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APPARATUS AND ‘METHOD FOR PREFETCHI NG DATA TO LOAD BU_FFERSgI NqA /

BETWEEN TWO BUSES | N A COMPUTER  BACKGROUND OF THE | NVENTI ON el’'d O The

IFhvention This invention relates to conputer systens, and nore
particularly, to methods and apparatus for accelerating the transfer of
data being read fromnenory across a ?ridge joining two buses in a
conputer system History O The Pri Or Ar't Hi storically, personal
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This invention relates to computer systems, and more particularly, to
methods and apparatus for accelerating the transfer of data being read

from memory across a bridge joining two buses in a computer system.

History Of The Prior Art

Historically, personal computers have utilized a single bus to transfer
data between different internal components of the system; In personal '
computers using central processing units such as the 8088, 8086,

80 186; 80286, i386™, and i486™ microprocessors designed and
manufactured by Intel Corporation of Santa Clara, California (herein
referfed to as the Intel processors), such buses have typically been
designed as either an Industry Standard Architecture (ISA) bus or an
Expanded Industry Standard Architecture (EISA) bus. The ISA bus is a
sixteen bit data b'ns' while the EISA bus is thirty-two bits wide. Each of

vy

these buses'fun'cfions at a frequency of eight megahertz. The data

\

transfer rates prov1ded by these bus w1dths and operational frequenc1es

have been found 11m1t«1ng S0 there have been a number of attempts to

increase bus speed.

‘One recently implemented method of 'increasing bus speed is to provide
an additional, so called, "local bus" which is more closely associated with

the central processor than either of the above-mentioned buses and



t hese buses functions at a frequency of eight negahertz. The data transfer
rates provided by these bus w dths and operational frequencies have been
ffound limting so there have been a nunber of attenpts to increase bus
speed. One recently inplenented nethod of |ncreaS|ng bus speed is to
provide an additional, so called, "local bus" which is nore closely
associated with the central processor 2han either of the above-nentioned
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with the older buses and which operate at a slower rate. In order to do

this, the slower ISA or EISA bus is maintained in essentially unchanged

form; and those components which are able to tolerate longer access

times are associated with the slower bus. It is then necessary to provide

arrangements by which déta may be transferred between all of the

computer system components. This requires complicated interfacing

arrangements. Although the theory behind using a local bus is good,

many local bus designs have created conflicts in accessing components

which actually slow the operation of the computer..

Intel Corporation has designed a new local bus which may be used in a
computer system including other buses such asan ISA bus or an EISA
bus (which are hereinafter referred to broadly as secondary buses). This
new local bus provides faster throughput of data for selected components
of the system without the conflicts which arise using other local bus
systems. This new bus is referred to .as the "peripheral component
interconnect” (PCI) bus. A computer system using this PCI bus includes
in addition to the physicai PCI bus a first bridge circuit which provides
the interface and controls the transfer of data among the PCI bus, the
central processing unit, and main memory. A second bridge circuit is

also provided as an interface between and a control for the transfer of



s

érrangerrents by which data may be tra{nsferred between all of the conputer
system conponents. This requires conplicated interfacing arrangenents.

Al t hough the theory behind using a local bus is good, many |ocal bus

desi gns have created conflicts in accessing conponents which actually sl ow
the operation of the conputer. |Intel Corporation has designed a new | ocal
bus which may be used in a conputer systemincluding other buses such as
an | SA bus or an EISA bus (which are-h& einafter referred to broadly as
secondary buses). This new | ocal bus provides faster throughput of data for-
sel ect ed ciatgobetresn efsacendarytlaws andndie PChdusenThius: shewareangemeatusi ng -
ot her local bus systens. This new bus is referred to as the "peripheral
conmponent 1Sisycd thaheempqrmnts oy she RChws teansfor daga t9iand rareivedatsus
includes jn addition to the physical. PCQ bus a first, bridge circuit which
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PCI bus for transfers with components on the PCI bus, and through the

first and second bridges and the PCI bus for transfers with the centra;ll

processor and the main memory.

Various designs of secondary bridges have been proposed. Spéciﬁc
embodiments of such bridges are described in detail in a publication
entitled 82420/82430 PClset, ISA and EISA Bridges, 1993, Intel
Corporation. The design of these bridges is controlled by various factors
relating to the design of each of the PCI and secondary buses. The PCI
bus has been designed as a thirty-two bit bus. The PCI bus joins to the
central processing unit and main memory through the first bridge circuit
which is designed to buffer transfers of data so that a faster processor
need not slow to the speed of the bus in transferring data. Similarly, the
secondary bridge and each other bridge which is connected to the PCI
bus provides buffering so that transfers of data in either direction may be

accelerated.

B_uffering greatly enhances the speed of data transfer in the computér
system. For example, buffering in the first bridge circuit allows a CPU
operating at a higher data transfer rate than the PCI bus to store data in
the bridge and continue with other operations while the bridge completes
the transfer of stored data. Buffen‘hg in the second bridge circuit which

joins the two buses also offers substantial advantages. For example,



I's such that conponents on the PCl bus transfer data to and receive data
frommain nmenory through the first bridge which joins to the central
processor and to the main nenory; while conponents on the secondary bus
transfer and receive data through the second bridge and through the PCl
bus for transfers with conponents on the PCl bus, and through the first
and second bridges and the PCl bus for gransfers with the central
processor and the main nenory. Various designs of secondary bridges have
been propggesh apeasirhasteren ediastet busfistoyingoto woie taraeskhswer bbed in
detail in a publication entitled 82420/82430 PClset, |ISA and El SA Bri dges,
1993, | nt edithént bufferime), tHEhspeed of theftramsfer necedsanily slowtmto sheed by
various factors relating to the design of each of the PCl and secondary
buses. Thepeell atoehittashbedowde dughean accapt the datanwdVben Baasfemingdn bus

joins to the central processing unit and main nenory thro the first
bridge ci theiathgridirectiondaithgdastes without by é@&:r'sﬁl%ﬁpe%‘kl%q%a%ﬁ a

faster processor need not slow to the speed of, the buys jn transferrin
data. Si nitp e, asteRbUsaH R 2pProgeh She SPser 2k WBIChIPASOMPPRENES -

connected to the, PCl . bus proyvjdes buffering so that transfers of data in
ei t her di P&:iRGEIQWEGT Bus (,ec%tP]Ié’rté’tg&.ns eéu‘ﬁ?%ri ng greatly enhances the speed

of data transfer in the conmputer system For exanple, buffering in the
first bri Swéver, lﬂa{taatlnllﬂlé"?in% i the bridge circuits also poses a number of

problems. One problem which has arisen with integrating the newer PCI
bus into a computer system with the older secondary buses is that data
being read from main memory and transferred across the bridge circuit
between the buses is slowed by the need énforced by the PCI protocol to
arbitrate for access to the PCI bus with each increment of data
transferred. Direct memory access (DMA) devices are used so that the
central processor does not have to accomplish all of the individual |
transfers necessary in a computer system. Typically, a direct merhory
access (DMA) device resides on the secondary bus and is used to transfer-
large amounts of data at sequential addresses to or from main memory.
Since the primary use of the bridge is to transfer data to aﬁd devices on
the different buses, and since main memory lies on the PCI side of the
second bridge while all secondary devices lie on the secondary bus side
of the bridge, each access of main memory by the DMA device is time
consuming. When a DMA on the secondary bus is reading from main
memory, it must arbitrate for the secondary bus, acquire that bus,
arbitrate for the PCI bus, acquire that bus, access memory at a first
address, read the increment of data (which is typically thirty-two bits)

into a bridge buffer, and then read the data from the bridge buffer to its



operating at a higher data transfer rate than the PCl bus to store data in
the bridge and continue with other operations while the bridge conpletes
t‘he transfer of stored-data. Buffering in the second bridge circuit which
joins the two buses also offers substantial advantages. For exanpl e,

-4- when a bus master on a faster bus is trying to wite to a slower bus
wi thout buffering, the speed of the transfer necessarily slows to the
speed at which the slower bus can accept the data. Wien transferring in
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devices are used so that the

- such access. Consequently, the DMA must immediately begin

arbitrating for the PCI bus again for the next thirty-two bit increment of
data. This process takes an inordinate amount of time. The problem is
exacerbated since the DMA device on the secondary bus cannot be forced
off the secondary bus until it has completed its operations. This makes
it impossible to complete transfers from other PCI masters to the
secondary bus while the DMA has access to the' secondary bus and slows

operations on the PCI bus.

Consequently, it is very desirable to increase the speed of DMA read
operations from main memory across the second bridge in a computer

system using a PCI bus and a secondary bus.

Summary Of The Invention

It is, therefore, an object of the present invention to increase the speed of
DMA read operations from main fnerhory across a bridge providing
buffering for data transfers between a PCI bus and a secondary bus in a

computer system.

It is another object of the present invention to provide apparatus and a
method for reducing the number of arbitration operations necessary in
transferring data across a bridge providing buffering for data transfers

between a PCI bus and a secondary bus in a computer system.



central processor does not have to acconplish all of the individual
transfers necessary in a conputer system Typically, a direct nenory
daccess (DMA) device resides on the secondary bus and is used to transfer

| arge anounts of data at sequential addresses to or from nmain nmenory.

Since the primary use of the bridge is to transfer data to and devices on
the different buses, and since main nemgpry lies on the PCl side of the
second bridge while all. secondary devices |lie on the secondary bus side of
t he bri ddtis ancther cesse specificrobjeabof thy présciiiMaveatioretd provide consunmi ng.
When a DVA on the secondary bus is reading frommain nenory, it nust

ar bi t r at apparatie and enowthodder efiiciently amdiacousatelpprefatehingor the PCl
bus, acquire that bus, access nenory at a first address, read the

i ncr ementSUSficipntamamnts ofsdatairem mpempry during apiyirepd trensier byiage
buffer, and then read the data fromthe bridge buffer to its .,

-5- dest ilAMA Qﬁqufb&@% MaipeMABery acresscaMiige Breugding dullaringder of what

data the pus master w ||l next quire, the bridge as a, PCl bus master: may
ei t her réfartﬁqU@ﬁ?qrﬁ\é\gwe%§ é&( gps aa“@&é"@éi%éy 11 AUPTPULETt  on the
PCl bus until the next DVA access. Since waiting on the bus is a waste of

t he PCl bsé'r?&%ndth, the bridge relinquishes the bus after each such access.
Consequently, the DVA nmust imediately begin arbitrating for the PCl bus

agai n forrd e 984 tothtdnfeliCofite bRESHTRRVeRion are realized in a bridge

circuit adapted to be associated with first and second bus circuits which
bridge circuit includes a first path including a plurality of buffers for
storing data being read from the first bus to the second bus, a circuit
arrangement for reading an amount of data sufficient to fill the storage
space in a first line buffer beginning at an address being read, and
means for completely filling a next line buffer with data at sequential
addresses following the addresses of data placed in the first line bﬁffer if

read operations from the first line buffer occur at sequential addresses.

These and other objects and features of the invention will be better
understood by reference to the detailed description which follows taken
together with the drawings in which like elements are referred to by like

designations throughout the several views.

Brief Description Of The Drawings

Figure 1 is a block diagram of a computer system including a'plurality of

buses including at least a PCI bus and a secondary bus.
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data.. This process takes an inordinate anount of tine. The problemis
exacerbated since the DVA device on the secondary bus cannot be forced off
tthe secondary bus until it has conpleted its operations. This nakes it

i npossible to conplete transfers fromother PCI nasters to the secondary
bus while the DVA has access to the secondary bus and sl ows operations on
the PCl bus. Consequently, it is very gesirable to increase the speed of
DVA read operations frommain nenory across the second bridge in a

combut & RIS Li§itaﬂﬁl&:f\§§:ieaé%ﬁﬁ1 8ne dasenerdiey pbrton obunbricge@irdiit

| nventi on ere an object of the present invention to increase

the speedof cGMhet8AE LPOIMIPAAI A estomdaryrbusrin acscrdangebwitigder ovi di ng
‘buffering for data transfers between a PCl bus and a secondary bus in a

conput er  sygs@n inventign.anot her object of the present invention to provide
apparatus and a nethod for reducing the nunber of arbi-tration operations
necessary in transferring data across a bridge providing buffering for data
tr ansf er s Fijgete'8eis & bR3k Hisgrami of aseentrobppriion ofithe kodga@rcWYst em
-6- It is another nore specific object of the present invention to provide
appar at us ilnstratedtihdigtioe lefori cormmdtingiadPGEbusand @ giconsiadn; bigs in
sufficient anounts of data fromnmenory during any read transfer by a
accordance with the present invention.

Figure 4 is a more detailed block diagram of a portion of control circuitry

illustrated in Figure 3 used in carrying out the invention.

Figure S is a diagram illustrating the arrangement of one embodiment of
line buffers in the data transfer portion of a bridge circuit such as that

illustrated in Figure 2.

Figure 6 is a diagram describing the operative states of a first state

machine utilized in implementing the invention.

Figure 7 is another diagram describing the operative states of a second

state machine utilized in implementing the invention.

Figure 8 is another diagram describing the operative states of a third

state machine utilized in implementing the invention.

Notation And Nomenclature

Some portions of the detailed descriptions which follow are presented in
terms of symbolic representations of operations on data bits within a
computer memory. These descriptions and representations are the:
means used by those skilled in the data processing arts to most '

effectively convey the substance of their work to others skilled in the art.



DVA device frommain nenory across a bridge providing buffering for. data
transfers between a PCI bus and a secondary bus in a conputer system
These and ot her objects of the present invention are realized in a bridge
circuit adapted to be associated with first and second bus circuits which
bridge circuit includes a first path including a plurality of buffers for
storing data being read fromthe first bus to the second bus, a circuit
arrangement for reading an amount of daja-sufficient to fill the storage
space in a first line buffer beginning at~an address being read, and neans
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Drawi ngs Figure T is a block di agram of a conputer systemincluding a

plurality cnvdiiens at nithed] peinipdlepsér fedioh shoBcimnendn SRRl as refiisto

these signals as bits, values, elements, symbols, characters, terms,

numbers, or the like. It should be borne in mind, however, that all of
these and similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied to these

quantities.

Further, the manipulations performed are ofteh referred to in terms,
such as adding or comparing, which are commonly associatéd with
mental operations performed by a human operator. No such capability of
a human operator is necessary or desirable in most cases in any of the
operations described herein which form part of the present invention; the
operations are machine operations. Useful machines for performing the
operations of the present invention include generai pﬁrpose digital
computers or other similar devices. In all cases the distinction between
the method operations in operating a computer and the method of
computation itself should be borne in mind. The present invention
relates to a method and apparatus for operating a computer in |
processing electrical or other (e.g. mechanical, chemical) physical signals

to generate other desired physical signals.



-7- Figure 2 is a block diagramof a data transfer portion of a bridge
circuit for connecting a PCl bus and a secondary bus in accordance wth
the present invention. Figure 3 is a block diagramof a control portion

of the bridge circuit illustrated in Figure 1 for connecting a PCl bus and
a secondary bus in accordance with thegpresent invention. Figure 4 is a
_nore detailed block diagramof a portion of control circuitry illustrated"
i n Fi gur e Detasled Descriptiorng out the invention. Figure 5 is a diagram
illustrating the arrangenment of one enbodi nent of line buffers in the data
transfer portion of a bridge circuit such as that illustrated in Figure 2.

Fi gure 6 iRefarmnggrewntod€Siguirbi hthelre ispluatrated st cdmputér sysfemtl Gt Hhe
machine utilized in inplementing the invention. Figure 7 is another .
di agr am d&ystemi HY inphidgeanenicakpeacessor 1d seches andata if86fYne utilized
in inplementing the invention. Figure 8 is another diagram describing the
oper at i ve TBICEPPEOGASSOI Which carries onddhieranions insiguctionspravided ig thice
| nvgnt | On'comNSiti(taéri % ié? ?tsNgggpaCtligrEsu.r ’ef‘he central processor 11 is joined to a
bus 12 adapted to carry information to various components of the system
10. The bus 12 is designed as a PCI bus in order to allow the transfer of
data to and from the central processor 11 at a rate faster than is possible
with the typical ISA or EISA buses used by the prior art. The processor
11 is joined to the bus 12 by a bridge circuit 14 which is adapted to
provide various functions necessary to the transfer of data. Also joined
to the PCI bus 12 by the bridge circuit 14 is main memory 13 which is
typically constructed of dynamic random access memory arranged in a
manner well known to those skilled in the prior art to store information
during a period in which power is provided to the system 10. The bridge
circuit 14 is physically constructed to include both a cache and dram
controller (CDC) chip and a data path unit (DPU) chip each of which is
manufactured by Intel Corporation of Santa Clara, California. Detailed

descriptions of these chips are provided in Cache & DRAM Controller

(CDC) 82424TX and Data Path Unit (DPU) 82423TX, each published by

Intel Corporation.

The bridge 14 includes circuitry for interfacing the central processor 11
and main memory 13 to the bridge 14, circuitry for interfacing the bridge
14 to the PCI bus 12 as either a bus master or a bus slave, and cache
control and data synchronization circuitry. In general, the bridge circuit

14 includes circuitry for controlling and accomplishing the transfer of



Some portions of the detail ed descriptions which follow are presented in
ternms of synbolic representations of operations on data bits within a
conput er menory. These-descriptions and representations are the nmeans used
by those skilled in the data processing arts to nost effectively convey

t he substance of their work to others skilled in the art.

-8- The operations are those requiring physical manipul ati ons of physical
guantities. Usually, though not necessarily, these quantities take the
formof electrical or magnetic signal§ éQpabIe of being stored,
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the PCI bus 12. As has been set out above, the buses historically used
with Intel microprocessors in corhputer systems (ISA and EISA buses) do
| not run as fast as is desirable. Fdr this reason, the new PCI bus has
been designed to run at a speed closer to the speed of the processors. A
faster data transfer rate has been accomplished by utilizing a bus width'
of thirty-two bits, by allowing operations at increased frequencies, and by
buffering data transfers. Buffering has b.een provided in the bridge
circuit 14 so that a CPU 11 operating at a higher data transfer rate than
the PCI bus 12 may store data in the bridge and continue with other
operations while the bridge completes the-transfer of stored data. This
buffering of data greatly improves the speed of data transfer in the

computer system 10.

Also connected to the PCI bus 12 is a PCI'bus master circuit 16 which
may be one'of a number of different component circuits. The main
properties of a PCI l_)us'master are that it includes a microprocessor or
controller which functions at some internal clock rate and that it may
initiate and control operations on the PCI bus 12. A PCI slave circuit 23
may also be connected to the PCI bus 12. Such a PCI slave circuit 23
may be, for example, a video output card having a frame buffer adapted
to store video signals to be transferred to an output device such as a

monitor for display.



mental operations perforned by a human operator. No such capability of a
human operator is necessary or desirable in nost cases in any of the
Operations described herein which formpart of the present invention; the
operations are machi ne operations. Useful machines for performng the
operations of the present invention iniiude general purpose digital
conputers or other simlar devices. Tnall cases the distinction between

the met nosBRAHAALA MURPPLRLUYIS i§ A1POL AlecBaly DU bRRIEOEircuit

conput ati on orne In mnd.” The present invention relates
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el ectrical or other “(e.g. nechanical, chemcal) physical signals to

‘gener at e (5 R8ferdPsid Betwéers tEaIPGH B1€/12 and a secondary bus 18 so that the
-9- Detailed Description Referring nowto Figure 1, there is illustrated a

conput er gt §ifylBe ubed by warusléomponene circuien oiakdpiooties secoddasyich as
an Intel i486[err] mcroprocessor which carries out the various

i nstruct isums. Mhevsershdaryt bas 1@yt be aiDISAbUY, amnpéSAtbws,sor ahsntidar r al
processor 11 is joined to a bus 12 adapted to carry information to various
conponentbusfanpof sylickntypically transfers data at a rate slower than the bus

12. One specific PCI to secondary bridge circuit 17 used with an EISA

secondary bus includes a pair of integrated circuit chips referred to

respectively as a PCI /EISA bridge (PCEB) 24 and an EISA System

Controller (ESC) 25. These integrated circuit chips are manufactured by

Intel C'orporation and are described in detail in the publication entitled

82420/82430 PClset, ISA and EISA Bridges, referred to above. In

general, the PCEB chip 24 includes circuitry for transferring data
between the two buses, while the ESC chip 25 includes circuitry for

controlling access to the secondary bus.

Such a bridge 17 includes circuitry for providing the interface between
the PCI bus 12 and the secondary bus 18 so that data may be
transferred t'_herebetween. Among this éircuitry are a number of data
buffers adapted to store data being transferred between the two buses.
To facilitate the data transfer, the bridge 17 provides circuitry generally
in the PCEB chip 24 which allows it to operate as an intercoupling bus
master or a bus slave on the PCI bus 12. The bridge 17 also provides
circuitry generally in the ESC chip 25 which allowls it to operate as an
bus master or a bus slave on the seéondary bus 18. The ability of the
bridge 17 to act as a PCI bus master and a seeoendary bus slave allows a

bus master circuit 19 positioned on the secondary bus 18 (for example,



10. The bus 12 is designed as a PCl bus in order to allow the transfer of
data to and fromthe central processor 11 at a rate faster than is possible -
with the typical |SA or ElISA buses used by the prior art. The processor 11
is joined to the bus 12 by a bridge circuit 14 which is adapted to provide
various functions necessary to the transfer of data. Also joined to the

PCl bus 12 by the bridge circuit 14 legaLn menory 13 which is typically
constructed of dynam c random access nenory arranged in a rmanner well

known to 155%15 X et ®dri it OGitRy)i 1o gAhtad@ sBlter thel PCDLIR! i 2mndithéndge a
period in I ch power is provided to the system 10. The bridge. circuit 14

I's physi o@l e B8t friech6fly b dthet ¢denpuridnts johsde tate RCIbus di.r Ghleer
(CDC) chip and a data path unit (DPU) chip each of which is manufactured

by Intel K8Cpetiy 26maled ifiehidevarious@thet wiroits Bepiaallgdisaibitintgli ons of
t hese chips are provided in Cache & DRAM Controller (CDC) 82424TX and Data
Pat h Uni tpfddedsosbiaztXcomputtepsystahed Ror ¢xamplediheocbSC ohip 25Hmayr i dge
14 includes circuitry for interfacing the central processor_ 11 and nain
menory 13nocbudednberrugd cotitrollexs)ia figstf arbiten eir¢aitifay consdrajlingrecess to t he
PCl bus 12 as either a bus nmaster or a bus slave, and cache control and
data syncter the PSlibis di2 @nd pyseqomdyarkiter cirenit iricogdreliing 2ecess tohcl udes

circuitry for control]ing, and acconplishing the transfer of
the secondary bus™18.

As described above, buffering is provided in the bridge circuit 17 (as well
as in the bridge circuit 14) to store data being transferred between the
PCI bus and the secondary bus. Buffering in the bridge circuit 17 which
joins the two buses 12 and 18 offers substantial advantages. For
example, when a faster bus is trying to write to a slower bus without
'buffering, the speed of the transfer necessarily slows to the speed at
which the slower bus can accept the data. When transferring in the
other direction without buffering, the speed of transfer to the faster bus
can only approach the spéed at which the components on the slower bus

are able to transfer data.

As is illustrated in Figure 1, the PCI bus has been integrated into
computer systems along with the older buses so that components
designed for the older buses may continue to be used. Moreover, when
operating with these older buses, the PCI bus and its interfacing circuitry
must be adapted to allow, as well as possible, the operations on the older
buses to continue at their best speed. A number of problems have arisen
in attempting to integrate buses designed with substantially different
characteristics into the same computer system. For example, the PCI

bus is designed so that a number of bus masters may access the bus.



- 10 - data anong the central processor 11, main nenory 13, and the PCl bus
12. Anong the circuitry included in the bridge 14 and specifically in the
data path unit are a nunber of buffer circuits which may store data being
transferred anong the central processor 11, main nenory 13, and the PCl
bus 12. As has been set out above, the buses historically used wth Intel
m croprocessors in conputer systens (| SA and El SA buses) do not run as
fast as is desirable. For this reason, {fe.new PCl bus has been designed
to run at a speed closer to the speed of the processors. A faster data

transfer B?t&siﬂgsmte@uf%@ﬁ@mdiﬁﬁed, fbus hdstengnay btorevdattshin ohet hirty-two
bits, by al'l owing operations at increased frequencies, and by buffering
dat a t r anpfigiee. bilféf s ahdocdratinheanithrathied eperatiohs whilddbe bitidgait 14 so
that a CPU 11 operating at a higher data transfer rate than the PCl bus 12
may st or ecitetiits acddmphishddee tramstemof data to its Bnalkdestdpation; oRSthi | e t he
bridge conpletes the transfer of stored data. This_ buffering of data

great |y i fenilities arheproyéded 60 egdanae thesuse of iheRCI busdt aHowingen 10.

Al so connected to the PCl bus 12 is a PCl/bus master_ circuit 16 which nmay
be one of busrslawer resguige i busmastarlokatty ary aesass whse lave cannot

comply in order to prevent PCI bandwidth waste.

On the other hand, the secondary buses and components which join
thereto were designed so that a bus master which gains access to the
secondary bus retains control of that bus until it has completed its
operations and then.reulinquishes the bus to some other component.
Operations on either EISA or ISA type secondary buses are much slower
than those on the PCI bus. So long as secondary bus masters are only
transferring data on the secondaly.bus, this is not a problem. However,
a DMA device will often need to read or write large amounts of data from
~ or to main memory. To do this, the secondary bus master must use the
abilities of the bridge 17 as a PCI bus master to gain access to the PCI
bus 12. However, since operations on the secondary bus are relatively
slow and, because a bus master on the ISA and EISA buses cannot be
forced off the bus until it has completed its operations, once a bus
master on the EISA bus owns fhc EISA bus, it precludes other uses of
the bridge and the EISA bus. For this reason it is desirable to allow a
secondary bus master which has access to the secondary bus to
complete its operation as soon as possible so that the bus will be

available.

One problem which has arisen with integrating the newer PCI bus into a

computer system with the older secondary buses is that data transfers



properties of a PCl bus master are that it includes a m croprocessor or
controller which functions at sone internal clock rate and that it may
i‘nitiate and control operations on the PCl bus 12. A PCl slave circuit 23
may al so be connected to the PCl bus 12. Such a PCl slave circuit 23 may
be, for exanple, a video output card having a frane buffer adapted to
store video signals to be transferred tg an output device such as a
nonitor for display. Al so condécred to the PCl bus 12 is a
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circuit chips referred to réspectively as a PCl/ElISA bridge (PCEB) 24 and

an El SA Sysieebridgenvhilkl Al sé&Stdarbdeviees dicl dxh §HE HeeEndbk¢ Wis siidsfare
manuf actured by I'ntel Corporation and are described in detail in the

publ i cat i otheebtidiges dachcues8 dfItahCnsenory f\tiane cohSAnBinglges, referred to
above. In

This is especially true of DMA transfers since a DMA device on the
sécondary bus cannot be forced off the secondary bus until it has
completed its operations. As will be understood, DMA devices are used
in order to relieve the central processor of the need to accomplish all of
the individual data transfers necessary in a computer system. One of the
primary uses of a DMA device is to read from main memory to some
device on the secondary bus. The DMA device is typically given a
memory address by the central processor and an amount of data to be
transferred, and proceeds to transfer the amount of data specified
beginning at the specified address. The DMA generates a series of
sequential addresses and accesses each of those addresses to réad the
data. Thus, when a DMA on the secondary bus is reading from main
memory, it must arbitrate for the secondary bus, acquire that bus,
arbitrate for the PCI bus, acquire that bus, access memor;( at a first
address, read the data into a bridge buffer, and then read the data from
the bridge buffer to its destination. However, in order not to waste PCI
bandwidth by waiting on the bus, the bridge 17 as a PCI bus master
relinquished the PCI bus after each read access. Consequently, the DMA
is forced to re-arbitrate for the PCI bus after each read access for the

next increment of data. This process takes an inordinate of time.



general, the PCEB chip 24 includes circuitry for transferring data between
the two buses, while the ESC chip 25 includes circuitry for controlling

. access to the secondary bus. Such a bridge 17 includes circuitry for
providing the interface between the PCl bus 12 and the secondary bus 18 so
that data may be transferred therebetween. Anong this circuitry are a
nunber of data buffers adapted to store data being transferred between the
two buses. To facilitate the data trandfer, the bridge 17 provides
circuitry generally in the PCEB chip 24 which allows it to operate as an

i nt er couplTHyPEeseN triveatiasn oyerqpnes she need: tecariifraigdor sheffel brisdge 17
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appear to predict that a series of sequential accesses are involved, then a

next access fetches a plurality of increments of data in sequenfial order
rather than simply one increment of data. This drastically reduces the
time required to access main memory for reads and increases the
transfer speed using the bridge 17. Increasing this transfer speed
increases the overall speed of operation of the computer system. Other |
aspects of the invention are utilized to increase the accuracy of
predicting whether sequeﬁtial data is being accessed so that loading

buffers with useless data occurs as infrequently as possible.

Referring now to Figure 2, there is iliustrated a block diagram of one
embodiment of data transfer circuitry in a bridge circuit 17 which is
designéd in accordance with the present invention to accomplish the
transfer of data betwéen the two buses 12 and 18 of the computer
system. It should be noted that in one embodiment of the bridge circuit
17 with which the present invention is utilized an essentially identical
address transfer portion is utilized for transferring addresses between
the buses 12 and 18. From this point on, the description may be
considered to explain the operation of both daté and address fransfer
portions. The data transfer circuitry of the circuit 17 includes three
individual paths which may transfer data between the PCI bus 12 and a

secondary bus 18. The first of these three paths 30 includes a line buffer



processor-based conputer systens. For exanple, the ESC chip 25 may include
Interrupt controllers, a first arbiter circuit for controlling-access to
tthe PClI bus 12, and a second arbiter circuit for controlling access to the
secondary bus 18. As described above, buffering is provided in the bridge
circuit 17 (as well as in the bridge circuit 14) to store data being
transferred between the PC bus and the secondary bus. Buffering in the
bridge circuit 17 which joins the two bBses 12 and 18 offers substanti al

ing to wite to a sl ower
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di fferent the faster bus. The second path 31 includes a posted write buffer 37 in
| which data being written from the faster to the slower bus is typically
stored. The third path is essentially a direct connection 32 for
information which need not (or may not} be stored during transfer
between the buses. This third path.32 allows data to be taken directly

from memory and transferred to the secbndary bus without buffering.

Each of these three paths is connected to receive input data transferred
by a multiplexor 34. In the embodiment of the circuitry shown, the
multiplexor 34 is represented by a pair of trfstate devices 38 and 39
which may be enabled fo allow input from either of the two blises. The
multiplexor 34 receives input signals from input latches-35 and 36
connecting to each of the two buses 12 and 18 under control of enabling
signals furnished when a particular bus master gains access to the bus
and the bridge circuitry. Only one of the two buses may transfer signals
at any instant. Consequently, only one of the inputs to the multiplexor
34 from the latches will be selected at any time. Each of the three paths
is also connected to provide outputs to a pair of output buffer circuits 40
and 41 which may be enabled to transfer the déta to either the secondary
bus 18 or the PCI bus 12. Consequently, any amount of data may be

sent from either the PCI bus or the secondary bus to the other one of the



characteristics into the sane conputer system For exanple, the PCl bus is
desi gned so that a nunber of bus masters nay access the bus. .

- 13 - By using the buffering facilities, a bus master may store data in
the bridge buffers and continue with other operations while the bridge
circuits acconplish the transfer of data to its final destination. Retry
“facilities are provided to enhance the use of the PCl bus by allow ng a
bus slave require a bus master to retTy Arr access when the slave cannot
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sonme ot helprc P eRgidfer. Operations on-either ElISA or | SA type secondary

buses are much slower than those on the PCl bus. So Iong as secondary bus
masters are only transferring data on the secondary bus, this is not a
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amounts of data from
includes a tristate device 43, 44, or 45 (together forming a multiplexor
46) which when enabled allows the transfer of addresses or data through
that particular path from the sending bus to the reéeiving bus. Each of -
the two paths which includes storage buffers 33 or 37 also includes
circuitry for furnishing control signals to enable that buffer so that the
correct storage buffer and path may be selected for the particular read

and write operation which is taking place.

Figure 3 illustrates a functional block diagram of the control circuitry of
the PCEB chip 24 of the bridge circuit 17. As may be seen in Figure 3,
PCl interface circuitry is arranged to provide an interface for transferring
data and addresses to and 'from the PCI bus. In a similar manner,
secondary bus interface circuitry is__arranged to provide an interface for
transferring data and addresses to and from the secondary bus (e.g., an
EISA bus). Within the PCEB chip 24 are arranged a buffer manager
circuit 53 and an internal bus control circuit 54. The buffer manager 53
includes.control circuitry 56 including state machines for causing the
operation of posted write buffers 37;_ control circuitry 57 including state
machines for causing the o_peration of line buf-fers.33; address '
comparator circuitry 58 for controiling selection of particular buffers and
bytes, word, and double word 'portions of individual buffefs; a line buffer
sequencer 59 which aids in controlling sequencing through the

individual portions of the line buffer 33; a line buffer transfer request



or to main nmenory. To do this, the secondary bus master nust use the
abilities of the bridge 17 as a PCl bus naster to gain access to the PCl
bus 12. However, since-operations on the secondary bus are relatively slow
and, because a bus master on the | SA and El SA buses-cannot be forced off
the bus until it has conpleted its operations, once a bus naster on the
El SA bus owns the EISA bus,. it precludqg at her uses of the bridge and the
El SA bus. For this reason it is desirable to allow a secondary bus naster
whi ch hascircnés60f antdheariens mimcgllaosous log@r@1etTehq rgeb@%}btlﬁdwwokoon as
possible so that the bus will be avail able. probl em whi ch has arisen
wi th i nt egiretitry 34 nclages a?bmsmwncmmpacoméﬁbm@e CARERI B R2WWHICR he ol der
secondary buses is that data transfers
- 14 - acimearponates logie ircluding siatearreacguaﬁéaoayow@lh@s&%r ced by the
PCl protocol to arbitrate for ccess Cl_bus w
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true of %s*%qlgd&ggége%g%leénée on he Sec g%%%t-rga %ﬁistécannegfé be
forced of 57 1 SESRR0R ¥ ¥"tdve! tA RRfry logic circuit 64 with a number of
state machines which track the status of the various components of the
bridge 17 and the condition of the buses and an EISA latency timer

circuit 65 are also a part of the internal bus control circuit 54.

Referring now to Figure 4, there is illustrated a block diagram of that
portion of the bridge circuit 17 used to accomplish the present invention.
The circuitry includes the internal bus controller 54 which includes the
various circuitry discussed above for accomplishing the operations of
managing the line buffers 33 in the PCEB chip 24 of the bridge 17. The
line buffer control circuit 57 receives control signals from other portions
of the bridge circuitry and controls the actual operatibns by which data
is transferred into the line buffers 33 and read therefrom during a read
from main memory to the secondary bus. A counter circuit 55 which is a
portion of the line buffer transfer request circuit 60 is arranged to store a
count of the nurnber of data doublewords which are to be read into a line
buffer during a read transfer from the PCI bus in order to speed the read
transfer operation. The counter circuit 55 provides a count to the PCI
interface circuit 53 which indicates the number of doublewords to be

read from a device on the PCI bus and transferred to the particular line



conpleted its operations. As will be understood, DVA devices are used in
order to relieve the central processor of the need to acconplish all of

tthe individual data transfers necessary in a conputer system One of the
primary uses of a DVA device is to read frommain nmenory to sonme device on
t he secondary bus. The DVA device is typically given a nenory address by
the central processor and an anmpbunt of data to be transferred, and proceeds
to transfer the anount of data specifti gd Begi nning at the specified
address. The DVA generates a series of sequential addresses and accesses
each of thiaHer dddwhdel ds carrentdy theingarsed fomisansfeening thrdata beéngecondary
bus is reading frommin nenory, it nmust arbitrate for the secondary bus,
acquire tn¢g&d-bus, arbitrate for the PC bus, acquire that bus, access
menory at a first address, read the data into a bridge buffer, and then

ot o e ek i onCRfieE A fiagisls Mol 10 The B efiesens b pa
he DA ?éréﬁitbgﬁfﬂeiQ&%@fé&%ﬁ%ﬁ%ﬁ%ﬁ%ﬁ élrlesﬁﬁt:'rxé e U g‘ﬁﬁiﬁﬁgﬁgési

i . nordl na o) I e.
s R TR R n R S edvtled YR B dbsiitotofor ve P
DUS o ¢ Prigd Bk DAL SERNSHREr GO/ L TRERLY. RepRYAYgHAGT roui (ry and &

nmet hod for e crently accura rmg-larger "amounts of data with
cceases T ER Rl ST ahRi RN ¥n SRR T mictahliTRVId 19%he = 1T
address comparator a next line buffer in the sequence of individual line
buffers 33 for reading data each time a buffer is read. The address
comparator 58 compares fhe most significant bits of the address on the
secondary bus 18 with the current line buffer address stored in the line
buffers 33 to determine whether data is stored in the current line buffer.
The aadress comparator 58 uses the signals from the line buffer
sequencer 59 to transfer cohtrol signals to the line buffer control circuit
57 pointing to the appropriate individual line buffer for reading the

current data.

Figure S illustrates one arrangement of line buffers 33. This
arrangement represents both the data line buffers 33 and their
associated address line buffers discussed above. The arrangement
includes fdur individual data line buffers 0-3 (LBO-LB3) each capable of
storing four doublewords of thirty-two bits each. Thus, the entire line
buffer arrangement provides storage for a total of sixteen doublewords of
- data. As will be under stood, when data is read from maih memory by a
DMA device on the secondary bus 18 for transfer to a device on the
secondary bus, the data is typically addressed and transferred one

doubleword at a time. As set out above, when a DMA device reads from



appear to predict that a series of sequential accesses are involved, then a
next access fetches a plurality of increnents of data in sequential order
rather than sinply one-increnent of data. This drastically reduces the.
time required to access main nenory for reads and increases the transfer
speed using the bridge 17. Increasing thi's transfer speed increases the
overal | speed of operation of the conputer system Qher aspects of the
invention are utilized to increase the g@gcuracy of predicting whether
sequential data is being accessed so that |oading buffers with useless
dat a occutreerasry,nit rgemeratds aserissef quentielf doubleyordhaddrdsspsrand, there
Is illustrated a bl ock di agram of one enbodi nent of data transfer

ci rcui t r yaccessesréatde of ithosé adtitessgscto read deeidatad ThuscebetaaddMAi t h t he
present invention to acconplish the transfer of data between the two buses
12 and 1sonfthehaemdmwebuss§§cedmg {rosponain memerpdt rnst agbisate for
enbodi nent. of the bridge circuit with which the present invention is
utilized Hwe secendary bys, @@ﬂﬂill’%ﬂlhabhﬂﬁe%n@rtaﬁsﬁ@ﬁ agﬁﬂrr@%ﬁ"l@eubf idgged f or
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order not to waste PCI bandwidth, heretofpre, the bridge 17 as a PCI bus
master has been required to relinquish the PCI bus after 'each read
access. Consequently, the DMA has been forced to continuously

-arbitrate for the PCI bus for each individual increment of data.

In order to reduce the number of arbitrations necessary on the PCI bus
12, the circuitry of the bridge 17 which controls the transfer of data
being read accesses sufficient data on each initial read of main memory
to fill the entire remaining portion of a line buffer beginning at the point
of the _initial doubleword address. Thus, for example, if a read is from an
address which would be placed in the second doubleword (DW1) of the
line buffer LBO in Figure 5, then three doublewords at sequential
addresses in memory beginning at the initial address are 'accessed and

- transferred in a burst transfer to the three spaces for storing
doublewords DW1-DW3 of the line buffer LBO. If the first addressed
doubleword would be stored in the line buffer LBO at doubleword DWO,
the four doublewords DWO through DW3 are accessed in mémory and
placed in the line buffer LBO. If the first addressed doubleword would be
stored in the line buffer LBO at doubleword DW2, two doublewords are

accessed and placed in the line buffer LBO at doublewords DW2 and



- 16 - 33 (a plurality of individual buffers in one enbodinent) in which
data may be stored which is being transferred during read and wite
operations. Typically,-.data is stored in the |line buffer when a read
transfer is being acconplished fromthe faster to the slower bus (i.e.,
when the sl ower secondary bus is reading fromthe PCl to the secondary
bus) or when a wite operation is being2acconplished fromthe slower to
the faster bus. The second path 31 includes a posted wite buffer 37 in
whi ch dat DWS.ngnwr of tlessef acoossks requires dnlytdsirglowerbitrasionsfaryfliecblisy
stored. The third path is essentially a direct connection 32 for :
i nf or mat i d2 ahdcthuseedunots (be acagsstinie isubstantidllyder thettotalsdata bet ween
the buses. This third path 32 allows data to be taken directly from nenory .
and transfteansf¢rred.t he secondary bus without buffering. Each of these
three paths is connected to receive i'nput data transferred by a

mul tiplexor 34. In the enbodi nent of the circui t% sRown, t he Eui%%l pl exor
34 is repldantaitenthis fiest iy pf the dirgt ingRulles LBy, 1he ciscuitky ehthey be
enabled tq allow i npu{_ fromeither of the two buses. The
bridge controlling the transfer looks at the read accesses actually
accomplished by the secondary bus master on the data stored in the first
line buffer LBO. The line buffer control circuit 57 includes circuitry
which looks for sequential accesses by the secondary master of the data
in the line buffers 33. If sequential accesses are detected, then the line
buffer control circuit 57 generates signals which cause the next four
doublewords in memory to be read in order to fill the entire next line
buffer LB1. This provides in a single arbitration four additional
doublewords of data which are immediately available to be read by the

secondary bus master. This also greatly speeds the transfers of data

being read from memory.

The circuitry which controls the prefetch operation by which a seéu_ence
of accesses of sequential data initiates a transfer of an entire line from
memory to the line buffers includes circuitry which detects the presence
of randomness. If randomness is detected, then the prefetch of an entire
’ next line is not begun. This facility helps eliminate the load on the bridge
circuitry which is required when prefetched data is not required by the

secondary bus master.

One embodiment of the invention also includes circuitry in the line buffer
control circuit 57 which monitors the reading of data from the second

line buffer LB1 after the data in the first line buffer has been read to the



mul ti pl exor 34 receives input signals frominput |atches 35 and 36
connecting to each of the two buses 12 and 18 under control of enabling
gsignal s furni shed when-a particul ar bus naster gains access to the bus and
the bridge circuitry. Only one of the two buses may transfer signals at
any instant. Consequently, only one of the inputs to the nmultiplexor 34
fromthe latches will be selected at any tinme. Each of the three paths is
al so connected to provide outputs to & é@if of output buffer circuits 40

bus 15 of PReORRAREREYENATY B ?Pgrmﬁ@atgﬁ%ﬁéip(@?’%@?e sepligniBioocn”
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on the transfer. As may be séen in nbodi nent shown, each of the three
pat hs i ncbudfes 1EBOri state device 43, 44, or 45 (toget her formng a

mul ti pl exor 46) which when enabled allows the transfer of addresses or
data through that particular path fromthe sending bus to the receiving
bus. Each oif order to accomplish read transfers in accordance with the present

invention, only two line buffers LBO and LB1 are utilized. Only two line
buffers are necessary although the embodiment illustrated includes four
line buffers (which are used during write transfers from the secondary
bus to main memory) because the secondary bus 18 transfers data at a
much slower rate than does the PCI bus 12. The decisions of the amount
of data to transfer to the individual line buffers are made using a number
of state machines which reside in the liﬁe buffer control circuit 57. A
first of these state machines herein referred to as an “LBO Read” state
machirie 70 controls the loading of the first 6f the two lihe buffers with
data sufficient to fill the buffer beginning at the doubleword chosen by
the address of the data being read. A second state machine referred to
as “LB1 Prefetch state machine” 91 controls the transfer of four
doublewords of data to the second line buffer LB1 if the data in line
buffer LBO is being read in sequence. A third state machine referred to
as “LBO Prefetch state machine” 90 controls the transfer of four |
doublewords of data to the first line buffer LBO if the data in line buffer
LB1 is still being read in sequence. This line buffer ié essentially
identical to the LB1 prefetch state machine 91. Fourth and fifth state
machines referred to as the “LBO Supply” state machine 80 and “LB1
Supply” state machine 81 assists the other state machines by

transferring data from the line buffers to the secondary bus and



the two paths which includes storage buffers 33 or 37 also includes
circuitry for furnishing control signals to enable that buffer so that the
correct storage buffer.and path nay be selected for the particul ar read

and wite operation which is taking place. Figure 3 illustrates a
functional block diagramof the control circuitry of the PCEB chip 24 of
the bridge circuit 17. As nay be seen in Figure 3, PC interface circuitry
is arranged to provide an interface f-or23ransferring data and addresses to
and fromthe PCl bus. In a simlar manner, secondary bus interface

ci rcui t ryprevidingniztd by wirichi deteaminationsaddhiediwo prefeselastairy data and
addresses to and fromthe secondary bus (e.g., an ElISA bus), Wthin the
PCEB chi pntackine are magbel Albof thasenstase srac uiesidzimtheding budlesal bus
control circuit 54. The buffer nmanager 53 includes control circuitry 56

i ncl udi ngcentrad aie@bit S for causing the operation of posted wite buffers
37; control circuitry 57 including state machines for causing the
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buf f er 33beap1lc:isrﬁerngaft &l 4 Eé‘&?ﬁcﬂryr 684SHhster has gained access to the
secondary bus and is ready to read data from the PCI bus 12. To
accomplish this, the secondary bus master would typically perform the
following operations. A secondary bus master gains access to the
secondary bus by a secondary bus arbitration. The bus master then
asserts an address at which data is to be read on the bus 18 and shortly
thereafter furnishes control signals indicating that the operation is to
start, whether the operation is a read or a write operation, and whether
the operation is an input/output cycle or a memory cycle. In the present
case, the signals would indicate a memory read cycle. The address is
decoded at the secondary bus interface of the PCEB chip 24, and a
determination is made whether the bridge 17 is the secondary bus slave

which is being addressed.

When the bridge 17 is being addressed to read from main memory, the
internal bus controller 54 generates signals indicating a line buffer read
cycle and transfers the address to the address comparatbr 58 which
determines whether the data desired is available in the two line buffers
33 used for read operations by lopking for that address in the address
line.buffers. To accomplish this, the address comparator 58 goes to the
line buffer which the sequencer 59 points to as current. After each

completed ownership change on the secondary bus, the line buffers 33



- 18 - circuit 60; and various m scellaneous logic 61. The internal bus
control circuitry 54 includes a bus ownership control logic circuit 62

whi ch incorporates logic including state machines for controlling and
determining at any tine the ownership of the various data paths through
the PCEB chip 24. The circuitry 54 also includes the address and data’
pat hs 63 including the physical Iinejmgéegs 33 and posted wite buffers
37 illustrated in Figure 2 above. Aretty logic circuit 64 with a nunber of

state mac Q&Egﬁﬁgz& b 4REKahRoHY $diferifer! 43 iy 266U Hsgmqaemé mifféhe

bridge 17 an conditron of the buses and an EISA 1Tatency tinmer circuit

65 are al $BHaRAHe Alirded@ link BURRY. OsnSai¢tly cat the begihningebfanyng now

to Figure 4, there is illustrated a bl ock diagramof that portion of the

bridge ci i redd thersferdrescthe PCI husasigesentlineriveffersyrthe ddéress cuitry
i ncludes the internal bus controller 54 which includes the vari ous

ci rcui try cénsparsaed SHoil domnpace o kidslre sg) ohheopercardanysbes withrtdagi ng t he
line buffers 33 in the PCEB chip 24 of the bridge 17. The |ine buffer
control ciaddress i theckne duffemi B0} willgledexmineg that tee lingrbuEess 3gf arte
bridge circuitry and controls the actual operations by which datg is

t r ansf er r @l empsys aad wilk nedify dhe 13@%-b‘é‘é§°ﬂﬁ@r”@ﬂ%n?ﬁﬁrﬁﬁ@@ Hifg8ad from

mai n menory to the secondary bus. A counter circujt 55 whi i S ortion
of the Ii ﬂ‘éxlwndmatc%tﬁstb@rmtéa%tlsbuﬁicpaﬁmllegﬁ‘% §h§F %ta#a%‘dfc{] élgé}@gr%‘pea

secondary bus interface to hold the secondary bus master in wait states

until the data is available in the line buffers 33.

The generation of a read miss on a read cycle after a change of ownership
of the secondary bus initiates the operation of the LBO Read state
machine 70. This state machine initiates a “line fetch” process. The line
fetch process is that discussed above in which a sufficient number of
doublewords are read from memory in a single arbitration to fill the
spaces in the line buffer LBO bégin_ning at the point of the first
doubleword addressed through the end of the line buffer. The number of
doublewords to be read and the starting doubleword address are both
determined from bits 3:2 of the thirty-two bit address placed on the
secondary bus to be read. If bits 3:2 are “00,” the initially addressed
doubleword is to be placed in the doubleword O of the line buffer LBO
and four doublewords are to be accessed. If bits 3:2 are “01,” the initially
addressed doubleword is to be placed in the doubleword 1 of the line
buffer LBO and three doublewords are to be accessed. If bits 3:2 are
“10,” the initially addressed doubleword is to be placed in the
doubleword 2 of the line buffer LBO and two doublewords are to be

- accessed. If bits 3:2 are “11,” the initially addressed doubleword is to be



| count of the nunber of data doubl ewords which are to be read into a line
buffer during a read transfer fromthe PCl bus in order to speed the read

t'ransfer operation. The counter circuit .55 provides-a count to the PC
interface circuit 53 which indicates the nunber of doubl ewords to be

froma device on the PCl bus and transferred to the particul ar

i ne

r ead

- 19 - buffer 33 which is currently being used for transferring the data
being read. The internal bus controld &5 54 transfers signals to the PCl

interface circuitr

buf f er contHaged &pt ’ifw@bl,ses\fcq(%ﬁdf rﬁég§§¥ﬁ€ﬁ%@§m&%§étsaéglft P ﬁel gggress

conpar at or
address c

58 The line puff 5 | i gnal s | h
SARISYOFdds 1o R eSEFHcn| ddrueber dt RReROR B Ph Y tes o

[ Tne “but et SEPREFI DI ALK LB Frcblh BRARSPRARE el figiel 3.

. conpar at or

secondary

sEGuERFRREeRT: RONEPRE st mecRaRt 70 Lo pihreslB AREFRRRT ST .

doublewords to be read into the line buffer LBO.

The request to read from PCI memory is passed to the PCI interface
circuitry which arbitrates for access to the PCI bus 12. The number of
doublewords to be transferred is also sent to the PCI interface froin the
counter circuit 55 as a part of this request. When acéess to the PCI bus
12 is obtained, the doubleword of data_at the ggldress being read is
placed in the first line buffer LBO at the addressed doubleword space and
marked valid. When this first doubleword requested by the secondary
bus master is placed into the line buffer LBO at the specified doubleword -
space, the next read access by the secondary bus master which has been
waiting on the secondary bus will cause the address comparator 58 to
determine a hit since the addressed data and the most .signiﬁcant
twenty-eight bits of its address are stored by the line buffer LBO. The hit

triggers the operations of the supply state machine 80 by which the data

" is read by the secondary bus master. As the first doubleword of data is

read to the secondary bus, the bytes of data held in the doubleword are
marked invalid so that they will not be accessed a second time. The hit
is passed by the internal bus controller 54 to the secondary bus interface
which initiates the next bus cycle by the secondéry bus maéter on the

secondary bus.

- When the hit is registered and while the supply state machine 80 of the

bridge 17 begins providing data to the secondary bus master, the LBO



buffers 33 to determ ne whether data is stored in the current |line buffer.
The address conparator 58 uses the signals fromthe Iine buffer sequencer
59 to transfer control- signals to the Iine buffer control circuit 57
pointing to the appropriate individual line buffer for reading the current
data. Figure 5 illustrates one arrangenent of line buffers 33. This
arrangenent represents both the data line buffers 33 and their associated
address line buffers discussed above. The arrangenent i ncludes four

i ndi vi dual data line buffers 0-3 (LB® [283) each capabl e" of storing four
doubl ewords of thirty-two bits each. Thus, Ine uffe

2; ranfgfaneﬁ@a@(rjsé%%@%a@%lélﬁam CPBP%Q%‘PHPEBF%‘M Eé'ﬁSHSt asto 1 gat a.
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request circuit 60 pertaining to the line buffer LBO is decremented until
the line buffer LBO is full. At the same time, the supply state machine
80 continues to furnish data to the secondary bus until the first |
doubleword has been furnished. This takes some time because the bus
18 operatgs'at a slower speed than the bus 12 is able to fill the line
buffers 33. Moreover, those skilled in the art will recognize that this read
operation on the secondary bus may take place in word or byte

increments and so may require some substantial period.

When the first doubleword has been furnished to the bus master, the |
bus master asserts the second address on the secondary bus. This
address is furnished to the secondary bus interface and sent to the
address comparator 58. The address comparator 58 compares the
highést valued bits of this address with the address in line buffer LBO. If
the addressed data is part of the data held in the line buffer LBO, a read '
hit is registered since the high order bits of the address are in the
associated address line buffer. If this hit is on a doubleword in a
sequence indicating that sequential reads ére probable and the LBO Read
state machine 70 has completed filling the line buffer LBO, the LB1
prefetch state machine 91 begins. This state machine 91 initiates a new
arbifration for the PCI bus 12, increments the beginning address used for
fetching the first data to an address for a new line of data using the

original count in the portion of the counter 55 related to line buffer LBO,



accesses each of those addresses to read the data. Thus, when a DVA on the
secondary bus is reading frommain nenory, it nust arbitrate for the
gecondary bus, acquire-that bus, send the first address to the bridge,
arbitrate for the PCl bus, acquire'that bus, access nmenory at the first
address in the sequence, read the data into one of the line buffers, and
then read the data fromthe line buffer to its destination. However, in
order not to waste PCl bandw dth, heretofore, the bridge 17 as a PCl bus
master has been required to relinquish 2he-PCl bus after each read access.:
Consequently, the DVA has been forced to continuously arbitrate for the
PCl bus f @plaeesh ¢couwntofifmir imerporidn of thietaunteénSormdatedote Haedeuffoe
nunber of arbitrations necessary on the PCl bus 12, the circuitry of the
bri dge 17 Ldhl.canddhtimately muse&%tra@sf@a@%thmm@fmu'adoub&,@e%iﬁ of
sufficient,data qQn each initial read of nain nenor to fill the entire
remai ni ng dfsatinothe seguenge of gorklewegds hegipring %étfp%mﬁlal&dqrﬁésuﬁft@ i al

woul d be. shaduert we haitiis k8- doubl ewbrd (DWL) of the ©ine buffer LBO 1N
Figure 5 then three doubl ewords at sequential addresses in nenory
Dedt o 19 3o i, hrAdteEh B RE il AR TS Sl AT o R
ot <1 2uald sidiibi 9], BGLRSBAE U BB R B TS5 e
accessed i, BiPEYe Flondary bus master from the supply state machine 80. If

the next doubleword address provided by the supply state machine 80 is

the next address in sequence, then a prefetch is begun. If the next

doubleword is not in sequence, the prefetch-is aborted. For example,. a

read of the first doubleword O followed by a read of the doubleword 1, a

read of the doubleword 1 followed by a read of the doubleword 2, or a

read of doubleword 2 followed by a read of the doubleword 3 each start

the prefetch operation. In one embodiment, a byte read by the secondary

bus master (except for a byte read across a doubleword boundary), even

though in sequence does not initiate a prefetch operation because byte

reads occur so slowly that there is no reason to go ahead with the

prefetch when the secondary bus master may have as many as gixteen

individual read operations to accomplish before more data is needed. In

this manner, a prefetch is undertaken only when the reads clearly

suggest a pattern of sequential reads of sufficient data to make a

prefetch useful.

The LB1 prefetch state machine 91 is replicated for the line buffer LBO.
Thus, when two doublewords arc read in sequence form line buffer LB1,.
the LBO prefetch state machine 90 starts a prefetch of four doublewords

to line buffer LBO. The operation continues in this manner so long as



‘pl aced in the line buffer LBO. If the first addressed doubl eword woul d be
stored in the line buffer LBO at doubl eword DW2, two doubl ewords are
accessed and placed in the line buffer LBO at doubl ewords DW2 and

- 21 - DWB. Any of these accesses requires only a single arbitration for
the bus 12 and thus reduces the access tinme substantially for the total
data transferred. Then, after this first fill of the first line buffer

LBO, the circuitry of the bridge cont Qlling the transfer | ooks at the
read accesses actually acconpli shed the secondary bus master on the

d f f
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entire next [I1ne ffer

LB1. This provides in a single arbltratlon four

addi t i onalrandfithisepyRiadl; Séceleéifedhi ch are i nedi ately available to be read
by the

Referring now to Figure 6, there is illustrated a LBO Read state machine
70 used to cause a line fetch'of data for the first line buffer LBO. As may
be seen, the state machine 70 normally rests in a first idle condition 71.
The state machine 70 moves from the state 71 to a state 72 is response
to indications that a read line buffer cycle during a valid address
comparison has generated an address miss in both line buffers LBO and
LB1, that there is no indication that line buffer LB1 is prefetching or will
be prefetching, and that no line buffers are being flushed. A line fetch
operation for buffer LBO cannot be accomplished when a prefetch has
been set up for the line buffer LB1 nor when write data is being cleared -
from the other line buffers. Consequently, the state machine will not

move to the state 72 until these conditions are satisfied.

In state 72, the LBO Read state machine 70 latches the address on the
secondary bus into the address line buffer LBO for comparison with
addresses furnished for additional reads by the secondary bus master.
The state machine 70 also requests the PCI ihtcrface to conduct an
arbitration for the PCI bus 12 and loads the counter S5 of the transfer
request circuit 60 with the number of doubléwords to be moved to fhe
line buffer LBO. The state machine 70 then transitions to a wait state
73. If there is no prefetch of LBO or LB1 and the request for the PCI bus
is active, the state machine 70 moves from the wait state 73 to a state 74

if the doubleword O (determined from address bits 3:2) is to be read, to a



secondary bus master. This also greatly speeds the transfers of data being
read from nenory. The circuitry which controls the prefetch operation by
whi ch a sequence of accesses of sequential data initiates a transfer of an
entire line from nenory to the |ine buffers includes circuitry which
detects the presence of randomess. |If randommess is detected, then the
prefetch of an entire next line is not begun. This facility hel ps
elimnate the | oad on the bridge C|rcu&éry whi ch is required when
prefetched data is not required by the econdary bus master. One

enbodi ment. gl 5 LY BRLKIABLI0 19 BEIGRal E6U dik¥e T8 frithel doleoRUTdier

control ch nmonirtors t rea hg of data fromthe second |Iine

buf fer LB} Riehe BRaTaNA {dalstard 773 the oubiEbeEd s £B8 reaad ko the

- 22 - seCondary bus and, ose rea s indicate that probable sequenti al

accesses ghth Gibidsetated vatweﬁhé LB Readhitate aeatiEne 70 derchesotite
doubl ewor ds i'n menory to be read in order to fill the entire next line
data for the selected doubleword into the appropriate doubleword space

of the line buffer LBO and marks the data as valid.

The valid indication is provided to the LBO supply state machine and the
address comparator. In response to the valid indication, the address
comparator 58 registers a hit and turns on the LBO supply state machine
to begin furnishing ;che data to the secondary bus master. So long as the
condition by which the state 74-76 was entered remains true, when the
doubleword has been read for the particular state, the LBO Read state
machine 70 then transitions to the next sequential step 75, 76, or 77.
The state machine 70 continues through the states 75-77 until the LBO
is filled.

In any of the states 74-77, the sfate machine may instead move to a
disconnect state 78 if the PCI bus has signaled a disconnect or has put
the bridge in a wait state, or if the maximum time for the secondary bus
operation has expired. If the PCI has placed the bridge 17 is a wait state, '
then the state machine 70 may transition to the next of the states 75-77
once the wait has been completed. From each of the states 74-77, the |
state machine may also move to a state 79 the operation is aborted. The
state machine 70 also moves to the read complete state 79 when the read
of the line buffer LBO is complete. The state machine 70 moves back to
the idle state 71 whenever there is a change of ownership of the

secondary bus, whenever the bus master wants to write using the bridge



buffer LBO. 1In order to acconplish read transfers in accordance with the
present invention, only two line buffers LBO and LBl are utilized. Only
ttwo line buffers are .necessary although the enbodi nent illustrated

i ncludes four line buffers (which are used during wite transfers fromthe
secondary bus to main nenory) because the secondary bus 18 transfers data
at a nmuch slower rate than does the PCl bus 12. The decisions of the
anount of data to transfer to the indiyghdual line buffers are made using a
nunber of state machines which reside rn the Iine buffer control circuit

57. A first, shdthiBeReddrttferetisinagdiess niissdheidtedlihe mifas LBBGmM¢ad”
state mnmachine 70 controls the |oading of the first of the two line buffers

with datgpufficient to fill the buffer beginning at the doubl eword chosen
by the address of the data being read. A second state machine referred to.
as "LB 1 Prefetch state machine" 91 controls the transfer of four

doubl ewor d¢ shiouldttze hot¢d ¢hatthedtdiemdohifie 70 Bidy triansitdoddram the idle
buffer LBO is being read in sequence. A third state machine referred to as
"LBO Pref citate $0 & state &5 wdiergyer dherssiqdienice afrreack accasises dartheddng! ewor ds
of data to the first line buffer LBO if the data in line buffer LBl is
still bei pHeadBindemansicate qniistentio semtiauein seausnce| Fyom theitical to
the LB 1 prefetch it ate machine 91. Fourth and fifth state, r’r?chi nes
referred t9aksSpndhe Batsmashinesmaves tgsiatfe78dobggin moving four

doublewords of data into the line buffer LBO.

It should be noted that in one embodiment of the invention, the line
buffer LBO is the only line buffer used only for “line fetches” in which
sufficient data is read to fill the remainder of line buffer LBO. In that
embodiment a similar state machine exists for prefetching read data to
line buffer LBO; that state machine, however, reads all fdur doublewords

of data to line buffer LBO.

| Figure 7 _ is another state diagram illustrating the operation of the LBO
Supply state machine 80. The state machine 80 is used to transfer the
data stored in the line buffe;s' LBO and LB1 to the secondary bus master
conducting the read of memory through the bridge 17. A similar LB1
state machine is used to transfer the data stored in the line buffer LB1 to
the secondary bus master; this state machine operates in the same
manner as the state machine 80 so a separate state diagram is not
provided. The state machine 80 rests in an idle state 82 when there is no
line buffer cycle or whenever the secondary bus master is réquired to
wait for wait such as when a miss occurs when the bridge 17 starts a
first read of memory. The state rhachine 80 moves to a state 83 when

there is a line buffer cycle with a valid comparison by the address



Suppl y" state machine 81 assists the other state nmachines by transferring

" data fromthe line buffers to the secondary bus and :

=+ .23 - -providing data-by which determ nations of the two prefetch state
machi ne are nade. All of these state machines reside in the |ine buffer
control circuit 58. The basic operation of the circuit of Figure 4 in
response to a read request of main nenory by a secondary bus nmaster is as
follows. It will be presuned that a secondary bus master has gai ned access
to the _secondary bus and is ready to 6éad data fromthe PCl. bus 12. To
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circuit 58. The state machine 80 moves to a state 84 when a wait is

necessary on the secondary bus and back to the state 83 when the wait

is over. Finally, the state machine moves from the state 84 back to the

idle state 82. This occurs whenever a change in ownership of the

secondary bus occurs, whenever the bus master controlling the read

operation wants to write to the PCI bus, whenever the address to be read -

changes to line buffer LB1, and whenever there is a read miss in both

line buffers LBO and LB1.

Figure 8 is a state diagram illustrating the operation of the LBO and LB1
Prefetch state machines 90 and 91. The state machine illustrated is
state machine 90 for accomplishing prefetch by the line buffer LBO. The
state machine 90 norrhally resides in an idle state 92. The state machine
90 transitions to a detect prefetch state whenever a read of data in any of
the four doubleword spaces in the line buffer LB1 is indicated by read
signals asserted by the LB1 Supply state machine. In the state 93, the
prefetch state machine 90 detects additional reads by the LB1 state
machine. If the next doubleword read is not the next in sequence, the
state machine moves to a state 94 at which a prefetch fail occurs. The
state machine 90 remains in this state until an entirely new line buffer
read cycle occurs. Thus, no prefetch may occur thereafter if an
indication of randomness occurs at the beginning of the read of the line
buffer. | |



case, the signals would indicate a nenory read cycle. The address is
decoded at the secondary bus interface of the PCEB chip 24, and a

determ nation is made whether the bridge 17 is the secondary bus sl ave
whi ch is being addressed. When the bridge 17 is being addressed to read
frommain nmenory, the internal bus controller 54 generates signals
indicating a line buffer read cycle and transfers the address to the
‘address conparator 58 which determ nes whether the data desired is
available in the two line buffers 33 uged_for read operations by | ooking
for that address in the address |line burfers. To acconplish this, the

addr ess CqHR§Rite'mashaee 90t Msbhtioves badkuld tie ile Sratdh92séghernes 59
points to as current. After each conpleted ownership change on the

secondar y rhastertdeciieseohehtiedsta3ffom line buffer LBO, if the line buffer cycle
- 24 - are marked invalid, and the sequencer 59 is reset to point to line
buffer LBAdss arhe lingrbeffer Mimite ¢ydlé @ccu®snsequent|y, at the begi nning of
any new read transfer fromthe PCl bus using the line buffers, the address
conparator 58 will conpare the address on the secondary bus with the

The state machine 90 transitions to a state 95 if at state 93 a sequence of

reads of sequential states is detected. Thus, if a first read of line buffer

LB1 is of the doubleword O at state 92 and a read of doubleword 1 occurs

at state 93, the state machine 90 moves to the state 90 and signals that

a prefetch of data for line buffer LBO is indicated. Similarly, a first read

of doubleword 1 followed by a read of doubleword 2, or , a first read of

doubleword 2 followed by a read of doubleword 3 cause the state

machine 90 to transition to state 95 and signal that a prefetcl'i of data for

line buffer LBO is indicated. As indicated above, this causés_the LBO

Read state machine 70 to move to state 85 and begin the prefetch

operation.

Thus, as may be seen, the LBO prefetch state machine 90 looks at the
reads of data in the line buffer LB1 accomplished by the sécondary bus
master and initiates a prefetch of four complete doublewords when the
reads indicate that they .will occur in sequence. Similarly, the LB1
prefetch state machine 91 looks at the reads of data in the line buffer
LBO accomplished by the secondary bus master and initiates a. prefetch
of four complete doublewords when the reads indicate that they will
occur in sequence. Thus, the line buffers LBO and LB1 will c.:ontinue to
be filled with prefetched data obtained four doublewords per arl;)itration
so long as the reads continue in sequence. This greater accelerates the

operation of data reads through the bridge 17.



address in the line buffer LBO, will determne that the line buffers 33 are
all enmpty, and will notify the internal bus controller 54 of a read m ss.
TFhis indicates to the internal bus controller 54 that it should signal the
secondary bus interface to hold the secondary bus master in wait states
until the data is available in the line buffers 33. The generation of a
read mss on a read cycle after a change of ownership of the secondary bus
initiates the operation of the LBO Read state nachine 70. This state
machine initiates a "line fetch" process. The line fetch process is that

di scussed above in which a sufficient. mgrher of doubl ewords are read from-
menory in a single arbitration to fill the spaces in the line buffer LBO
begi nni ng Adthéhghablenbredenitigvéntish hawbetnwysdribddr o5 terdns lof@igh the end
of the line buffer. e nunber of doublewords to be read and the starting
doubl ewor prefired erabedbmeht, itevith be mppreciatedithat $aioofs mtodifibationst wo bi t
address placed on the secondary bus to be read. If bits 3;2 are "00," the
i nitially astaitesationgouighivbe anade by thosel skiladiin theeartowiihomdrd 0 of the
line buffer LBO and four doublewrds are to be accessed. If bits 3:2 are -
"01," the departing fromdbespisy apshiscenp phithe invenfdon) dheinventian doubl ewor d
1 of the line_ buffer LBO and three doubl ewprds ar.e to_he qp essed. If bits
3:2 are 'shouldithereforeibg W%Hﬁé‘s@e@%é\f%F ms whigh Bﬁ%’ed in the

doubl eword 2 of the line buffer LBO and two doubl ewords are to be



accessed. If bits 3:2 are "11," the initially addressed doublemord Is to be

- 25 - placed in the doubleword 3 of the line buffer LBO—and-a-single
doubl eword is to be aceessed. The nunber of- doubl ewords tm&i transferred
* C

is placed in the counter circuit 55 in the line buffer ti H"'g!mmmmls
S

circuit 60 by the state machine 70 to represent the nunb
to be read into the Iine buffer LBO. %'?e request to read from PCl~ nenorly.
is passed to the PCl interface circuitfrty which arbitrates for access to

the PCl bus 12. The nunber of doublexwwIMs to be transferred is al so sent

to the PCl int f : 3 £l REW : _ hi
0 the I nter aglg bIr(f)&%%}%ﬂg&ltcﬁa' &d £d beWssoemtad WitRairdstdnd hi s

request. Wen acce us' 12 i1s obtained, the doubl eword of data

at the addegng beseerdigtd wiichmbagge cireuihmdluties d fifst paf aiclu@ingta t he
addr essed doubl eword space and marked valid. Wen this first doubleword

r equest egliyaliticot badfedsreachbetspaibletsfrstosing datdaiselecteteniimberoff f er LBO
at the specified doublewrd space, the next read access by the secondary
bus mast éncrémmehtdaf datarbeingireaddrom thefisstcbuddoythieuseoord busyse t he
address conparator 58 to )
circuit arrangement for reading an amount of data sufficient to fill the
'storage épace in a first buffer beginning at an address being read, and
apparatus for completely filling a next buffer with data at sc?quential
addresses following the addresses of data placed in the first buffer if read

operations from the first buffer occur in address sequence.

2. A bridge circuit as claimed in Claim 1 further comprising
second apparatus for completely filling the first buffer with data at
sequential addresses following the addresses of data placed in the next

buffer if read operations from the next buffer occur in address sequence.

3. = A bridge circuit as claimed in Claim 1 in which the circuit
arrangement for reading an amount of data sufficient to fill the storage
space in a first buffer beginning at an address being read comprises a
state machine for determining an amount of space in the first buffer from

a beginning address of data.

4. A bridge circuit as claimed in Claim 1 in which the
apparatus for completely filling a next buffer with data at sequential
addresses following the addresses of data placed in the first buffer if read
operations from th_e first buffer occur in address sequence comprises a

state machine for detecting the order in which data is read from the first

buffer.



determne a hit since the addressed data and the nost significant .
twenty-eight bits of its address are stored by the line -buffer LBO. The hit
triggers the operations of the supply state machine 80 by which the data
is.read by the secondary bus master. As the first doubl eword of data is
read to the secondary bus, the bytes of data held in the doubleword are
marked invalid so that they will not be accessed a second tine. The hit 1is
passed by the internal bus controller Sa to the secondary bus interface
which initiates the next bus cycle by't_é Secondary bus nmaster on the

secondary bus. s \Vheg bggtggél‘i}frgh& 4§ UL L th gﬂgg}‘@ %xg v%lﬂg:hsﬂ%’%céﬂ&‘t €

machi ne 80 of the bri egi ns providin secondary bus

naster, t tus for ¢ letely filling the first buffer with data at sequétial Read
state mac%e 70ucoﬁti ﬁume%eb??fnblhn t|n t he r%strof t he %at_a tqoll%?‘l ﬁﬂ t he

parti cul argddreeséy fdRswiig the atdressdéof Hata plkerb i the FRB®MDUfEN T readed by
the bits 3:2 of the address. As each additional doublewrd is brought into

the |ine pydrationsheonnthie next theferooedar irbaddtesdsedquenst eomprises a
~ state machine for detecting the order in which data is read from the next

buffer.
6. A computer system comprising:
a central processor;
main memory;
a first bus associated with the central processor and main memory;
" a second bus; and

a bridge circuit adapted to transfer information between the first and the

second buses,
the bridge circuit comprising

a path including a plurality of buffers each capable of storing
a selected number of increments of data being read from the

first bus to the second bus,

a circuit arrangement for reading an amount of data
sufficient to fill the storage space in a first buffer beginning

at an address being read, and

apparatus for completely filling a next buffer with data at

sequential addresses following the addresses of data placed’

* c L M H *




request circuit 60 pertaining to the line buffer LBO is decrenented until
the line buffer LBO is full. At the sane tinme, the supply state machine 80
cont i nues—te—furnrsh—data—to t he secondary bus until the first doubleword

has been f ' ' @kes sone tinme because the bus 18 operates at a
sl ower speﬁlmﬂ l“ ﬁi& 2 is able to fill the line buffers 33.
Mor eover, the art will recognize that this read operation

on the secondary bus nmay take place in word or byte increnents and so nay
require some substantial period. Wen3bhe first doubl eword has been

the secondary bus. iae TagpbLEriCrea APreuoes Mol BeuRaRgtsts™ ===
interface and sent to the dr ator 58. The address conparator 58
conpares the hi gheg‘fc‘\l/ra%ggﬁﬁfzgiggﬁﬁgﬁ?é address with the address in |line

buffer LBO. If the addressed data is part of the data held in the line

buf fer LBO, a kead A*}i&ﬁ?ﬁéﬁ%&%&?%@ aﬂiﬁedtiﬁ@lahﬂhsqu@&iexb&éﬁlmisih@e

address are in fhe assoti ess ne buffer. If this hit’is on a

doubl eworgld r ESnpAdtieng fillived ti5€ drshbudfer veitHsd@aeapr obabl e and
el L B0 Heedeh PapPBIALS for 70%5%3&%?% ed filling the line buffer LBO,

the LBl gup{aigh sdatesssacbilowifg thedidiresdes of dhea plavebindh@inext ti at es
a new arbitration for the PCl bus 12, increnents the begi nning address

used for bhiffee il rehd bpefations drsm the mextabidffes scéor im adelvess rsequierndst a
using the -
8. A computer system as claimed in Claim 6 in which the
circuit arrangement for reading an amount of data sufficient to fill the
storage space in a first buffer beginning at an address being read -

comprises a state machine for determining an amount of space in the

first buffer from a beginning address of data.

9 A computer system as claimed in Claim 6 in which the
apparatus for completely filling a next buffer with data at sequential
addresses following the addresses of data placed in the first buffer if read
operations from the first buffer occur in address sequence comprises a
state machine for detecting the order in which data is read from the first

buffer.

10. A computer system as claimed-in Claim 8 in which the
second apparatus for completely filling the first buffer with data at
sequential addresses following the addresses of data placed in the next
buffer if read operations from the next bﬁffer occur in address sequence
comprises a state machine for detecting the order in which data is read

from the next buffer.

11. A computer system cdmprising:



original count in the portion of the counter 55 related to |ine buffer LBO,
- 27 - places a count of four in a portion of the counter 55 related to
I-ine buffer LB 1, and-ultimtely causes the transfer of the next four
doubl ewords of data in the sequence of doubl ewords begi nning at the
initial address into the next line buffer LB 1. |In order to determne
whet her the data is in sequence, the LBl prefetch state nachine 91 obtains
t he doubl eword address of the first doubl eword read by the secondary bus
master fromthe supply state nachine.8@7 I-f the next doubl eword address
provi ded by the supply state machine 80 is the next address in sequence,
then a predmtrahprecdssgumedhnsy he next doubl eword is not in sequence, the
prefetch is aborted. For exanple, a read of the first doubleword O
followed by a read of the doubleword 1, a read of the doubleword 1

f ol | owed mpim membryfmerastioubl eword 2, or a -read of -doubl eword 2 followed
by a read of the doubleword 3 each start the prefetch operation. In one

enbodi nent, a byte read by the secondar .
a first b¥13 means asysociated w?th tahé/ central processor means and main

memory means,
a second bus means; and

- bridge circuit means adapted to transfer information between the first

and the second bus means,
the bridge circuit means comprising

a path including a plurality of means for buffering each
capable of storing a selected number of increments of data
being read from the first bus means to the second bus

means,

means for reading an amount of data sufficient to fill storage
space in a first means for buffering beginning at an address

being read, and

means for completely filling a next means for buffering with
data at sequential addresses following addresses of data
placed in the first means for buffering if read operations from

the first means for buffering occur in address seq_uence.

12. A computer system as claimed in Claim 11 further
comprising second means for completely filling the first means for

buffering with data at sequential addresses following addresses of data

QT




bus master (except for a byte read across a doubl eword boundary), even

t hough in sequence does not initiate a prefetch operation because byte
reads occur so slowy that there is no reason to go ahead with the
prefetch when the secondary bus master nmay have as nany as si xteen

I ndi vi dual read operations to acconplish before nore data is needed. In
this manner, a prefetch is undertaken only when the reads clearly suggest
a pattern of sequential reads of sufficient data to nake a prefetch
useful. The LB 1 prefetch state machinmgg9l is replicated for the line
buffer LBO. Thus, when two doubl ewords are read in sequence formline
buf f er LBplaced ireth8Mext aheans for budferingifmeadtoperationsafnore ftbearextf f our
doubl ewords to line buffer LBO. The operation continues in this manner so
| ong as means for buffering occur in address sequence. - 28 - doubl ewords are

accessed sequentially. In this manner, the nunber of arbitrations required
for the transfer of data read through the bridge. from pemry. on the PCl

bus 12 is drastidbal Aycompuien systemias slpdgdon Claign drlein wehighddyg v

accel er at ed. ) i i ,
means for reading an amount of data sufficient to fill storage space in a

first means for buffering beginning at an address being read comprises a
state machine means for determining an amount of space in the first

means for buffering from a beginning address of data.

.14 A computer system as claimed in Claim 11 in which the
means for completely filling a néxt means for buffering with data at
sequential addresses following addresses of data placed in the first
means for buffering if read operations from the first means for buffering
occur in address sequence comprises a state machine means for |
detecting the order in which data is read from the first means for

buffering.

. 15. A computer system as claimed in Claim 13 in which the.
second means for completely filling the first means for buffering with
data at sequential addresses following addresses of data placed in the
next means for buffering if read operations from the next means for
buffering occur in address sequence comprises a state machine means
for detecting the order in which data is read from the next means for

buffering.

16. A method for increasing the speed with which data may be
read from memory associated with a first bus across a bridge circuit

including a path including a plurality of buffers each capable of storing a

| R0 RO




Referring nowto Figure 6, there is illustrated a LBO Read state machine
70 used to cause a line fetch of data for the first line buffer LBO. As may
be seen, the state machine 70 nornmally rests in a first idle condition 71.
The state nachine 70 noves fromthe state 71 to a state 72 is response to
I ndications that a read |ine buffer cycle during a valid address

conpari son has generated an address m $§ i-n both line buffers LBO and LB
1, that there is no indication that line buffer LBl is prefetching or will

be pref etehifgd ﬁ#}fhﬁé}aéf fAerehi teWf ddts Béingheaddrbmishe dirsAbiusnto fet ch
operation tor buffer LBO cannot "be acconplished when a prefetch has been

set up fQ{edib€ ohl Asebbhtichus,BEcdmpeisingehevgtepe offata is being cleared from
the other line buffers. Consequently, the state machine will not nove to

the state 72 until these conditions are satisfied. 1In state 72, the LBO
Read state machi ne madiagaeamdmentdlidess sufficieat te ddbathragespadenibat he
address line buffer LBO for conparison with addresses furnished for
additional reads byfitstebsHenbegmnimgsatrantastdressiheing seadndBfi ne 70 al so
requests the PCl interface to conduct an arbitration for the PCl bus 12
and | oads the counter 55 of the transfer request circuit 60 with the
number of doubl ewor eempletedy fdling a exhbufler yath date At ggau tate
machi ne 70 then transitions a. wait, state. At there i refetch of
LBO or LBl and the a@aa%%qe%ﬁ%@gﬁé}ds%%e? Qzaéit?\Pé?C"t(LgléﬁStqﬁsgrachi ne 70
noves fromthe wait, state.73 to a _state .74 if t (det er m ned
from address bits 3’5’?;7%? df fepd, @PFEALions drom the fifot BUHELYLLr o

address sequence.

17. A method as claimed in Claim 16 further comprising the step
~ of completely filling the first buffer with data at sequential addresses
following addresses of data placed in the next buffer if read operations

from the next buffer occur in address sequence.

18. A method as claimed in Claim 1§ in which the step of
reading an amount of data sufficient to fill storage space in a first buffer
beginning at an address being read comprises determining an amount of
space in the first means for buffering from a beginning address of data to

the end of the first buffer.

.19. A method as claimed in Claim 16 in which the step of
completely filling a next buffer with data at sequential addresses
following addresses of data placed in the first buffer if read operations
from the first buffer occur in address sequence comprises a step of

detecting the order in which data is read from the first buffer.

20. A method as claimed in Claim 18 in which the step of
completely filling the first buffer with data at sequential addresses

-
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- 29 - state 75 if the doubleword 1 is to be read, to a state 76 if the
doubleword 2 is to be read, and to a state 77 if the doubleword 3 is to be
read. In each of these states 74-77, the LBO Read state nachine 70 | atches
the data for the selected doubleword into the appropriate doubl eword space
of the Iine buffer LBO and nmarks the data as valid. The valid indication
is provided to the LBO supply state machi ne and the address conparator. In
response to the valid indication, the address conparator 58 registers a
hit and turns on the LBO supply state-m&@h+ne to begin furnishing the data
to the secondary bus nmaster., So | ong as the condii,i o]_E bg which the state
74- 76 was fellowing addrasses of data plreed e thesest Qi 2624 QRFTAEONS or ¢ he

particul ar state, the LBO Read s_tatézdmachi ne 70 then transitjons.to the

next sequdrRmaihesnext byfteyoccyr ipaddress SEQUENGECHTREISES & SHR Rlies t hr ough
th t at 75- 177 til he LBQO. .i illed. | f t t 74-77, th
State moNierectag thirded Tnovaioth data i Eead fein BeRext B8IEELCp G fls hae

signal ed a di sconnect or has put
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P

the bridge in a wait state, or if the maximumtinme for the secondary bus
operation has expired. If the PCI has placed the bridge 17 is a wait state,
then the state machine-70 may transition to the next of the states 75-77
once the wait has been conpleted. Fromeach of the states 74-77, the state
machi ne may al so nove to a state 79 the operation is aborted. The state
machi ne 70 al so noves to the read conplete state 79 when the read of the
line buffer LBOis conplete. The state machi ne 70 noves back to the idle
state 71 whenever there is a change of ownership of the secondary bus,
whenever the bus nmaster wants to wite using the bridge

- 30 - 17, and whenever there is an address mss in both line buffers LBO
and LB1. It should be noted that t&e state machine 70 may transition from

the idle state to a state 85 mhenev%r t he sequence of read accesses to the
line buffer LB 1 denonstrate an intént to continue in sequence. Fromthe
state 85, the state nmachine noves tojstate 73 to begin noving four
doubl ewords of data into the Iine buffer LBO
e
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It should be noted that in one enbodi nrent of the invention—the |ine

buffer LBOis the only Iine buffer used onty for "line fetches" in which
sufficient data is read to fill the remainder of |ine buffBys HasBedn®Replacec
enbodi ment a simlar state nmachine exists for prefetching reet

line buffer LBO; that state nachi ne, however, reads all four

of data to line buffer LBO Figure 7 is another state diagramillustrating
the operation of the LBO Supply state machine 80. The state machine 80 is
used to transfer the data stored in the l4ipe buffers LBO and LB 1 to the

secondary bus master conducting the read of nenory through the bridge 17.
A simlar LBl state achine is used to trgnsfer the datejstored in the
line buffer LB 1 to®2|the secondary bus naster; this stat$| machighe operates
in the same ®@anner&s the state machine 8g,so a separat$|statd diagramis
not provided. §the state nachine 80 rests if an idle statge| 82 wgn there is
no Iline buffer] cyc or whenever the seccHTdary bus masf®[ is ronequi red to
wait for waitgduch when a m ss occurs when the bridge L7 st&fts a- first
read of nenmorg@| The_dtate machine 80 noves to a state 8Fphen @fhere is a

line buffer cygle wilih a valid conparison by the addresss «
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--31 -  conparator and an address hit in line buffer LBO. In state 83, the
state machine sends control signals to operate the line buffer LBO so that
the selected data is tead fromthe line buffer LBO: It nmarks the bytes of
data read as invalid and sends this indication to the address conparison

circuit 58. The state machine 80 noves to a state 84 mhen_a_maL__L§_‘____

necessary on the secondary bus and back to the state 3 mhen the wait

over. Finally, the state nachine noves fromthe st at d IHaSBeéthe lédél
state 82. This occurs whenever a change in ownership of

occurs, whenever the bus master controlling the read ‘z
wite to the PCl bus, whenever the address to be read changes t

buf fer LBl1, and whenever there is a reagymss in both 1line buffers LBO and
LB1. Figure 8 is a state diagramillustrating the operation of the LBO
and LB1 Prefetch state machi nes 90 and ®1. The state-machine illustrated
Is state machine 90 for acconplishing ﬁ;efetch by the line buffer LBO. The
state machine 90 nornally resides in an®dle state 92. The state machine
‘90 transitions to a detect prefetch stafie whenever a read of data in any of
t he four doubleword spaces in the line buffer LB 1 is indicated by read
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signals asserted by the LB1 Supply state machine. In the state 93, the
prefetch state machi ne 90 detects additional reads by the LBl state
rachine. |f the next doubleword read is not the next in sequence, the

state machine noves to a state 94 at which a prefetch fail occurs. The
state machine 90 remains in this state until an entirely new.line buffer
read cycle occurs. Thus, no prefetch may occur thereafter if an indication
of randommess occurs at the beginning of the read of the l.ine buffer.

- 32 - The state nachine 90 al so noves back to the idle state 92 iff the
bus nmstler decides to read data fromline buffer LBO, if the |line puffer
cycle ends, or aline buffer wite cycle occurs. The state nachine 90
transitiops tofastate 95171 atr state 93 a sequence of __reads|of seguenti al
states is|deteg¢ted. Thus, df—a—ti+st—read—of—+ne—puffler - LBLlis of| the
doubl eword 0 a tate 92 &nd a read of doubleword L odcurs pt statp 93,
the state] machifne 90 npveg to the state 90 and«si gpal § [uﬁi
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a prefetch of data for line buffer.LBO is indicated. Simlarly, a first
read of doubleword 1 followed by a read of doubl eword 2—ef—aF++rst—read

of doubleword 2 followed by a read of doubl eword 3 caﬁe_ the state

machine 90 to transition to state 95 and signal that a pygP ag pe Igcer-
line buffer LBOis indicated. As indicated above, this ca ead .
state machine 70 to nove to state 85 and begin the prefet : _

Thus, as may be seen, the LBO prefetch state nmachine 90 | ooks at the reads
of data in the line buffer LB 1 acconplished by the secondary bus naster
and initiates a prefetch of four conplete doubl ewords when the reads
indicate that they will occur in sequence. Simlarly, the LB 1 prefetch
state machi ne 91 | ooks at ghe reads-of datacN n the |ime buffer LBO
acconplished by the secondary bus nmster and. initiates a prefetch of four
conpl et e doubl ewords when ®he readg=indi cat@ that th& will occur in
sequence. Thus, the line Bgffers LED and LBE will coffinue to be filled
wi th prefetched data obtaitled f our Roubl ewo™s per afbitration so long as
t he reads continue in sequgnce. Thig_;s greatew accel eraies the operation of
data reads through the brifge 17. -5 < S

DWordO
32 bits

DWord1
32 bits

Data

| DWord2
32 bits

Figure 5

32 bits

DWord3

Address

31




- 33 - Although the present invention has been described in terns of a
preferred enbodinent, it will be appreciated that various nodifications

and alterations m ght be nade by those skilled in the art wthout

departing fromthe spirit and scope of the invention. The invention should
therefore be neasured in terns of the clains which follow.

- 34- CLA] M5 1. A bridge circuit
adapted to be associated with first and second bus circuits which bridge
circuit includes a first path including a plurality of buffers each
capabl e of storing data a selected nunber of increnents of data being read
fromthe first bus to the second bus, a circuit arrangenent for reading an
anount of data sufficient to fill the storage space in a first buffer

begi nning at an address being read, and apparatus for conpletely filling a
next buffer with data at sequenti al _ :

LBOWD
Den
78a

LBOWD
Den
78b

BOWD
Den
78

Figure 6
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addresses followi ng the addresses of data placed in the first buffer if
read operations fromthe first buffer occur in address sequence.

2. A bridge circuit as clained in daim1 further conprising second
apparatus for conpletely filling the first buffer with data at sequenti al
addresses follow ng the addresses of data placed in the next buffer if
read operations fromthe next buffer occur in address sequence.

A bridge circuit as claimed in aim1l in which the C|m—r—aﬁﬁgen%nf—
for reading an amount of data sufficient to fill the STRE 3HSEst ce in a
first buffer beginning at an address being read conprises Gfe
for determ ning an anount of space in the first buffer fr ﬁi@gﬂlﬁ
address of data. 4 Rridge circuit as clai ned

whi ch the apparatus for/cdoBOet&\y filling a next buffer with data at
sequential addresses f{lsopphy t e addresses of data placed in the first
buffer if read operatiqns ,aq@mte first buffer occur in address sequence

conprises a state nach#iRe & det ecting the order in which data is read
fromthe first buffer

80

Figure 7

prefetch
idle
92

LBO
prefetch

fails
94

detect
LBO
prefetch

93

LBO
prefetch
detect
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- 35 - 5. A bridge circuit as clainmed in aim3 in which the
second apparatus for conpletely filling the first buffer with data at
Sequential addresses following the addresses of data placed in the next
buffer if read operations fromthe next buffer occur in address sequence
conprises a state machine for detecting the order in which data is read

fromthe next buffer. 6. A conputer systemconprising: a centra
processor; mai n nenory; a first bus associated with the central
processor and nmain nmenory; a second bus; and a bridge circuit adapted to
transfer information between the first_anpd.the second buses, t he
bridge circuit conprising é§§£_ﬁ&&h including a plurality of

buf fers each capabl e of storing a sel ected nunber of

i ncrements of dAPRARATU§ ANABdMETHODt F6R PREFETCHING DATat TBuiOA® t he second
bus, - BUFFERS IN A BRIDGE BETWEEN TWO BUSES IN A COMPUTER

A bridge circuit adapted to be associated with first and second bus
circuits which bridge circuit includes a first path including a plurality of
buffers for storing data being read from the first bus to the second bus, a
circuit arrangement for reading an amount of data sufficient to fill the
storage space in a first line buffer beginning at an address being read, .
and apparatus for completely filling a next line buffer with data at
sequential addresses following thé addresses of data placed in the first

line buffer if read operations from the first line buffer occur in sequence.

(Figure 4)
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a circuit arrangenent for reading an anount of data

to fill the storage space in a first buffer beginning
addr essibei-ng read, and ' apparatus for conpletely filling a
next buffer with data at sequenti al addresses follow ng the

addr esses of data pl aced Replacement Sheet 36 -
inthe first buffer if read operationg/fzromthe firszEEEH§§E¥-T33€T-_
occur in address sequence. 7. A computer systemas clarned In
Claim6 further conprising second apparatus for conpletely filling the
first buffer with data at sequential addresses foll ow ng the addresses of
data placed in the next buffer if read operations fromthe next buffer

occur in address sequence. 8. A conputer systemas clainmed in
CGaim6 in which the circuit arrangemgnt for readi ng an amount of data
sufficient to fill the storage space ijn a first buffer beginning at an
address being read conprises a state chine for determ ning an anount of
space in the
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first buffer froma begi nning address of data.

order in which data is read fromthe first buffer.

systemas clained in Caim8 in which 2. second ap

filling the first buffer with data at sequentia
addresses of data placed in the next buffer éé

A conput er
systemas clainmed in daim6 in which the apparatus for conpletely filling
a next buff®er with data at sequential addresses follow ng the addresses of
data placed in the first buffer if read operations fromthe first buffer
occur in address sequence conprises a state nmachine for detecting the

Replacenight /Shomemut er

1 letely
addresses follow ng the

read operations fromthe
next buffer occur in address sequence conprises a state nmachine for

detecting the orger in vhich data is read fraemthe next buffjer.
@ . . —_—
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main menory neans; a first bus neans associated with the central processor

means and main nenory neans; a second bus neans; and bridge circuit
means adapted to transfer information between the first and the second bus
nmeans, the "bridge circuit neans conpri sing a path
including a plurality of neans for buffering each 1 .capgble oi

e a e

storing a selected nunber of increnents of data
fromthe first bus means to the seconddbds Ldahugust 1996)
means for reading an anmount of data sufficient to fill storage '
space in a first neans for buffering beginning at an address

bei ng read, and means .for conpletely filling a next neans for
buffering with data at sequential addresses foll ow ng
addresses of data _ placed in thg first nmeans for buffering if
read operations from the first neans for buffering occur in
addr ess sequence. 12. A conputer swgten1as clainmed in daim1ll

further 5
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conprising second nmeans for conpletely filling the first neans for
buffering wwth data at sequential addresses foll ow ng addresses of data
- 38 - plaeed in the next nmeans for buffering if read operations fromthe

Figure 4

next neans for buffering occur in address sequence. 13. A conputer
systemas clained in Caim1ll in which the nmeans for reading
data sufficient to fill storage space jn a first neans F
begi nning at an address being read co#ﬁ2¥ses a state ma _
determ ning an anount of space in the first neans for buffering froma
begi nni ng addfess of dat a. 14 A conputer systemas clainmed in C aim
11 in which the neans for conpletely filling a next neans for bufferin
w th data at |sequential addresses follow ng addresses of data pl aced
the first means fdr Dufferrng 11 read operations fromtne 1TTSt ans flor
buffering ocgur i &ddresg sqguerce—corp-Ses—a—stateqmachi ne nmgans fo
detecting thejorder] tn whig¢h data is read fromthe firgt ngeans for
d.
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buf fering. 15. A computer systemas clained in Caim13 in which ]
the second neans for.conpletely filling the first nmeans for buffering with
data at sequential addresses foll ow ng addresses of data placed in the
next nmeans for buffering if read operations fromthe next neans for
buffering occur in address sequence conprises a state ng%pine_ngans for
detecting the order in which data issygad fromthe next srsed—ie L.sh
buf fering. 16. A nmethod for ncreasing the speeeww >
read fromnmenory associated with a first bus across a bridge

may be

circuit including a path including a plurality of buffers each capabl e of

storing a : - 39 - selected nunber
increnents of data being read fromthe first bus to a device on a

of

second bus, conprising the sbeps of: ™ N reading an anount of data
sufficient to fill storage zgace in % L firgt buffer beginning
at an address bei ng read, agd 4= cquletely MIling a next buffer
with data at sequenti al 5 3 3 5 :
m m m fos
c £ c c
3 ~ 3 |
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addresses foll owi ng addresses of data placed in the first
buffer if.read operations fromthe first buffer occur in
addr ess: seguence. 17. A method as clained in Caim16 further
conprisi,ng the step of conpletely filling the first buffer with data at
sequential addresses followi ng addresses of data placed in the next buffer
if read operations fromthe next buffer geeur in addr esekes =“.Sh
18. A nmethod as clained in daim16 in the step o SR G a2 D U Nt
of data sufficient to fill storage space in a first buffer beginning at an
address being read conprises determining an anount of space in the first
means for buffering froma begi nning address of data to the end of the
first buffer. 19. A nmethod as clained in daim16 in which the step
of conpletely filling a next buffer with data at sequential addresses
foll ow ng addresses of data placed in the first buffer if read operations
fromthe first buffer occur in address sequence conprises a step of
detecting the order in which data is read fromthe first buffer

20. Anmethod as clained in Claim18 in which tep of conpletely

: /8b
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C. 40 - foll owi ng addresses of data placed in the next buffer.if read

coperations fromthe;next buffer occur in address sequence conprises a step'
of detecj#ng the_order'in'mhich data is read fromthe next buffer.
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