Met hod and Apparatus for Flow Control in a Packet-Sw tched Conputer System
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Both of these methods are complex to implement and increase the bus latency by spending
extra clock cycles performing handshakes, re-arbitrating for the bus, re-scheduling interconnect
resources, etc.

Some systems avoid dynamic (negative) feedback (e.g. negative acknowledgments) alto-

20 gether by making all the receive queues of a large enough size, so that they can contain the maxi-
mum number of transactions that can foreseeably be received by them. This has the disadvantage
that is makes the slaves more expensive and inherently non-scalable, especially when there are
several sources of requests with each making muitiple requests. This approach can also aggravate
the system latency, on account of the very deep receive queues.

25 As the rate of processor speed improvements continue to exceed that of memory speed
improvements, reducing interconnect latencies becomes ever more important to achieving sub-
stantial gains in performance. It would be especially useful to arrive at a system that avoids the
use of negative feedback, to avoid the inefficiencies associated with that approach, without paying
in complexity, size and hardware costs by inflating the sizes of the transaction receive queues.

30 Various flow control techniques for packet-switched systems have been created, such as

for telecommunication switch designs and data communication protocols. Most extant designs
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and restart the respectively. (Mst existing
packet - $Qi t chvesireap sensim, isdisating adufferfold orpepgespn pondition at the recipient. The feedback

signal can take one of several forms:
(a) a pulse signal causing the sender to back off for some time and retry again;
(b) a level signal causing the sender to not send, while the signal rematins asserted; or
(c) a stop-start two-message feedback from the destination to throttle and restart the
15 sender respectively. (Most existing packet-switched systern buses use this method.)
Link-by-link flow control may also operate through credits issued by the downstream
recipient to the upstream sender, where the sender only sends as many requests as the credits
allow, and then stops until new credits are issued to it by the downstream recipient. The down-
stream recipient dynamically modulates the number and frequency of tredits issued to the
20 upstream sender, based on the recipient’s receive queue capacity as well as any other congestion
conditions detected by the recipient. For a description of such a system, see The FCVC Proposal
for ATM Networks, Proc. 1993 International Conf. on Network Protocols, pp. 116-127, by H. T.
Kung et. al. |
Link-by-link flow control can also be accomplished by making the downstream queue
25 large enough to accommodate the maximum number or items it is contemplated ever to have to
receive. Hence there is no loss of items (requests), and no need to throttle the upstream sender.
This is an expensive, nonscalabie solution.
End-to-end flow control via absence or presence of feedback from the destination to the
source is implemented in the TCP sliding window protocol for flow control and congestion man-
30 agement, as well as in BECN/FECN proposal for congestion control in ATM networks.

One approach to flow control is to use a master device to keep track of the number of



Li nk-by-link flow control may al so operate through credits issued by the
downstreamreci pient to the upstream sender, where the sender only sends as
many requests as the credits allow, and then stops until new credits are
issued to it by the downstreamrecipient. The down- streamrecipient

dynam cal |y nodul ates the nunmber and frequency of tredits issued to the 20
upstream sender, based on the recipie's receive queue capacity as well as
any ot her congestion conditions detected by the recipient. For a
description of such a system see The FCVC Proposal for ATM Networks, Proc.
1993 International Conf. on Network Protocols, pp. 116-127, by H T. Kung
et. al. L| nk-b flow.control c al so be COo t he
downst feam dﬁé%}ét“ﬁ’glsa“”ﬁ“d?ﬁ‘ew%%ﬂﬁ%%‘b" aéﬁcéﬁﬁ'ﬁgfcﬁflggf ‘is ?r?rgxxmpr%{fﬁceﬁ% er or
itens it is icenborp adeidtd ievebnica daa'uqu/u?}r. eclaiowdgnidan &e cicheomeplesd mansdooss of
itens (request and no. need to. throt he u tream IS an
expensi ve, %%saﬂ ‘B%ﬁnéoéflﬁ)lwtﬁof‘%‘?‘\ Inpggo%e ‘%“ﬁ BYf I"%&/ ésoaﬁ?rf’ géﬁ‘bdsglhlic
presence of tﬁe&d&a&ks ﬁdlmﬁﬂend&stma&tpmm;et (otablg, BEve sicE) of&eﬁnmk@mtad in

t he TCPS|Id 0 roto fo flowcotro Cc ijon 8

hgerent as Wbk HeBetr e Bl o Tamer o G Rty F SO S R e
net wor ks. O‘b&d aap;é @&Glht dedlatblb OMIs 6, 0idé dpptoatiSdobnotead 1&clt‘mslt ®©r ndmpr@:esstrg keep
track of the nunb

ons, t
br odet | nedl SgvERTERY Sare sqergcessp R R Pl PRF uieatt o Fhe ARG hec
and the int eambﬂaeﬁtprocssom(rgnmten&)ix (acknova edgrrent) for each conpl et ed

transac- tions a m% §asfx{]s Ile e C{;‘)@t re 1ssucd b a rogrtlsgca(r)n r%mtlhr%tt r]{%wencused this
approach (HDLC a % &g a9>he PRf°6r mat 1 on
capabi |10t i espackaad tatbh yent.qAedther sshezm)haothe tikedvdniages! that: € bicppdiesrdre ms‘Ued as frequent
and unselicited feedback packets from one switch to another; and (2) credits are modulated based
on dynamic congestion conditions.
Thus, a new apparatus and method are needed, which accommodate uniprocessor, multi-
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15 packet-switched transaction flow control.

Summary of the Invention

The present invention employs a method and apparatus for determining the total queue
sizes of all the queues in the system at initialization time, and for permitting a master (e.g. a pro-
20 cessor) to send a number of transaction requests only to the extent of that total. The system of the
invention classifies system interconnect queues as request queues, read-data queuves, and write-
data queues, and determines rules of transfer of both requests and data as loosely coupled events,
An interconnect (system) controller is connected between one or more mastets (e.g. microproces-
sors) and the slave devices, which may be I/O units, disk drives, memory, etc. The interconnect
25 controller includes a queue for each master, and each master includes a transaction counter indi-
cating the number of outstanding transaction requests from that master to the controller. The
interconnect controller additionally includes both request and write data queues for each down-
streamn slave, and a transaction counter indicating the number of outstanding requests from the
controller to that slave and the outstanding write data transfers from some master to that slave.
30 The masters and the controller are prevented from issuing any transaction requests (or to

initiate a write-data transfer requests) downstream when the respective counter indicates that the



5 the packet. In addition, such protocols require that the queue
dept hs be determ ned in advance, and hence are not scalable. Also, this
approach does not lend itself well to a nmultiprocessing environnment, since
each processor (or master) would have to keep track of all the transactions
of all the other processors (or masters). In a credits-based schene,
credits are issued by a downstreamrecigpient to allow new 10 packets to
be sent. Such a schene has the disadvantages that: (1) credits are issued
as frequent and unsolicited feedback packets fromone switch to another;
and (2) credits are nodul ated based on dynam c congestion conditions. Thus,
a new appar atdssregioadingichost d@iea q&ﬁdﬁﬁhnsmmhfuacmaﬁmdmz&tim& pqrrn;desény '
mul ti- processor and net ¥Drked gnV|ronnents and‘grog gdgptf

scal abl e and B8BNCAPFIE P GRC e data read o pousumARee efEle P44 sac |on an
control. Sunwamymo&d¢dmywhmdeﬁbhamnthmpmaaamhph&Memkmmnmwnphmwsommneﬁh@d
and apparatus_for detennining the total queue sizes of all the queues in

t he systen1athn|t|aI|zat|on time, and for permitting a master (e.g. a pro-

20 £essor) t Qwenadveeiomanty esngetiort dfoamsmsimohrus raecqttedw probitltiyg th@ nialster @xt ent
of that total, The s he invention cl es sy em | r cofnect
queues as reqtl&SP G %lté:rs%"rjéeé’gmﬂﬁ‘f’%? Ugtraghess or g ﬁ\/\ﬂhf feobl {hass ﬁeeues an‘g

det erm nes ruwes hafdsmakairss:ﬁ@rbomfto HigrialvompRtiensdr 8 damdanrslfalt aad amohfy@mehgstec cfigpk ed

t A t troll d bet
mare. st os. (o SRPERopEBLRh MR it e ORI Bl R R R e

/O units, di sdﬁndrctcﬂ%basmn}e, ardttle. sighkleare nmaasedmmcdynaﬁﬁc congesnomont roll er

i ncl udes,a queue f.Qr each ster. i.ncl atr sactlon
count er sl|0nd| cat |ﬁlg he” nu%ue i of ‘"Q’gﬁsgf}%'ﬂaf emf“ il ?lbzﬁn?nemges'f &% rom
t hat mast er t bndvineefronéxeaitior pf an‘y’la@hcambﬁh@/ohmn%ter(e)oﬁm ohdteey anadmtxtollqniaisl y

. includes bot hhgv%qpﬁﬁtgm%qgon\%’a on 0 e nu ea‘?allf bCfe sp% ‘Epmgg‘%’ggnxgmﬁedﬁ?é@ c?olw%ve

and a transaction coun Icatlng e AUTTD I Nng requests
from t he cont stedainer tothe cotmsted Walvecremt&bashesod)mcs t«vacrd mﬂgxamnmeluckaztsaet zangf er s

fromsome nas kvt aoprlopi,aénd%eas\égder can only keep track of the credits issued to it. The initialization

15 sequence is software-driven (e.g. by a boot PROM), and the queue sizes and depths are deter-
mined by this'sequence, which provides adaptability of the system to reconfigure it for different
slaves (having different queue sizes) or to configure out nonfunctioning queue elements.

The elimination of (advance or overflow) feedback signals in the present flow control sys-
tem reduces the interface latency, since there is no extra handshake, no rescheduling or rearbitrat-
20 ing for resources, and no retries by the master. Hence a simpler design is usable, which is easily

scalable according to the number of processors, and the slave queues can be downsized as desired
for price/performance considerations and desired bandwidth, without fear of losing any transac-
tions due to smaller queue sizes. Furthermore, a variety of systems ranging from small/inexpen-
sive to large/expensive can be designed from the same modular CPU and ¥/O interfaces by simply
25 down- or up-scaling (sizing) the respective queues and buffers in the interconnect, as desired.

Since the interconnect controller is custom-designed to accommodate a given set of masters and
slaves with a given range of queue sizes, the masters and slaves needn’t be redesigned at all.
Because the system controller is relatively inexpensive, a number of different controller designs
can be utilized without appreciably raising the cost of the system -- which would not be the case if

30 the processors and slave devices needed modification.

The overall system design. and effort required to test and validate correct system behavior
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fl ow control sys-Figures 4-7 are block diagrams illustrating transaction flow control according to the inven-

tion for different types of transactions.

Description of the Preferred Embodiments
15 Figure 1 is a top-level block diagram of a computer system 10 incorporating the present
invention. This diagram relates to a specific implementation of applicant’s new Ultrasparc Archi-
tecture, which is described fully in the document UPA Interconnect Architecture, by Bill van Loo,
Satya Nishtala and Zahir Ebrahim. Sun Microsystems, Inc.’s internal release version 1.1 of the
UPA Interconnect Architecture has been submitted as Appendix A to a'related patent application
20 by applicant, entitled “Method and Apparatus for Flow Control in a Packet-Switched Computer
System”, by Ebrahim et al. That patent application, filed in the United States Patent Office on
March 31, 1995, describes many of the broader features of the UPA architecture, and is incorpo-
rated herein by reference.

The present invention uses a new system interconnect architecture and concomitant new

25 methods for utilizing the interconnect to control transaction requests and data flow between mas-
ter devices and slave or memory devices.

In Figure 1, the system 10 includes a UPA module 20 and an interconnect network or
module 25, which in different embodiments of the invention may or may not be connected to the
data path. The UPA module may include such devices as a processor 30, a graphics unit 40, and

30 an J/O unit 50. Other units may be included, and act as the master units for the purposes of the

present invention. A master interface is defined as the interface for any entity initiating transac-
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may not be a data transfer accompanying a request packet, and the data transfer may either occur
on the same set of wires as the request packet, or on separate datapath wires. This is described in
greater detail below in connection with Figures 4-7.
A UPA port 60 couples the module 20 to a system interconnect controller (SC) 70, which
15 is In turn coupled to one or more slave interface(s) 80. The slave interface may be an interface for
memory (such as main memory), an I/O interface, a graphics frame buffer, one or more bridges to
other interconnection networks, or even a CPU receiving transactions to be serviced. In general,
any device that accepts transaction requests for servicing may be given a slave interface 80 in
accordance with the invention, such as conventional memory device(s) 85 and/or standard J/O
20 device(s) 95.

In a preferred embodiment, the system controller 70 and UPA interface 60 are carried on
the main processor chip, and the slave interface is on the motherboard, though many variations
are possible. More generally, each master (whether a processor or some other device) has a UPA
master interface, and each slave includes a UPA slave interface. The system controller in each

25 case resides with the system.

A datapath crossbar 90 is also included in the interconnect module 25, and is coupled to
the slave interface(s), the system controller 70, ana the ports 60. The datapath crossbar may be s
simple bus or may be a more complicated crossbar. (The UPA ports 60 may be configured as part
of either the UPA module 20 or the interconnect module 25.) The datapath unit 90 is used to

30 transmit read and write data in a manner to be described below.

One or more conventional memories or other data storage devices 85 and one or more
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the request packet. There may be any amount of buffering, or no buffering, in the interconnect.

The preferred embodiment(s) of the invention shown in Figure 1 (and Figure 1A; see dis-

cussion below) has a centralized controller that connects to all masters and all slaves, and conse-

15 quently has complete visibility to system request and data traffic. An alternative embodiment
involves the use of distributed controllers, in which case it is desirable to maintain visibility, and
in certain designs a maximum-capacity queue size may be needed.

Figure 1A shows a more generalized block diagram of a system according to the inven-
tion. Here, there are multiple masters (three exemplary masters M1-M3 being shown). These

20 masters may act in certain circumstances as slaves. For instance, if M1 is a processor and M3 is
an I/O controller, then M3 will often act as a slave to M1, as in the initialization procedure
described below. On the other hand, during a DMA (direct memory access) operation, the JJO
controller M3 will act as a master to a memory device, such as any of one-to-many of memories
represented as M1 ... M2 in Figure 1A.

25 Slave devices S1 ... S2 (which may be one, several or many slave devices) are also pro-
vided, and the masters, memories and slaves are coupled via a system controller 75 in the same
fashion as the system controller 70 is coupled to the master and slave(s) in Figure 1. The SC 75 is
coupled via a datapath control bus 77 to a datapath crossbar (or interconnect) 92, as with the data-
path crossbar 90 in Figure 1. The control bus 77 will typically be much narrower than the systemn

30 or data buses; e.g. in a preferred embodiment of applicant’s system, the datapath is 72 or 144 bits

wide, while the SC datapath control bus may be only 8 bits wide.



6 1 tion requests; exanples of such masters are a CPU naki ng nenory
requests, or an |I/0 channel and bridges maki ng DVA requests. In general, in
this application a naster is exenplified by a processor. However, a naster
may be any transaction-requesting device, whether or not it includes a

m croprocessor. Simlarly, 5 a "slave" refers herein to any device
that can accept a transaction request, #ncluding both menory and non-nmenory
devi ces, etc., and including devices such as processors and I1/0 controllers
that may thensel ves act as nmasters. For the purposes of this invention, a
"transaction"” may be defined as a request packet issued by a master,

fol | ovd by an agkngul ISt RACkSh. (A9 NRARRS &Iksdrsl ks, BAHGLory

depend-" 10 osen | mentation) fromthe recipient

i medi at el y"mlemm@mtmlleTheqdewhWnelrﬁ %}yﬂﬂhb\t‘ S’b’éldé.‘at%ﬂ"&“‘f‘r"é"ﬁﬁ‘e}“s‘ ility to
acconpanyi ng, & &n‘%est packet, and the data transfer may either occur on
the sane set o? res as the request packet, or on separate dat apath wres.
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70, whi urn co one or nore slave interface(s) 80.
The sl ave i ntes 6raﬁ@ wmyssb@zogaharnpemfrandsofbsfouwrmp\ync@scewta% Mdress/prntrel y) |

an I/0Oint erfgﬁe% ifes V\g) m%%harg @g@m&gpf(seguch QRS pRLid[HR sRardd 4888 Rala@uQt her

i nt er connect?” reven a recei ving transactions to be
serviced. In gene\rtzdo;Pmlyl%emooe%tehhla@te@éhﬂ@@ﬁﬁﬂ&ea&3r‘ﬁ'i‘i°1r’é%ﬂie‘§?§"SI“"e')‘r

servi ci ng mil}’ 1m lxzeetrﬂe n%l-nai}{g d;}ttrﬁfoflaqglﬁlmnglqeh% RERRIARCEU, Weldherd, BE), and

i nventi on, conv onal menory device(s) 85 and/or st andard /0 20
devi ce(l8) 95m aﬁqhu@n torirgfigize Bd quevo® ehgiternand eoieiers § ERFFEBRYealqne (Thy Bitighzr- UPA

interface 60;are ?cgﬁkfréks P eéxngc&?bé'owcgﬁ\%s&ﬁgurehl p, and the slave
interface i S O oar th oug many vari ati ons
Figure 2 ﬂlustrates an interconnect module 100 in a specific implementation where two

master interfaces (or “masters™) 110 and 120, a single system controller (SC) 130, two slaves
interfaces (or “staves”) 140 and 150, and a datapath crossbar 155 are used. There may in princi-
15 ple any number of masters and slaves. The masters may be any of the interfaces discussed above,
or in general any devices or entities capable of issuing transaction requests.
Each slave 140 and 150 includes a slave queue (160 and 170, respectively) for receiving
transaction requests. The maximum sizes of these slave queues are represeated by values in port
ID registers 180 and 190, respectively.
20 Masters 110 and 120 include data queues or buffers 115 and 125, and slaves 140 and 150
include data queues or buffers 185 and 195, whose functions are described in detail relative to
Figures 6 and 7 below. The maximum sizes of the slave write data queues 185 and 195 are also
represented by values in port ID registers 180 and 190, respectively. In the special case where
there is a one-to-one correspondence to a request queue entry (e.g. 100) and a data buffer in the
25 write data queue (e.g. 185), with the write data queue being maximally dimensioned to hold an
entire packet (i.e. dimensioned such that it can hold the largest contemplated packet size), then the
queue size in 180 can be represented by a single number.
In Figure 2 the slaves 140 and 150 may be any of the slave devices described above with
respect to slave 80 in Figure 1, and in particular slaves 140 and 150 may represent any number of

30 memory or non-memory slave devices.



are possible. Mre generally, each nmaster (whether a processor or sone

ot her device) has a UPA nmaster interface, and each slave includes a UPA

sl ave interface. The systemcontroller in each 25 case resides with
the system A datapath crossbar 90 is also included in the interconnect
nodul e 25, and is coupled to the slave interface(s), the systemcontroller
70, and the ports 60. The datapath cros8bar may be s sinple bus or may be a
nore conplicated crossbar. (The UPA ports 60 may be configured as part of
ei ther the UPA nodule 20 or the interconnect nodule 25.) The datapath unit
90 is used to 30 transmt read and wite data in a manner to be
descri bed bel,@ywi-&08 operdi@f € conventional nmenories or other data storage
devi ces 85 and one or nore 7 input/output (1/0) devices 95 form ng part
of the system 10 Hedape yensdiettakpplaggseipitiplgpiegniadde’ data out put, etc.; these
various slave devices ({JRieiifd H6GzRNhe B ivEesKvealfub S S all IR Wi e ouplkiy-
boards, track balls, printers, etc. They are coupled into the interconnect
modul e 25 via the slave Pht¥iMaces SO The "sl ave" designation means in
this cage only that suyphifewt GES oPAREQPE récBINERLS iPregisters withRthed el EodIOI €
processors and fulfill those requests. The interconnection network may in
general take the form oftd¢funber of different stan- dard communication

t opol ogi es that inter¢oyarahindBs tigdsof RO sEhAbRFolleBdt6diva Guaded @id1t - t 0- poi nt
link, a single bus or nulti uses, or switching fabrics. The,

le b
i nterconnect nay enpl é§ sé‘ﬁ‘}/g’éf‘z"é oh thfrsyss@CoRolE I PRAET AP PIECHERRE A8ist or
swW tching the transacti ogshiguastertsp a sl ave using one or nore 10
signal paths, and the switching nmay be based either qn the addressing
i nf or mat9 on cont afHscrt Fﬁ‘%‘é‘tﬁgﬁﬁ%ﬁ’? iehplipatigy sadvars eadpihe coppents of e sieher

protocol not sRREES ARrédu¥stdERe AR Ofa §udce 16 Rh&RAYE akif then copies these values into
corresponding fields inside the configuration (config) register 200 of the SC 130. In one embodi-

ment, the values in ID registers 170 and 180 (representing the slave queue sizes) are stored in sep-
arate fields in configuration (“config”) register 200 of the SC 130. In addition, the values of the

15 SCID registers 255 and 265 (representing the SC queue sizes) are stored in config registers 270
and 280, respectively, of the master interfaces 110 and 120.

Alternatively, config register 200 may be replaced by a separaté configuration register for
each UPA port implemented in the given SC. In this case, there would be two separate config reg-
isters, one for each of slaves 140 and 150.

20 The masters 110 and 120 also include transaction request output queues 290 and 300,
respectively, which are used to queuve up transaction requests from each of the master interfaces to
the SC 130. Each master 110 and 120 has a counter (310 and 320) used to track the number of
pending transaction requests, as described below.

The SC 130 is provided with output queues 210 and 220 and associated counters 230 and

25 240, respectively, whose operation will be described below.

The SC 130 also includes an SC instruction (or transaction request) queue (SCIQ) for each
master, so in this case there are two SCIQ’s 250 and 260. Associated with each SCIQ is an SCID
register, namely registers 255 and 265, respectively, containing a value representing the maxi-
mum size of the associated SCIQ.

30 The circuitry for carrying out the operations of the SC is indicated by SC logic module

245 in Figure 2, and may include conventional hardwired and/or software logic for carrying out



t he request packet. There may be any anount of buffering, or no buffering,
in the interconnect. The preferred enbodi nent(s) of the invention shown in
Figure 1 (and Figure 1A, see dis- cussion below) has a centralized
controller that connects to all masters and all slaves, and conse- 15
guently has conplete visibility to systemrequest and data traffic. An

al ternative enbodi nent involves the usel®f distributed controllers, in
which case it is desirable to maintain visibility, and in certain designs a
maxi mum capaci ty queue size nmay be needed. Figure 1A shows a nore
generalized bl ock diagram of a systemaccording to the inven- tion. Here,
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coupled to the mastér and slave(s) in Figure 1. The SC 75 is coupled via a
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invention. (Where a master device is a processor, the logic for implementing the present inven-

tion can of course be made up in large part of the processor itself and the instructions it executes.)

The particular implementation of these logic modules, and the extent to which it is represented by

15 software or hardware, are widely variable and thus shown only in block form in Figure 2.

The initialization sequence will now be described with reference to Figures 1A and 2 (for
the architecture) and Figures 6-7 (for the flow control of the initialization sequence). The instruc-
tions for the initialization sequence are stored in nonvolatile memory, in this embodiment in the
boot PROM 94. The processor M1 has a fixed address to the boot PROM 94, and accesses it by a

20 read request over address/control line A/ctrl-1 to the SC 75. The SC sends the request via the
datapath control line or bus 96 (which may be an 8-bit bus) to the datapath crossbar 92, which in
turn accesses the I/O controller M3. The I/O controller thus acts as a slave to the processor M1 in
this operation.

(It should be noted throughout the present description that for the sake of clarity split

25 address and data buses are assumed and illustrated; however, the present invention is equally
applicable to systems using shared address/data buses.)

The I/O controller M3 accesses the boot PROM 94 to read the code for the initialization
sequence, and sends it via line A/ctrl-3 to the SC 75, which sends it on to the processor M1.

In Figure 1A, the SC 75, masters M1-M3, slaves S1-S2 and memories Mem1-Mem?2

30 include the config registers, counters, SCID registers, ID registers, master queuves, SCIQ’s, and

slave queues as depicted in Figure 2; however, for the sake of clarity these elements are not shown



As indicated above, the SC 75 has conplete visibility to all masters,

sl aves, and nenory. The systemcontroller need not be on the datapath, but
shoul d have control over and visibility to the datapath. The SC, -nmasters,
menories and slaves in Figure I A are interconnected by address/control 5
(Alctrl) lines as shown, which may be uni que (dedi cated, point-to-point

| i nks) address/control lines or may belbussed together. Data may al so be
bussed or swi tch-connected. Address/control and data |ines/buses may share
the sane |inks, such as by providing shared address/data buses. A boot PROM
94 is donneétiéarbyAa bus to the 1/0 controller M3, which reads it upon
start- up to ini I T (
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relative to Figures The ma Si'zes o ave
dat a queues 7185 thdl 9.@501éﬂf6h%11n5w Kleﬁvmmwepcs}yf)ﬂw gusss thy Sﬁd?@ tOIvt'ritertagi st ers
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ister value is stored in a buffer of the processor (master 700 m Fxgurc 7 or master M1 in Figure

1A), and this value is passed to the system controller to the I/O controller (slave 710 in Figure 7 or
master/slave M3 in Figure 1A), which then writes it right back to the system controller via the
datapath provided for that purpose (data bus 715 in Figure 7).
The next step in the initialization procedure is to read the sizes of the receive queues of the
20 system controller (e.g. the SCIQ’s 0 and 1 shown in Figure 7 or SCIQ’s 250 and 260 in Figure 2).
The receive queue sizes are stored in the SCID registers (see registers 255 and 265 shown in Fig-
ure 2). This read operation is executed using the /O controller of the system, resulting in the
master/processor storing the SC receive queue values in a buffer or preassigned register.
Finally, these SCIQ sizes are written into the master config registers (such as 270 and 280
25 in Figure 2). If the system is a uniprocessor system, then this amounts the processor writing the
SCID values to its own config register and to the config registers of other devices that can act as
masters. If it is a multiprocessor system, then one processor acts as a master and writes SCID val-

ves to both its own config register and to those of the other processors.

30 General Qperation of Flow Control

Below is a generalized description of transaction request flow control in the present inven-



25 wite data queue (e.g. 185), with the wite data queue being

maxi mal |y di
it can hold

180 can be represented by a single nunber.
150 may be any of the slave devices described above with respect to slave

nmensioned to hold an entire packet (i.e. dinmensioned such that
the | argest contenpl ated packet size), then the queue size in
In Figure 2 the slaves 140 and

80 in Figure 1, and in particular slaveg2140 and 150 may represent any
nunber of 30 menory or non-nmenory slave devi ces. 9 |
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e SC 130.

t he val ues of the . .
be held in its slave data queue (185 or 195). At any given time, the counters 230 and 240 store the

number of pending transaction requests in the corresponding slave request queue, and the size of
the pending store data in the slave store data queue. Unissued transaction requests may in some
circumstances be stored for the slaves 140 and 150 in outpu-t queues 210 and 220, which may be
arbitrarily large, and in particular may be larger than the SCIQ’s 250 and 260. In other circum-
stances, requests remain enqueued in corresponding SCIQ’s.

‘When a master, e.g. master interface 110, has a transaction request to issue, it first com-
pares the value in its counter 310 with the value in the config register 270. If the counter value is
less than the config register value, then the request may be issued. The request is sent from the
master’s output queue 290 to the SCIQ 250, and the counter 310 is incremented by one.

The SC 130 then determines to which of the two slaves 140 and 150 the transaction
request is destined, and checks the counter for that queue. For instance, if slave 140 is the desti-
nation for the transaction request, then the SC 130 checks thc counter 210 and compares the value
stored there with the value in the config register 200 corresponding to the ID register 180. If the
counter 230 value is less than the value stored in the config register, then the SC 130 issues the
transaction request and increments the counter 230. Otherwise, the transaction request is main-
tained in the output queue 210. (In some transactions related to ordering constraints for transac-
tions for different requests from the same master, it may be desirable to leave the request in the
SCIQ 250.)

Assuming the transaction request is issued in this example, then the SC 130 sends a signal
to the master 110 to this effect (upon completion of the transaction, e.g. the transfer of data) and
removes the transaction request from its input queue 250 (upon sending of the reply). The master

110 accordingly decrements its counter 310, which enables it to issue an additional pending trans-
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15 SCID regi sters 255 and 265 (representing the SC queue sizes) are
stored in config registers 270 and 280, respectively, of the nmaster
interfaces 110 and 120. Alternatively, config register 200 nay be repl aced
by a separate configuration register for each UPA port inplenented in the
given SC. In this case, there would be two separate config reg- isters, one
for each of slaves 140 and 150. 20 13 The masters 110 and 120 al so
i nclude transaction request output queues 290 and 300, respectively, which
are used to queue up transaction requests fromeach of the master
interfaces to the SC 130. Each nmaster 110 and 120 has a counter (310 and
320) used tQuibh a:gkcst heme setags 3 0fwap erid nagmbimdingiaaing ot thce%ﬁl@%@;wasafsll)drmcr i bed
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requests stared at queues 250 and 260 must wait until the respective destination slaves can accept
them before being cleared out of their queues.

Such ordering constraints in the system may be global ordering requirements. Thatis,in a
particular system it may be required that a pending transaction in queue 210 from master 110

15 (intended for slave 140) be processed before a succeeding transaction from master 110 intended
for slave 150 can be processed.

Aside from such an ordering requirement, or assuming the pending transactions in SCIQ’s
250 and 260 are from different masters, then either of these queues 250 and 260 can release a
request for either slave 140 and 150 via the SC output queues 210 and 220, thereby allowing an

20 increase in throughput. For instance, a slave 140 request in SCIQ 260 can be sent to SC output
queue 210 even if slave 140 is full (i.e. its input queue 170 is full), and a succeeding slave 150
request from SCIW 260 can then be sent to slave 150. If the SC output queues were not provided,
then the slave 150 request would have to wait for slave 140 to clear before beiag issued. The SC
output queues thus provide truly independent operation of the two slave interfaces.

25 The SCIQ’s 250 and 260 are independent of one another, as are the master interfaces and
their respective counters. Thus, the SC 130 is configured to handle a predetermined number of
requests from each of the masters, with the number of requests that can be accepted from each
master being independent of the other(s); that is, the sizes of the SCIQ’s are independent of one
another. In addition, it is possible that an individual master may be capable of multiple requests

30 independent of others from that master, so the request queue 290 (or 300) and corresponding

SCIQ 250 (or 260) can in each case be split into multiple queues.



graminstructions stored in an associ ated conventional nenory, e-g. ROM or
RAM to execute 5 the functions di scussed herein. Many conbi nati ons of
standard hardware and. software are possible to execute these func- tions in
the systemcontroller; and the sanme is true of the functions carried out in
the sl ave devices (see slave |ogic nodul es 142 and 152) and the naster
devices (see nmaster |ogic nodules 112 aAé#l 122). Here, the | ogic nodul es
represent all of the circuitry, programmng, nenory and intelli- 10

gence necessary to carry out the functions of the invention as descri bed,;
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shoul d be nos[*c@acm%%gmwaitﬂém aé%‘eﬁ'ft &SP i{taf‘% a"t"t‘fﬁ?’ 8 ¢Hl

clarity splidmbtdB8iment of thisliv@sisn.and data buses are assunmed and |IIustrated;
however, the present invention is equally applicable to systens using

shared address/data buses.) The |/O controller M3 accesses the boot PROM 94
to read the @udeidhof hel§esrdmCdriralidrzat i on

15 Referring now to Figures 3A-3B, at initialization (box/method step 400) all UPA port ID

registers (e.g. the slave ID registers 180 and 190 in Figure 2) are read, and their contents are writ-
ten into the appropriate fields in the SC config register 200 (or into separate, dedicated config reg-
isters, as discussed above). The separate fields in a single SC config register embodiment is more
likely to be used when the UPA (slave) ports are configured with a PROM instead of a portID

20 register. In the present application, whenever fields of the config register are referred to, it may be
taken alternatively to mean separate config registers, and vice versa.

At box 410, the master registers are now initialized, which involves reading the SCID reg-
isters 255 and 265 and writing the SCIQ sizes (stored in those registers) in the respective config
registers 270 and 280.

25 Since at start-up the config registers 200 fields and the config registers 270-280 must allow
at least one transaction apiece (to read their corresponding ID registers 180-190 and 250-260,
respectively), they are initialized to a value of “1” to begin with, to “bootstrap” the start-up.
Then, when the read-ID-registers transaction requests are issued, and the counters are decre-
mented, the reqﬁests will be allowed. (If the config registers were all at 0, no transactions would

30 be allowed.) Upon the reading of the respective ID registers, the config register values are

replaced with the correct values, i.e. the actual sizes of their associated ID registers.



sequence, and sends it via line Alctrl-3 to the SC 75, which sends it on to
the processor M. In Figure 1A the SC 75, masters M-M, slaves S |-S2 and
menories Mem - Men2 30 i nclude the config registers, counters, SCl D
registers, ID registers, master queues, SCIQ s, and slave queues as
depicted in Figure 2; however, for the sake of clarity these elenents are
not shown 1 in Figure AL Once 1she processor M3 has retrieved the
initialization sequence instructions fromthe boot PROM 94, they are
executed. The first operation is to read the ID registers of the nenories
and sl aves. These I D regi sters as described above with respect to Figure
2, contain the val . r ective slaves' .nstruction, queues
and wri ?f e data qué\EE%x% ltt . “&%‘n“f’}"@ &Y TEREE T Fat™ s $ PFgime 1) %\ﬁéﬁﬂ

this read openstdrOngfibd mas Iﬁmafnﬂﬂﬁﬁ[ﬁrbdﬁ&tﬁc bedsavbdx@l? hhemGl reaventdeact Ed;pw
Control in Fi%§re 6. J@‘i ata fromthe ID reo\%sters being retrieved via a
data bus (or TRERBAH gnc“i'ﬁg‘sﬁf’)"?%@?eg‘tme?‘a lues are written to the
config regist ers Q’Bbmhlﬁ!&f ﬂﬁlpf:ncmmgrtﬁgiasﬁtﬁﬂ’cqﬂﬁﬂik f@fa réat epesativh aenaystah | er (75
in Figurg 1A di t her s one config 10
Fogi ster per e e bF gtk R bElG o SR08 Hert Pl oe Pl oF of e

sl ave. The f|iowrfsedureniyao foodpt dthW&dvhft!hEr thelnd is sufficicneroo @rthd msnrresdasabuffer

di scussed bel Qu rel atiyve, to Fl The 1/0 caon I emis
used for this 6?}?5%)sedaﬁ'f?bema ssun tzcnt|hesyf—m'urgs Btb aJttz%f or‘q{l ase” écf % on

t he sl ave 710buffer &shedy. /I@otcmmtarmté epre;aubdnsccdm@ﬂ)ehelugﬁmhg swelaw,odaarprdacessor)

700 causes thg eg o %Otma / demé e d |stee[r val ues fromeach slave to
its own config regs syp(fcec eac ncgi%él i ﬁ'é:cP'e§pect| ve IDreg- 15 i ster
val ue i d0stored i r}Foaa bufefoﬁdfratmfn mh@sqammletes:ﬁm wherbes e rdatd @0bel wiitfeh €UINE of thO
master M in F| asIAe’ gg i s val ueflctsr a§edtothe s%ste controller
to the 1/0 con‘froT”Fl ST ?i'@cm%ryl'—“&uarec ¥ CFAPRGRONS 4 WSt qur e
1A), which t hente\lmﬁf:tres‘ niot, againgiboxdRshk vitad périve isss;t&m@mtmohhds ditd iefn iv readyt foe

writing.

When either the read or the write operation is ready for execution as far as the master
15 interface is cqnccmed, then at box 430 the system tests whether the value of the master counter
(in this example, counter 320) or equal to the value stored in the config register, i.e. the size of the
associated SCIQ 260 (as originally provided by the SCID register 265). (The master counter
should never be able to exceed the value stored in the config registers, but in case it did this could
be taken into account by using a “>” instead of “=" in the comparison test.) If the counter has not
20 issued requests equal to the total SCIQ 260 size, then this test will be false and the method pro-

ceeds to box 440.

If the counter value has reached its maximum allowable value, then the transaction request
will not be passed on to the SC, and the method proceeds to box 500. In this case, the transaction
request pending in the master interface is required to wait (box 510) until a complete-transaction

25 signal has been received from the SC before it can be issued. In a preferred embodiment, this
complete-transaction signal takes the form of an S_REPLY signal, discussed in detail below with
respect to Figures 4-7.

When this complete-transaction signal is received by the master interface 110 (box 500),

the master interface decrements the counter associated with that SCIQ (box 530) and proceeds to
30 the step at box 440.

At box 440, the counter 320 is incremented by one, and at box 450 the transaction request



dat apath provided for that purpose (data bus 715 in Figure 7). The next
step in the initialization procedure is to read the sizes of the receive
gueues of the 20 systemcontroller (e.g. the SCIQs 0 and | shown in
Figure 7 or SCIQ s 250 and 260 in Figure 2). The receive queue sizes are
stored in the SCID registers (see registers 255 and 265 shown in Fig- ure
2). This read operation is executed usilieg the I/0 controller of the system
resulting in the master/processor storing the SC receive queue values in a
buffer or preassigned register. Finally, these SCIQ sizes are witten into
the master config registers (such as 270 and 280 25 in Figure 2). If
the systemis a uni processor system then this anopunts the processor
witing the S@Is&:uﬁlma&s&aoimoownauscmaﬁdngtcr&yirs»tveeﬂeamdxcts@di&@ef o0 (dr iofe

regi sters of J = 'g % thattcan act as masters. If it is a

mul ti pr ocessofoI&iPat ?‘rﬁ‘"s? &N 8Y&" processor acts as a master and wites SCI D
val - ues to both IItﬁxll(hMﬁppre(nitd:cgha’tG@(esﬂmﬁamdii(m ﬂha&elaaftomheomdpemat are
processors. Contro

Cenor al | zed RS Bt PO Tb e FRATEREPI gt L8 o P CSTeraiq 037 Thpib en
inven- 5 12 e seen beldw om, boﬁc&|4BM&janbyGB4QMIeaBrpEQillfofElngSB)‘rblEtEtdlﬂetﬁcfd t he
preferred enbodi nent , of i.nvention | as t

U Al | zat T NS GEREH B PR O RPFBIE (- BREC AR 8 FERS i B Pelfiicn f on
requests. Aft eepsidfirdadiag hadrtriting dexh ad dppropréded.i g regi ster 200 in the SC 130 and
the config registers 270 5 . ..and,.280 in the nor nmal 0 eratjon of
Lhe ayet em 100 canBSG bR 65 atiopRE: FRESE R Sirrm RREH s
confi g regi st ehetRQGk has sﬁmsacﬂibn tcb\&stl’peﬁcﬁxfgih ity e qivead rbkes/eqﬁcué (36cheb 8€¥Y’4 130 and

regi sters, 180 d}fl g e."knows" the na nber of .trangaction
r equest SR) hat 2@ gquéveat %43?%13 transaction requcstat Lhc)ixcgg'l orpthc queue 1s examined to gc ter-

mine which slave is intended as the recipient for the request. This queue control and recipient
determination is carried out in a conventional manner. '

At box 454 (Figure 3A), the method determines whether the pending operation is a mem-
ory operation or a non-memory slave operation. If it is a memory operation, then at box 456 the

15 method determines whether the recipient memory is valid, given global or other ordering con-
straints.

Some such possible constraints relate to delaying the processing of a memory or slave
request by a given master until any requests to any other memory or slave, respectively, by that
same master are resolved. That is, from a given master, e.g. master }, a series of transaction

20 requests to slave 1 may issue, and then a transaction request may be issued for slave 2. A pre-
ferred embodiment of the present system ensures that all of the pending slave 1 requests (from
master 1) are completed before the new slave 2 request is executed. This ensures any slave 1
action upon which the new slave 2 transaction might rely will have taken place. Thus, strong glo-
bal ordering of transaction requests from a given master with respect to requests issued to differ-

25 ent slaves is maintained. This is accomplished by requiring the master to await a signal called
S_REP from _s]ave 1 before issuing the slave 2 request, discussed below. .

In other systems, it may be preferable to allow master 1 to freely issue multiple request to
slave | without awaiting an S_REPLY (iransaction-complete) signal from slave 1. Even in such
systems, there may be ordering or other constraints upon transactions that can temporarily disal-

30 low given memories or non-memory slaves from accepting certain transactions, either of prede-

termined transaction types or from particular masters, or both, or for some other reasons.



face can handle in its slave request queue (160 or 170), and the maxi num
anount of data that can be held in its slave data queue (185 or 195). At
any given tine, the counters 230 and 240 store the 10 nunber of pendi ng
transaction requests in the correspondi ng sl ave request queue, and the size
of the pending store data in the slave store data queue. Unissued
transaction requests nmay in sone circudétances be stored for the slaves 140
and 150 in output queues 210 and 220, which may be arbitrarily |large, and
in particular may be larger than the SCIQ s 250 and 260. In other circum
stances, requests remai n enqueued in corresponding SCIQs. 15

When alnaster, df fr anpstiese ferdory thaepitdiGhemlogds @ot Val@ns acilatdnat tegtings theid 0

i ssue, it first n- ares. the value in it ounter 310 with the value in
the config ?é’@i‘éfé) g‘Od PRI YRat g%’ﬁfﬁ‘f"@?"s éﬁ“ﬁ“@ f"’s“ﬂi‘t’g%s than the config

regi ster value, If l‘melﬂccﬁ;ﬂ&t mefuigSe valid\ythea @t Hok 460etle daldie rdad GpU@dtien tffr@ememf r om
the master' sout the SClQ 2 thec 310 is

i ncr ement ed®By* 6 }é’rc &{E%?-%%igﬁ‘é SHBEnS CSY‘?\Dlﬁ@s“gt 5P Wk A° oefscr{bﬁ‘; &S| aves
140 and * 15@etiiheeldw.ansacti on 20 request is destl ned, and checks the
counter for that ueue

penc{mg L{aﬁ)%acg thsa A %% ril%x%r)z 15 aris onn %hetn box 551{51 X E)é on for

t he transaction re&ues ecks € coun
conpar es t hdetxralinee whichrshee tlmreeztwmdthuh@ Retloy d64, n ig dumnmcrf wtgptheege &t:@'r— 200

cor respondi 0 sta ;Esag lthrccx xgl}t att s nmc vcn Ihc Prﬁgnn%;%ﬁ&k%&or%%gmva gécfaﬁl ess than

the val ue sf6Fféd Th g regr
t ransact i onlfrmequesix 4éﬁd1elmwfoémn¢mut tlheslmumtabct 230. O herw se, the
transa?(;l on requgst tained in the o put ueue

. |
sone transactions ¥ éllfe Stlava 5 Vgh%gﬁl Bisi %&saf&%ﬂ’st?efné?crﬁagsaf%‘?n ésd’&m’“f’i“%’ﬁ%c( f gr

di fferent reqm;sdnsmgrscrnutﬂneqt&am(scmezstzmqrzm may be desi rabI eto | eave the

request in the t he transacti uest u
thi s exanpl e, tﬁ@th ﬁme%g)(fr %13‘5 a1 tranfacttm @ﬁ“eatﬁ’gs et (b ﬁof ge ?ﬂl S
ef fect (upomnabiespicebiapath b5 tuhe dmpam$amioil sgnal endghe rhher (wt&md‘aasacﬁrfn iché) and

ggndi n r em}’,ﬁz,st&en aggqu%‘ﬁgé t%ras % tgrq)ue’b acc8 r‘% eI zi?p '(t%art%sﬁr%vﬁtm “? “e'gcg(g%t er
310, ch enH). eﬁlelStC then sewds ke transacsi ol ecmpleree(B_ Ttﬂ’mm signat to&nth the master and the
slave (see discussion below relative to Figure 7).

At box 475, the SC 130 then checks the counter for the recipient slave, e.g. counter 240 if
slave 150 is the destination for the pending transaction request. If the counter equals or exceeds
the value in the config register (i.e. the size indicated by the ID register 180 or 190, which were

20 read at initialization), then the request is not yet allowed. In this case, then steps 530-550 are fol-
lowed (essentially identical to steps 500-520), until a free line opens up in the destination slave
queue to receive the transaction request.

If the appropriate counter (230 or 240) has not reached its maximum alowed value, then
it is incremented by one (box 486). and the transaction request is sent to the recipient slave (box

25 490).

If the pending transaction is a slave read request then at this point (box 495) the read oper-
ation is initiated. When it is complete, the slave sends a P_REPLY to the SC, and the SC sends
S__REPL;{'S to both the requesting master and the recipient slave. See the discussion below relat-
ing to Figure 6 below for details about the transaction and data flow for slave read requests.

30 At this point, the method then proceeds to box 420 in Figure 3A, i.e. it is determined

whether another transaction request is made.



13 1 action request. If the counter 310 was at its maxi mum (i ndicating
that the SCIQ 250 was full), the decrenentation of the counter 310 all ows
roomfor a single additional transaction request fromthe master 110 to the
SC 130. If the counter 310 was not at its maxi numvalue, then the decre-
mentati on of the counter 310 sinply adds one to the nunber of transaction
requests available to 5 the maste¥8 interface 110. The out put queues
210 and 220, which may be. arbitrarily large in size (and in particul ar may
be nmuch larger, if desired, than SCIQ s 250 and 260 and sl ave i nput queues
160 and 170) are preferable but not necessary to the operation of the

present; i nventi orphe hbw SRPESE RicGre® YA BBIdAUBLRSes RS iRt atdeRictlly Aficat RQudneD
sl aves (queue 210 for sl ave 140 and queue 220 for slave 150), or if order-

10 i ng cHWsTeEREFyie diffETsRt tanwctans faqushiopy 8ien taARCHRodh P WIHIS AR el B 1 0
and 220, theRqtdhanidiARaRGlafRcRAAMAS: SanDt AR 8 isIb A Snedi theaRdie? Bk rTUST
wait until the respective destination slaves can accept them before being

cl eared out BFesENe s appyss Eansactig FFAbFsHE STRGDLBRSE Foa save inferfagen Othey Wpesantay  be
gl obal e¢rder jd3gck FNeBihSon m: ithslemdnftd@ particul ar systemit nay be
required thafgg:pgﬁgingq?ransaé??%n ?n gqueue 210 from master 110 15
(intended for slave 140) be processed before a succeeding transaction from
master 110 i plendesf or slave 150 can' be processed. Aside from such an
ordering requirenent, or_assum ng the pending transactions_ in SClQs 250
and 260 are fr om*ﬂ$‘F§Sé‘r7e‘Ht‘S“ﬁ’&§*P\§%g‘,” cerrahakes phgerin B PresfaRventiRs fercaent falsd 260
can rel ease gftRAUGSE of ®nsRtibker slave 140 and 150 via the SC out put queues

210 and 220, thereby allow ng an 20 i ncrease in throughput. For
instanc®, a slave 140F1stufeisd preratier EpDeImeR b ¥hEE e SPY e RsGipemory
interface;

Figure 5: write operation to memory;
Figure 6: read operation from a device other than memory; and
Figure 7: write operation from a device other than memory.

15 Other operations, such as cached read transactions (which involve the snoopbus, not a
focus of the present invention) are possible, but these will suffice to illustrate the features of the
present invention.

In Figures 4 and 5, for the sake of simplicity the queues and registers illustrated in Figure
2 are not shown, but should be understood to be included in both the master interfaces (UPA

20 ports) and system controller, in essentially the same configuration as in Figure 2. Thus, the trans-
action control described above with respect to Figures 2 and 3 is accomplished also with respect
to Figures 4-5, as well as 6-7.

However, the memory banks shown in Figures 4 and 5 need not inclode slave queues as
shown in Figure 2, nor does the system controller in Figure 4 need to includé a config register and

25 counters as in Figure 2; rather, conventional flow control as between a read- or write- transaction
requesting device and memory may be utilized, and will be implementation-specific. Many stan-
dard designs that ensure that read and write requests are properly meted out to the memory banks
will be appropriate. In this example, steps (boxes) 470-490 and 530-550 in Figures 3A-3B are
replaced by equivalent steps for control of read and write transactions to and from the memories.

30 In Figure 4, a specific embodiment of an interconnect module 600 is illustrated, where

memory banks 610 ... 620 are the slave devices, with a total of /m memory banks being indicated



queue 210 even if slave 140 is full (i.e. its input queue 170 is full), and
a succeedi ng sl ave 150 request from SCIW 260 can then be sent to slave 150.
| f the SC out put queues were not provided, then the slave 150 request would
have to wait for slave 140 to clear before being i ssued. The SC out put
gueues thus provide truly independent operation of the two slave
interfaces. 25 The SCIQ s 289 and 260 are independent of one
another, as are the master interfaces and their respective counters. Thus,
the SC 130 is configured to handl e a predeterm ned nunber of requests from
each of the nmagtershscipts (0) L.HA- NUTHES ardliket/B 6 REHE niahtatintc@es(BPApaeptEd..f r om
each master bei i ndependent the other(s);. that is, the. sizes. of the
SCIQs are i ng‘é‘ggw&%ﬂ?&af“@ﬁ%‘e g%@f%f“.‘“ﬁ“ﬁ”éﬂéﬁ ‘f‘?slﬁ‘}ﬁe,d biyf%‘eis‘ébsg%%ssolz‘b?% ’gﬂ'ﬁ‘l an
i ndi vi dual magh@icrosdvyr 628 codida eencaforyBahisi tp the UPR @ui@Sih 8 cadentional magiependent  of
ot hers fromt hat sterl ) t he request (gueue. ZQP (or 30(%) and 1 bed
correspondi ng SCI G258 8t this Sppation fe ioflerol K3rertign 8 Batrarsiehior PHES Wi bE 51 e
queues. 5 14 okder of reply by the sla¥iytedi@@sd €r can request transactions to any
slave via the SC, for any selected nunmber of master and sl aves. K The wil |
Cypical ly be an asreeedfirn BEEHFde Reptrefra RRSHE O B B e Theo
maxi mum nunber, ®kndvaGtibrcampaging deowsihditdiag ds direSiioncd dats or signd flo@),at the edsy

si npl e and i nexpensi ve K ASI C conpari spn Wt he system.as whol e), it
o1 v des ar eatSBPRRrGT ey it £ SRR an 3E e Wb by e e ol e S e

easi | y confi glgotvdditHefshvedqieudSEndIDatgidta\wf hesivet ObwalinfligareeNihe fo)lswing @eBriptidach
one tailpred to.the specific needs th system, Th ic for the .
carryi nch(;)ut § d?‘?‘lg‘)‘?’ E’\’}gﬁ??ec‘jhto' BYISF g‘&i%?é@tbﬁy}{%ésf?fﬂ/é"r%ﬁ?%coﬁxﬁﬁf’%gcﬁfgf‘gwﬁ? t he
SC ASI C and t hespem shestctian ebqsdseooeirdl (Se€Figare£3A-3B)) dhiny fop a0l requiest isiGéd, the bpdors
Ztﬂg L S:j n;a Et ge %@Xﬁe%&nﬁ%ﬁ%@&{aﬁéﬁ %ngrg}ngna tést}?% ra]x?ci\,g]ccrlcnrlcnlt:a{ﬁ%xllj {s %arr]iéd oﬁ\lt tto ggtgrfaﬁtulzevt}?at the

request is sent at an appropriate time. The respective queues are also handled as appropriate.

15 Memorv Read Requests: Fieure 4

This re?ad request example assumes that data is coming from memory, and not, e.g., from a
cache. Snoop operations on the snoopbus shown in Figure 4 are not in consideration here.

Event 1 When a UPA master port such as post 630 has a read-from-memory transaction
ready, and the master counter is not at its allowed maximum (see box 430 in Figures 3A-3B), the

20 read transaction is issued on the UPA_Addressbus from UPA port 630 to the system controller

650. This is indicate by the event 1 (P_REQ) along the UPA_Addressbus 660 in Figure 4, with
the direction of the information indicated by the arrow, i.e. from the port to the SC.

Event 2: The memory cycle [i.e. RAS (read-address-strobe)/CAS (column-address-strobe)

request issuance] is issued over memory control bus 670 to the memory banks 610 ... 620. See
25 vent 2 (“RAS/CAS”) along bus 670.

Event 3; The datapath is scheduled by a signal along the datapath control bus 680, and

data items are accordingly delivered from memory to the datapath crossbar 625 via a memory

databus 690 and UPA databus 700. This fulfills the read request.

30 Memory Write Requests: Figure 5

Figure 5 depicts the same circuit as Figure 4, but the flow is different because it relates to



10 ot her fashions, e.g. by providing nenories and general purpose
processors to carry out any of the steps executed by the master interfaces,
system control |l er and slave interfaces of the preferred enbodi nent of this
invention. Ceration of the System Controller 15 Referring now to
Figures 3A-3B, at initialization (box/nmethod step 400) all UPA port ID
registers (e.g. the slave ID registergo180 and 190 in Figure 2) are read,
and their contents are wit- ten into the appropriate fields in the SC
config register 200 (or into separate, dedicated config reg- isters, as

di scussed above). The separate fields in a single SC config register

enbodi ment  iandidabnekd) KBieYopdritiod Esidaest »\Waa Bpdididn UBVAN( Siks 8¢ @puap@rof thealite
configured with a PROM instead of a port ID 20 register. In the
present appFiRaY PigRS hEASIUFsS PPsdfts of the config register are referred
to, it may be tgk\aﬂeraht 8¢ drl]h@efphtﬂe&nyrots%nm&ﬁ& USERAGEN iCsc8 06 Erable megtt&fja&rcsvais-aﬂd
vice versa. At box 410, the nmster registers I ze IC

i nvol ves reddi§g- e @Cﬁ—BEF[e‘ﬁ‘ss?"é?véf%“szfa%bVé?&I&rzg% W&h% P?‘i‘%é ‘4 0rexier o

si zes (sstor %dtalanertxM&pmg;l sSReBH18J, addNhd dAQ i @S e Ednk ﬂ&neﬁmfpngorr 63015 thedsa-270
and 280. 25 nce at start- ugbéﬁ[e conf i ﬁ |fsters 209 fields
and t he confpﬁtﬁ‘cf‘lé@q“%?‘é"fga‘?l?‘ﬁ7%d{el‘ﬁa§‘€y% ogy inPERAPUR AR forvaIng e ey api ece

(to read thehdmdPbdn®s PR Pelntl thk ERaeSH @le UPAGRrt 1 M cRinehtsn0)shd®@hat another
respectively), they areinitialized to a value of "1" to begin with, to

"boot st rap" ‘f“ﬁ%"%‘t“éﬂ"cﬂﬁ availagls to (i eysterysanolerd- | D-regi sters transaction

requests are i ssufehent®he hldRioGDiks Ble Snsdled vRDEE 670 SREHRAGICASBRAE Gatpfatas Wi | |
be al | %ve (I'f the confi Ontgg}esters wer e no.transacti ons woul d

all at O,
be a‘*cf”é\ﬂ‘@d“)“’lﬁd’b‘ﬁ BSBPAG2HT m@c‘?’é’iﬁ"éétﬁ“\'féc PP ®Yyi sters, the
confl g register \raém&goﬁgmeﬂh&pénaﬁ&dha%d\bﬁtehqmm Iseed untiddheleste data e rchdl}e

actual s ZeSE of chhelr uasséag bxts w1£ et%ic%;[JsegQE is .288 bits wide, the data words are buff-

.., if the datab
ered in the crossbar, assembled into 288-bit blocks, and then written to memory.

15 Slave Read Requests: Figure 6

Figure 6 illustrates a read sequence to a slave device other than memory, and is similar to
Figure 2, but for this example a single master interface 710 and a single slave interface 720 are
used, coupled by a system controller 720 and a datapath crossbar 730.

Event 1 indicates the issuance of a read request P_REQ on UPA address bus 740 to SC

20 720.

Inevent 2, the SC 720 sends the P_REQ on bus 750 to the slave interface 710. To do this,
if there are several slave interfaces, the SC must first decode the address to ensure that the P REQ
goes to the correct slave intcrfagc. Event 2 informs the slave interface to prepare the data to move
through the datapath.

25 When the data items are ready, then event 3 takes place, namely the sending of a
P_REPLY from the slave 710 to the SC 720 over bus 760.

In event 4, a series of steps are executed to cause the master interface to receive the data:
SC 720 schedules the datapath 730, and issues an S_REPLY over bus 770 to the master interface
700. In addition, the SC issues the S_REPLY over bus 780 to the slave 710, to drive the data,

30 when it is ready, on the slave’s UPA databus 790 via the datapath and over the databus 800 to the

master interface 700,



15 1 At box 420, it is determ ned whether a new transaction

request is pending in one of the nasters, e.g. the nmaster 120. If not, the
procedure stops at box 422 (but may reconmence at box 420 at any tine that
a new transaction request is nmade). At box 424, if the pending transaction

request is for a read operation, then the system5 det er m nes whet her
the master read data buffer (discussedlin greater detail below) for the
master interface is ready to accept data, i.e. whether there is sufficient

roomin the master read data buffer to receive the data to be read. If not,
then the systemwaits as at box 426 until the master read data buffer is
ready. Note that a wite operation need not be held up during a wait period
for a rlead operation, but may proceed independently; and vice versa. 10

For a wite QReWaki RuedNEi.sSt em determ nes whether the data to be witten
to one of the slaves ,ia 1 slave interface or menory is in fact ready for
writing in (tran§Bsredishersiby dentivelapraratyyras Figuis Gf foeiliustiates pyfite seqysapqs from sox
426 a wait pRhinQehohySslR¥ GtdMaClio aWilstef inlehiScedahid sdqbh@BR dnSurksQRH Yatd SdndMpk t i NY.
When either the read or the wite operation is ready for execution as far
as t he hmst efangferred untiljthe datef queee FREQ SR1efthredave inpsefpceH0 brs xuffigent sasge.syst em

tests whether the, Maliies Hf 71 fifh MRSERKof RYRERburkdr 810 3 d8X B4HRL SounfePsHRf €T
320) or equal to the value stored in the config register e. the size of

l.
the associ at¥eishoen @ bedC 12 Theseqrararntsrs m dstemeacinax ol s PRERPUsUS It er 265) .
(The master mmtxﬁ{)qutsmgm APPdatDfie ) bR, e aN¥QG bWy AU ol BB hp t he
u

config registers, t incase it did this could be taken into account by
using a ">" SAfStiadheppssociated Gouptris SEQaRd 820 @ pf differgnt sizep£If thess teoHsEBATGIES not
20 10S S Uegmk 6041 @R 2 siRglE Bdunte@ mal) 6 §:04 R the¥d! DndRidor b Bl olheedelbs. t €St
will be false and the nethod pro- ceeds to box 440. If the counter val ue
has reached its maxi num al |l owabl e val ue, then the transaction request wll
not be passed on to the SC, and the nmethod proceeds to box 500. In this

case, the transaction ) . o
Event 1: The first event of the write operation is that a P_REQ is issued by the master

interface 700 to the system controller 720 over bus 740.
15 Event 2: In event 2, the SC issues the P_REQ over bus 750 to the slave interface 710. The

P_REQ includes sufficient words to inform the SC how much data is being written. As mentioned
above, the slave data queue counter 820 is used to track how full the data queue PREQ DQis. If
the PREQ_DQ queue is too full, then the write transaction must wait.
The data queue PREQ_DQ may be the width of one word (e.g. 16 bits) or a block (e.g. 64
20 bits). Multiple transfer sizes are thus supported in the current system. Possible queve organiza-
tions include the maximum capacity per request, or some fraction of the maximum capacity per
request, e.g. the 64-bit and 16-bit examples cited above.
If the queue PREQ_DQ is sufficiently available, then the write operation may proceed.
Further in event 2, the SC schedules the datapath 730 with a datapath control signal “DP ctrl”, and
25 issues an S_REPLY to the master interface over bus 770 to drive the data on its data bus 800. In
addition, the SC issues the S_REPLY over bus 780 to tell the slave interface 710 to receive the
data over its data bus 790.
The transaction is complete as far as the master interface is concerned once it has received
the S_REPLY and the data has been transferred over the bus 800 to the datapath crossbar 730.
30 Thus, at this point, even though the slave interface may not yet have received the data, the master

interface is prepared for an additional transaction.



request pending in the nmaster interface is required to wait (box 510) until
a conpl ete-transacti on 25 signal has been received fromthe SC before
it can be issued. In a preferred enbodi nent, this conplete-transaction
signal takes the formof an SREPLY signal, discussed in detail below wth
respect to Figures 4-7. Wen this conplete-transaction signal is received
by the master interface 110 (box 500), ¢2he master interface decrenents the

counter associated with that SCI Q (box 530) and proceeds to 30 the step
at box 440. At box 440, the counter 320 is increnented by one, and at box
450 the transaction request 16 1 I's sent by the master to the SC.

Thus, the counter 320 now reflects the sending of one (or one additional)
transaction requestnce|te aginess anddagnsrhs @fcapdsaentpratthayssisy Pacse (WS iaplies 66- 520

all rel ate togydghidued a&ﬁ@sgsm& tmet:oxaers&n&ag Bd £ RhaPbl folarded inlaRy bhE m&h% pokt.
master interface, such as nmaster interfaces 110 and 120. It w | be

seen bel ow t h&hatispthe data gughs sually arrineet thegppyl puese PREGQA befgre thep &ﬁ%ﬂﬂéﬁsas)

relate to net h@d{u&E@RﬁQ(@wc sﬁdc qpﬁuslhswaﬁs BY aLDRiEHASE @ ak it Ee Pl REQ GrSes,
. Boxes 460 and 495 relate to the method steps of reading and writing data

as appropri at & thatike sheecap %Rﬁv&“ﬂ@dd%ﬁ’t"‘ﬁm{‘ pdssst fopy b dua- oM B HVelYoRfi covish Hredwar e

and/ or sof t Wapeppd Mafl &GE MsNEndedabi8Ecdnl, iR 3RicR cdsE ﬁ@%&xb&ﬂzl& gawm 19&@0“ ng
inits request receive queue (such as SCIQ s 250 and 260) .

then at box 489otipsien pddiess sReeifiFhOntBfi&EQ at t he head of the queue |s

exam ned to det er -gJehi® oAbl hidkiSle B¥sRidaied kR ERERM da8 fohGts BRFERERN e YandabBe

request. This queue control and recipient_determnation is carried out in a
conventi onal Hemisayest from its input queue, it issues a P_REPLY over bus 760 to the SC, indicating that it is

10 ready for another transaction. The SC decrements its counters 810 and 820 accordingly. The
transaction 1s now complete from the SC’s point of view; i.e. there are no more actions to be taken

by the SC,

Transaction Qrdering

15 The transactions herein are any type of request by a master device or module (hardware,
software, or a combination). These include read-data transfers, write-data transfers, etc., which
must be connected with the read and write replies. That is, for example, each write request is log-
ically linked to write data (i.¢. data to be written). While in the foregoing description the ordering
of data transfer has been assumed to be governed by the order of write requests, other possibilities

20 exist.

For instance, a link between a write request and the write data may be accomplished by
assigning tokens to each write request and its corresponding data. The tokens would then be used
to inform the system controller and processor of the completion of a given write request; that is,
the write data carries its token along with it, and when it is received the write request having the

25 associated token is known to be complete. Such a system requires token match logic to locate the
associated tokens. The token system can be applied to the system controller operation described
above for any transactions requested by a master, and frees up the ordering requirement of trans-
action request vis-a-vis completion of the requests; that is, read and write transactions may be car-
ried out in an order other than the order in which they were issued.

30 In any case, for each transaction there will be a corresponding reply by the system control-

ler, whether or not there is a data transfer. As a general matter, the order of events for various



At box 454 (Figure 3A), the nethod determ nes whether the pendi ng operation
is a mem ory operation or a non-nmenory slave operation. If it is a nenory
operation, then at box 456 the 15 nmet hod det er mi nes whet her the
recipient menory is valid, given global or other ordering con- straints.
Some such possible constraints relate to delaying the processing of a
menory or slave request by a given mast®&f until any requests to any other
menory or slave, respectively, by that same naster are resolved. That is,
froma given master, e.g. master 1., a series of transaction 20

requests to slave 1 may issue, and then a transaction request nmay be issued
for slave 2. A pre- ferred enbodi ment of the present system ensures that
all of the péf?ﬂg’ﬁﬁonélwékllgc'l requests (frommaster 1) are conpl eted before
the new sl ave Z2Rduf@eesdlaveSrefNeqistied.slatdlicsd @plg Ub &5d aity wak@v@ptionalt i on upon
whi ch the new slave 2 transaction m?gh rely will have talfegndgl a(if' Thus,
strong gl o- bal VBFdErt A St VPIEAFNER £ “Fﬁzcﬁlﬁ%léf% WA BT SRR er wi t h
respect to requetieransSuetvirite @ijfcbirite &a transfer, i@ BitheSbraarp s> slsveneplywidnveile

This is sccorrplished by requiring the master to await a signal called SREP
fromslale | before issui ngﬂfaﬁféc P& 2 request, discussed below. In other
systens, it nmay beahp, eegrabi: eysteth iabhdaptablerastiay diffedetn drdegieg ychénses e imtaddtb pl e
request to slave 1 without awajti an SREPLY (transacti,on-conpl ete) signal
from sl ave 1 g o¥ii S8 Mo SRt er ot b ST §8ReG or other . O
constraints upon transactions that can tenporarily disal- 30 | ow gi ven
menori es or non-nenory slaves from accepting certain transactions, either
of prede- term ned transaction types or fromparticular nmasters, or both,
or for d6me ot her reasons. 17 1 If for any of these reasons
the recipient menory is not valid or available at this tine, then

15
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at box 458 the nethod waits until the nmenory is valid and available. If the
reci pient nmenory is valid, then at box 460 the data is read or witten
to/fromnmem ory as required, and the SREPLY (transaction conplete) signal
is sent, as described in greater 5 detail below If the pending
transaction is a non-nenory slave trans Stlon then at box 462 the nethod
determ nes which slave is to receive th request. At box 464, it is

determ ned whether the recipi- ent slave is a valid recipient at this tine,
given the ordering or other constraints nentioned above. If not, at box 466

the method waits until the slaveis valid. 10 Once the slave is
valid for this transaction en the transaction equest is npved into the
cor r espondi Hg scPoGPHR! ?}’&Eﬁj@ pseppijoling, trapsassign Cth"Pl@ FEmBHIRS RYSiEBact i on

is a slave 1@@ Lf ?éh%‘i‘%ﬁé”?mcﬁbc Eort Wltﬁ Ef r@asﬁtla'?%t Ar‘r?a@tenl la‘éwé h' es

t he dat apat via a datapat ontro ster

transaction niesnmndndlatgéastsmbmm&cé having @ $laee deﬂraetdmoaqbr ‘shﬁng
datapath to the appropriate slave input gueue (185 15 or 195) The SC
then sends {RESAGGRIEELEHR- hERINEPlSYsieREMCYdING: gnal to both the nmaster and

the slave (see dis ﬁr‘é?? Lﬁﬁep%wmgtﬁlfﬁéte@b&& Fé]&%’aggl%)senmg @%fijn?) e nge SC

130 then checks the co I én

sl ave 150 I$oda|ﬂ6n§leiﬁt saidt sRlef BceivBe @@.Eéild%ﬂétﬂ@nﬁ)ﬁcqu&fhg Qﬁuﬁ‘éﬁsadt'bnt he
counter equals or exceeds the val ue |n the config register (i.e. the size

i ndi cat ed byequests by saidileasiionesiaverdeMi®; whi ch were 20 read at
initialization), then th uest not,vet . al |l owed his case, then
Steps 530550 A & T cOUIRO(EE adish niehaufk reiesning A 3oV soicomp
until a freendi h&ﬁb@pmmm@n Pé@eét%&ham*els%rea lipysid GuaegetEive guelye the
transaction request. |If the appropriate counter (230 or 240) has not
reached its maxi @prinigreonagctmicaive quluea coupled to aandeafdaasmn@maaw davice; 480) ,

288) t he transacti 20t mgéju?tséoup?eds ﬁ)néat& %rét rggijé? ' rs{e coun efa and (sPave re%ewe
queue, including comparison logic to compare said first register vaiue with said
first counter value, and configured to conditionally transfer said transaction
requests from said interconnect receive queue to said slave device in
dependence upon a difference between said first counter vaiue and said first

register value.

AL



If the pending transaction is a slave read request then at this point (box
495) the read oper- ation is initiated. Wen it is conplete, the slave
sends a PREPLY to the SC, and the SC sends SREPLY's to both the requesting
master and the recipient slave. See the discussion belowrelat- ing to
Figure 6 below for details about the transaction and data flow for slave

read requests. 30 At this point, the nmethod then proceeds to box
420 in Figure 3A, i.e. it is determ ned whet her another transaction request
i s made. 18 | The flow chart of Figures 3A-3B does not

necessarily indicate a strictly linear-28equence with respect to different
transactions (though for a given transaction the flowis linear); e.g. in
pre- ferred enbodi nents a transaction request can be allowed to issue from
one of the master inter- faces even as anot her transacti on request is
issued by the SC to a_slave interface. O her types and degrees of
paral | el oper m.fggli@armsaﬁ% Amcmtmlr%hﬁr?ﬁcket‘swm@@dﬁmtﬁnst rate
how fl ow cont r¥E¥%kes pl ace in the present invention for each of four
different types of transactions: 10 ) Figure 4. read
operatiod frommenory (i.e. where tAbstmttaftheihsctosirace is a nenory

LT ace T Our @ Phig bl OBEHALL A bOUIEARS Joni Bl €8 pad BAL OBl
froma device other than menor gure wite opelpatlon rom

devi ce ot her ttsaer amd mtiprocgSor compvter system@ﬁemaxwpmsarthssouwetldlzaéoncaaéhed

read transact Ittg'géghiox\ft]jm%hniinﬂﬁ/i%s\é%tc%%er?&%%&%put&%&st&n cOmprises one or more master

5 interfaces, one or more slave interfaces, and an interconnect system controller which provides

dedicated transaction request queuves for each master interface and controls the forwarding of
transactions to each slave interface. The master interface keeps track of the number of requests in
the dedicated queue in the system controller, and the system controller keeps track of the number
of requests in each-slave interface queue. Both the master interface, and system controller a priori
10 know the maximum capacity of the queue immediately downstream from it, and does not issue
more transaction requests than what the downstream queue can accommodate. An acknowledg-
ment from the downstream queue indicales to the sender that there is space in it for another trans-

action. Thus no system resources are wasted trying to send a request to a queue that is already full,

(Figure 1A)
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focus of the present invention) are possible, but these will suffice to
illustrate the features of the present invention. In Figures 4 and 5, for

the sake of sinplicity the queues and registers illustrated in Figure 2 are
not shown, but shoul d be understood to be included in both the master
interfaces (UPA 20 ports) and systemcontroller, in essentially the

sane configuration as in Figure 2. Thus, the trans- action control

descri bed above with respect to Figures 2 and 3 is acconplished also with
respect to Figures 4-5, as well as 6-7Y%owever, the nenory banks shown in
Figures 4 and 5 need not incude slave queues as shown in Figure 2, nor does
t he systen1controhbeL\in Figure 4 need t% FQqude a config register and 25
counters as in_Figure‘2; rather, conventional flow control as between a
read- or witg- transaction requesti ng Ng¥RCeONNECTENDrY y 6%\u$ilized,
and will be irplenegfﬂgheﬂ?éfgcific. Many stan-ggar@g esi gns that—ensure
that read and jwite requests are ptoper ut toh miMe¢mbynk s
will be app¥odriate. T thig 470-490 and—536-550 in
Fi gures 3A- contrgli of redd and
wite transactfi Stave(s)| | In Figure 4, a
speci fic enfpodi|n ils illdskrated, where
menory banks—40.- _ h a tdtlal of in? ry
banks bei ng i ndiecate 19—t ' 0.1 . (mll) There
are |ikew se ltiple mast ex interflaces (YPArgR&ts) 630 64D, | iyo Deeicky ¢sent
exanpl e 32 master interfaces ng!i ndi cate -sdbscrj pts—0———31. A
dat a- path crogssbar 625 coupl es thé nenory IS the UPA ports in a

o

convent i onal nner. As a rule, in'this operati\an the order of reception of
the transaction rqugské wll be the 70
Figure 1
Mem1 A/CtTl-?
Memory -
/‘ 92 D4 |
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. |
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5 order of reply by the slave interfaces. In general in Figures 4-7,
the order of events is indicated by the circled event nunerals 1, 2, 3 and
4 (with acconpanying arrows indicating the direction of data or signal
flow), as the case nmay be for each figure. Wth the exception of the fact
that the nmenories in Figures 4 and 5 do not include the slave queues and ID
register of the slaves shown in Figureydg the follow ng description 10

of data flow with respect to Figures 4-7 should be understood to include
the steps described with respect transaction request control (see Figures
3A-3B). Thus, for each request issued, the appro- priate counter
consultation, increnentation and decrenentation is carried out to determ ne
that the request is sent at an appropriate tine. The respective queues are

al so handl ed as appropriate. 15 Memmory Read Requests: Figure 4 This

read request exanple assunes that data is com ng fromnenory, and not,

e-g., froma cachdd_Snaop o 1'0J]g on the snoopbus sh&vm |n1!ﬁgqre 4 are

not in consi deraltlﬁcnﬁ/ﬂaﬁszﬁl ]E?/“e,nt/lz Whenra—HPA ||u3 g\s@&c{ Bpic j>t 630
I

has a read-fromng Crpngacy i rea and the ount e—+s-not at
its allowed maxinmu nl{zgé‘—r_bo 480 | nD;ﬁiagU'es 3A-SB)_,¢LJq.e_313 _116"9%%
transaction is issF fh BRI BEAdPAAddr essblis from UPA port{lp’:}_e o| Qérmeyst em
control ler 650. ThijQumsus rldigfsa:té\by the pvgnbpdn(RREQ 4
UPAAddr essbus 660 j|n Fi M bfp t he Hirectionjof th{‘ RED ation
i ndi cated by the ro @umfer the pojt to the}SC10 OEY & 2
cycle [i.e. RAS (rggd= 3 sS=strQ e)/CA:(cqunn- %a a2
i ssuance] is issue W:i ¢rprmrv B bus 670 tﬂ

620. See 25 1ent | MasterAs/1¢AS" _/a%ong bus 670.

schedul ed by a sighh| @I ong t dpt apat hj control RQus i =l
are accordingly de rad ol e [P(c%oihe;datajath RSRA

nenory databus 690} Bhd,LPA 5 . Thi & fdepleh | | qgétz. ¥
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Figure 5 depicts the sane circuit as Figure 4, but the flowis different
because it relates to 20 | a (non-cached) wite operation instead
of a read operation. Event | is the issuance of the wite request along the
UPA address bus 660. In event 2, the datapath control signal over the bus
680 is sent to enable the datapath cross- bar 625. Also, an SREPLY is sent
over bus 7 10 by the SC 650 to the UPA pegt 630 to source the S dat a
after the datapath is schedul ed, and the data itens are sent fromthe UPA
port 630 to the data- path crossbar over data bus 700. Here, they are
buffered, in preparation for forwarding to the nenory banks. At this point,
the counter in the UPA port is decrenented to show that another transaction
request is available to the systemcontroller. In event 3, the nmenory banks
are enabl ed via bus 670 using RAS/ CAS signals, and data 10 itens are
sent via bus 690 to the nenory banks. This conpletes the wite operation.
The foregoing nethod ensures that no wite request is issued until the
wite data are ready. E.g., if the databus 695 is 144 bits w de, but the
bus 690 is 288 bits wide, the data words are buff- ered in the crossbar,
assenbl ed into 288-bit blocks, and then witten to nmenory. 15 Sl ave
Read Requests: Figure 6 Figure 6 illustrates a read sequence to a sl ave
device other than nenory, and is simlar to Figure 2, byt for this exanple
a single master interface 710 }ndnaﬁgLnglg;aL@Meeﬂmtq[Lace 720 are used,

coupl ed by a syst Loller 720 and a datapath crossbar 730. Event 1
i ndicates the issﬁﬂké;mf}fg/*ead request PREO on UPA addoess bus 740 to SC

20 - 720. Initialize Master Registers ./}
420
422 { _J
\ ] from box
New Transaction xrequest? 490 (Fig.BB)
No -
Yas Y 424

For read operation:
Is master buffer able to accept data?
For write operation: -t

500“\ Is write data ready for transmission? ,| Wait
No h\\
Transaction Yes 426
complete \

message (S_REPLY)
received from SC?

Is master countexr wvalue = total SCIQ size? ~\\

A

Yes %
A Iwo No 430
Y Yes . 440
¥ f"TSend transaction recquest to SC _//
Wait and insert at head of SCIQ
Decrement
Master
510'/} Counter by 1 { 40
Increment master counter by 1 ~/j

520~

/,452
\

I£f SCIQ for a given master is nonempty, take the
request at head of that SCIQ and detexmine the
racipient slave for that request

f

to box 454
(Figure 3B}




In event 2, the SC 720 sends the P_REQ on bus 750 to the slave interface
710. To do this, if there are several slave interfaces, the SC nust first
decode the address to ensure that the P_REQ goes to the correct slave
interface. Event 2 infornms the slave interface to prepare the data to nove
t hrough the datapath. 25 When the data itens are ready, then
event 3 takes place, nanely the sending of a PREPLY fromthe slave 710 to
the SC 720 over bus 760. In event 4, a series of steps are executed to
cause the nmaster interface to receive ##h&¢ data: SC 720 schedul es the
datapath 730, and issues an SREPLY over bus 770 to the master interface
700. In addition, the SC issues the S REPLY over bus 780 to the slave 710,
to drive the data. 30 when it is ready, on the slave's UPA databus 790
via the datapath and over the databus 800 to the master interface 700.

21 Slave Wite Reguests: Figure 7 Figure 7 shows the identical apparatus as
Figure 6, but illustrates a wit om a non-nenory sl ave

interface to BEIGASRE 3Bnt erface. e ensures that data cannot be
5 transferred until the data queu i

of theTZraye, tmerface 710
has sufficient space. In Figures 6 andy7, b¢th a tra -
i he d. These are

counter 810 and a data queue ] ] [ SC
counters to deternipg how f I¥S£$§E§f§§?§@%§§fgﬁﬂ PREQDQ queue (slave
tively. 1T these gueues are of different

out put data 6e) opbfatié®
si zes, thenftheir associsated counters 810 and 820 are of different sizes.

| f these tyBs QUeULS; S8t 8L 0va1ia, SaMe size, then a single counter may be
used in the SCéroompmitrodsoveibhtdd pot Qéoqueues are.

1 //' (slave
1 No 4 Y Yes operation)
Wait until memory Read or write memory
is available as requixed and 462
send S REPLY //’

C !
458

Determine recipient slave
for transaction request

4164

/-466 i ‘/

No
Wait until Is the recipient slave valid,
slave is wvalid given orxrdering constraints?
468
Yos |

Move transaction onto SCOQ —//
for the recipient slave

{ //—470

If this is a slave write transaction: SC enables datapath,
530 whereupon master moves data through data crossbar to
\\\ slave input queue, and SC sends S REPLY (to mastexr and slave)

Transaction {, “:js

complete . Is SC counter value for recipient
message - Yes slave = P_REQ queue of recipient slave?
received
from slave? . No‘ —— 180
Il"No Yes ™lIncrement SC counter for recipient slave by 1
1
Wait 4  J _/,———490
Decrement A
_// SC counter [ Send transaction request to recipient slave
540 for
F recipient ¥ — 195
550 slave -
If this is a slave read request, then initiate
read operation; when complete, slava sends

P REPLY to SC and SC sends S REPLY’s
{to master and slave)




Event 1. The first event of the wite operation is that a PREQis issued by
the master interface 700 to the systemcontroller 720 over bus 740. 15
Event 2: In event 2, the SC issues the PREQ over bus 750 to the slave
interface 710. The PREQ i ncludes sufficient words to informthe SC how nuch
data is being witten. As nentioned above, the slave data queue counter 820
is used to track how full the data queue PREQ DQ is. If the PREQDQ queue is
too full, then the wite transaction nust wait. The data queue PREQ DQ may
be the width of one word (e.g. 16 bits) &f8 a block (e.g. 64 20 bits).
Mul tiple transfer sizes are thus supported in the current system Possible
gqueue organi za- tions include the maxi num capacity per request, or sone

fraction of the maxi mum capacity per request, e.g. the 64-bit and 16-bit
exanpl es cit abeve—H—the ggqye PREQDQ i s sufficientlggsavail able, thgen
the write ppgrat{on may prpcBEEC¥EPEhér in event 2, [the/SC scheded®s t he
dat apath 780 Wit h HPdabvapa ng&@l tStgnal "DP ctrl'j, and 25 i ssue an
SREPLY to {the naster interf|ace’ower 770 to drive mgg;ﬁét on its dafa
bus 800. | addi{ion, . SC\)'@sﬂs__ﬁs t he~ BREPLY over 0 Mldory e
slave intefface 710 td r¢cki 8Qdat §4 over its dat Q?Qw . Bk
transacti oh is,.conpl ete asp¥&r—as—t{he fmster integhgge atabuyy 1ICP it
has receiveditﬁe SREPLY ang rﬁe—gg a has been transfg¢rred over| the bus B00
to the dat apgth ¢rossbar 78 1) Thus, at. this pg¢int, even though the
sl ave inteffpce L hg@e regeiyed the data, the master|interface is
prepared forjan additional transjacf{fony Datagah Crossbar Hnce the
address an¢g gata paths are indepenglgnt ] the yequest packet ( h 1 ncl ugles
t he + P_REPLY // 3
< .
. Addr Valid| |<
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destinati on address) and the corresponding data may be forwarded in any

order to the slave port.

That

s,

the data mght actually arrive at the

i nput queue PREQDQ before the P_REQ arrives at the queue PREQ of the sl ave.

If this happens,

the data w |

have to wait until

the PREQ arrives,

5

so that the slave can determ ne the destination address for the data.
and the data second,
in which case it can inmediately be wist®en to the destlnatlon addr ess
specified by the P.REQ Event 3. Once the slave has cleared the requested
data fromits data queue and the transac- tion request fromits input

Al ternatively,

queue, it

of course,
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above for any transactions requested by a master, and frees up the ordering
requi renent of trans- ‘action request vis-a-vis conpletion of the requests;
that is, read and wite transactions may be car- ried out in an order other
than the order in which they were issued. 30 In any case, for
each transaction there will be a corresponding reply by the system control -
l er, whether or not there is a data traiM8fer. As a general matter, the
order of events for various 231 transactions will be: Readfrom

sl ave: read request --> slave read reply --> read data transfer (optional)
Wite frommaster: wite request --> SCwite reply --> wite data transfer
(optional) Wite fromslave: (wite request/wite data transfer, in either
order) --> slave reply when wite 5 data is
consuned Thus, the present systemis adaptable to many different ordering
schenes, o ere no particular
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-24 - 1. A control systemfor controlling transaction flow in a conputer
system having at | east one m croprocessor with at | east one master device,
main menory, and at | east one slave device having a slave device queue for
storing.transaction requests, the control systemincluding: a first
register storing a first register value representing the nunber of

| ocations in said slave receive queue #fail able for queuing of transaction
requests by said | east one slave device; a first counter storing a first
counter value representing at any given tine the nunber of transaction

request s ft halpahfisgd,Or ed i-n said sl apg . gaei ve app i nt
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