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BACKGRQJNb OF THE | NVENTI ON VI RTUAL | NPUT/ QUTPUT PROCESSOR 1. ‘-Wf—'ife”lbﬁ%of
the Invention; The present invention relates to the field of conpytsgis--
systens. More specifically, the present invention relates to input/out pug/'
(1/0) nmethods and apparatus of conputer systens. 2. Backgr ound:

_ Progranmmed 1/ 0 (PI O under the conplete control of the central processing
unit (CPU), as ppposed to direct merﬁ)lly “access (DMVA) or dedicated 1/0
processor, is well known in the art. Under such technique, the CPU stalls
for the conpletion of an access to an 1/ 0O device. Since 1/0 access tends to
have a high latency conpared to CPU cycle tine, programred 1/0 has the
di sadvant age of wasting GARKGROUNBLOETHE INVENTIQN i
aggravati t nni ng much faster than the average
access ti ol djﬂp%lp. s%dﬁ’gr ammed 1/ O access to an 1/ 0O device

coul d easill y W cl ock cycles. The situation becones
worse as the di '

- The present invention relates to the fisld of cdmputer systems. More

specifically, the present invention relates to input/output (I/0O) methods and

apparatus of computer systems.
2. -Background;

Programmed I/O (PIO) under the complete control of the central
processing unit (CPU), as opposed to direct memory access (DMA) or dedicated
70 processof, is well known in the art. Under such technique, the CPU stalls'f_or_
the completion of an access to an I/O device. Since I/O access tends to have a
high iatency compared to CPU cycle tims, programmed I/O has the disadvantage
of wasting CPU cycles. The disad\;antaga is especiaily aggravating for the
modern processors running much faster than the average access time to the /O
devices. Each programméd /0 access to an 1/O device could easily waste
hundreds of CPU clock cycles. The situation becomes worse as the discrepancy

between CPU cycle time and /O access time becomes larger.

Hardware optimizations such as store buflers have been used to
reduce the overhead of programmed I/O accesses. The CPU can continue its
execution of other programs after a store operation is co}recliy issued. The stiore
buffer approach typically improves programmed /O write performance, but does
not alieviate the latency problem for programmed /O read operations. Another

approach is the employment of an /O processor dedicated to performing



between CPU cycle tine and 1/ O access tine becones | arger. Hardware
optim zations such as store buffers have been used to reduce the overhead
of programmed 1/ O accesses. The CPU can continue its execution of other
prograns after a store operation is correctly issued. The store buffer
approach typically inproves progranmed 1/ O wite performance, but does not
alleviate the | atency problem for pragrammed 1/ O read operations. Another
approach is the enploynment of an 1/ 0O processor dedicated to performng
programed high | evel 1/0 operations. The 1/ 0O processor interprets and
executes the high | evel comands received fromthe CPU, thereby freeing the
CPU, al | owp p@hrhﬁnéooh@ﬁﬂébéltlﬁ)%%%idr%n Pe Wﬁqﬁfocléé@&r lﬁ@pre@%nblﬁé&%sessor
can report the statuS through sonme pre-defined nmechani sns upon t
conpl et i ahedfigit (B RGNENEGHS radbivadnfrort theaCPlLy nhéi’@bydﬁéblﬁgmﬁﬂCB'LQ processor
approach is inherently costly.

allowing it to continue exscution of other programs. The /O processor can report

the status through some pre-defined mechanisms upon the completion of
command execution. Unfortunately, the dedicated 1/O processor approach is

inherently costly. .

Thus, it is desirable to be abls to support data transfers 1o and from
I/0 devices without wasting a lot of CPU cycles nor incurring expensive hardware
costs. As will be disclosed, the present invention provides a virtual /O processor

which achieves the objects and desired results described earlier.



Thus, it is desirable to be able to support data transfers to and from 1/ 0O
devi ces without wasting a |lot of CPU cycles nor incurring expensive

har dware costs. As will be disclosed, the present invention provides a
virtual 1/ 0O processor which achieves the objects and desired results
described earlier. -3- SUWARY OF THE | NVENTI ON The desired results of

supportl ng programred 1/ O without wasting a |ot of CPU cycles, nor

i ncurring expensive hardware cost, ar® advant ageously achi eved by

i npl ementing a virtual 1/ 0 processor (VIOP), using a programmed 1/ 0 (PI O
unit. The PIO unit is conpl errented by a VICP interrupt, a VIOP interrupt
handl er, and a nunber of v i ol Ne1Mably, the PIO unit is
further conplemented with a set of dedi cated 1/ 0 gl obal registers, a nunber
of VIOP library read/wite routines for various 1/ 0O device types, and

non- bl ocking read aﬂw desired results of supporting programmed /O without wasting a
lot of CPU cycles, nor incurring expensive hardware cost, are advantageously
achieved by implementing a virtual IO processor (VIOP), using a programmed /O
(P10) unit. The PIO unit is complemented by a VIOP interrupt, a VIOP interrupt
handler, and a number of .VIOP data structures. 'Preferably, the PIO unit is further
complemented with a set of dedicated /O global registers, a number of VIOP
library read/write routines for various I/O device types, and non-blocking read and
write operations.- During exscution, these elements cooperate with each other to
perform multiple sequences of programmed i/Os as if they were being performed
by a dedicated I/O processor. in one embodiment, the VIOP handler automatically
reinvokes the Plb unit if the sequence of programmed 1/Os has not been

completed.

The PIO unit perfonné actual non-blocking I/O read/write accesses
against the target /O devices. The VIOP interrupt and its handler facilitate returns
trom the PIO unit at the completion of I/O accesses by the PIO unit. Each VIOP
data structure facilitates control and data managemeni for a sequence of
programmed I/Os. The VIOP handler maintains the VIOP data structures
accordingly. in one embodiment, the VIOP handier automatically reinvokes the

PiO unit if the sequence of programmed I/Os has not been completed.

The preferred set of dedicated /O global registers facilitate the
transfer of /O data between system memory and the PIO unit, as well as the

performance of the programmed /O control and data management functions.



wite operations. During execution, these elenents cooperate with each
other to performnultiple sequences of programmed |/OCs as if they were

bei ng performed by a dedicated 1/ O processor. In one enbodi ment, the VIOP
handl er automatically reinvokes the PIOunit if the sequence of progranmed
|/ Gs has not been conpleted. The PIO unit perforns actual non-blocking 1/0
read/wite accesses against the target 1/0O devices. The VICP interrupt and
its handler facilitate returns fromtha RIO unit at the conpletion of 1/0
accesses by the PO unit. Each VIOP data structure facilitates control and
data managenent for a sequence of progranmmed I/ Gs. The VI OP handl er

mai ntains the VIOP data structures accordingly. In one enbodi nent, the VIOP
handl er automati cal | yl teprRigred YR pbrary read/writ rputioes Restsmoprasraggfed

regi stors QS FORBELETNE! (oG Brvainus A paear &g LRI Gy  he
ﬁwlagagglné’nt %{%U\ﬁﬁﬁ%rﬁé& Péacilﬂ?ersf Oﬁ%ﬁ&?io%fprtog?ar% %%fs%ﬁUE@ ir]l(/cg?(é: ﬂ{g EBbro"?)'?gt(gat a
VIOP library read/write routines to perform read/write accesses against the /O
devices. In one embodiment, the VIOP library read/wriie routines are responsible
for repstitively invoking the PIO unit if the sequence of programmed I/Os has not

been completed.



The preferred VIOP library read/ wite routines perform progranmed |/ GCs

agai nst target 1/ 0 devices of various device types, using the PO unit and
its conplimentary facilities. Application prograns selectively invoke the
appropriate VIOP library read/wite routines to performread/wite accesses
agai nst the 1/ 0O devices. In one enbodinent, the VIOP library read/wite
routines are responsible for repetitively invoking the PLO unit if the

sequence of programmed |/ GCs has not beeh conpl et ed. BRI EF DESCRI PTI ON
OF THE DRAWNGS FIGURE 1 is an exenplary conputer systemincorporating the
teachings of the present invention. FIGURE 2a illustrates the relevant

portions of one enbodi nent of
BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 is an exemplary computer system incorporating the

teachings of the present invention.

FIGURE 2a illustrates the relevant portions of one embodiment of
the execution unit of Figure 1 in further detail, in particular, the preferred I/O
global registers of the present invention. FIGURE 2b illustrates an exemplary

VIOP interrupt entry in the interrupt receive buffer of Figure 1.

FIGURE 3 illustrates the relevant portions of one embodiment of

the PIO unit of Figure 1 in further detail.

FIGURE 4 illustrates the key software elements and their
relationships to each other, in particular, the VIOP interrupt handler and the VIOP
data structures. Figure 4 also illusirates the VIOP library read/write routines,

and the non-block read/write statements.

FIGURE 5 illustrates one embodiment of the VIOP data structures

in further detail.

~

FIGURE 6 illustrates the method sieps of the present invention for

performing a sequence of programmed {/Os for a read operation.

FIGURE 7 illustrates the method steps of the present invention for

performing a sequence of programmed /Os {or a write operation.



t he execution unit of Figure 1 in further detail, in particular, the
preferred I/O gl obal registers of the present invention. FlIGURE 2b
illustrates an exenplary VIOP interrupt entry in the interrupt receive
buffer of Figure 1. FIGURE 3 illustrates the relevant portions of one
enbodi ment of the PIO unit of Figure 1 in further detail. FlIGURE 4
illustrates the key software el enent s~afd-t hei r rel ati onships to each
other, in particular, the VIOP interrupt handler and the VI OP data
structures. Figure 4 also ilyéiiﬂﬁﬂﬁn t V %' ary read/ wite routines,
and the non-block read/wite | ustrates one
enbodi nent of the VIOP data structures |n further detail. FIGURE 6
illustrates the nmethod steps of the present invention for performng a

sequence of progr amp;q,‘é 45%&,,;)@%?{5@%%8@?3,3 '(%135 ﬁ'%ﬁﬁugudr{ Iég’% Rtes t he

met hod steps of the present _ orm ng sequeric
pr ogr amedyinbebs fRktetials Bh8 cdPfiEa#tidRs are set forth in order to provide a thorough

understanding of the present invention. However, it will be apparent to one
skilled in the art that the present invention may be practiced without the specific
details. in other instances, wsll known systems are shown in diagrammatic or

block diagram form in order not to obscure the present invention unnecessarily.

Referring now 1o Flgure 1, a block diagram illustrating an
exemplary computer system incorporating the teachings of the present invention
is shown. The exemplary cofnputer syétem 10 comprisés a processor 11
including an instruction prefetch and dispatch unit (PDU) 12, a load/store unit
(LSU) 14, and an exeéution unit (EU) 16 incorporated with the teachings of the
present invention, coupled to sach other as shown. The processor 11 further
inciudes an instruction cache (i;cache) 18, a data cache (d-cache)22, a memory
management unit (MMU) 20, and a bus interface 24, coupled to each other, the
PDU 12, the LSU 14, and the EU 16 as shown. Additionally, the computer
system 10 comprises a system interconnect 13 and an /O conirolier 15 including
a bus interface 25, a programmed /O unit (PlO) 26 of the present invention, an

interrupt generator 27 and DMA control 29.

Cooperatively, instructions are fetched from the system mémory (not
shown), stored in the instruction cache 18, and dispatched to the LSU 14 and EU
16 for execution. The execution results are stored back into the data cache 22,
and if applicable, to the system memory. l/O devices (not shown) are accessed

through the I/O controller 15. Some l/Os are performed by programmed l/Os



DETAI LED DESCRIPTION In the foll owm ng description for purposes of

expl anation, specific nunbers, materials and configurations are set forth
in order to provide a thorough understandi ng of the present invention.
However, it will be apparent to one skilled in the art that the present
_i'nvention may be practiced without the specific details. in other
“instances, well known systens are shawy in di agrammatic or bl ock di agram
formin order not to obscure the present invention unnecessarily. Referring
now to Figure 1, a block diagramillustrating an exenplary conputer system
I ncor porating the teachgﬁ?s of the present invention is shown. The

exenpl ary usinghiieeP 1yt Qb”@dhﬁ?lsﬁ@b@\/anb@@cEf§§cﬁ101l.1mil R8I perfaTgsathe

14 and. ar el pore SRR Sqaks 108 1A cbvibardbetin e PheTuBER YOS ShRb
et udes AHORREPSATLR IQEHBITT tatineg WGP Bt heRehl lahe dtpmsitaz, o
MEMDTY  invention, which will be described in more detail below. As will be obvious from
the descriptions to follow, the PIO unit 26 can be built at a relatively low cost in
terms of both circuitty and real estate required. Additionally, the present invention

may be practiced with one or more PO units 26.

Except for the teachings of the present invention incorporated in the
EU 16 and the.PIO unit 26 for éupponing programmed [/Os, the elements
-illustrated in Figure 1 are intended to represent a broad category of these
elements found in most computer systems. The constitutions and basic functions
are wel.l known and will not be otherwise described further. The teachings of the
present invention incorporated in the EU 16 and the PIO unit 26 wili be
described in further detail below with additional references to the remaining
figures. The elements of the presént invention will be described individually first,

and then followed by the manner they cooperate with each other.

Referring now to Figures 2a-2b, two block diagrams illustrating
the relevant portions of one embodiment of the execution unit of Figure 1 in
further detail is shown. The EU 16 comprises conventional elements such as a
number of control and state registers 32 and 34, an integer and a floating point
execution unit 28 and 3D, an integer and a floating point register file 40 and 42,
and an interrupt receive buffer 36. Additionally, in accordance to the present
invention, the EU 16 preferably comprises a number of dedicated I/O global

registers 38.



managenent unit (MWJ) 20, and a bus interface 24, coupled to each other,
the PDU 12, the LSU 14, and the EU 16 as shown. Additionally, the conputer
system 10 conprises a systeminterconnect 13 and an I/O controller 15
including a bus interface 25, a programmed 1/O unit (PIO 26 of the present

invention, an interrupt generator 27 ar_1d8DI\_/A control 29. Cooperatively,
I nstructions are fetched fromthe systemnenory (not shown), stored in the

i nstruction cache 18, and dispatched to the LSU 14 and EU 16 for execution.
The execution resul tiheintersupiriegeiygdriifandd sioeesirreeiaitinterrptsaingluding
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t he prese
pointer 41 to a VIOP descriptor and optionally, data just read from an /O device, if

the VIOP interrupt 37 was triggered as a part of a programmed read ¥O.
Alternatively, a pointer 1o be resolved indirectly, for example through a trap base
register, may be used instead of PC 39. VIOP interrupt 37, VIOP interrupt

handler, and VIOP descriptor will ail be described in more detail below.

The preferred dedicated I/O global registers 38 facilitate /O data
transfers between the system memory and the PIO unit 26 as well as
performance of comrol-and data management functions for a sequence of
programmed I/Os, which will be described in more detail below. As will be
appreciated by those skilled in the ar, the dedicated I/0 global registers 38 are
preferred for performance réasons. The provision of the dedicated /0O global
registers 38 avoids having to spill a portion of the current content of the register
files 40 and 42 to facilitate the above described /O data transfers and

performance of management functions.

The functions and the constitutions of the remaining control and
state registers 32 and 34, the integer and floating point units 28 and 30, the
integer and floating point register files 40 and 42, and the intérrupt assertion and
detection mechanism are all wall known, and will not be further described.
However, it-should be noted that while the present invention is being described

with the preferred dedicated /0O global registers 38 disposed as part of the EU



i nvention, which will be described in nore detail below. As will be obvious
fromthe descriptions to follow, the PIO unit 26 can be built at a
relatively low cost in terns of both circuitry and real estate required.
Additionally, the present invention may be practiced with one or nore PIO
“units 26. Except for the teachings of the present invention incorporated in
the EU 16 and the. PIO unit 26 for supgorting programmed I/GCs, the el ements
illustrated in Figure 1 are intended t0 represent a broad category of these
el enents found in nost conputer systens. The constitutions and basic

f unct i ons 1&, ¢hevprdsdot dnwerdiod mial |benpracticed whidrive e tbstact dedidatedri¥@er . The
teachi ngs of the present invention incorporated in the EU 16 and the PIO
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references to the remaining figures. The elenents of the present invention
wi |l be described individually first, and then followed by the manner they
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The PIO unit 26 comprises a sequencer 50, a number of data buffers 48, and a
number of control and status registers 46, and non-blocking read/write control
circuitry 44 coupled to each other as shown. The sequencer 50 executes a pre-
defined sequence of operations for performing actual I/O accesses against an /O
device, after the PO unit 26 has been allocated and properly initialized. The
non~blocf<ing read/write control circuitry 44 controls the actual non-blocking
read/write from/to an /O device. Additionally, the sequencer 50 asserts the VIOP
interrupt at the completion of each I/O access. The data bﬁffers 48 buffer the /O
'data baeing transferred by the programmed I/Os to and from the 1/O device. The
control and status registers 46 store current control and status information of the
PO unit 26. Allocatidn and iﬁiiializﬁtion of the PIO unit 26, transfer of data _
between the data buffers 48 and the dedicated /O g!obal' registers 38, as well as
assertion and servicing of the VIOP interrupt will also be described in more detail

below.

Referring now to Figure 4, a block diagram illustrating key software
elements of the present invention are shown. As iliustrated, the key software
elements iﬁclude a VIOP interrupt handler 116 and a number of VIOP data

structures 118.



nunber of control and state registers 32 and 34, an integer and a floating
poi nt execution unit 28 and 30, an integer and a floating point register
file 40 and 42, and an interrupt receive buffer 36. Additionally, in
.accordance to the present invention, the EU 16 preferably conprises a
nunber of dedicated I/O global registers 38. -8- The interrupt receive
buffer 36 stores received interrupts,1®ncluding.VIOP interrupts 37 of the
present invention. VIOP interrupts are used by the PIO unit 26 to transfer
execution to a VIOP interrupt handler. A VIOP interrupt 37 includes a PC 39
denoting the starting address of the VIOP interrupt handler, a pointer 41

the W op i nterrupt sTiadel: ERbatnadRhP b chBBSIBE MY DI TS
Al ter nat i Vighotn i 18IS vt PO foR AR RS UhASe A%hb YorfdléidiaMakeal Dopugh a

trap base
accesses performed by the PIO unit 26. The VIOP interrupt handier 1186 is

invoked and given execution control through the VIOP interrupt, as described
earlier. The VIOP interrupt handler 116 performs control and data management
tunctions for programmed I/Os utilizing the VIOP data structures 118. As will be
described in-more detail below, in one embodiment, the VIOP interrupt handler

| 116 also automatically reinvokes the PIO unit 26 if a series of programmaed l/Os

has not been completed.

The VIOP data structures 118 facilitates the control and data
management functions performed by the VIOP handler 116. One VIOP data
structure 118 is used for each sequenée of programmed l/Os. Each VIOP data
structure 118 comprises a VIOP descriptor 122 and a VIOP data buffer 124. The
VIOP descriptor 122 holds the con*'lrol informétion for a sequence of programmed
V/Os, whereas, the VIOP data buffer 124 holds the actual /O data being
transferred by the sequencs of p?ogrammed I/Os between the system memory

and the O devices.

Referring now to Figure 5, a.b!ock diagram illustrating the VIOP
descriptor 122 and the VIOP data buffer 124 of Figure 4 in further detail is
shown. As illustrated, a VIOP descriptor 122 comprises a VIOP data buffer
pointer 126, an /0 word count 128, an /O device address 130, and a VIOP
address 132. The VIOP data bufier area pointer 126 points to a location in the
VIOP data buffer area 124 where the next group of programmed l/O data are to

be read or written. The /O word count 128 keeps track of the amount of /O data



regi ster, may be used instead of PC 39. VIOP interrupt 37, VIOP interrupt
handl er, and VI OP descriptor will all be described in nore detail bel ow
The preferred dedicated 1/ 0O gl obal registers 38 facilitate 1/ 0O data
transfers between the systemnenory and the PIO unit 26 as well as
performance of control and data managenent functions for a sequence of
programed 1/ Gs, which will be describgg in nore detail below. As will be
appreci ated by those skilled in the art’, the dedicated 1/0O gl obal registers
38 are preferred for perfornmance reasons. The provision of the dedicated
1/ O gl obal ramginsttere B8nsfeaiedsbyhtine progtamaied VOs beoweemthebystbm meniept
content of the register files 40 and 42 to facilitate the above descri bed
| / O dat a tacdiietargahtiCodevioce ndihecdavicaraddpsssl@0 paints foaihe. tamded [fQidevicens
and the constjitutions of the remaining control and state registers 32 and

34, the ineegast whiciy \heaprioggamaiad /Osiare pegloam@dzol he NeOPmddyess d8&

floating pQint register files and_42, and the interrupt assertion and
det ecti on a%%‘h"gﬁi‘g?n esy Pgﬁéﬁg ‘R’Hbaﬁ; and will not be further descri bed.

However, it should be noted that while the present invention is being
descri bed

Referring back to Figure 4, preferably, the software elements
further include a number of VIOP library read/write routines '11 2 and 114. The
VIOP library read and write routines 112 and 114 perform programmed 1/0s
against /O devices of various device typses, using the above described PIO unit
26 and its complementary facih'tiés. Application programs 102 invoke VIOP
library read/write routines 112 and 114 to access /O devices. As will be
described in n;ore detail below, in one embodiment, the VIOP read/write routine
112 or 114 automatically reinvokes the PIO unit 26 if a series of 'programmad

- read/write l/Os has not been completed. The VIOP read and write routines 112
and 114 may be statically linkedited as integral parts of an application program

102, or they may be dynamically loaded during execution.

Having now described 1he individual elements of the present
invention, the manner in which these elements cooperate to perform the
programmed {/Os as if the programmed l/Os are executed by a dedicated I/O
processor on the exampiary computer system 10 will now be described in detail

with references to Figures 6 - 7.

As illustrated in Figure 6, invoking the VIOP library read routine
112 in an application program 102, at step 202, the VIOP library read routine
112 allocates a VIOP descriptor 122 and a VIOP data buffer area 124 in the

system memory. in other words, the VIOP library read routine 112 initializes the



with the preferred dedicated 1/ O gl obal registers 38 di sposed as part of
the EU 16, the present invention nmay be practiced with the preferred
dedi cated 1/ 0O gl obal registers 38 disposed in other parts of the processor
.11. Referring nowto Figure 3, a block diagramillustrating the rel evant
portions of one enbodinent of the PIOunit of Figure 1 in further detail is
shown. The PIO unit 26 conprises a sequgncer 50, a nunber of data buffers
48, and a nunber of control and status registers 46, and non-bl ocki ng

ad eSSt (0 & PR R e :%@ﬁw%@?q o WP i ng
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the target I/O device where the I/O data are to be read, and an VIOP address 132
locating the PIO unit 26 for performing the programmed read I/Os. Next, at step
204, the VIOP library read routine 112 allocates the PIO unit 26 and initializes
the PIO unit 26 with the proper control information, such as the device address of
the target VO device. At step 206, thf.a.V!DP library read routine 112 stafts VIOP
by issuing a non-blocking P10.read 206. For the purpose of this application, a
non-blocking read/write instruction is a read/write instruction where the processor

does not wail for the completion of the read/write operation initiated on behalf of

the read/write instruction, before proceeding to execute other instructions.

Then, at step 208, the PIO unit 26 makes an actual i/O access
against the target /O device and reads a predetermined quantity of data from the
térget IO device. The PO unit 26 repeats the access against the target I/O
device until the PIO data buffer 48 is full or the P1O unit 26 has read all the data
as instructed by the VIOP library read routine 112, step 210. {f the PIO unit 26
detects either one of these conditions, at step 212, the PIO unit 26 stops
accessing the target I/O device, and generates a VIOP interrupt 37 instead. The
VIOP interrupt 37 is delivered to the processor 11 through the system
interconnect 15. The processor 11 stores the VIOP interrupt 37 in its interrupt

Receive Buffer 36.



data being transferred by the progranmed I/0s to and fromthe 1/0O devi ce.
The control and status registers 46 store current control and status
information of the PIOunit 26. Allocation and initialization of the PIO
unit 26, transfer of data between the data buffers 48 and the dedicated I/0O
gl obal registers 38, as well as assertjgn_and servicing of the VIOP
interrupt will also be described in nore detail below Referring nowto
Figure 4, a block diagramillustrating key software el enents of the present
i nvention are shown. As illustrated, the key software el enents include a
VIOP interrupt handler 116 and a nunber of VIOP data structures 118. -
10 - The VIOP interrupt handler 116 in cooperation with the VIOP interrupt

facilitate returns fram 08 eRliy td VISR ifferfllt, ROTROSELRT A1 S4HE 1/ O
execution control to the VIOP interrupt handler 116. The VIOP interrupt handler
116 upon given execution control, obtains the VIOP descriptor address from the
Interrupt Receive Buffer 36, step 214. Next, at step 216, the VIOP interrupt
handler 116 loads the VIOP ldescriptor 122 into the dedicated /0 global
registers 38. The VIOP interrupt handler 116 then movas the read data from the
Interrupt Receive Buﬁe‘r 36 to the dedicated l/O global registers 38, step 218,
and then into the VIOP buffer 124, step 220. Upon moving the read data from
the dedicated I/O global registers 38, the VIOP interrupt handler 116 updates
and saves the VIOP descriptor 122, in particular, the VIOP data buffer pointer
126, and the /O word count 128 denoting the amount of I/0 data remaining to be.

read 128. step 222,

Next, for the illustrated embodiment, the VIOP interrupt handler 116
determines if the /O word count 158 has reached zero denoting complstion of
the sequence of programmed read I/Os, step 224. {f /O word count 128 is non-
zero, VIOP interrupt handler 116 automatical.!y reinvokes the PlO unit 26 again
by issuing a non-blocking PIO read 228, which in turn repeats steps 208 through
212 as described earlier. Eventually, the VIOP interrupt handler 116 will
determine at step 224 that the /O word count has reached zero. Then, the VlOP
interrupt handler 1186 transfers execution control td the VIOP library read routine
112, which in turn performs a block move, moving the read data from the VIOP

data buffer 124 to the application program's data {ransfer area 108, step 226.

Alternatively, as will be appreciated by those skilled in the ari, the

present invention may be practiced with the VIOP interrupt handler 116 returning



accesses perfornmed by the PIOunit 26. The VIOP interrupt handler 116 is

I nvoked and gi ven execution control through the VIOP interrupt, as
described earlier. The VIOP interrupt handler 116 perforns control and data
managenent functions for programmed 1/Gs utilizing the VIOP data structures
118. As will be described in nore detail below, in one enbodi nent the VICOP
interrupt handler 116 al so automati cakl y4rei nvokes the PIOunit 26 if a
series of progranmed |/ Gs has not been conpleted. The VIOP data structures
118 facilitates the control -and data nmanagenent functions perforned by the
VI OP handler 116. One VIOP data structure 118 is used for each sequence of
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As illustrated in Figure 7, upon execution of a non-blocking write
instruction 103 in an application program 102, at step 242, tﬁe VIOP library write
routing 114 allocates a VIOP descriptor 122 and a VIOP data buffer 124 in the
system memory. In other words, the VIOP library write routine 112 initializes the
VIOP descriptor 122 with a VIOP data buffer pointer 126 pointing to the VIOP
data staging area 124, and an /O word count 128 denoting the amount of I/O
data 1o bé written into the target /O device. Additionally, the VIOP library write
routine 112 initializes the VIOP descriptor 122 with an /O device address 130 )
locating the target )/O device where the /O data are 1o be written, and an VIOP

addrass 132_iocaﬁng the PIO unit 26 for performing the prdgrammed write /0.

-Neaxt, at step 244, thé VIOP library write routine 114 block moves
the /O data from the application program's data transfer area 108 to the VIOP
data buffer area 124. The VIOP library write routine 114 further loads portions of
the write data from the VIOP data buffer area 124 info the dedicated /O global
rggisters 38, step 250. Then, the VIOP library write routine ‘f14 a_!]ocates the
PlO unit 26 and initializes the PIO unit 26 with the proper control information,
such as the device address of the target /O device, step 252. Upon allocating
and initializing the PIO imit 26, the VIOP library write routine 114 moves the write
data from the I/O global registers 38 to the PIO data buffers 48 by issuing a non-
blocking P10 wnte, step 254.



descriptor 122 and the VIOP data buffer 124 of Figure 4 in further detail
Is shown. As illustrated, a VIOP descriptor 122 conprises a VIOP data
buffer pointer 126, an I/O word count 128, an 1/O device address 130, and a
VI OP address 132. The VIOP data buffer area pointer 126 points to a
-location in the VIOP data buffer area 124 where the next group of
programred |/ O data are to be read or “wdiPtten. The 1/0O word count 128 keeps
track of the amount of 1/0 data remains to be transferred by the
programmed |1/ OGs between the system nmenory and the target 1/ 0 device. The

device address 130 pphe Satlslep 2860 HIPIO Lh® Weiakes 20cad1Eh! MOiddtekie
programmed |1/ Cs are perfornmed. The VIOP address 132 denotes the address of

a PI O uni tagifinstRaé eargetydasticbarid @tites dlpreetdeniabl Yyahliy soddteacene
el ements further include a nunber of VIOP library read/wite routines 112

and 114. ThgeVl/OPdbvicearhea BHI uait@bmepeats ihetdovess hpairest thd fatgpel/©or m
programed |/ Cs )
device until the PIO data butffer 48 is empty or the PIO unit 26 has writien all the
data as instructed by the VIOP library write routine 114, step 258. {f the PIO unit
26 detects either one of these conditions, at step 260, the PIO unit 26 stops
~ accessing the target /O device, and generates a VIOP interrupt 37 instead, step
260. The VIOP interrupt 37 is delivered to the processor 11 through the system
interconnect 15. Upon. receiving the interrupt, the processor 11 stores the VIOP

interrupt 37 in its Interrupt Receive Buffer 36.

Upon detecting the VIOP interrupt 37, the processor 11 transters
.e,xec.utio'n control 1o the VIOP interrupt handler 116. The_VIOP interrupt handier
116 upon given execution control, obtains the VIOP descriptor address from the
interrupt Receive Buffer 386, step 262 Next, at step 264, the VIOP interrupt
handler 116 loads the VIOP descn:ptor 122 into the dedicated I/O global
registers 38. The VIOP interrupt handler 116 then updatés. and saves the VIOP
descriptor 122, in panticular, the VIOP data staging area pointer 126, and the I/O
word count 128 denoting the amount of /O data remaininé 10 be written, step

266.

Next, for the illustrated embodiment, the VIOP interrupt handler 116
determines if the I/O word count 128 has reached zéro,_ denoting the
programmed write /O Has been completed, step 268. if the /O word count 128
has not reached zero, the VIOP interrupt handler 116 loads additional portions of
write data into the /O global registers 38, step 270, and then to the PIO data

buffers 48 by issuing a non-blocking PIO write, step 272. Upon moving the write



agai nst 1/0 devices of various device types, using the above described PIO
unit 26 and its conplenentary facilities. Application prograns 102 invoke
VIOP library read/wite routines 112 and 114 to access |/ O devices. As w ||
be described in nore detail below, in one enbodinent, the VIOP read/wite
.routine 112 or 114 automatically reinvokes the PO unit 26 if a series of
programed read/wite |1/ Os has not beeke conpleted. The VIOP read and wite
routines 112 and 114 may be statically linkedited as integral parts of an
application program 102, or they may be dynam cal | y l-oaded duri ng

execution. Having now descrl bed the individual nments of the present
i nvent i on,93tAdo ﬁ‘gﬁﬁép ‘?Wa\/ﬂ’ﬂf(ﬁ{sﬁﬁieé/éogl TBIRIARS rl%‘&* r%ﬁaaFW”ﬁ)@f@g‘b’m t he
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detail wit J@{;@f Iﬁgf\élp;b ﬁégﬂbﬁ ?ndle?ﬂﬁ.h'de‘t@ﬁrﬂﬁé%@ 1db 568h& t‘?ue li%z

i nvoki ng t ine n-an app |ca I"of program

step 202, L&e ég,_g,ﬁ’f{fzé)hggyreé A84 rzgp(;l ne 112 allocates a VI OP descriptor 122
in

and a VI OP data er area t he

Altarnatively, as will be appreciated by those skilled in the art, the
. present invention may be practiced with the VIOP interrupt handler 116 returning
to the VIOP library write routine 114 after step 266, and have the VIOP library
write routine 114 be responsible for reinvoking the PIO unit 26 if the sequence of

programmed write I/Os has not been completed.

While the present invention h'as been described in terms of
presently preferred and alternate embodiments, those skiiled in the art will
recognize that the invention is not limited {o the embodiments described. The
method and apparatus of the present invention can be practiced with modification
and alteration within the spirit and écope of the appended claims. The
description is thus to be',regard.ed as illustrative‘instead of limiting on the present

invention.



system menory. In other words, the VIOP library read routine 112
initializes the - 12 - VIOP descriptor 122 with a VIOP data buffer

poi nter 126 pointing to the VIOP data buffer area 124, and an I/0O word
count 128 denoting the amount of I/O data to be read fromthe target 1/0

. device. Additionally, the VIOP library read routine 112 initializes the

VI OP descriptor 122 with an 1/0 devi-ca7address 130 | ocat i ng the target 1/0
device where the 1/0 data are to be read, and an VI C]’!’hnad&éﬁfasséeﬁ&e ieAt i ng

the PIO unit 26 for performng the program*red read I/ ep 204,
the VI OP I|brary read routine 112 all ocates the PIOu | lalizes
the Pl O uMYHAZIG G QLAWEED: $Per control information, suc |ce

address of the target 1/0O device. At step 206, the VIOP |ibrary read
routine 112 starts VI OP by issuing a non-blocking PIO read 206. For the
pur pose of t hi I|c tlon a. non-bl ocking read/wite instruction is a

read/ wri t *ins lx'/\%Eﬁ"(’l."pf"ﬁlangprocessor

(@) a programmable input/output (I/0) unit for accessing an I/O device;

(b) an interrupt triggering mechanism for triggering an interrupt to interrupt
execution of a processor, said interrupt being asserted by said programmable 1/0
unit at the end of an access of an /O device; and

.(c) an interrupt handier executed by said processor and responsive to the
assertion of said interrupt for performing control and data management functions
for a sequence of programmed I/Os being performed by repetitively using said

programmable 1/O unit, said interrupt, and said interrupt handler.

2. The apparatus as set forth in Claim 1, wherein said programmable /O unit
comprises:

(a.1) a sequencer coupled to the interrupt triggering mechanism for
executing predefined sequence of opsrations for accessing an /O device, and
asserting said interrupt at the end of an access of an I/O device;

{a.2) a data bufier coupled 1o the sequencer, the /O device and 159
interrupt triggering mechanism for buffering /O data being transferred from and to
an /O device; |

(a.3) a plurality of registers coupled 1o a bus interface and said sequencer
for storing control and status information for said programmabls /O unit; and

(a.4) non-blocking read/write control circuitry coupled to the sequencer
and the /O device for cdntrolling data transfers between the data buffer and the

/O device.
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does not wait for the conpletion of the read/wite operation initiated on
behal f of the read/wite instruction, before proceeding to execute other
i nstructions. Then, at step 208, the PIO unit 26 makes an actual 1/ 0O access
agai nst the target 1/ 0O device and reads a predeterm ned quantity of- data
-fromthe target 1/0O device. The PIO unit 26 repeats tt}ﬁ. ccess_agai nst  the
target 1/ 0O device until the PIO data hwgffer 48 is full . : ¢d 26
has read all the data as instructed by the VICPIibrarj l 112,
step 210. If the PIOunit 26 detects either one of the at
step 212, the PIO unit 26 stops accessing the target 1/0O device, and
generates a VIOP interrupt 37 instead. The VIOP interrupt 37 is delivered
to the proﬁessofhé]agtrpl%rr&%%?télﬂféMﬁtiﬁ@éiH\t gr@ggfé%:ft 15. The processor 11
rupt

stores the VIOP Int In its Interrupt Receive Buffer 36. - 13 -
said interrupt handier performs said control and data managsment function

for a sequence of programmed /Os using a data structure comprising a descriptor
block and a data buffer; and
said descriptor block comprises (c.1) a pointer pointing into said data

buffer denoting where I/O data are 10 be read or written next.

4, ' The apparatus as set forth in Claim 3, wherein said descriptor block further
comprises:
(c.2) an /O data word count denoting an amount of I/O data still to be read

or written for a sequence of programmed 1/Os.

5. The apparatus as set forth in Claim 4, wherein said descriptor block further
compﬁses:
(c.3) a first address locating the 1/O devics; and

(cd)a Second address for locating the programmed l/O unit.

6. The apparatus as set forth in Claim 1, wherein said apparatus further
comprises:

(d) a plurality of dedicated registers coupled to said programmabile /O unit
for storing /O data being transferred from or to an /O device by said
programmable /O unit, and for storing control management data being operated

on by said interrupt handler for a sequence of programmed I/Os.
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Upon detecting the VIOP interrupt, the processor 11 transfers execution
control to the VIOP interrupt handler 116. The VI OP interrupt "handler 116
upon given execution control, obtains the VIOP desqyi B8 .284%8Sg.Ld OM t he
Interrupt Receive Buffer 36, step 214. Next, at ste

interrupt handl er 116 | oads the VI OP descriptor 122 |J Hlj wi’ ated 1/ 0
gl obal registers 38. The VICOP interrugy handler 116 read
data fromthe Interrupt Receive Buffer 36 to the dedicated |I/0O gl obal
registers 38, step 218, and then into the VIOP buffer 124, step 220. Upon
noving the read data fromthe dedicated 1/ O gl obal registers 38, the VIOP
i nterrupt Handl &heldfparptisst &5 sanfbribanaSiatrhd , ViHBPeidesaid apparatd? yrtter
particular, the VIOP data buffer pointer 126, and the 1/0O word count 128
denoting tRemMPmSa88t of 1/ 0O data renmaining to be read 128, step 222. Next,

for the illustrated enbodi prent, the VIOP interrupt, handler 116 _determ nes
if the 1/0 word{@oafead seutingsior pREiRERINg# §eaunrs RPLSHRMEIebHOSHfof Reread

f d [ Cs, t 224. 1f 1/ 0 t 128 i -
e cpoPRIAIPR A s UO 498ts HebResat APy Y B e PRt 27

again

interrupt handler; and
(e) a write routine for performing a sequence of programmed I/Os for a
write operation against an /O device using said programmable [/O unit, interrupt,

and iriterrupt handler.

8. The apparatus as set forth in Claim 7, wherein said apparatus further
comprises: _

(f) a non-blocking read operation for reading from an /O device; and

{g) a non-biocking write operation for writing into an /O device;

wherein, said read and write rou.ﬁnes, when invoked by an application
progfam, use said non-blﬁcking read e_and write operations to read from and write

into an /O device.

8.  The apparatus as set forth in Claim 1, wherein,

said programmable /O unit is disposed in an /O controller; and

said processor {urther comprises an integer execution unit for executing
integer instructions, an integer register file coupled to said integer execution unit
for storing integer execution results, and a plurality of control and state registers

for storing control and state information of said processor.

10. The apparatus as set forth in Claim 9, wherein,

said processor is disposed in a computer system; and
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by issuing a non-blocking PIO read 228, which in turn repeats steps 208
through 212 as described earlier. Eventually, thehISi¥e: intpes, ceQandl er
116 will determne at step 224 that the I/O word c ed zero.
Then, the VIOP interrupt handler 116 transfers ex Iﬂtg to the

VIOP library read routine 112, which in turn perforns a ve, noving
the read data fromthe VIOP data bubkDer 124 to the application programs

data transfer area 108, step 226. Alternatively, as will be appreciated by
t hose skill ed i nsaltbcamputariaysiaradenber crmptisema sigtebe ije@onneedcaupladthe
VIOP interrupt handl er 116 returning - 14 - to the VIOP library read

routine 112Safkpiocesser top trangfiringjestiudiogs @rd JHRaR pYFea mesnenneouplied pe
responsi ble for reinvoking the PIO unit 26 if the sequence of progranmed
read |/ GCs hé@‘&ﬁ%s‘%’é‘éﬁfﬁtfﬁigm%méaf StRENg|inSIBGIgNS BndPaiagand ap Vi sigyice

execution Oi:o&plggr}bbsla?g léi/&%mwlrr{tetar%onnect for providing /O data to said processor.

11. A computer implemented method comprising the steps of:
(a) accessing an /O device by a programmable /O unit for reading from or
writing into said /O device;

- {b) interrupting execution of said processor by said programmable /0O unit
at the end of an access against said I/O device using an interrupt triggering
mechanism; and

(c) responding to said interrupt by an interrupt handler executed by said
processor to pérform control and data management functions for a sequence of
programmed {/Os being performed by repetitively using said prograrﬁmable 70

unit, said interrupt, and said interrupt handler.

12.  The method as set forth in Claim 11, wherein said pen‘ormancé of control
and data management functions by said interrupt handler in said step (c)

. comprises maintaining'contro! data information in a data structure having a
descriptor block and a data bufier, including maintaining a pointer in said
descriptor block pointing into said data buffer denoting where /O data are to be

read or written next.

13. The method as set forth in Claim 12, wherein said maintenance of control
data information in said data structure further includes
maintaining an /O data word count in said descriptor block denoting an

amount of I/O data still to be read or written for a sequence of programmed I/Os,
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I nstruction 103 in an application program 102, at step 242, the VIOP
library wite routine 114 allocates a VIOP descriptor 122"and a VIOP data

buffer 124 in the systemnenory. In other words, the Nk j.brar t
routine 112 initializes the VIOP descriptor 122 with M heec b Bhopoced
pointer 126 pointing to the VIOP data fiagi ng area 124L H m d
count 128 denoting the amount of |I/O data’to be witte get 1/0
device. Additionally, the VIOP library wite routine 112 initializes the

VI OP descriptor 122 with an 1/0O device address 130 |l ocating the target 1/0
device where the I/O data are to be witten, and an VI OP address 132

| ocating the PIO unit 26 for performng the programmed wite 1/ O Next, at

step 244, the Mhftaininy afystddress weating 1A 4Pugvisemangs the 1/0 data from
the application programs data transfer area 108 to the VIOP data buffer

area 124. The ibidRaininy arspcond taeidrasd locatidd 4hé pradramrhedd© poitti ons of the
wite data fromthe VIOP data buffer area 124 into the dedicated 1/ O gl obal
regi sters 38, step 250. Then, the VIOP library wite routine 114 allocates
the PIOunit 26 and initializes the PIOunit 26 with the proper control

i nfor matilch, stemeatheqassslferh Hyaids! biwhersin spigaten (a) Wahete, step 252.

U al | ocat i . . . - .
pon compr?s%s invoking a read routine from an application program for performing a

sequence of programmed |/Os against an /O device using said programmable I/O

unit, interrupt, and interrupt handler. -

15. The method as set forth in Claim 11, whersin said step (a) further
comprises invoking a write routine from an application program for performing a
sequence of programmed I/Os against an /O device using said programmable /O

unit, interrupt, and interrupt handier.

16. A method for providing pro-grammed input/output (I/O) capability to a
computer system comprising the steps of:

(2) providing a programmablé input/output (1/0) unit to said computer
system for accessing an I/O davice of said computer system;

(b) providing an interrupt triggering mechanism for triggering an interrupt to
interrupt a processor of said computer system, said interrubt being asseried by
said programmable /O unit at the end of an access of the /O device; and

(c) providing an interrupt handler to be executed by said processor and
responsive 1o the assertion of said interrupt for performing control and data
management functions for a sequence of programmed l/Os being performed by
repetitively using said programmable /O unit, said interrupt, and said interrupt

handlesr.
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and initializing the PIOunit 26, the VIOP library wite routine- 114 noves

the wite data fromthe 1/0 gl obal registers 38Tl:[:s(,)§l;[ept Pée(;,) a adbuffers 48

by issuing a non- blocking PIOwite, step 254. at step
256, the PIO unit 26 makes an actual 1/0 access aimmt IIEmH ti4ly get 1/ O
device and wites a predeterm ned quanjpty of dat t 1/0

device. -The PIO unit 26 repeats the access against the target 1/0O device
until the PIO data buffer 48 is enpty or the PIO unit 26 has vvritten 'aII

the data ag i nstydificRrbd¥s sBE1OAHTR ¢!al%a4ra/ WHrb® Sy siie (b Ebmri 1

the PIO unit 26 detects either one of these conditions, at step 260 t h
PlO unit Zf%esd 6PSs accessing the target I/0O device, and generates a VIOP
interrupt 37 instead, step 260. The VIOP interrupt 37 is delivered to the
processor 11 t Had)giroviding s sequenotérecaupleddd ahSntddpm triggening medhiaaism
interrupt, the processor 11 stores the VIOP :
for exscuting predefined sequence of operations for accessing an /O device, and
asserting an interrupt at the end of an access of the /O device;
(a.2) providing a data butfer coupled to the sequencer and the interrupt
triggering mechanism for buffering /O data being transferred from and to the I/O
device;
- {a.3) providing a plurality of registers coupled o a Sus interface and said
sequencer for storing control and status information for said programmable /O
unit; and
(a.4) providing non-blocking read/write circuitry coupled to the sequencer
and the VO device for controlling data transfers between the data buffer and the

I/O dsvice.

18. The method as set forth in Claim 16, wherein said method fuﬁher
comprises the sieps of: .

(d) providing a plurality of dedicated registers coupled 1o said
programmable I/O unit for storing I/O data being transferred from or to an /O
device by said programmable I/O unit, and for storing control management data

being operated on by said interrupt handler for a sequence of programmed I/Os.

19.  The method as set forth in Claim 16, wherein said method further
comprises the steps of:

(d) providing a read routine for performing a sequence of programmed
read I/Os against an /O device using said programmable 1/O unit, interrupt, and

interrupt handler; and
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interrupt 37 inits Interrupt Receive Buffer 36. Upon detﬁ:t' n V, > ced
interrupt 37, the processor 11 transfers execution control iy .
interrupt handler 116. The VIOP interrupt handler 116 uponJ u _ l}yn

control, obtains the VIOP descriptor address fromthe Inte
Buffer 36, step 262 Next, at step 264,,4he VIOP interrupt handler 116 | oads
the VIOP descriptor 122 into the dedicated 1/0O global registers 38. The

VIGP interrupt hangiididd@ wWhRNrdipihaties peﬁﬂdn”ﬁ\@v@%egbéndé EPprpsmnd@r 122,
in particular, the VIOP data staging area pointer 126, and the 1/ 0O word

count 128 eeitetiiOyagdieshan il devick/uSirdpsaid peagiammgbleol/@eunity;, irttéeapt, shelp
266. Next, for the illustrated enbodinent, the VIOP interrupt handler 116
det er mi nesinterrupbhandienord count 128 has reached zero, denoting the
programmed wite 1/ O has been conpleted, step 268. If the I/O word count
128 has not reached zero, the VIOP interrupt handler 116 | oads additi onal

portions of wi datg inpto the 1./O gl obal reqgisters 38, step 270, and then
Lo the Pl 02at a 1HGIMEIOdiEs 55t fortif gl An WTRSERI $7I° FIERR feierst op 272.
Upon novi ng t he. wri'g'e i ’
ompnses the steps of:
(f) providing a non-blocking read operation for reading from an /O device;
and
(g) providing a non-blocking write operation for writing into an /O device;
wherein, said read and write routines, when invoked by an application

program, use said non-blocking read and write operations to read from and write

into an /O devics.
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- 16 - data to the PIO data buffers 48, VIOP interrupt handler 116
automatically reinvokes the PO unit 26, which repeats steps 256 - 260 as
described earlier. Eventually, the VIOP interrupt handler 116 w ||

determ ne at step 268 that the 1/O word count 128 has reached zero.
Alternatively, as will be appreciated_by, those skilled in the art, the
present invention may be practiced vm'th4t he VIOP interrupt handler 116
returning to the VIOP library wite roABBFRACTafter step 266, and have
the VIOP |ibr hte Lt sible for reinvoking the PIO
unit 26 if th%e—se?rbﬁeﬂte—tw 1y Bfriod B OEE§E8RI/OS has not been conpl et ed.
Wil e the present inventiagn has been described in terns of resentlc}/v0

preferred and aIté‘r‘_ﬁ'&Pé' | @Fﬁﬁ?ﬁ's(,\’@ﬁéisei"é%"’me@@q HSif"H_eaB ramymed
Thoogni ze t 510 il YRE P18 Lnifis Wi Mehfish b a VIB PRSP A VPR R %

handler, and a numbaer of VIOP data structures. Preferably, the PIO unit is further

complemented with a set of dedicated I/O global registers, a number of VIOP
library read/write routings for various I/O device types, and non-blocking read and
write operations. During execution, these elements cooperate with each other to
perform muitiple sequences of programmed //Os as if they were being performed

by a dedicated /O processor.
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met hod and apparatus of the present invention can be practiced with
nodi fication and alteration within the spirit and scope of the appended

clainms. The description is thus to be regarded as illustrative instead of
.limting on the present invention. -17 - CLAIMS 1. An appar at us
conprising: (a) a progranmable inputyoutput (I/O unit (26) for
transferring data to and 5 froman I/ 0O device; (/}1 an interrupt
tr|gger|ng n'echalcmjnr Lrlnnnrlnﬂanjnrnrrunf to ;) Jnfprrupt
execution of a pjocessor (11) said int errupt bei ng assert ed by said
programmabl e 1/Ofunit at the en 20f a o%ta trﬁnsfer}op%atlon perforrred I n
association withjan 1/,0 de¥ice” an
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10 (c) an interrupt handler (116), executed by said processor and
responsive to the assertion of said interrupt, including a plurality of
data structures (118), for perform ng control and data managenent functions
for a sequence of programred 1/ OCs being performed by a program executed by
the processor, by repetitiwvely invoking said programable 1/O unit, based
on said data structures, 15 said interrupt handl er being given back
control when said programmable 1/0 %Qit asserts an interrupt using said
interrupt triggering nechani smat t ‘end of each data transfer oper ati on.

2 The apparatus as set forth in claim1, wherein said programmable 1/0O

uhlt 20 (26) conprises: ( ) a sequencer (50) coupled to the r upt
triggering mechani smfor exec ng predefined sequence of operatifons for
transferring data to and from 1/0 device, and asserting said ijnterrupt
at the end of a data transfer eration of an |/ Oglevige; 25
(a.2) a data buffer (48) coupl to the sequencer&,tEeHJ/O devi cqg and tle
interrupt triggering nechanis or buffering |/é§ 1ﬁ§ elng t rangf er ried
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an 1/ O device; (a.3) a plurality of registers (46) coupled to a bus
interface and said sequencer for storing control and status information for
said programmable 1/ 0 30 unit; and 18 (a.4) non-blocking read/wite
control circuitry (44) coupled to the sequencer and the I/O device for
controlling data transfers between the data .buffer and the 1/0O device. 5

3. The apparatus as set forth in claiml1, wherein, said data structures
conprising a descriptor block (122) ang,a data buffer (124); and said
descriptor block conprises (c.1) a pointer pointing into said data buffer
denoting where I/ O data are to be read or witten next.
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10 4. The apparatus as set forth in claim3, wherein said descriptor

bl ock further conprises: (c.2) an I/O data word count (128) denoting an
anount of 1/O data still to be read or witten for a sequence of progranmed
|/Cs. 15 5. The apparatus as set forth in claim4, wherein said
descriptor block further conprises: (c.3) a first address (130) | ocating
the I/0O device; and (c.4) a second add#éds (132) for locating the
programmed |/ O unit. 20 6. The apparatus as set forth in claiml1l, wherein

sai d appar atfus TUrther conprises. (d) a prurality of dedicated regi sters
(38) coupled to said pr ammable /O unit for storing I/0O data bej ng
transferrgd ffromor to ap |1/ O device by said 25 progranmmabl e Iy O unit,
and for stoying control @anagenment data bg¢i ng ggerated
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on by said interrupt handler for a sequence of programmed I/GCs. 7. The
apparatus as set forth in claiml, wherein said apparatus further
conprises: 30 (d) a read routine (112) for perform ng a sequence
of programmed I/ 0Cs for a read operation performed in association with an
|/ O device using said ptogranmable 1/0 unit, interrupt, and interrupt

handl er; and - 19 - (e) awite routine for performng a sequence of
programmed 1/ Gs for a wite operatign performed in association with an 1/0
devi ce using said programmable 1/0 it (26), interrupt (37), and interrupt
handl er (116). 5 8. The apparatus as set forth in claim7, wherein said
apparatus further conprises:
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(f) a non-bl ocking read operation for

reading froman |/ O device;

non- bl ocking wite operation for witing into an |1/ 0O devi ce;

wher ei n,

said read and wite routines,

and (g) a

when i nvoked by an application

program use said non-blocking read and wite operations to read from and
The appafdifus as set forth in claiml,

wite into an |/ O device. 9.
said programmable 1/O unit (26)

wher ei n,
controll er

results,

15

(15),

and state info

in claim9, wherei
sai d conmputer syst

to said proces

206

and said proces
execution unit for executing int

or
ger

i nstructions,

Is disposed in an I/0O

11) further conprises an intgger
an integer regilster file

control

and aqulugality of contrel and state registers for storin
oR of [sai dyproCRssor. 20 10. The apparatus as fset forth
. Ssdi ¢ L \S di sposed in a computer systlemm and
e Bt I nt erconnect (13) jcoupl ed
fdﬁégra /qpsyand data, a systern menory
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25 coupled to said systeminterconnect for storing instructions and
data, and an 1/0 device coupled to said systeminterconnect for providing
1/O data to said processor. 11. A conputer inplenented nmethod conpri sing

the steps of: 30 (a) transfepging data fromand to an 1/0O device
by a programmable I/O unit for reading fromor witing into said I/0O
devi ce; -20 - (b) interrupting executign of a processor (11) by said

association with said 1/0 device using nterrupt triggering mechani sm

programmable /O unit at the end of a da t ransfer operation performed in
and (c) respondt§g to said ipterrupt (3 by an interrupt handler (116)

executed 5 sald procegsor, said i rupt handl er having a plurality
of data stpuetaresSN\lo p Ff orm ™ot rol  andgdat a managernentgunctions for a
sequengg of prodranped « o \
<© [ 2R ]
aN] 9 o3 L5 =0 o &
e S o = oO=g 2
a'—a Q.= wo_ O 4= (&)
o5 €N = e S @
=< | 88| 123 SEg 3L
£S5 o= © 4 SECII =
Sa o= ) 85 SO
o= z O o O =9 =
o G g0 aclo @
D BO > SEG 2
~d
©
&
[
0 [{e]
AN B <
o \ 5
- Lo RS Q.
K= .= == =
o Lo o w b T 3
2 o s R
[<b
(&
¥ 3 A\
oo ]
[a ¥ \ et O (o]
o= Q i = Q
85.5’ = 8o @ S
=Bl 5 aE £
om_ __’ w: __’. é?’- — -3 m
alw o S =] 8 ooy
o L= =2 ol Ul
o= 0 80- gl @
WSO @ =
o= S =
-TQl = L =
=
5]
e
g L
(\1\ a_"
o
( \ Q E 2 Em 2
@ o= T 590 . =
> .= O o \ ;EOZEU_OJ
s = cE o Sa E=
e lys < 2 S2rExO3
] D o [ =STH om
o S =Z=E=Xo08
==| (e88 588g-8
=l =g S 58 /
\ / D 00 (&N
o <




|/ OGs being perforned by a program executed by the processor by repetitively
i nvoki ng said programmable 1/O unit based on said data structures, said

i nterrupt handl er being given back control when said programmable 1/0O unit
asserts an 10 interrupt using said interrupt triggering nechani sm at
the end of each data transfer operation. 12. The nethod as set forth in
claiml 1, wherein said performance of control and data managenent
functions by said interrupt handler in said step (c) further 15

conprises maintaining control data information in a descriptor block (122)
and a data buffer (124) of the data structure (118), including naintaining
a pointer in said descriptor block pa&ant+ng into said data buffer denoting
where 1/ O data are to be read fron1o?g¥$%ké§§110 next. 20 13. The

met hod as set forth in claim12, whe I'd "'mai nt enance of control data

i nformati on VIREGAL IRPYTAOUTRUTI PROCESEOR | ncl udes maintaining an I/ 0O data
word count (128) in said descriptor block denoting an anmount of |1/0O data

still to be reag \rudl KO B HorqVIORY RNGHISMeRIRPISGRERIpIddEmmed 11O
(P1O) unit. The PIO unit is complemented by a VIOP interrupt, a VIOP interrupt

handler, and a number of VIOP data structures. Preferably, the PIO unit is further
complemented with a set of dedicated /O global registers, a number of VIOP
library read/write routines for various /O device types, and non-blocking read and
write operations. During execution, these elements cooperate with each other to
perform muitiple sequences of programmed /Os as if they were being performed

by a dedicated I/O processor.

(Fig. 2a)
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25 maintaining a first address locating the 1/0O device, and
mai nt ai ni ng a second address | ocating the programmed 1/ O unit. 14. The
nmet hod as set forth in claim11l, wherein said step (a) further conprises
i'nvoking a read routine (112) froman application progfa —36
perform ng a sequence of progranmed |/C67+n associ ati ofi Rt'fﬁjé‘%ﬁ#EWc&&ém e
I nvoking said programmable I/O unit, interrupt, and sa{dfinterrupt ha‘rrl er.

-21- 15. The nethod as set forth in claim11l, wherein|spi @4&pMEy
further c&HpAIMB®s invoking a wite routine (114) fromfn| application
program for perform ng a sequence of programed |1/Qs ijn assocratior—wit ) an
I /O device invoking said programmable /O unit, interrwpt _and i nterrupt
handl er. X6. AnappaetfsodorRp@sihgi ng progranmed i nput/output (1/0
capability to a conputer system conprising the steps of:

(a) a programmabile input/output (I/O% unit (26) for transferring data to and

5 from an 1/O device;

(b) an interrupt triggering mechanism for triggering an interrupt to (37)
interrupt execution of a processor (11), said interrupt being asserted by said
programmabie I/O unit at the end of a data transfer operation performed in
association with an |/O device; and

10 (c) an interrupt handler {(116), executed by said processor and responsive
to the assertion of said interrupt , including a plurality of data structures (118), for
performing control and data management functions for a sequence of
programmed I/Os being performed by a program executed by the processor, by
repetitively invoking said programmable (/O unit, based on said data structures,

15 said interrupt handler being given back control when said programmabile 1/O unit
asserts an interrupt using said interrupt triggering mechanism at the end of each
data transfer operation.

2. The apparatus as set forth in claim 1, wherein said programmable 1/O unit

20 (26) comprises:

(a.1) a sequencer (50) coupled to the interrupt triggering mechanism for
executing predefined sequence of operations for transferring data to and from an
I/0O device, and asserting said interrupt at the end of a data transfer operation of
an l/O device;

25 {(a.2) a data buffer (48) coupled to the sequencer, the I/O device and the
interrupt triggering mechanism for buffering |/O data being transferred from and to
an |/O device;

(a.3) a plurality of registers (46) coupled to a bus interface and said
sequencer for storing control and status information for said programmable /O

30 unit; and
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(a) providing a progranmmbl e input/output (26) unit to ﬂir"d'zl*‘%gmn.éf.{f}g‘ystem'
for transferring data to and froman I/0O device of sail lcorrputer systam! 10
(b) providing an interrupt triggering mechanismfor tr}gbegingian20lat %rrupt
to interrupt a processor of said conmputer system said|ihterrupt being
asserted by said progranmable 1/ O unit-%8-the end of a d'gr-a"rr‘aTETer
operation performed in association with an 1/ 0O device; {and (c) providing an
i nterrupt handl er (116g having a plurality of data structures 15 to be:
execut ed by sai(@.4 looking mead/wsite nentyel dirsuitrye(443 seupledro dhe saggencer

sequence. ARTBIQ AR EESHIInd B T RERIPARER e HARLOSRE AR 4 ¢ e
processor |y deeietitively invoking said programmable 1/O unit based on said

data structures, returning control to said interrupt handl er when said
programable 1/O unit 20 asserts an interrupt using said interrupt

tri gsgeri ng nmec '%aal)%ragsl;igsmg 0% iﬁ@fgﬂndia%(#réiﬁmf er operation. 17. The

met hod as Set for , wherein sai &p (a) conprises the steps
of : said data structures comprising a descriptor block (122) and a data buffer

(124) ; and
said descriptor block comprises (c.1) a pointer pointing into said data buffer

denoting where I/0O data are to be read or written next.
10
4, The apparatus as set forth in claim 3, wherein said descriptor block further
comprises:
(c.2) an I/O data word count (128) denoting an amount of 1/O data still to be
read or written for a sequence of programmed 1/Os.
15
5. The apparatus as set forth in claim 4, wherein said descriptor block further
comprises:
(c.3) a first address (130) locating the 1/0 device; and
(c.4) a second address (132) for locating the programmed /O unit.
20
6. The apparatus as set forth in claim 1, wherein said apparatus further
comprises:
(d) a plurality of dedicated registers (38) coupled to said programmable /O
unit for storing I/O data being transferred from or to an l/O device by said
25 programmable 1/O unit, and for storing control management data being operated
on by said interrupt handler for a sequence of programmed 1/Os.

7. The apparatus as set forth in claim 1, wherein said apparatus further
comprises:

30 (d) a read routine (112) for performing a sequence of programmed 1/Os for
a read operation performed in association with an /O device using said

programmable /O unit, interrupt, and interrupt handler; and
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25 _ (a.1) providing a sequencer (50) coupl géuts

transferring data fromand to an I/ 0O device, and a
the end of a data transfer operation perfornmed in i
device; (a.2) providing a data buffer {#8)} couple i
I nterrupt 30 triggering nechani smfor bufferingg
transferred fromand to the 1/0 device, -22 - a i
plurality of registers (46) coupled to a bus intertase=aae Seeder
for storing co S O unit;
and (a.4) prow% %&rﬁgﬁo@l{l té?ﬁsﬁf?ggﬁapvé g%]%ue%rclec Hc}?@'r%%%ﬁ)éyto the 5
3 equencer vaiftd dpefatidrPéiforntet inissoeiation withgn Jat devicansihgrsaidet ween t he
ata
programmable /O unit (26), interrupt (37), and interrupt handler (116).

8. The apparatus as set forth in claim 7, wherein said apparatus further
comprises:
(f) a non-blocking read operation for reading from an /O device; and
(g9) a non-blocking write operation for writing into an 1/O device;
10 wherein, said read and write routines, when invoked by an application
program, use said non-blocking read and write operations to read from and write

into an /O device.

9. The apparatus as set forth in claim 1, wherein,
15 said programmable 1/O unit (26) is disposed in an 1/O controller (15); and
said processor {11) further comprises an integer execution unit for
executing integer instructions, an integer register file (40) coupled to said integer
execution unit for storing integer execution results, and a plurality of control and

state registers for storing control and state information of said processor.

20
10.  The apparatus as set forth in claim 9, wherein,
said processor is disposed in a computer system; and
said computer system further comprises a system interconnect (13)
coupled to said processor for transferring instructions and data, a system memory
25 coupled to said system interconnect for storing instructions and data, and an {/O
device coupled to said system interconnect for providing I/O data to said
pProcessor.
11. A computer implemented method comprising the steps of:
30 (a) transferring data from and to an I/O device by a programmable l/O unit

for reading from or writing into said /O device;

T ’i{

H AMENDED _ SHEET |

B

N

S




buffer and the 1/0O device. 18. The nethod as set fo‘tnEmech-ngn,S}@ET

wherein said-nmethod further conprises the steps of: (10
providing a plurality of dedicated registers (38) copp 5to sai d
programable 1/O unit for storing I/O data being trapsf e HOM 20800r] tjo an
|/ O device by said programmable 1/0 uni2Q-and for stpring. _control

a

managenent data bei ng operated on by said interrupt ndl er for a seqyence
of programmed I/GCs. 15 19. The nethod as set f FRe—Glalan 16
wherein said rre(bhmrﬂenrwﬂnmexmrpnmespmneswémt)WSaI(ida)rogrammablegI/@ unitad

routine (1 for er a se gence ranmed..r ead rformed
- assoct 411 ofi o EoAth eI PR CRe R B REGPLRR LSRR ¢

i nterrupt dedie uélh@@huﬁtern@ndigyenngnﬁeaﬁhmsm and (e) providing a wite
routine (114) for performng sequence_of programmed wite |/ Os performed

in associ ation (@ teﬁ»p@ndmgdocs@w internept{(g7 s by anmf@guatrhamler (116) execyted

| 1P Al BB R R Bfcte WARAEPS B of rd Shlhuldh g &1 19

wherei n sal er C
perform control and data management functions for a sequence of programmed

1/0s being performed by a program executed by the processor by repetitively
invoking said programmable 1/O unit based on said data structures, said interrupt
handier being given back control when said programmabile I/O unit asserts an

10 ~ interrupt using said interrupt triggering mechanism at the end of each data transfer

operation.

12. The method as set forth in claim 11, wherein said performance of control
and data management functions by said interrupt handler in said step (c) further
15 comprises maintaining control data information in a descriptor block (122) and a
data buffer (124) of the data structure (118), including maintaining a pointer in said
descriptor block pointing into said data buffer denoting where 1/0 data are to be

read from or written to next.

20 13. The method as set forth in claim 12, wherein said maintenance of control
data information in said data structure further includes
maintaining an I/O data word count (128) in said descriptor block denoting
an amount of I/O data still to be read or written for a sequence of programmed
l/Os,
25 maintaining a first address locating the 1/O device, and
maintaining a second address locating the programmed 1/O unit.

14. The method as set forth in claim 11, wherein said step (a) further

comprises invoking a read routine (112) from an application program (102) for
30 performing a sequence of programmed 1/Os in association with an {/O device

invoking said programmable 1/O unit, interrupt, and said interrupt handler.
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25 the steps of: (f) providing a non-blocking read ope abEIGACEMENT SHEE
reading froman 1/0 device; and (g) providing a non-blockipgjwite
operation for witing into an I/O device; wherein, said read ar[q%\ggggtgggg

routi nes,

sy

when i nvoked by an application 30 program usejsai

non- bl ocking read and wite operations2p-read from and wrifter-hﬂ-o—a-n—l-v‘-e-‘
L

devi ce.

10

15

20

25

30

15. The method as set forth in claim 11, wherein said step (a) further
comprises invoking a write routine (114) from an application program for
periorming a sequence of programmed 1/Os in association with an /O device

invoking said programmable I/O unit, interrupt, and interrupt handler.

16. A method for providing programmed input/output (1/0O) capability to a
computer system comprising the steps of:

(a) providing a programmable input/output (26) unit to said computer
system for transferring data to and from an 1/O device of said computer system;

(b) providing an interrupt triggering mechanism for triggering an interrupt to
interrupt a processor of said computer system, said interrupt being asserted by
said programmabile /O unit at the end of a data transfer operation performed in
association with an /O device; and

(c) providing an interrupt handler (116) having a plurality of data structures
to be executed by said processor and responsive to the assertion of said interrupt
for performing control and data management functions for a sequence of
programmed 1/Os being performed by a program executed by the processor by
repetitively invoking said programmable 1/0 unit based on said data structures,
returning control to said interrupt handler when said programmable 1/O unit
asserts an interrupt using said interrupt triggering mechanism at the end of each

data transfer operation.

17. The method as set forth in claim 16, wherein said step (a) comprises the
steps of:

{(a.1) providing a sequencer (50) coupled to an interrupt triggering
mechanism for executing predefined sequence of operations for transferring data
from and to an /O device, and asserting an interrupt at the end of a data transfer
operation performed in association with the 1/0 device;

(a.2) providing a data buffer (48) coupled to the sequencer and the interrupt
triggering mechanism for buffering 1/O data being transferred from and to the 1/0

device;
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(a.3) providing a plurality of registers (46) coupled to a bus interface and
said sequencer for storing control and status information for said programmable
I/Q unit; and

(a.4) providing non-blocking read/write circuitry (44) coupled to the
sequencer and the 1/O device for controlling data transfers between the data
buffer and the 1/O device.

18. The method as set forth in claim 16, wherein said method further comprises
the steps of:

(d) providing a plurality of dedicated registers (38) coupled to said
programmabie /O unit for storing {/O data being transferred from or to an /O
device by said programmabile 1/O unit, and for storing control management data
being operated on by said interrupt handler for a sequence of programmed 1/Os.

19. The method as set forth in claim 16, wherein said method further comprises
the steps of:

(d) providing a read routine (112) for performing a sequence of
programmed read |/Os performed in association with an /O device invoking said
programmable 1/O unit, interrupt, and interrupt handlier; and

(e) providing a write routine (114) for performing a sequence of
programmed write |/Os performed in association with an I/O device using said

programmable I/0O unit, interrupt, and interrupt handler.

20. The method as set forth in claim 19, wherein said method further comprises
the steps of:

(f) providing a non-blocking read operation for reading from an /O device;
and

(9) providing a non-blocking write operation for writing into an 1/O device;

wherein, said read and write routines, when invoked by an application
program, use said non-blocking read and write operations to read from and write
into an I/O device.
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