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that can foreseeably be recCeived by them This
acknowledgments; or back pressure techniques, for flow control This requires either the master

issuing refried transactions due to negative acknowledgments by slaves, or complex handshake
signals to modulate the back pressure as a function of dynamic changes in Systcm resource avail-

15 ability.

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 multiple 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 appfoach, 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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destination is e sender to control 1ts Anot her net hod
t hat has been ppotopbsed i s rate-based flow control, where the sender neters
: Its In link-by-link flow control, the downstream recipient asserts a feedback signal to the
10 upstream sender, indicating a buffer-full or congestion condition 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 remains asserted; or
(c) a stop-start two-message feedback from the destination to throttle and restart the
15 sender respectively. (Most existing packet-switched system 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
Jor ATM Networks, Proc. 1993 International Conf. on Network Protocols, pp. 116-127, by H. T.
Kunget. 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 contemiplated 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, nonscalable 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
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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 queues, 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-
stream 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
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3 transactions that it can issue with a predefined agreenent of

queue depths at its interface to the i nterconnect, and the
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tions as a nmeans of flow control. In protocols that have used this approach
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known before execution of any applications by the master(s). The masters and controller thus
have at all times information on the number of available spdts in the queve immediately down-
stream -- to be contrasted with a credits-based scheme, where the maximum queue sizes are not
known a priori, and the sender 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 pfocessors. 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 smallfinexpen-
sive to large/expensive can be designed from the same modular CPU and J/O interfaces by simply

25 down- or up-scaling (sizing) the respective queuves 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 dcsign. and effort required to test and validate correct system behavior
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20 cessor) to send a nunber of transaction requests only to the extent
of that total. The system of the I nvention classifies system
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from i ssyli ng @Q¥nd gréRsdsdentsn. r equests (or to initiate a wite-data
transfer requests) downstream when the respective counter indicates that

t he Figure 1A is a block diagram of a more generalized embodiment of the a gpmputer system
corr espondi NQink&Pbratihg BE ifd8dtdngueue downstreamis full. Wen a transaction
is conplete (e.g. _. . upon the receipt of requested data read or
consunption of wriXigweZise Hyredriiled digeggm of gportien of fhegystem shown infigse by 5
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“queue or wite-data . Qqueue. 5 - Queue overfl ow and
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Figures 4-7 are block diagrams illustrating transaction flow control according to the inven-

tion for different types of transactions.

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 arelated 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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system control l er from sending nore transactions or data than the recipient
has space for. A hard- war e handshake is used both to signal
conpletion of a data transfer and to notify the master of- one nor e
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system goehav |d2 ‘r’ice(s) 9s. |
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, ahd each slave includes a UPA slave interface. The system coﬁuoller 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, am;i the ports 60. The datapath crossbar may be s
simple bus or may be a more cdmplicated 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 v.vritc 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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is also greatly sinplified. Brief Description of the Draw ngs
Ffgure 1 is a block diagramof a preferred enbodi nent of a conputer system
i ncorporat- 5 ing the present inventi.pn. Figure 1Ais a
bl ock di agram of a nore generalized enbodi nent of the a conputer system

I ncorporating the invention. Figure 2 is a nore detailed

di agram of a portion of the system shown in Figure 1.

Fi gures 3A-3B together constitute a flow chart illustrating a generalized
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interfaces 80. The “slave” designation means in this case only that such devices accept requests

5 from one or more processors and fulfill those requests. '

The interconnection network may in general take the form of a2 number of different stan-
dard communication topologies that interconnect masters and slaves, such as a point-to-point link,
a single bus or multiple buses, or s'witching fabrics. The interconnect may employ any of a num-
ber of conventional mechanisms for switching the transaction request to a slave using one or more

10 signal paths, and the switching may be based either on the addressing information contained in
the transaetion request packet, or on another protocol not necessarily dependent on the contents of
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 J/O
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 system

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.
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bet ween mas- SC.upastepraRemedesand 1gyre fiepatecisg by address/control
In Figurg 1, m}éuﬁm&ﬁpsmm rwma@ B UdRfde (Godichiad, BEinetochoatl linky) @ddressReRtol

net wor k or 5, which in different enbodi nents of the
i nventi on may liges QWYH’th“ﬁéd tasptier (AR ey alyode bussed or s“’“ﬂ"éi?%{mﬁ%??%ﬁdﬂﬁﬁs/m(’l

nmodul e may in B HushS Va5 S hare thelamé AAIRSSHEN as &1&W%d&@§syda&%sénd
30 an I/Og{ljdjn?la?aSO R"c’x hera%unlts be I ncl ud?bg act as the mmaster

units for the purpbdest BROMAS is connectes by ks rthe HQicantrlies 3, avhighaeads it upon start-
interface is %pfus ARR1ESHE BReehh alchARR§AI maRY: 8815 ntridiné mb@pm&gw&m@ “and

6 on requests; exanples of such nasters are a CPU maki ng
menory r Byuestimadditiongp iniialze herateues, registers and counters of the present invention. The initializa- |

tion proceture is described in detail below relative to Figure 4.

Figure 2 illustrates an interconnect module 100 in a sbeciﬁc implementation where two
master interfaces (or “masters™) 110 and 120, a single system controller (SC) 130, two slaves
interfaces (or “slaves™) 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 geneiﬂ any devices or entities capable of issuing transaction requésts.

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 represented 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 queves 185 and 195 are also
represenied 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 sizc), 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.



and bridges naki ng DVA requests. In general, in this
application a master is exenplified by a processor. However, a nmaster

may be any transaction-requesting device, whether or not it includes a

m croprocessor. Simlarly, 5 a "slaye" refers herein to any device
that can accept a transaction request, including both nenory and
non-nmenory devices, etc., and including devices such as processors and 1/0O
controllers that . may t hensel ves act as nasters. For
t he purposes of this invention, a "transaction” may be defined as a request
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couples the nodule 20 to a ﬁé/r_stem i nterconnect controller (SC 70, which 15
Is in turn coupled to one Srmore sl ave I nterface(s) 80. The sl ave
interface may be an i nt@)8aemidecthe sizes of the systapnoomrollaisoéceive qpaiess andénory), an
/O interface, a graphi fr buf fer ne o re bridges. to . .
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serviced. In general, ters in thewpagdg(s).ce t hat accepts transaction requests
for servjging may given a.sl.ave.intecface 80 | accordance .with
t he inve’rﬂci on, sucﬁg'éfsatc%ﬁtﬁr&ﬁ?’ 5?°’ﬂr§'ﬁﬂ?‘§ﬁ'a%'{ﬂ“ég{‘]¥f°§§d%ﬂam‘% MRS 1/ 0
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- processor chi ﬁ?”%?ﬁﬂ“d(‘?ﬁe&g&a‘ﬂﬁ 5 the 8?‘%&5"@“?'&["?}}?3? f?g‘sf?ﬁg%?flﬁlﬂfé%%q HB ot emkadr
variations  ment, the \ﬁhﬁs gamiegkter; lfﬁbﬁxﬁlugg (@pradeniing maslbutrer@swdtizeé)}weét&ea inFhep-
processor or sone 1er devi ce) has r jnterface, an
each sl ave i n(‘,’m"’tﬂ"qd@é.,i OpRigyfal (icﬂ?f&a}%@é‘?’ ANt Q}‘Fﬁ(gﬁﬁ%cg'hﬂquné}‘e vejues ot theos
c i’is eres llfdgs d\sjdm régifer 253 i 265 (representing the SC queud sikdé)Apedtdted in@dAMAegiSors 270

al so included in

e interconnect module 25, and is coupled to t he
sl ave int erfa%ﬁ'g§$WW%t‘gm%W&t?’§P“ﬂé?‘%ﬁ{?q he ports 60. The .
dat apath crossbar Wrevely, onfig registerJ00R bEHpIeREd BEW scpta cOighsRNTisict 2
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used to 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 queue up transaction requests from each of the master interfaces to _
the SC 130. Bach 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 quenes 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
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30 - transmt read and wite data in a manner to be described bel ow

One or nore conventional nenories or other data storage devices 85 and one
or nore 7

i nput/output (1/0O devices 95 form ng part, of the system 10 are provided
for user interface, data output, etc.; these various slave devices
may include RAM ROM disk drives, nonitors, key- boards, track
balls, printers, etc. They are coupled into the interconnect nodule 25 via
t he slave i nterfaces 80. The "slave" designation nmeans in this case

only that suﬁbndﬁ%mn&asssemor nREHRSABASIC may be fré@dBdTBCCaRYinGRERhPEPEREGOT S
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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 memorj, 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 1/O controller M3. The /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 /O controller M3 accesses the boot PROM 94 to read the code for the initialization
sequence, and sends it via line Afctrl-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 queues, SCIQ’s, and

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



i nvol ves the use of distributed controllers, in which case it is desirable
to maintain visibility, and In certain designs a nmaxi mumcapacity
gueue size may be needed. Figure 1A shows a nore
general i zed bl ock di agram of a system according to the inven- tion.
Here, there are multiple masters (three e%%nplary masters ML- MB bei ng
shown). These 20 masters may act in certain circunstances as sl aves.

For instance, #% | s a processor and M3 is an I/ O controller,

then M3 Wil Bfi®¥e &t as a slave to M, as in the initialization procedure

described bel ow. @nck bR prédesyor MBNMs redHiehid be Ridalidhiiol béqRerce IRFRBnAPHEHE boot
operation, the |I/O controller M3 wl| act as _a master_to a rrerroa/

devi ce, such BROMSA By awexeaiadaipe Srst prerayps isdo read the ID registers ofthe memeries gy
M2 in Fi gyiwes1theseD registers, as describe@aBove Wit \téspéet toXigure 2, coatatnhé ¢dheSBYnDe

one several or many sl ave devrces) are also pro- vi ded, and the
mast er s, 5 menpierRestivepvey ARsyctignauelss andwriig dafa auev% t'gl?rﬂeb’r?f’?'fﬂl peguenes thatis fole
sane © [ARA G thidRad bgerﬁryo%tfsmmm: bcibd béfdw f8r ﬁ,esnb@ﬂeadq:rweomw
and slave(s) in Figure 1. 75 1is coup via a data

control bus 7Higuss m&éﬁ‘dﬁ%hﬂ‘eﬂaws’{%thﬁF‘@Fd’éﬁﬁf?&‘)"s@da%a% 1ﬁ the
dat a- pat hripSeqiser ‘%ﬂlek arerrﬂreﬁ % the co-ﬁhﬁ régemr; @hchtw Sonig ragn!tér 200).of
typically be much narrower than the system 30 dat a buses; a

preferred enbthgisysem camrolier{’5 indlfigors léybioéﬁflgt”ﬁé)-dé% mwdraBO"Pch@'F lsmcmﬁzs
‘é"' de, whpl e 1t fg;sRFpdaiadLdr At AR bALheIPHS IR rBGst Yoy edin DadeS M 86w sequence fol-

-lowed for this write operation is as discussed below relative to Figure 7. The JJO controller for
the system is used for this purpose. Thus, assuming in Figure 7 that for this operation the slave
710 is the J/O controller, the master (in this case, a processor) 700 causes the SC 720 to write the
ID register values from each slave to its own config registers. In each case, the respective ID reg-
15 ister value is stored in a buffer of the processor (master 700 in Figure 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
masterfslave 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 etep 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 sizés are stored in the SCID registers (see registers 255 and 265 shown in Fig-
ure 2). This read operation is executed using the I/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 & 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-

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

30 eneral ration of Flow Control

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



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

sl aves, and nenory. The systemcontrol |l er need not be on the
dat apat h, but should have control over and visibility to t he
dat apat h. The SC, nmasters, nenories and slaves in Figure 1A

are interconnected by address/control 5 12 (Alctrl) lines as shown,

whi ch may be uni que (dedicated, point-to-point |inks) address/control

| i nes or nay be bussed together. Data may al so be bussed or

swi t ch-conne 5e /
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sl aves 140 an may represent any nunber of
natmn for the transaction request then the SC 130 checks the 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-
25 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 fransaction 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

30 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-

transagtign ff@afs&e?%mfsee and



30 menory or non-nenory sl ave devi ces.

9. Initialization Operation The basic steps that
take place at initialization include: (1) determ ne
the sizes of the respective receive queues of all the slaves coupled to

the system 5 (2) stldre the sizes of the slave receive
queues in registers within the system con-

troller; (3) determne the sizes of the system
control ler's receive queues; and - (4) store the sizes

of the Isyst esticoretuest. |IEthe cameir 30 wasay dsmprimpmdindiceting thas $heSEGR 350 was full), the
i T a1 zat | BRECBr eI o Prptaet 310 slshy M By SYRLEMAM dhdoad I 4
the request weaasterarl0 tovhe SE 1381 & ttqsugmeter 31 0cvees notsdt &ty eaxignueh vahwentherote ée;rd-hes e
VLS 1 e SRR by O ek SALAUERELO iR O
regi steys 17feaisterdiBidrfacecyaOesent i ng the_slavg queue sizes) are stored in
150, 1 ac i GHERp 0 2 el B 5
(representi ngay bembh lapgen if desiad, IhansB8EQR250 entl 260 and)siiwegnmgmesaeaerﬁﬁ a&¥ [v0) are
and 280, esgr%ggaibi/ceial“ hot%];cetssba?y {E%ﬁé gprerau% of tLg gr%ssen ven OR. ij separate output queues

are not kept for the two slaves (queue 210 for slave 140 ax_xd queue 220 for slave 150), or if order-

10 ing constraints for the master prevent the use of both queues 210 and 220, then the transaction
requests stored at queves 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. That s, 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
_forslave 150 can'be processed.
Aside from such an ordering.requirement. or assuniing 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 being 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 muitiple 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.
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Alternatively, config register 200 may be replaced by a separate

configuration register for each UPA port inplenmented in the given
SC. In this case, there would be two separate config reg- i sters,.
one for each of slaves 140 and 150. 20 The masters 110 and 120

al so include transacti on request output q]d"eues 290 and 300,

respectively, which are used to queue 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 nunber of pendi ng
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for carrying_ouf the transacti,op. request .handling, gueue control,
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10 other fashions, e.g. by providing memories and general purpose processors to carry out any of the

steps executed by the master interfaces, system controller and slave interfaces of the preferred

embodiment of this invention.

eration of the System Controller
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) pbrts are configured with a PROM instead of a port ID
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 requests 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.



I nvention. Alternatively, a general purpose processor could be used,
configured (such as by pro- graminstructions stored in an

associ at ed conventi onal menory, e.g. ROMor RAM to execute 5 t he
functions di scussed herein. Many conbi nations of standard
har dwar e and. software are possible to exebute these func- tions in
the systemcontroller; and the sane is true of the functions carried out in
t he sl ave devices (see slave logic nodules 142 and 152) and the
master devices (see nmaster |ogic nodules 112 and 122). Here, the
09l ¢ moqul es repr Gagk 43, b iderdrliEuel! B! dow PROREAIT G is i BREbS the.
intelli- gence necéssary to carry out the functrons of t I nvent1 on
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matter of rout é,rbetto one, Skl Ielwqgansacnw[% Abis ndhyen the teaching of this

I nventi on. Cad- g maset evi ce rocesso the logic for

i mpl enent i ng t he prﬁasbem124 uf\mﬁnpendmg n-ansacnamrgquestmfooi regd opesmiopaherattie syspm n

| ar ge par of roc its
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which it is rei]afeeme.ﬁt eeeldyoty addipt data safvllnm:lahcre istypdfickemtrogm gwrthe masierirgad data befiidre
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and 2 (for buffer is rédilg Nowhiiat & eirite eperation néddguot eshelihup duﬁmgatvhnpériod\fbmaﬁd ol
of the initializati Oﬁ’ uence The in té‘ijﬂc_ tions for the
initializati onCREEAGRrPUEMAY Broggeq indgpengd B Y€ renory, in this

embodi Mend i n the For a write opefiibn, m%ﬁédeﬁhmwmmbMWt&lltdeﬁbofﬂ\e
address to the boot PROM 94, and accesses .it ‘Xvé read rqu)gst over
addr ess/ cont r oHaYes ¥is 4 jaxe interfpcs o meppory s in fact repdy fepwriting jo (frapsmissign fe) p mpster

t he O@tittbatibr. QORYL a@hin lat Bk 4P6 it fRfiod islekechtedrritilthe ddla Reristreday$or t O
t he datapath crqssbar 92, which in turn accesses the 1/0
control | er MB.WMHBE-|/ O control ler thus acts as a slave to the processor ML

in thi s opghéi difiér the read or the write operatior islread{h futletbchfon 8 f@ s tHemtud@hout
t he presqgt description that for %ﬁi)éte of cI arlt f&}l It 25 addr ess

and dat a ‘Busesimgraceis sopcemed, then;at & vajpe.afthe masterepyatesy
~is equally ?nthlsex% 'ébﬁﬁh@l?ﬂoﬁéﬁ%ﬂ&%ewﬂh@ﬁoﬁ@ﬁrmgﬁfcgﬁ&f G 8the 265 the)

~The 1/O controller accesses e _boot PROM 94 to read e code for the
initializati onassociated SCIQ260 (esrriginally grovidsd by the SGID) register 209) {The mastepcqupier SC

75, which sendggid Melerb@ ablb fo XcQARSRueWored in the config registers, but inQ:aEe' 16448 thisleBuld
the SC 75, masters ML-M3, slaves Sl-S2 and rrermrl es m - Ment

i ncl ude t he cobmalgenrtetguasqoen@yve’aem (3t ipsteaggf r’eghescp@smoms#)egﬁtb@%qugterhasnm
naster qugues, ﬁ%% e el tothetomlsd@&s%%@ﬁhﬁ&cmlbﬁ?ﬁ&dnﬁuﬁ'rﬂéﬁﬁp?o-

however, for. t arity these elenents are not shown
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



1 in Figure 1A ' Once the 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
menori es and sl aves. These ID registers, as described above with
respect to Figure 2, contain the values df the 5 respecti ve sl aves'

I nstruction queues and wite data queues. The flow control sequence that is
fol - | owed for this read operation follows that described bel ow for
the Sl ave Read Flow Control in Figure 6, the data fromthe ID

regi sters being retrieved via a data bus (or datapath) 715.
The 1D ragi st &g sdﬁ&bjd&xﬁ nker #rthd SENThHus, thiicovaenB2Amovegfiadtethssepding bf ans (raméi g
regi ster 200) stemcontroller (75 in Figure IA 130 in

t he Y, }'

Figure 2). WH’%‘%E@S%’%%"F %here is one config 10 regi ster per

sl ave, or at | east 1pwig u‘eiagbldcxhuad thaClaRés 4R0F45Qiand 500-520r allrelate tehetiad stcpls ehat hmw
sequence fol - for this wite operation is |

relative to Figehicd opt byﬂ’fé“ me(ﬂ‘aéb"ﬁ? 'B‘fsfcér‘m?rg“r“ such as mastef wge‘?fi tlg(fﬁ"ﬁésg g
~for this purpogsseenbilicw thassoxes 452-458 aEle@W(léh@'ﬁosi @m omgmmeemwmembe
- sl ave 710 is the I/O controller, Eécn%s 6% CHQS{}IS castg
processor) 700StepsGaEsd ppidn Qrbybesysimgopireller (3C) oxes 4 ap ple °V‘&'P‘B€s

from each sl av§°};s(3ﬁera§, W wAdd dhed REpsibpiste. | N each case, the respective
ID reg- 15 I'ster value is stored I n a buffer of the p cessor mast er,

700 in Figure 7 or ThesSCds prgidedhwith ﬁ'lEFr“égence and/for 1°S‘°@6'd‘”§ﬁﬁf‘ 95 seftwpzg) tdetegmine
passed to the ¥Sh&HHaOR rhikabtfh réc@estiséhdlid 9 Ptk FeREivé @ieae/@uc?ﬂaQsc:IQ Enm

7 or master/slave M3 in ure 1TA), which then wites it 1"dg
back to tfe sy20Q@nifeeithenditbex 437 the Fﬁé“‘mn request atthe hasd ofths AvRPE ifearmiged torlgter-

purpose (data RS whkéh didvefd ith@ed b 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 1, a series of transaction

20 réquests 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 slave 1 before issuing the slave 2 request, discussed below. .

In oth;ar systems, it may be preferable to allow master 1 to freely issue multiple request to
slave 1 without awaiting an S_REPLY (transaction-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.
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The next step in the initialization procedure is to read the sizes of the
recei ve queues of the 20 systemcontroller (e.g. the SCCQs 0 and 1
shown in Figure 7 or SCIQs 250 and 260 in Figure 2). The receive
gueue sizes are stored in the SCID reglsaers (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 mast er/ pr ocessor
storing the SC receive queue values in a buffer or preassigned register.
FinaIIy, these SCIQ sizes are witten into the naster confjgﬂre LSter§§B

;

(such 270 and nzeeax%of these feasams gherrecigignt memopyg netyalid pg gvail Yo%
system then E Qﬁ %&% bl ehdtab&1ab] SCI D val ues to
its own confl é reg H)@El%d B{tﬁ con Qrwsre | sters aofe ot her _devi ces t hat
can act as If the maiumt memiofy is valid; thgn PMIOE‘ |4§9 the datg iy read erpvaitien taffsom pise-
processor acts as a mast 3l ali g.e&&me@gt tek S
own config r¥yPsiear s 'rqlgﬁsﬁeﬂ?owﬁgggg ﬁe? °‘5’? ST ST gg‘gner al
Qper at i ®n ofddt'dxbhuldiont roI Below is a general [ zed
description of t sa m;@ taRsaklish, BleR 8€88x 460 ¥R Rrethod

12 ?& 8%1 %E%Hga nﬁ#gw%pe0| > degzrlptlon of the

preferred enﬁmdmimmwhmh stalve isi tqmmw: the rmesft u("}t box 464, it is dptepnige whether the recipiy he
initiallzation seauence ’%&E\F{‘J a?%sctﬁ{}é rfv @ brdeRGEdriokter EHRESn® mehtdaBPabiobd, ON

requests. zation of the config register 200
in the SC 13 nafdt odkel66 aief hethodowaisuetikth@slgve is valid.

10 Once the slave is valid for this transaction, then the transaction request is moved into the

corresponding SC output queue (SCOQ) 210 or 220. ,

If the pending transaction is a slave write transaction, than at thxs time (box 470) the SC
enables the datapath 155 via a datapath control signal, and the master (whose transaction is pend-
ing) is then able to move the data threugh the datapath to the appropriate slave input queue (185

15 or 195). The SC then sends its transaction-complete (S_REPLY) signal to both 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, €.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 reglster (1 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 sleve
" queue to receive the transaction request.

If the apéroPriate 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-Y‘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.



L]

5 and 280 in the masters, normal operation of the system 100 can
commence. During operation, the SC maintains inits config register
200 a copy of the respective values of the slave ID registers 180

and 190, and hence "knows" the maxi num nupber of transaction requests that
each sl ave inter- face can handl€ in its slave request queue (160
or 170), and the nmaxi nrum anount of data that can be held inits

sl ave data queue (185 or 195). At any given tine, the counters 230 and 240
store the 10 nunber of pending transaction requests in the

correspandi ng sl avihe Aoqast offigures 3468H dbésmos hetessarily indicate a strickip lipean séquence
store data in the slave.store data eue. . Uni ssued transa tionrre uest.s_may
‘n some At tepnec{initermo, Kensacriopy iRk f7 o gRE Epuagesot T foy R inple): € i e
out put queuesferdderdbudirdeits a dhsXioNFegudiecan be allowedan ixste fasrh biye df aliegaasted ixder- N

particular may be |arger than the SCl Q.s. 250.and 260. In ofher cjrcum
stances, req §°ts§"?'b”r?gf‘?fh‘§ﬁﬁﬂ§ﬁ‘é?i’ ’F‘H’etgd? F%?%BHQF S.:tgéfb’esl.m" ace. Othet types and
Wien a nmst erdegf@s of BafdIRI opefttith ag e hiflemdndd. 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 | ess than
the config regiatdhrptal ue, then the request may be issued. The request is

sent fromthe ] master's outgut gueue 290 to the SCI.Q 250, and the
counter 310 is i né’fxgﬁgﬂ-@&luﬁ@at@h@y ow control takes place in thepresept inveptignfar,each of four
det erm nes t Oyiffefiftyfts of BnshiMns! aves 140 and 150 the transaction 20
request i s destined; and checks the counter for that queue. For instance,
if slavé0140 is the dediigure 4: read operatippfrom memery ¢ favheryie slave ipfrisce dya@emory
then the SC 130 checks the cqueifde; 210 and conpares.the val ue '
stored there with the value in the config register 200 corresponding to the
I D regi ster 180. |f thd&igure5: write opesalipnde memoryyal ue is | ess than the val ue
stored in the config r §'read! dpeRtibI o ddwile bifc ¥ rhdfory; and

transacti on request an ncrenents the counter 230. OQtherw se, the
transacti on request i s Figurei7: wrile operationifreatia devicelpthepthapmemgryeue 210. (I n
sone trggsactions : Qe d QRS 4nSd -

tions for di fferen?ﬁég%ggg%%'g{cg%ﬁe sane nngiéc?%%,(uﬁm%{avgﬂggﬁég%ﬁp%%rg%o
| eave t he r edfeses ofithe prigent invention) areq@issibleCignt these will suffice to illustrate thefeatimesjof the
transaction rSHH§§3w$ bh§sued in this exanple, then the SC 130 sends a

si gnal to the nmaster 110 to this effect (upon conpletion of the
transaction, e.g. InfiguressrantiS; fopthegalteof simpdicigythe quevesandregisters Blustrasedsia Fliguon

110" accor of ngf o et VR, RS R il 1A Rk it I

addi ti or?8l pepatts) gnd syatesr-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 inclade 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 implementatioh-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



13 1 action request. If the counter 310 was at its maxi num
(indicating that the SCIQ 250 was full), the decrenentation of the
counter 310 allows roomfor a single additional transaction request from
the master 110 to the SC 130. If the counter 310 was not at its maxi num

val ue, then the decre- ment ati oni8f the counter 310 si nply adds one
to the nunber of transaction requests available to 5 t he master
interface 110. The out put queues 210 and 220, which may be

arbitrarilly | apybe subseriipte(0} ar{ch-1)n There avedikewise multiple masten yntdstacen{URA Ipang)ép0 .. f

desired, than Sf 250 an 1 ave | . Ok;a .
pref erabl e but é@og tﬁ%%rgsseg g"f"g’“ g 1%9? %gg%%é@g?‘feé ﬁg(# m? %gtg‘gﬁ%ég %‘tb@t?%\t/s (JaﬂZ' t ?’J'(lj'nggrt]g
separ at e out pupathycressbgr 625 couples the memary biugkstto fhe UPAIperts e eheentienal gpaenes 210

for slave 140 and gyeue,220.for_ slave 150 or if der- 10 igg.
constraints for theHsn%?tleéf" t;t)ursé’\‘?eérﬁ °f't °e°r§§r)edf5?°°%b°tnr??E]hﬁgrﬁ'éség‘?fdwa‘\'n %l?e t{"?1en
t he trans:cti oorder of reply by thgulaed mtesfaased at queues 250 and 260 nust wait
until the respectivg desti.nation,sl aves, ¢ accept,. L hlggr] LS

beéi ng cleared out o gteﬁeé?lrmg’t‘f’grﬁ%gf%' &cgrdergpeven%ggnd’céffgﬁyéhre rgfl ng‘%a(lI erals 1,
constrai nts i n2t3endssiithaccmmpaindngdraivalindicatieg the direaign of dateorisignal Hosd), as ghe chse

ti temit.may be required that di nq..t i or
o queue 250 { POVPRISER B! FaHe Sk BRI SR ALty BRI B3 o o
bef ore a succegdivdgthcshnsqeiesand ID rgistenef the sldvedshowundmFigtke 2, the followingdesceiptivne
Foqui reraht T obf SRS Hih rveschiaTire 47 Sivul et totiyll e sepSdescribed it
and 260 are fr gigpeétt frimtcioh rétlest Control (sEeFigres 3OBBNI THul FoiccaCh RSt i70ed, ARthppidd

can rel ease a request for either s)ave 140_ and 150 via _the .SC
out put queues E@@cmggﬂul{qﬁgp.ém%p@ ementationris carr?ed out to determine that the

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

15 Memory Read Requests: Figure 4
This r?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.c. 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 dépicts the same circuit as Figure 4, but the flow is different because it relates to
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20 I ncrease in throughput. For instance, a slave 140 request in SC Q
260 can be sent to SC out put queue 210 even if slave 140 is ful
(i.e. its input queue 170 is full), and a succeedi ng sl ave 150

request from SClW 260 can then be sent to slave 150. If the SC out put
gueues were not provided, then t¥e sl ave 150 request woul d have to
wait for slave 140 to clear before being issued. The SC out put
gueues thus provide truly independent operation of the two slave
interfaces. 25 The SCIQ s 250 and 260 are_i ndependent of one

anot her, las ars(noheachedivaite pperatiof instead ofrakead operation. Evest | 1sithosipsuence obthe write -

counters. Thu t | ' ed to handl e a predeterm ned nunber
Sre%luegealo%g eJpA &ﬁﬁ%? B-{){]dgbhas tors.

of requests from eac with the nunber of requests
that can be accept duefentntieaiatapath control signaheveethelbos 689 i srotioenabierthe datapatheross-

ot her(s); that,i the. si +h ' f
another . in add §srfuSe B SRR e ey 71855 RIS BRUP o 5 togoure e
capabl e &f muldatapifer the datemtisis 3¢heduled, amtibpdagiderts aé semt fremshefURAport630 toths fata-,

so the request_ queue, 290 (or .30 d corre di,ng . . Cl Q,.25 or
260) can in ed® ‘ggsggarlﬁ’gers%ﬁ Bus %ﬂ (a)ﬁ%h"ly B “%‘e"ﬂe’g."’ep aration for fAraRiAg b the
14 1 memory bardk3y Ates¢ gointOtA€icovagitiiithe UPA pea ix decesedted mnkovs thavemothera
the SC, for a sel.ect ed nunber  of ster and sl aves. The SC wi ||
ypi cal Iy be- SHEREHON SORET GAVEHER S 8 SYHPLF RS Fem i th o pr ede-
term ned maxi num nufbent Bfthdmehaly bamld atl eanisled vik biis 670@sing RIASICAS digrials, éhd data
relative sinple and . I nexpensi ve ASIC. (b onparison with the
system ai a w af"?"f"ﬂ?B\’ﬁ@Q?&F oFy t@f?psoi’ﬂ%?‘t%?}{“gﬁedeséﬁ°m"e°peé%‘8ﬂbny by
al | owi ng desi gner s The feegoitgmehef engitesahalnd iveiteatueSiG Bsuad vt e eoitd datanire ready.
difTerent SYS-p g if the databus 695 is 144 bits wide, but the bus 690 is 288 bits wide, the data words are buff-
ered in the crossbar, assembled into 288-bit blocks, and then written to memory.

15 lave Read Requests: Figu
_ 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 |
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 must first decode the addresﬁ to ensure that the P_REQ
" goes to the correct slave interface. 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 readfr, on the slave’s UPA databus 790 via the datapath and over the databus 800 to the

master interface 700.
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tens, each one tailored to the specific needs of that system
The logic for the carrying out of the invention is provided by

har dwar e/ fi rmnvare | ogi ¢ of the SC ASIC and the master and sl ave
interfaces, and by programinstructions stored in nenory 85 of the
system as shown in Figure 1. Al ternative enbodi ments may inplement the
logic in 10 ot her fashions, e.g. by providing nenories and general

pur pose processors to carry out any of the st eps executed by the
master interfaces, systemcontroller and slave interfaces of the preferred
enbodi nent of this invention. Operation of the System Controller
15 Referring now to Figures 3A-3B, at initialization
(box/ et hod sispRe W) ReghdstsIPAuROTt | D registers (e.g. the slave ID

regi sters 180 and 190 in Figure 2) are read, _and ég\gLé’Pcontents are wit-
ten into the appropswa éh?“YséP"cl‘:‘?ei“f'Fa{ sppasaps e Figpry iliysiEges A3t sgquepfefrom a

- separate, dedipg@hRfhofAMvE thidrfiGe to a master inteFdc@! This Squétics emeedlaamw@)moz‘she
separate fields in a single SC confi i St er enbogﬁ |su\£ém

likely t8 be traateridantil aeme(’%?%g#)&ﬂff‘? slgve 1S r@[‘}r"éﬂs TPt $PAROM

i nstead of a port infi-xgpes6andrvegétﬁh%nsabﬁbntﬂe@earcemtsmamA@a@éq&necdeshenez@r
fields of the config register are referred t

aken
al ternati vel y afeshpnip “3%%7 - eThesmire Goyndegs tgtdgfegmngmjﬂ fHuc,‘E"' FREQgueue and
At box 410, tPREPRHE]uelIShv Sifut 358 qBEIY) Ard] rbdpttivéIf thdsé &b JuBYe hMaST different
readi ng the SCI D reg- e qﬁ] erscl 255 .and %%5 lan witin g t he SCI Qeren
si zes (st or ed sizes thep deir P%@‘F’%‘P‘e?‘%‘ﬂwr §81018ad PHLae of diffesent sizgs; {f these two queues are the
registerg 270 %ﬂ@ 12@91@25& e counter may be uStd T @heBC Rintnitolidw Al b6 Ykt are.
regi sters 200 Tds and t e config'registers 270-280 nust all ow
at | east 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- |Drw\sﬁmamaewlewmeem@§pwalraew & issuerhbyt the master
counters are £ 700 to the s tﬂg%g;“egim%@o‘;eeg&eﬁbs will be allowed. (If the
config I’?fl sters wer e at? gs , no transactions would 30. be al | owed.)
Upon t he eadl ng oﬂ.&ﬂh&he\sﬂ!}%tﬁw%c4sﬂ$§wmmm7wnmeghmm7%ﬂhes
are d%&ﬁﬁ&&?wsfhfs tEHForhThe RS hovr mfich dakiSs BifrigAited! ASheRfioned

t heir associ ate' registe
above, ‘the slave data queue counter 820 is used to track how full the data queve 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 queuve organiza-
tions include the maximum capacity i)er request, or some fraction of the maximum capacity per
reqeest. ¢.g. the 64-bit and 16-bit exemples 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 iriterface 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.



‘1'5 1 : At box 420, it is determ ned whether a new transacti on

request is pending in one of the masters, e.g. the nmaster 120. If
mot, the procedure stops at box 422 (but may recommence at box 420
at any time that a new transaction request is nade). At box
424, if the pending transaction request 3 for a read operation, then the
systen15 determ nes whether the nmaster read data buffer (discussed in
greater detail below) for the master interface is ready to accept
data, i.e. whether- there is sufficient roonlin the master read data buffer

to recelve the data to be read f naqt, e systemwaits as, at box. 426
until thk naster reace Hapdgress a“d‘l Péerm ?e?‘gélﬂ%’f\‘ﬂi‘fﬁpf  (which iqcludes the
oper at i on needesfaiticd@diielsd astPhelesrieRsbnaing@hth nidg b Gétwhsied B ahg aﬂller to the slave port
operation, but_may proceed inde end_enﬁé%e and vi

a wite oper afr?‘b‘ﬁs- theflatagightaAcially aFve RRHETE C"?"%&&’ﬁ‘é"f‘?’& th&- &Fptaf’é‘f?sfb

one of the ueusSPRANE 6f thé Ravk: sfmsehapmgrtﬁeam vaill hERB0 Fpit iuftilithie ¥ REQ srfiashy
for vvrltlngln C}ransmssmnto I f not,

~again atSbox AQS‘“&‘“GV&'PY“E@FF‘S’H“P%‘“EH%&‘H‘F@& addrggs; fpr %@tﬁa&&"?aﬁ“&ﬂi’ 0§ cquzsgethe

for ' kEana arnve first, and the data S{66HA, RiVIBAY cabd i cdntheiktelyhR witich € the

~operation is ready f execution as far_as the master 15 interface is

- concer ned, théﬁswﬂuwdwpﬁﬂ@dsh}sq‘%&%ts whet her the value of the master
count er Ebdht BN Sce MATRE Bas mttﬁareé&@&d esta BdM3s dhi qlidi€ antftht! Ransac-
stored in the config register, i.e. the size of associ at ed

SCI Q 260 (as &ion ganest frompits daputiggud t issHes aSSREPLY, gavgft‘élﬁ 76Q5p3¥he SCriqdicating thet it is
_counter 19 ready for another transaction. The SC decrements its counters 810 and 820 accordingly. The
transactfon is now complete from the SC’s point of view; i.e. there are no more actions to be taken

by the SC.

Iransaction Ordering
15 The trapsactions 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.c. 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
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)

shoul d never be able to exceed the value stored in the config registers,

byt in case it did this could _ be taken into account by using a ">"
instead of "=" in the conparison test.) If the counter has not 20

i ssued requests equal to the total SCIQ 2 size, then this test will be
fal se and the method pro- ceeds To box 440. If the
counter value has reached its maxi num al | owabl e val ue, then the transaction
request wi |l not be passed on to the SC, and the nethod proceeds
to box 500. In this case, the transaction request pending in the
master iRterf i hred to wait (box 510) until a conplete-transaction
25 s?gnal as %%Eﬂgg%éived fromthe SC before it can be issued. In a

preferred enbodiReedifiont Hie: read request -->slampiced epbyr-arrsatdataransferfiontionalkes t he
formof an S_ REPW%&%O%? %asterq '\nﬁﬁéj&aﬁgt L9 ﬁé%ﬁé l'e Be-loom‘inLQ transfer (optionﬂl?s pect
en this conﬁ I

to Figures 4-7. ete-transaction signal is
recei ved by the Weiglferm slave: (Write ceqbé/wiritedatDdyfer, in cither order) +heslanggeply when write
interfac% decrenents the coug%ggc%&% jated with that SCl Q (box 530) and
proceeds“to 30 the step at boX . At box 440, the
‘counter 320 is i ncIThox miequleseyt system inaidptable bonanydiffdrére otdecmpswbemesnorindpad it
16 1 i s, sent t master the SC., Thus. the counter 320 now
reflects the S lﬁ?ﬁ?’ﬁﬁ"‘%?”&&@‘?&?’s‘%ﬁg%gm nop ar%c'élgcﬁr#?r%'ﬁéﬁrgq‘{"%nsact ion

request .
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It wll be appreciated that boxes 420-450 and 500- ‘met hod
steps that are carried out by or in the ma'mmﬁwum mm erface
sdch as master interfaces 110 and 120. It will 5 seens bet ow t hat

boxes 452-458 and 462-490 (i.e. alnost all of Figure 3B) r to net hod

steps carried out in or by the systemcom4oller (SC. Box EHISESHERTOH A BEEN
relate to the nethod steps of reading and witing /data PIEPLAL,ED
appropri ate. The SC is provided with intelTTgence—aneler

| ogi ¢ (hardware and/or software) to determ ne whet her it has a
transacti on regquest pend| ng in its request receive queue (such as SCIQ s
250 and 10 Qeoﬁcmmedgse then at box 452 the transaction request at the
head of the queue is exam ned to deter- m ne which slave is

i ntended as the recipient for the reguest. Thi ﬁﬂ‘gueue control ahnd I‘ECII | ent
deternination ks casanEal systemfar contrpllignRansentian iy ffAgomputer system having atleashpne

box 454 (Fi gurﬁlc%}oceisbﬁwﬂi?hh%t SHRtnis &t m&e,wmafmfoh@mm&mimgnma&wwmvs

a mem y operation or a non-nenory sl ave oper _. %{' is a

menory oper at|!@aas}anm‘(eweﬁsetq*ﬁ%"%“mf%?ﬁ%ﬂ‘ fﬁ $ter the
reci pient menmory ig ﬁf?tlrégjste&kdlﬁ@ aGir& hstlist@ valaé F@Eesafuﬂgﬂielﬁﬂmwrbf locations available
straints. Sonme such possible constraints relate to del ayi ng

the processi ngfopfueveing abiransagtion regpests by said at leastoge slaye dgyice; gi ven nast er
until any requests d@QRinte! fiing IR Churfr vk YepresEinig 8Gink Rl timB Yhelniiber of
sane master are resolved. That I's, froma given master, e.g. naster 1, a
series of transmaqnonr@estsmawwesdylwswgwsmxeme-l ssue, and then a
transacti,gn request, Ry B S3beh u%e&:‘u %tﬁﬁt%ﬁonemusterdevmé erred
enbodi nent of the present system ehsures at all of the pending slave 1
requests (from a first cimuit canpled yo spidfirsigngisten enisetngstave feeciveqyeys, inpluding com-
request is exe P?éﬁ: Lvith said ter¥fub, Qd BRBRA Yot tfalsfer-
the new sl ave égisrg'glﬁ’ggg%?%ﬁ%%gﬁéﬁ I%‘?& ehavesm un a%:'e 'i%s strosngr
gl o- ting said wansictign rriquestefirens said emqoewémwf%mtasg‘ﬁvlew dpicp sthesyaich

respect to rqu&%&?vklﬁéﬂ?&smn%hﬁfﬁ?& gg@”alue ent slaves is maintained. This
r

is acconplishe requiring the mast to await aS|gnaI cal |l ed

S REP from sl ave before i ssuing the slave 2 request, discussed bel ow.
In other syste | QE Eﬁ@l toﬁémlst%g(a ddsSSue
mul tiple requegzts to he%xu‘a% 0? V\n‘i %%J%%ng an &%‘I-;{%LM s
(transacti on-conpl et@:oxxirggsderitoxmsMr&xstﬁmhermmgﬂlenumberofmum

there nmay be orde or ot her..constraint an
tenporarily di §§*{°Ll§8mquwwféﬁa9€ﬁu%'ﬁ% ?%mpsg'% l8"namme§'%‘grrtnry slqgg%s rom
accepting certain t#sosmixountesstorigiaisecond toyntee sielue representing at tugy givendihne the number

NSOt Y Y B e SR b Bl B Bl e’ 20T 01D

: a second circuit coupled to said second register, second counter and interconnect receive

queue, including logic adapted to compare sald second register value with said second counter
value, and adapted for transferring said transaction requests from said master device to said inter-

connect device when said second counter value is less than said second register value.
25

3. The control system of claim 2, wherein said logic is further adapted to determine the size
of said interconnect receive queue and to store a value representing said size in said second regis-

ter

30 4, The control system of claim 2, further including:

a datapath circuit coupled between said master device and said slave device;

is Sheet Has Been Rl.pl'xced
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17 1 If for any of these reasons the recipient nenory is
not valid or available at this tine, then at box 458 the nethod
Wwaits until the nmenory is valid and avail abl e. ~ If the
recipient nmenory is valid, then at box 4%9 the data is e+¢mrtgtqgiﬁr
to/ from mem ory as required, and’the S_REPLY (f/Tats &L BEE
conplete) signal is sent, as described in greater 5 det ai REBAER

I f the pending transaction is a non-nmenory slave tr t then at box
462 the net hod determ nes which slave is to receive the request. At

box 464, it is determ ned whether the recipi- mem"ﬁl“" alid
recipient at this tine, given the ordering or other cOR uﬂlﬁﬂﬂned
above. If not, at box 466 the method waits until the slavé is
valid. 10 ~ Once the slave is valid for this transaction, then the
transaction request is noved into the ~correspondi ng SC out put queue
(SCOQ 210 or 220wherein said logic is couple td $aid deeapathrodicwigand iscadsgedt to enmablessai datlapatk
wite transactian han his ti box 470) ,the SC. . . enabl es, t he
it fat 150 ST tor i el by en sfutefit e icend S aRederins i poppBEto 6 b
transacti on iwgitprgtests fromsaidmdsteg) i S then able to nove the data through the
datapath to the appropriate slave input queue (185 15 or 195). The SC
then sends its transaction-conplete (S _REPLY) signal to both the naster and
t he 5 551 avahé emeoldyaan sdlam 1 lchiding@bgilt adapted @ deieGhih€the Size of each said

At box 475, the SC 130 then checks the counter for, the recjpient slave,

e.g. count er SBYpreesive queue and to siprg g valpg Fepresenting epph spid stz in g saif gosister comespendy
transaction nggHeeadh saidfslavbgevieunt er equal s or exceeds the value in
the config register (i.e. the size indicated by the ID register 180 or 190,
whi ch were

6. A method for controlling transaction flow in a computer system including at least one
10 master devics, at least one slaye device, and a system interconnect connected between the master
and slave devicés. the interconnect having at least one interconnect request queue coupled to each
said master device and each said slave device including at least one slave request queue coupled
to said system interconnect, the method including the steps of:
| (1) transmitting a first transaction request from a first said master device to a first said sys-
15 tem interconnect;
(2) receiving the first transaction request in a first said interconnect receive queue of said
first system interconnect;
(3) determining a recipient slave device for said first transaction request;
(4) determining whether the recipient slave request queue of the recipient slave device is
20 available to accept said first transaction request, and if so, forwarding said first transaction request
to said recipient slave request queue;
(5) receiving said first transaction request at said recipient slave request queue;
(6) executing said first transaction request by said recipient slave deviée;
(7) notifying the system interconnect, by the slave device, that said first transaction

25 request has been executed.

7. The method of claim 6, further including, prior to step 1, the additional step of determin-
ing by said first master device whether said first interconnect receive queue can accept said first
transaction request. _

30 —
8. The method of claim 6, further including the steps of: " This Sheet Has Been RTlaced

T



20 read at initialization), the
this case, then steps 530-550 are fHI

ICONFRRTIRR ™ oz’ 25 "
l.

identical to steps 500-520), until a*free me epens up,

sl ave queue to receive the transaction request.| THIS SHEET HAS BEEN

| f the appropriate counter (230 or 240) hfs not reached |its nBEPIAGRDal | owgd
val ue, then it is incremented by one (box 480),—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. Wien it is conplete, the

slave sends a P—RgFglgnggﬁa\Ht?%eﬁ?&cs flhe bdpFesariting B2Qal number of tran¥atiiohs that safd DOt h

t he requesting naster ecl pient slave. See the discussion bel ow
rel at - recipienisldve réguent neeud cireteotive &d det ai | s about the transaction and
data flow for slave,.: s 3 ; i Iy od
then proceeds to b@?ﬁﬁgggiaﬁgﬁ?%r&g n%%?erio.f g‘.ms?-ctumi! ?tqlaééstg ep'r?e%gﬁgglthe chlb?enE‘ELJl
whet her anot heequast @ueseict i on request i s nade.
18 - I : whe}ml?stgﬂ DWcflA the Qbp SicOMpfiRg 34a SRntRRE sﬂpﬁenﬂﬁg RREAL bdive,
indicate a strictly linear sequence wth respect to different
transacti ons {otdetsogine that the regipieat slavepanae Qieyn CATHASCAPE Big tiaBsactjogaequyst ifsaig coyny
pre- {s8¢d ggﬂgg@ 'dm%r}g‘ﬁmgwtafugnsaction request can be allowed to
issue fromone of the naster Inter- faces even as anot her
transaction request is issued by the SCto a slave interface. Qher types
and

9.

The method of claim 8, further including, after step 7, the step of the system interconnect-

10 ing decrementing said count.

10.  The method of claim 6, including, before step 1, the steps of:
determining the queue size of said slave request queue for each slave in the system; and
storing a value representing each said queue size in at least one register in said system

15 interconnect.

11.  The method of claim 6, including, before, step 1, the steps of:
determining the queue size of each said interconnect request queue; and
storing, in a register of each said master device, a value representing the queue size of the

20 interconnect request quene coupled to that master device.

12.  Themethod of claim 6, including, before step 1, the step of:
(8) determining whether said first interconnect request queue can accept the transaction

request, and if so, forwarding the transaction request to said first system interconnect.

25
13. The method of claim 12, further including, before step 7, the steps of:
' storing a pending request value representing the total number of transactions that said first
interconnect request queue coupled to said first master can receive; and
[ maintaining a count of the number of transaction requests present in said first interconnect
| 30 request queue;

wherein step 4 includes the step of comparing said count with said pending request value,

This Sheet Has Been RTIaced
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5 degrees of parallel operation may be inplenented. Fl ow

control . Figures 4-7 illustrate how fl ow control takes
place in the present invention for each of four different types of
transactions: 10 Figure 4: read at U DIy
(i.e. where the slave interface is a neabry Wlug%éTAéED

I nterface; Figure 5. wite opratinﬁ ?lﬁ

Figure 6: read operation This(ﬂhthakaterdepMeher t han nenory; and
ot her than menory

Figure 7. wite operatlon
Qt her operations, such as ansacti ons (mll ulllt umn)lm
snoopbus, not a ocus 0 present I nvent but

these will suffice to illustrate the features of the gt esent’
l.nventi on. I.n Figures 4 and 5, for the sake of sinplicity
the queues and registers illustrated in Figure 2 are not shown, but

shoul d be u dersto i.ncl ud SifreguebttPA 20
ports) and® g§/t§f"é‘ﬂ? g‘&?ﬁ“ﬁ(ﬂb ﬁé?terc %nees?{eug%t ‘HQ ‘ﬁ%c s%gncgﬁ réﬂo&r}?%ﬁraug& as in
Figure 2. shiduntifRssth@nsid pending requestvalwen control descri bed above with
respect to Figures 2 and”3 is acconplished also with respect to
Figures 4-5, as well as 6-7. However, the nenory banks
shown in Figur es céht@NssemTecsntolling Aok ufieansdcions imaieurgtensystem including ghown i n
Figure 2, nor does the sé/stem contrpoller in Figure 4 need to include a
confiy reglapierderipgansis slave deVieq SUPROSE | n Fj gure 2; rather, conventional

fl ow control aSa sllmy&ene Qxd:eadmd@ravu\ddvioeforwmmepredﬂermined mmﬁmumzqm@s;ti ng
devi ce and tme be utilized, and will be inplenmentation-specific.

Many st an-© saction re AUl desi gns that ensure that read and wite requests
~are properly neisgsemihteiconnebdndleding 4/rebdvikgueue for receivingirdnsachen mapesfiomat e. | n

this exanp steps .(boxes) 470-490 and 530: 550 in

repl aced b?‘%ﬁ‘ﬁ?‘?fﬁ‘é‘g‘? a“é'r“e%‘sd“f%"rw& ‘?f?’r aigriniig oum g* Eﬂt%amg&qﬁggé{l ?%%s to
and fipom t figvdvecsve qudue; atdl In Fi gure 4, a speci fic enbodi nent of
an i nterconnect, nodul e 600 i | ust.r at ed. s 610
... 620 are thel°§‘Fé‘?/‘e°tW°€€§memﬁ cquat i} es%\gan said prede ¥ %IHB P‘ﬂg’%

“indicated per

15. A contro] system for controlling flow of transactions in a computer system including at
15 least a first master device, a first slave device and a second slave device, including:
an interconnect receive queue configured for storing a plurality of transaction requests
issued by said first master device;
a first output queue coupled to said first slave device and configured for storing a first pre-
determined number of said transaction requests directed to said first slave device;
20 a first slave receive queue configured for feceiving a second predetermined number of said
transaction requests;
a second output queue coupled to said second slave device and configured for storing a
third predetermined number of said transaction requests directed to said second slave device;
a second slave receive queue configured for receiving a fourth predetermined number of
25 said transaction requests;
logic adapted to determine which of said first and second slave devices is the intended
l recipient slave device for each t_ranséction request stored in said in_terconnect receive queue and to
transmit each said transaction request to the output queue coupled to said determined recipient
slave device for that transaction. |
30

16.  The control system of claim 15, wherein said logic is further adapted to inhibit transmis-



19 1 by the subscripts (0) ... (m1). There are |ikewise nultipre

master interfaces (UPA ports) 630 ‘640, in the present exanpfe. 32
master interfaces being indicated by the subscripts 0 ... 31. A daffa-

path crossbar 625 couples the nenory banks to the UPA ports in a *
conventional manner. ~As @8 ule, in this operation the order
of reception ofwdthgs ldh@NaFErhAR F8A YA SCcAMtbl B® b ficRet-switclddBbmRiter€P! ¥
by the slave i r&&cERCES. M generat Tn Fgures 4-7, the
order of events is indicated by the circled event nunerals 1, 2, 3

and 4 (w th acconpanying arrows indi caling.¢RepilfGti on of data or signal
flow), as the case may be for—e“aégr“ﬁ'rgvrrg%th t he exception of
the fact that the nEhipinvestidnnieferigesradinkpydindt flowchonineltmethod for packerewitetied ynipgo-
sl ave queues and | D register of the s 1L El S : Wi ng
‘description 109557 %% "g’étfpé Fsg\r/vc%&.nf?%%geggc a@?n 0 l‘—ll%fe’%‘%’%- gcﬁggﬁzc?gg'ﬁa&%
under st ood t o ithrobghget, sioniningipes sgaeu tatdneyl The Cémputer system consppieestont pamera o1asten
request control. (see Figure - 3B est. |
ppron 3" Cingediss ohOM RS SaucRbrruelt B oh e Rick: bRBHRhu P WEEh plolis
decr enent at i on dedicatat traneattionteqtest gletesrfni each inhsi¢r intheface and controls thg derwarding of ent
at an appropriate ti T S Y .
appropr | at e Upesabhdijo i ol EIRE e e HIBP i RighirddR B EHuftRr of reqeni i
read request exiznjelizated guave in thégystedutontrolier, andrthegystern contnolas keeps trak of tite, number
g., froma ache. Snoo erat - S] h i m Fi qur.e
i cShEER A P sRes BRrBSdRb BB Alinbdi ARRR NG SRR Enihel e

4 are not ron
'port suchi@®s pkasw @RGndxdaum camaity sfithequescinmyediataly daedsiream from it, and dotsamtligsue

and e st of COuRL Shorlod riRberPlhad ar Bl QUSRI HI Tab R 34, dbbowiet

(g

ment from the downstream queue indicates 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,

15

(Figure 1A)

20

: 25

30



20 read transaction is issued on the UPA_Addressbus from UPA port-630

to the systemcontroller 650. This is indicate by the event 1
(P_REQ along the UPA Addressbus 660 in Figure 4, with t he
direction of the information indicated by the arrow, i.e. fromthe port to
t he SC. Event 2: The nenory cycle [i.e. RAS
(r ead- addr ess- st robe)/ CAS (col um- addr es3/ gt r obe) r equest
i ssuance] is issued over menory control bus 670 to the nmenory banks 610 ...
620. See 25 venrd ("RAS/ CAS") al ong bass -{70. Event 3:
The datapath is scheduhed by a signal along thé& datapath control bus 680,
and ddta 1tens are accordl ngly menoryf to $§
dat apat h crossf;r 625 via a nme ; (iﬁh‘ t(g usg(gi\% and UPA
700, Thi's fulfills tHRANEPPLE ;| |t\q Reque
5 30 Fi-gure—B—genigl,s thp%ﬁ’é’a@ir )}t as—Fe F4’
flow is differgitrseraase it proetes—ap Crossbar
20 40 3 |(lnen-c ched) Awr iy h&conet athon gad g f&a@e(&"a t*operat i on.
Event 1 is thetissGramee] of !t he |w-tet reqliest 4l ong tjhp UPA address
bus 660. @?; In §veht 2,1t h t contjrol silgj&t—ovey 4s
bus 680 is senfj lto bl e th& tapaflhjcross- - 5| Al'so,| an
S REPLY is sentf over bus 710\ by the $C650 '[’o ie UPA po 63D tfo B%rc,e
t he i System I/O Devices
60 ' —} Controller
f
. \

10 — . o~ 76
Figure 1

Mem1l Afchl7

: Memory <
': (- 92 7
'. A/ctil1 ‘Master M1 D1 DataPath

' : {can act as Slave) Crossbar

| ' D5 Mem2| A/ctl-6
<=1  Memory
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Here, they are buff
menory banks.
show t hat anot her
controll er.

bus 670 using RAS/ CAS signal s,

t he nenory banks.

At this point,

data after the datapath is scheduled, and the data itens are sent
fromthe UPA port 630 to the data-

path crossbar over data bus 700.

in preparation for forwarding to the

the counter in the UPA port is decrenented to

transaction request is available to the system
In event 3, 4/8e nenory banks are enabled via

and data 10 itenms are sent via bus 690 to

ered,

This conpletes the wite operation. The
foregoi ng nethod ensures that no wite request is issued until the wite
E.g., if the databus 695 is 144 bits w de, but the

data are ready.

bus 690 is 288 bits w de,
assenbl ed into 288-bit bl ocks,

crossbar,

the data words are buff- ered in the
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21 1 Slave Wite Requests: Figure 7

Fi gure 7
shows the identical apparatus as Figure 6, but illustrates a wite sequence
froma non-nenory slave interface to a master interface. This

sequence ensures that data cannot be 5 transferred until
PREQ DQ of the slave interface 710 has sufficient space.
Figures 6 and 7, both a transaction regd38st counter 810 and a data queue
counter 820 are shown in the SC 720. These are counters to
determ ne how full the PREQ queue and PREQDQ queue (sl ave out put
data queue) are, respectively. If these two queues are of different
sizes,” then their associated counters 810 and 820 are of different sizes.
| f these two queues are the 10 sanme size, then a single counter nmay be
used in the SCto nonitor how full both queues are.

Event 1: The first event of the wite operation is that a P_REQis issued
by the naster interface 700 to the systemcontroller 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 :

t he data queue
In

400
Initialize SC Registexrs _
FIGURE 3A ! 410
Initialize Master Registers J
- * 420
4\ ~/ from box
New Transaction xequest? | 490 (Fig. 3B)
No _ -
Yes + 424 :
For read operxation: _/
Is master buffer able to accept data?
Foxr write operation: . . - Hait
500 Is write data ready for transmission? > \
A No
Transaction + Yes 426
complete

message (S_REPLY)
received from SC? |

Is master countex vaiue = total SCIQ size? \

Yos )
o No y w0 430
Y Ies._‘ l—>Send transaction request to SC J
wait and insext at head of SCIQ
Decrement
Master 450
510-/' Countex by 1 W
Increment mastex countexr by 1

520—/

452
| 4

If SCIQ for a given master is nonempty, take the
request at head of that SCIQ and detexmine the
recipient slave for that request

to box 454
(Figure 3B)




ﬁ_REQ I ncl udes sufficient mords'tb I nformthe SC how nmuch data is being

witten. As nentioned above, the slave data queue counter 820 is
used to track how full the data queue PREQ DQis. If t he PREQ DQ
queue is too full, then the wite transaction nmust wait.

The data queue PREQ DQ nmay be the width of one word (e.g. 16 bits) or a
bl ock (eg. 64 20 bits). Miultiple tr4h8fer sizes are thus supported in
the current system Possible queue organiza- tions include the

maxi mum capacity per request, or sone fraction of the maxi mum capacity per
request, e.g. the 64-bit and 16-bit exanples cited above. )

If the queue PREQDQ is sufficiently available, then the wite operation nmay
proceed. . Further in event 2, the SC schedul es the datapath 730
wi'th a datapath control signal "DF GLET o 25 i ssues an S REPLY to
the master i nPpGERE 3Ber bus 77 t@'ié.iﬂeVEA)th data on its data bus 800. In
addition, the SC 1ssues the S REPL 7 .
interface 710 to receive the d

The transaction is conplete
once it has received

It dis aREPhotyarmeretiondhnt a has been transferred

over the bus_§Qgp t ¥FIREYdat akat R* ¢t 813¥BaPPershiodo Thus, at this point,
even t hough/t he sl abe i nierf ace may not yet have feceived the data, the
nast er HAter ' ap~<d for an addiftional transaction.
29 Is the recipient memoxy valid,

given ordering constraints? .

] /”460 {Slave
Y No IYes : operation)
Wait until memoxy Read or write memory
is available as required and 462
send S REPLY ,/’
C '
458

Determine recipient slave
for transaction request

464

{,—466 y ‘/)

Wait until No Is the recipient slave valid, \
slave is valid given oxdering constraints?

468

Yes + _//
Move transaction onto SCOQ
for the recipient slave

‘ /,— 470

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

475
Transaction )
complete Is SC counter value for recipient _//
.‘________J. — *
message Yes. slave = P_REQ queue of recipient slave?
received
from slave? Nb\y 480
4} va Yes P Increment SC counter for recipient slave by 1
\ ;
Wait . ——490
Decrement . . s
) |sc counter Send transaction request to recipient slave
540 — fox 495
{/— recipient Y : <
1
550 3 ave If this is a slave read request, then initiate
read operation; when complete, slave sends

P _REPLY to SC and SC sends S REPLY’s
(to master and slave)
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1 .

Since the address and data paths are independent,
request packet (which includes the

t he
destination address) and the

correspondi ng data may be forwarded in any order to the slave port.

That is,

the P_REQ arrives at

the data wll

have to .V\B.It until

the data mght actually arrive at the input queue PREQ DQ before
t he queue PREQ of the sl ave.
the P R&8 arrives,

5 so that the

slave can deternine the destination address for the data. Al ternatively,
course, the P REQ may arrive first, and the data second, in which
case it can_imedi I ' ' '
specifie thg_JEZREQ.__ Event 3: Once thgzsl ave has cI ear
t he requdst 8dtafromi1 and the transaf éi’
request flromith UPppbrtgué 5 a P_REPLY ove} _‘ﬁs 760 tb the SC,
indicatirlg thatjit is 10 anot her transa, The SC
decrenents its Founters 810 and 820 actolfli ngly. The |} randembiyof
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Such a syjstiemrg ken magcht I ogic to locate the associ ate
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Y
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 - | er, whether or not there is a data transfer.
As a general matter, the order of events for various

23 1 transactions will be: Read from sl ave: read

request --> slave read reply --> read dafé&8transfer (optional)
Wite frommaster: wite request  --> SCwite reply --> wite data transfer

(optional) . Witefromslave (wite request/wite data transfer,
i n either qgrder) >—stave—+ephy—wher—wite—b
data is cors ﬁ){;}@d Thtﬁs t he present system gz adapt abl e to
~many differje deri ng sche led to slgh/emas suchsa
t oken systém&h\re URA patpi cU e@@a \rg IS required.
._._>
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least one slave device having a slave receive queue for storing transaction requests,

1)1

the contro.l system including:

a first register storing a first register value representing the number of
locations in said slave receive queue- }—zvailable for queuigg of transaction requests by
said least one slave device; |

a first counter storing a first counter value representing at any given time the
number of transaction requests that are stored in said slave receive queue;

an interconnect receive gueue coupled to said at least one master de\iice;

a first circuit coupled to said first register, first counter and slave receive
queue, including comparison logic to compare said first register value with said first
counter value, and adapted for conditionally transferring said transaction requests
from said interconnect receive queue to said slave device in dependence upon a
difference between said first counter value and said first register value, wherein said

first circuit is a circuit separate from said at least on microprocessor.

2. A control system for controlling transaction flow in a computer system having
at least one microprocessor with at least one master device, a main memory, and at
least one slave device having a slave receive queue for storing transaction requests,
the control system including:

a first register storing a first register value representing the number of
locations available for queuing of transaction requests by said at least one slave
device;

a first counter storing a first counter value representing at any given time the
number of transaction requests that are stored in said slave receive queue; -

&n interconnect receive queue coupled to said at least one master device;

a first circuit coupled to said first register, counter and slave receive queue,

including comparison logic to compare said first register value with said counter value,
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queue;

by’

a second circuit coupled to said second register, second counter and
interconnect receive queue, including logic adapted to compare said second register
value with said second counter value, and adapted for transferring said transaction
requests from said master device to said interconnect device when said second
counter value is less than said second register value.

3. The control system of claim 2, wherein said logic is further adapted to
determine the size of said interconnect receive queue and to store a value

representing said size in said second register.

The control system of claim 2, further including:

a datapath circuit coupled between said master device and said slave device;
wherein said logic is coupled to said datapath circuit and is adapted to enable
said datapath circuit for data transfers between said master device and said slave
device in response to read and write requests from said master.

5. The control system of claim 1, including logic adapted to determine the size of
each said slave receive queue and to store a value representing each said size in a
said register corresponding to each said slave device.

6. A method for controlling transaction flow in a computer system including at
least ont master device, at least one slave device, qnd a system interconnect
connected between the master and slave devices, the interconnect comprising a

circuit separate from said master device and having at least one interconnect request
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7. The method of claim6, furth r to st 14 t*he‘j '
addi tional step of determ ning by gum“ Im "“mmurdew ce mhet her said

first inter

8. The met hod of claim®6, further including the steps off

a pending r
sai d recipi

hT

connect receive queue cart accept %aid first transgct 0oh-ERJI988!t .
storing

equest val ue representing the getal nunber of tr
ent sl ave request queue can recei ve; and maintaining a

count of t hf?g_&‘fem%%ﬂp &v\hreé? atic# gﬁ]asieei\' ce Sand ?%c%ng?lb rklé\?edév%:e Rlcmfn ‘L’t’;\ve

request qué

count with
sl ave reque
| ess than {
including,
decrenentin
27

Val

udes conpar i
Sedst qrendiang reqnpsasﬁueual cm;plddOtcdesbelr systemt Mrcd>drect ethepnrmdhod
eue, can_accept the transaction request if said count is
d"%qﬁ%%aﬁ'? Fequest value. 9. The nethod of claims8, further
af t er (3} ep tfanshiiRingta firs® ftranBactRyIrequigst Ticet @OMBE 84id ifaster device

(’:{o L\:éafllrcsit scac‘) s&tstem interconnect;

{2) receiving the first transaction request in a first said interconnect receive
queue of said first system interconnect;

(3} determining a recipient slave device for said first transaction request;

; (4) determining whether the recipient slave request queue of the recipient
sla,ve device is available to accept said first transaction request, and if so, forwarding
said first transaction request to said recipient slave request queue;

(5) receiving said first transaction request at said recipient slave request
gueue;

(6) executing said first transaction request by said recipient slave device;

{7) notifying the system interconnect, by the slave device, that said first

transaction request has been executed.

7. The method of claim 6, further including, prior to step 1, the additional step of
determining by said first master device whether said first interconnect receive queue

can accept said first transaction request.

8. The method of claim 6, further including the steps of:

storing a pending request value representing the total number of transactions
that said recipient slave request queue can receive; and

maintaining a count of the number of transaction requests present in the
recipient slave request queue;

wherein step 4 includes the step of comparing said count with said pending
request value, to determine that the recipient slave request queue can accept the

transaction request if said count is less than said pending request value.

9. THe method of claim 8, further including, after step 7, the step of the system

interconnecting decrementing said count.
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The method of claim 6, including, before step 1, the step of:

(8) determining whether said first interconnect request queue can accept the

transaction request, and if so, forwarding the transaction request to said first system

interconnect.

13.

The method of claim 12, further including, before step 7, the steps of:

storing a pending request value representing the total number of transactions

that said first interconnect request queue coupled to said first master can receive; and

maintaining a count of the number of transaction requests present in said first

interconnect request queue;

wherein step 4 includes the step of comparing said count with said pending

request value, to determine that said first interconnect request queue can accept said

first transaction request if said count is less than said pending request value.

14.

A control system for controlling flow of transactions in a computer system

including a master device and a slave device, comprising:

a slave receive queue in said slave device for receiving a predetermined

maximum number of transaction requests;

a system interconnect including a receive queue for receiving transaction

requests"from said master device and including a counter for maintaining a count of

outstanding requests in said slave receive queue; and

logic to determine whether the count is less than said predetermined maximum
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i hcl udi ng a master device and a sl av I -ng ;L fuﬁuh-...di;@HEET-
receive queue in said slave device f I HE&I ﬂﬂ[ﬁ“ﬁedet gr rfi ned nmaxi num
nGinmber of transaction requests; conndct} i Gl iU nig?&

recei ve queue for receiving transactlon requests from sai d naster device
and including a counter for maintaining a,gount of outstandi ng requests I n
sai d sl ave recei ve queue; and | ogi'c" to determ ne ether_the count

is |l ess than said predeterm ned maxi mum
28 nunber’ nufphar eyvhereln spid dngic inhibits fransmissipnafi asansaction eequeﬁtn'é gaidjqeynt

request 1 9gg 0t 8 Bla pARRlarfAImbfinSA Al SPhERMREH i

nunber of transacti onh reques ontrol system
flow of transactions in a conputer systemi ncI udi ng at | east a first master

device, a figgst Sh %%%tr%?‘é &Sma\“o‘? gﬁ:ﬁﬂgq lo¥y % B GraSdefons il 'LC' #%t)nt%r System

an i nterconnect recelve q eue con storing a plu

t ransact i on incledjng st feast a diest rbgsteradejndel, adirstnelatecdevibevanties second slaveedei/lcest
out put queue Cloﬁ?ﬁﬁl;-ed to said first slave device and configured for storing
a first pred®t8¥APned nunmber of said transaction requests directed to said
first slave devideinterconnect receive queue configured for storing a plurality of transaction

requests issued by said first master device;

. a first output queue coupled to said first slave device and configured for
storing a first predetermined number ;f said transaction requests directed to said first
slave device;

a first slave receive queue configured for receiving a second predetermined
number of said transaction requests; '

a second output gueue coupled to said second slave device and configured for
storing a third predetermined number of said transaction requests directed to said
second slave device;

a second slave receive queue configured for receiving a fourth predetermined
number of said transaction requests; '

logic adapted to determine which of said first and second slave devices is the
intended recipient slave device for each transaction réquest stored in said
interconnect receive queue and to transmit each said transaction request to the

output queue coupled to said determined recipient slave device for that transaction.

16. The control system of claim 15, wherein said logic is further adapted to inhibit
transmission of a transaction request from said first master device to said second
slave until all transaction requests from said first master device to said first slave

device have been processed.

17. The control system of claim 15, further including: _

a first counter storing a first count of the total humber of transaction requests
present fn the first slave receive queue;

wherein the logic is further adapted to inhibit transmission of a transaction

request from said first output queue to said first slave receive queue when said count
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19.  The control system of claim 1 wherein during initialization said logic is further
adapted to determine the size of said interconnect receive queue and to store.a value

representing said size in said first register.

20. The control system of claim 1 wherein said first circuit selectively transfers
said transaction request from said interconnect receive queue to said slave device in

dependence upon said counter value being less than said first register value.

21. A control system for controlling transaction flow in a computer system having
at least one microprocessor with at least one master device, main memory, and at
least one slave device having a slave receive queue for storing transaction requests,
the control system including:

a first register storing a first register value representing the number of
locations in said slave receive queue available for queuing of transaction requests by
said least one slave device;

a first counter storing a first counter value representing at any given time the
number of transaction requests that are stored in said slave receive queue;

an interconnect receive queue coupled to said at least one master device;

a first circuit coupled to said first register, first counter and slave receive
queue, including comparison logic to compare said first register value 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 value and said first register value.
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a first counter storing a first counter value representing at any given time
the number of transaction requests that are stored in said slave receive queue;

an interconnect receive queue coupled to said at least one master device;

a first circuit coupled to said first register, counter and slave receive
queue, including comparison logic to compare said first register value with said .
counter value, and adapted for transferring said transaction requests from said
interconnect receive queue to said slave device when said counter value is less
than said first register value, wherein said at least one master device includes:

a second register storing a second register value representing the number
of locations available for queuing of transaction requests in said interconnect
receive queue; and

a second counter storing a second counter value representing at any
given time the number of transaction requests that are stored in said
interconnect receive queue; |

a second circuit coupled to said second register, second counter and
interconnect receive queue, including logic adapted to compare said second
register value with said second counter value, and adapted for transfetring said
transaction requests from said master device to said interconnect device when

said second counter value is less than said second register value.

2. The control system of claim 1, wherein said logic is further adapted to
determine the size of said interconnect receive queue and to store a value

representing said size in said second register. This is the 1 eplace shee;
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locatiaens in said slave receive queue available for queui ng of "transaction

reqiests by said | east one slave device; a fi ing a
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transaction requests that are stored in said slave recefve. queus, « an
i nterconnect receive queue coupled to saiggat |east one master device;

a first circuit coupled to said first register, first counter and sl ave
recei ve gqueue, including conparison logic to conpare said first register

value with said first counter value, and configured to conditionally

transfer sai .t r anEheorirol sygtestotclaimi &ither inglugingsnnect recei ve queue to
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device; '
wherein said logic is coupled to said datapath circuit and is adapted to
enable said datapath circuit for data transfers between said master device and

said sfave device in response to read and write requests from said master.
4 The control system of claim 1, including logic adapted to determine the

size of each said slave receive queue and to store a value representing each

said size in a said register corresponding to each said slave device.
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