing node of a request transaction transmtted fromsaid
| ocal processing node via said node interconnect, issutng said request

transaction w4 hin §al ¢JiaERt 8PERSERSE NGLS n gggdlgb&gégpnse to said

request transacti on recelving a retrg res onse at said fenmote proceSSIng

node, reissui MgFaaFioRudst 3t Feadat i 19714 BEFROF RIS ocessi ng node
at | east once. comprié&ngﬁtran§h&tnéngodatﬁ dpemiifiigd $mishidqesd transaction

speci fying datfe%ﬁ%td #2121 bULEREE e COPBEdSHIRG hbARSED (44110 Rt T equest
transaction to I enot
processing node via said node interconnect.

8. . The method of Claim 1, and further comprising
enqueing said request transaction at said remote
processing node. '

I
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Jprocessing node in response to an indication at said |ocal processing node
that said specified data is nodified at said renpote processi ng node. 3.
The nethod of Claim1, wherein reissuing said request transaction wthin
sai d renpote processing node at |east once-asenprises: reissuing said request
transaction within said renote processing node until a response other than
retry is received or until alimt is reached. 4. The nethod of Caim 3,
wherein said limt is a maxi num nunber of tines to rei ssue said request
transaction determned by a retry count. 5. The nethod of C aim 3,
wherein said limt is atine limt. 6. The method of Claim1l, thereafter
transmtting asfinal degpAwe dyatea,dcbasalsigcessi ng node. -28- 7.
The nethod of Claim 1, wherein said request transaction is a read request,
said method further conprising transmtting data specified in said read
request from sai d renpt & proseedditeFcesaecto ad d | ocal processing node via
said node interconnect. 8. . The-nethod of Claiml, and further conprising

enqueing said request transacliqn AteSaid-LEMMIF REAECESMLd M saia
node interconnect, wherein said plurality of processing
nodes include at least a local processing node and a
remote processing node, said local processing node
including a processor and a local system memory and said
remote processing node including a processor having an
associated cache memory, a local system memory, and a
node controller that are each coupled to a local
interconnect, wherein in response to receipt by said node
controller of a request transaction transmitted from said
local processing node via said node interconnect, said
node controller issues said request transaction on said
local interconnect of said remote processing node, and
wherein said node controller reissues said request
transaction on said local interconnect at least once in
response to said request transaction receiving a retry
response at said remote processing node.

-
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-29- 9. A conputer system conprising: a node interconnect; and a
plurality of processing nodes coupled to said node interconnect, wherein
said plurality of processing nodes include at |east a | ocal processing node
and a renote processing node, said |ocal -pe-ocessi ng node including a
processor and a |ocal system nenory and said renote processing node

i ncl udi ng a processor having an associ ated cache nenory, a |local system
menory, and a node controller that are each coupled to a | ocal

i nterconnect, wherein in response to recei pt by said node controller of a
reguest transaction transmtted fromsaid | ocal processing node via said

node i nterconngrt, ﬁ@ d.-oa d€e§0§?é@éd1&5f iclsuas 95 avBeF&iiIeslid raagasti on on

said | ocal |nterconn of _sai te pr S in said
node control | eFF &3 &8? SBF&“?& 353 as(r%(sigc?' ngl gﬁgoce%%g‘g%d%
i nt er connect eﬁuﬂ&hﬁn:Comﬁﬁlshngeép@h@%SQQ§YS§hétréﬁ%@%ﬂ inddeasdonsnof

receiving a rQidHéﬂe@x%QOBéﬁtéE §§Fdat|££n£¥cﬁn RESEEEFEEEN Ny in- 88idl0. The

t t id £t fi
Gath cai a1 0dR % SERCERRYPAORRS? L RRL 2o RADPTER i S CRDSEY t hal st or es

i ndi cati ons ofpwsiessdngy notiat ewhefettsaiid docedi pregessinawedey in said

| ocal processidyafadest Qa&aafsqﬁésee@ra{sawl@nream@ld)rmss ng node,
wherein said | ocal roceSS|ng node trans SoS& request tran%actlon to
Sal d r enot e processing I de“in response indication at sai

local processing node that said spec1f1ed data is

modified at said remote processing node.

11. The computer system of Claim 9, wherein said node
controller reissues said request transaction on said
local interconnect until a :response other than retry is
received or until a limit %s reached.

12. The computer system of Claim 11, wherein said limit
is a maximum number of times to reissue said request
transaction determined by a retry count.

13. The computer system of Claim 11, wherein said limit
is a time limit.

~ 14. The computer system of Claim 9, wherein said node
controller transmits a final response to said request
transaction at said- remote processing node to said local
processing node.
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Jprocessing node in response to an indication at said | ocal processing node
that said specified data is nodified at said renpote processi ng node. 11.
The conputer systemof Claim9, wherein said node controller reissues said
request transaction on said |ocal intercohect until a response other than
retry is received or until alimt is reached. 12. The conputer system of
Cam1ll, wherein said limt is a maxi num nunber of tinmes to reissue said
request transaction determned by a retry count. 13. The conputer system of
Claim1l, wherein said limt is atine limt. 14. The conputer system of
Claim9, wherein said node controller-transmts a final response to said
reguest transaxhr.t.i onprd c@&ip@t@mye}:amosessim B9 dehéfe S ghildasquaisacessi ng
node. 15. The conputer .syste im?o9, 0. % st '
transaction is & tea TEGIESE, rg]ﬁg W rééélp'rf ?gyc]%%g%%l%gén rdir)l er-transmts
dat a speci fi eIt mdilen sxgnsadtssdats ofpertifd efeiBt 821 KRESIHREUSSTe to
said 'local proessdaia redRte droakdsiagenddd eocsaneClocdld priteseamgut er

system of O aim sai d_nade ontrgl Irggmjlencq:l uding a retry queue in which
sai d request tFHEHsaCH §FH% "ERGuatisd? .

16. The computer system of Claim 9, said node controller
including a retry queue in which said request transaction
is enqueued. '
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