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CROSS-REFERENCE TO RELATED APPLICATION
This is a continuation-in-part of our prior application Serial No.
07/632,149, filed December 21, 1990, for a Multi-Processor Programmable
Interrupt Controller System.
IELD_OF E _INV |
The present invention generally relates to the field of multi-processor
sysjems and more specifically to interrupt controliers designed to manage
peripheral equipment service interrupt requests in a multi-processor

environment.

BACKGROUND OF THE INVENTION

Input/output peripheral equipment, including such computer items as
printers, scanners and display devices require intermittent servicing by a
host processor in order to ensure proper functioning. Services, for example,
may include data delivery, data capture and/or control signals. Each
peripheral will typically have a different servicing schedule that is not only
dependent on the type of device but also on its programmed usage. The
host processor is required to multiplex its servicing activity amongst these
devices in accordance with their individual needs while running one or more
background programs. Two methods for advising the host of a service need
have been used: polled device and device interrupt methods. In the former
method, each peripheral device is periodically checked to see if a flag has
been set indicating a service request, while, in the latter method, the device
service request is routed to an interrupt controller that can interrupt the host,
forcing a branch from its current program to a special interrupt service
routine. The interrupt method is advantageous because the host does not
have to devote unnecessary clock cycles for polling. 1t is this latter mgthod

that the present invention addresses. The specific problem addressed by
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FIELD OF THE INVENTION 1 O The present invention generally relates

tothe field oheRubbirilieRfisieadhe mana%erﬁé/rﬁto?fmerﬂ%gsr Y fulitighddsoal |y 9

interrupt controllers designed to mahage ri'pheral™equipment service
I nterrupt requssten envidnmieht.i - processor envi ronment . 15 _
BACKGROUND OF THE | NVENTI ON | nput / out put peri pheral equipnent,

i ncl udi ng such compiuitzproressat systems, often grseheldieiworked apraputetsrivinigs pl ay
e e L Ao EO oAl bl BhaBraq BBk g 1 o
5 control methods. For instance, in the case of a computer network servicing a
number of users, it would be highly desirable to distribute the interrupt
handling load in some optimum fashion. Processors that are processing
high priority jobs should be relieved of this obligation when processors with
lower priority jobs are available. Processors operating at the lowest priority
10  should be uniformly burdened by the interrupt servicing requests. Also,
special circumstances may require that a particular /0O device be serviced
exclusively by a preselected (or focus) processor. Thus, the current
invention addresses the problem of optimum dynamic and static interrupt
servicing in multi-processor systems.
15 Prior art, exemplified by Intel's 82C59A and 82380 programmable
interrupt controllers (PICs), are designed to accept a number of external
interrupt request inputs. The essential structure of such controllers, shown in
Figure 1, consists of six major blocks:
IRR - Interrupt Request Register 11 stores

all interrupt levels (IRQx) on lines 16
requesting service;

20
ISR - Interrupt Service Register 12 stores
all interrupt levels which are being
serviced, status being updated upon
receipt of an end-of-interrupt (EOI);

IMR - Interrupt Mask Register 13 stores the
bits indicating which IRQ lines 16 are
to be masked or disabled by operating
on IRR11;

This Sheet Has Been Replaced

R




may include data delivery, data cap'tar'e and/ or control signals. Each 20

peri pheral will typical Ivh]have a di ff nt serV| CJ ? du] that is not
only dependent on Pf

e type of d §te K 9 ﬁr anmed
usage. The host processor is re serV|C|ng
activity anongst these devi ces gsdrndl vi dual
needs while running one or nore t theWO met hods for

ess Yrﬁo:*ﬂ‘?éﬁan ﬁ’e

advi sing the host of a service need hé¥dhd ed device and
device interrupt methods. In the forngdice the redBéstod each peri pher al
device is periodically checked to see if a flag has been set
indicating a service request, while, in the latter method, the device
service request is routed to an |nterru t controller tha interrupt the

host , forcing a bPfhch fromitsPE cg i al
interrupt service g determlnes tr?é pnlaspty of%heb% sé%q‘t

IRR11, the highest priority is selected
and strobed into the corresponding bit
of ISR12 during an interrupt
acknowledge cycle (INTA) from the
host processor,

Control Logic - Coordinates the overall operations of
the other internal blocks within the
same PIC, activates the host input
interrupt (INT) line 19 when one or
more bits of IRR11 are active, enables
VR19 to drive the interrupt vector onto
data bus 17 during an INTA cycle,
and inhibits all interrupts with priority
equal or lower than that being
currently serviced.

Several different methods have been used to assign pﬁoﬁty to the
various IRQ lines 16, including:
5 1) fully nested mode,
2) automatic rotation - equal priority devices, made and
3) specific rotation - specific priority mode.
The fully nested mode, supports a multi-level interrupt structure in
which all of the IRQ input lines 16 are arranged from highest to lowest
10  priority: typically IRQO is assigned the highest priority, while IRQ7 is the
lowest. "
Automatic rotation of priorities when the interrupting devices are of
equal priority is accomplished by rotating (circular shifting) the assigned

priorities so that the most recently served IRQ line is assigned the lowest
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30 routine. The interrupt nethod is advantageous because the host does not

have to devot edeilﬂPCIﬁ%@Gvﬁy CAcRessitsintg kmtdrRibt 8tvics Rhds td be Stalisticany at ter
met hod that” the present invention addresses. The speC| f i c problem
addr essed by levelled for each of the competing devices. t he

corr et enTon e RS he ) oh FB Eob  BE
net wor ked compylLys<hayiwhith IRQ line is to receive the lowest priority, all other IRQ
5 lines are then assigned sequentially (circularly) higher priorities.
From the foregoing description it may be seen that PIC structures of

the type described accommodate uni-processor systems with muttipie

peripheral devices but do not accommodate multi-processor systems with

multiple shared peripheral devices to which the present invention is

10 addressed.
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common peripheral devices, create a challenge in the design of interrupt

5 contr ol ne5ﬁ%ﬂ@ﬁgggkgiﬁiygggiﬁqiméﬂe case of a conputer network
servicing a | d be highly desirable to

di stribute the intefidiBbject of thdEresdrit irvehtisids | Itcnpﬁ;oiaa ford miiprbesssbon.
Processors that are proce55|ng high priority jobs should be relieved

of t Ih| E I obl i gapragmmMehlemtermn@'W {MPIC) systemtbat yses @niintopgiatass ar e

avai |l abl e. Processors o erati.n west ld b

uni formy bur d&HHE ¢YP 0 fPPF?B'BgPB{S‘t‘F‘ i%‘?‘f)emﬁ%ss éﬁ%g%ésgb%natedgﬂ%'l sgem al
ci T CUTSt ancgs BRtakEAYEubIBhaIGPES bl digigini | O devi ce be servi ced

excl usively by a preselecte focus) processor. Thus, the current
i nventi on addr essesAmdikenubjdt Ermcp‘rovhqlnamuﬂl ﬂpnesaocpwgmrsmablemtemmr rupt
servicing in multi-processor systens art, exenplified by

Intel's 82C59AcaMEIIBDAARIC) sysiem including b“‘ not "mm%?ortﬂﬁt"’"@wmgr ollers (PICs),

are designed tq a nunber of external I nterrupt request inputs.
The essenti al §?P%ﬂlﬁ@%e of such controllers, shown in Figure 1,

consists of six majfy blgie /O peripheral devices, each withf¥8 own set of
I nterrupt Request Register 1 1 stores

all interrupt levels (I Rpeyrupn |ines 16

requesting service; 2) static as well as dynamic multi-processor interrupt
management including the symmetrical distribution of
interrupts over selected processors;

3) level or edge triggered interrupt request pins, software

15 selectable per pin;

4) per pin programmable interrupt vector and steering
information;

5) programmable vector address field defined by each operating
system;

20 6) inter-processor interrupts allowing any processor to interrupt
any other for dynamic reallocation of interrupt tasks; and

7) support of system wide support functions related to
non-maskable interrupts (NM), processor reset, and system
debugging.

25 The present invention achieves these capabilities by means of an
MPIC system structure which includes three major subsystems:

1) an I/0 MPIC unit for acquiring interrupt request (IRQ) signals
from its associated /O peripheral devices, having a redirection
table for processor selection and vector/priority information;

30 2) local-MPIC units which may be separate auxiliary units

connected to the associated processor or units that are partially
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20

stores

bei ng

upon

(EQ);
stores the
lines 16 are
by operating

5 3)

| SR - -6 - |Interrupt Service Register 12

or totally integrated into the assoggiqlg érgtagsrséij g{aﬁée\ég: f] gmﬂ:oggt g(rje

managing {nterrupt requests fof &S ktetflpRBEsset - | nterrupt
g Pl\/li pLTeq Eé I nt eﬂrupt Mask Register 13
including pending, nesting and maskingoopiesationd; asawelhgs whi ch | RQ

. . ) to be masked or di sabl ed
inter-processor interrupt generation; and 5, | RR11:

a dedicated 1/0

-bus, distinct from any system or memory bus, for communications

between the /O and local MPIC units as well as between

local-MPIC units.

It is a further object of this invention to support system scaling

10 granularity of one, i.e., one processor at a time without significant penalty for

any number of processors.
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- 3 - VR - Vector Registers 19, a set of
registers, BRIEF DESCRIPTION OF THE DRAWINGS for each IRQline 16,
stores the - pre- programred i nterrupt
vect or The present invention may be understoodi moee fully fromi the detailedhe host

on data bus 17, containin
g{ |0Cte ﬁzor description given below and from the ammpawgpeggg%rpsi%fr@r mation for t%e
host to . . . . i .
- proforag embdimonts oo fvopton. whjch I 3PbYR for B0 Rer

det er m nes § hetgiimibthetipvention fochd specifitadmbotiment but are for explanation and
| RR11, the highest priority is selected

and strobed i nbpdargiangipg Pég’pondi ng bit

of 1SR12 during an interrupt

acknow edge cycle (INTA) fromthe

host processor; Figure 1 depicts a block diagram of a common prior art
uni-processor programmable interrupt controller (PIC).
10
Figure 2 is a block diagram of the currently preferred

multi-processor programmable interrupt controller (MPIC) system.

Figure 3 is a biock diagram of the currently preferred 1/O-MPIC unit.

15
Figure 4 shows the various fields that make-up a Redirection Table
64-bit entry.
Figure 5 is a block diagram of the currently preferred local-MPIC
20 unit.

Figure 6 shows the various fields that constitute the local vector

table entries of a local-MPIC unit.

25 Figure 7 shows the various field assignments of the interrupt

Command Register.

Figure 8 depicts the tracking of the remote IRR bit by the destination
IRR bit.
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Control Logic - Coordi nates the overall operations of
the other int er naFlguImSkis avliomhchart dhapicting the interrupt acceptance process
same PIC, ac e hgst i nput
interrupt (I ) F?Slé‘ﬁé\g Witen one or
nore bits of IRR11 are active, enables
VRL 9 to drive the interrupt vector onto
data bus 17 duri npjigire b ghow¥ché MPIC-ID register configuration. and
inhibits all interrupts with priority
equal or ISower than that being
currently service erent thods have been used
to assign priori telqu(gegﬂeshows the\?ﬁ?'l' e&&@q CriRs canpec ‘HLSI uding: 5
1) fully nested node, automatic rotation - equal
priority devices, made and 3) specific rotation -
specific priorityFigule12 shows a tri-state buffered MPIC-Bus arrangement.

10 Figure 13 shows the 2-bit decode process for the MPIC-ID used in

bus arbitration.
Figure 14 shows the MPIC short message forms.
15 Figure 15 shows the MPIC message encode of the delivery mode.
Figure 16 defines the control bits of thg MPIC message.

Figure 17 defines the extended delivery mode control bit coding.

20
Figure 18 shows the MPIC-Bus medium and long message formats.
Figure 19 shows the Base 0, 1, and 2 time generator.
25 Figure 20 shows the Divide (Base 2) Configuration Register bit
assignments.

Figure 21 shows the contents of the three timer Local Vector Table.
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The fully nested rmde supports a rrultl-level |nterrupt structure in
which all of t < : est to | owest 10

; )F _THE -PRE
priority: typically 'o“ aSS| ghed 4] while IRQ7 is
t he | owest. A multi- processouﬂprbgrmtmabla trtertupd oontfollpr QMRIC) isystemhien t he

I nterrupting devices ar % priority is acconfllshed by rotating
(circul ar shi f 8esrghed. hB‘ tﬁﬁé‘?'@ﬁ’éﬂﬂ de cnpttg,n, Bymercrs sperifidatailsiate 88t “recent | y

Ser Vid_ IRQ i ”gorqhssl?cﬁ%sgq“%%{;ﬁbﬁuh%w%% ins, bits, Feva?es. tc,, in ?rﬁlg{ 10, i ce
tends to besst pioviibiaCtbloxgh underlsﬁhﬁinb%@tﬁeoﬁremb etniboulmememt i ng devi ces.
present invention. It will be obvious, however, to one skilled in the an that
the present invention may be practiced without these specific details. In
other instances, well-known circuits have not been shown in detail, or have
been shown in block diagram form only, in order to avoid unnecessarily
10 obscuring the present invention.

Additionally, in describing the present invention, reference is made to
signal names peculiar to the currently preferred embodiment. Reference to
these specific names should not be construed as a limitation on the spirit or
scope of the present invention.

15
A. v h P

The multi-processor programmable interrupt controlier (MPIC) system
is designed to accommodate interrupt servicing in a multi-processor
environment. Current practice is mainly concemed with uni-processor

20  systems in which the interrupts of a number of peripheral units are serviced
by a single processor aided by a programmable interrupt controfler (PIC). In
a multi-processor system, it is often desirable to share the burden of interrupt
servicing among a group of similar processors. This implies the ability to
broadcast interrupt service requests to the pertinent group of processors and

25 a mechanism for determining the equitable assignment of the tasks amongst
the processors. The uni-processor design problem is significantly simpler:
the PIC dedicated to the processor assigns a priority to each interrupt
request (IRQ) line, orders the requests according to the assigned priorities
and delivers the necessary information to the processor to timely initiate the

30 appropriate servicing subroutine.
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When operating in a dynamic mode, the MPIC manages interrupt task
assignment by taking into consideration the relative task priority between
processors.

It is expected that more typical usage would entail elgments of both
static and dynamic interrupt management. Static assignments might be
made, for example, when licensing considerations preclude the shared use
of servicing software. Under other circumstances it may be desirable to
restrict the interrupt servicing task to a subset of processors that share a
common peripheral subsystem. In the extreme case, all processors are
subject to interrupt requests from all peripheral subsystems.

Figure 2 is a block diagram of the curfently preferred multi-processor
programmable interrupt controller (MPIC) system. The MPIC 100 consists
of three major units: I/O-MPIC unit 102, MPIC-bus 103, and muitiple
local-MPIC units of which one is labelled 104. Each I/O-MPIC 102 accepts
interrupt lines 107 from its associated /O subsystem 101 {typically a
collection of peripherals), each line corresponding to a unique IRQ. The I/O-
MPIC output is coupled to MPIC bus 103 which broadcasts to _aII local-MPIC
units 104 appropriately formatted IRQ messages containing all necessary
identifying and priority information. Each local MPIC unit 104 examines the
message and decides whether to accept it. If tentatively accepted by more
than one local MPIC unit 104, an arbitration procedure is invoked between
competing units. The local MPIC unit 104 with the lowest priority wins the
arbitration and accepts the IRQ and timely dispenses it to its associated
processor 105.

System bus 30 is the cofnmon means for communicating between
processors, memory, and other peripheral units of the multi-processor

system. Each processor and peripheral is interfaced with system bus 30 by
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iS;JNL\/lg\Rgr C]_:dTHF INVENT: tCJ\I One object of the present invention
_ ovide for a,multi-pro o] M ' I controller
(MPI C) syst emP§RRS Qf @Juemy inggé'_ﬁg‘{"%(MBc)%t% gwt c ist)é?tﬁsﬁggérfg%\r ating both
the local progRsHRcatitd iMBriasyequekt aaflib,amehuptservigih@ratictand aitatherupt
controller as a single unit. Anot her object is to provide a
mul ti - pr ocess dntepuniysysteratriatiici The iprasent invention celegaies reriupbragpesty st em
including but not limted to

1)l T pl e trates tahe MR bos 485 thereby BetaHeinp e p¥eER LRk iGNy, o

i nterrupt; 5 2) static as well as dynamc nulti-processor
i nterrupt managenent including the symetri cal
distribution o8, |nterrupt Control interrupts over selected processors;
3) | evel or edge triggered interrupt request pins, software 15

sel ect abl e per pi nThe interrupt control fynctions s boly O 3P dacakMEKY BRISA™Y r upt vect or
and steering

vector addres scq*'F@iVG'YJS?F?qu@leO@ir gg@%ﬁﬁ%@?&;ﬂpﬁs&mm interrupt sdlirces R g9 ammabl e

interrupt servicing processor in a multi-processor system.

10 Each interrupt has an identity, the interrupt vector, that uniquely
distinguishes the interrupt from other interrupts in the system. When a
processor accepts an interrupt (IRQ), it uses the vector to locate the entry
point of the appropriate software interrupt handler in its interrupt table. The
preferred embodiment supports 256 (8-bit) distinct vectors in the range of

15 0 to 255.

Each interrupt has an interrupt priority represented by the five most
significant bits of the 8-bit interrupt vector, i.e., 16 priority levels with 0 being
lowest and 15 being the highest priority. This implies that 16 different
vactors may share a single interrupt priority level.

20 Interrupts are generated by a number of different sources, which may
include:

1) external /O devices connected to the I/O-MPIC unit manifested
by either edges (level transitions) or levels on interrupt input
pins and may be redirected to any processor;

25 2) locally connected device interrupts, always directed to the local

processor only, manifested as an edge or level signal;

3) MPIC timer interr;upts. generated within the local-MPIC unit by
any of the three programmable timers;

4) inter-processor interrupts addressed to any individual

30 processor of groups of processors in support of software self
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system 20 6) I nter- proces§o1=2 Fnterrupts all owi ng any processor

to interrupt interrupts, Pfg'%P%wgé'})e;dg[ing}é?&‘s%@?@%maﬁﬁat i on of

i nterrupt tasks; and

€ support

functions related to |gok-aside butfer (TLB) flusiRg,ExekiAatatrEpt fBivirgiHg! énd NM ) ,

processor reset, and system debugging. 2
present invention Bchi cuspatityestor irgraipt gendratediby angdocal MPIG unit that

17O NP uni t T or " acquidereR § RARY BUBE O el bia G ngiigARpLo be
table for Broceesor selSSTVBSISNG vect or /pri ol ty i nfor mati on: S0
2) | ocal - MPI C units which may be separ a’ltoe auxi I>/i ;pyolrjmat |Son,
connected to the associ ated processor or units that are partially

The destination of an interrupt can be zero, one, or a group of
processors in the system. A different destination can be specified for each
interrupt. The sender specifies destination of an interrupt in one of two

10 destination modes: physical mode and logical mode.

In physical mode the destination processor is specified by a unique
8-bit MPIC-ID. Only a single destination or a broadcast to all (MPIC-ID of all
ones) can be specified in physical destination mode.

Each MPIC unit has a register that contains the unit's 8-bit MPIC-ID.

15 The MPIC-ID serves as a physical name of the MPIC unit. It can be used in
specifying destination information and is also used for accessing the MPIC-
bus. The mechanism by which an MPIC establishes its MPIC-ID is
implementation dependent. Some implementations may latch in the MPIC-
ID on some of their pins from slot number at reset time. The MPIC-ID is

20 read-write by software.

The MPIC-ID serves as the physical “name” of the MPIC unit used for
addressing the MPIC in physical destination mode and for MPIC-bus usage.

In logical mode, destinations are specified using a 32-bit destination
field. All local MPIC units contain a 32-bit Logical Destination register 223

25 against which the destination field of the interrupt is matched to determine if
the receiver is being targeted by the interrupt. An additional 32-bit
Destination Format register 221 in each local-MPIC unit defines exactly how
the destination field is to be compared against the destination format

register. In other words, the Destination Format register 221 defines the

30 interpretation of the logical destination information.

QT
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6 Substitute sheet - 1 3 August 11996 ' or totally

I ntegrated into the associate LQCcessor, - . - i

i nterrupt request se%fa%?%a%@&d‘#@a VQP@%%?@%B%’SB? the 32:bit destination . T "39! 119

i ncl udi ng pendjpfifimaissintd'vePffldgraski ng operations, as well as

i nter-processor interrupt generation; and 5 3) a dedicated I/0
-bus, distinct froripnyaspeatededdieldibatmay Heussedfto represent sdeaiscaarsiD.

between the 1/0 and local MPIC units as v¥e

local -MPI C units.  Matching gn the gngodegh iqllfiew%gﬁt’)é%'\f/\ggﬁnm At o ention to
e wi thoub si gni 11 canta8 LM TS bibsin tRifcate 6 al 1PRGICAIAGGEDCT &1 @
an encoded field value of all ones is treated special in that it
matches any encoded value. '
(2) adecoded field (or bit array) that can be used to represent a
set of elements. Matching on the decoded field requires that at
10 least on'e of the corresponding pair of bits in the decoded fields
are both ones.

The Destination Format register 221 is controlled by software and
determines which bits in the destination information are part of the encoded
field and which bits are part of the decoded field. ‘To have a match on the

15 destination, both fields must match.

The logical-level interpretation of what each field really represents is
totally defined by the operating system. Note that these fields need not use
consecutive bits and that the length of either field can be zero. A zero-length
field always matches. Since destination interpretation is done locally by

20 each local-MPIC unit, the Destination Format registers of all local MPIC units
in a system must be set up identically.

Three example usage models using different interpretations are
described next to further illustrate the destination specification mechanism.
These are probably the most common models used in practice.

25 Example 1: Singie-Level Model
in this model, all 32 bits of destination information are
interpreted as decoded field. Each bit position corresponds to
an individual Local MPIC unit. Bit position could correspond to
physical MPIC-ID, but this need not be the case. This scheme
30 allows the specification of arbitrary groups of MPIC units simply

by setting the member's bits to one, but allows a maximum ot
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- .7 - BRI EF DESCRI PTI O\ré‘—’ THE DRAW NGS The
present invention may bapUndatslins IO MIFIS unke) deP BhdlR. e | ed
r

description given bel ow a rom the acconpanyi ng aw ngs of the

preferred enbodi nents ofschdme,iaMPIC urdtis adtressed hits\sit/isrsesindoe d not be taken
Stolimt the invention to the specific enbodi nent but are for explanation
and under st andi ng @@stjnation array. Broadcast tq gl isachievedhby-seiting &l 32k di agr am

of a commn prior art . ination bits to one. This selects all MPIC units in the
5 system.
Example 2: Hierarchical Model
This model uses encoded and decoded fields of non-zero
lengths. The encoded field represents a static cluster of local
MPIC units, while a bit position in. the decoded field identifies
10 an individual local MPIC unit within the cluster. Arbitrary sets of
processors within a cluster can be specified by naming the
cluster and setting the bits in the decoded field for the selected
members in the cluster. This supports systems with more than
32 processors, and matches a DASH-style cluster architecture.
15 Broadcast to all is achieved by setting all 32 destination bits to
one. This guarantees a match on all clusters, and will select all
MPICs in each cluster.
Example 3: Bimodal Model
Each value of the encoded fiéld is the ID of an individual local-
20 MPIC. This ID could be identical to the MPIC's physical MPIC-
ID, but this need not be the case. Each bit in the decoded field
represents a predefined group. This scheme allows
addressing a single MPIC unit by using its ID in the encoded
field (and selecting no groups), or to address a group (or union
25 of groups) of MPICs by setting the encoded field to all ones and
selecting the groups in the decoded field. Each MPIC unit
could be a member of multiple groups. Supporting broadcast
to all in the bimodal model requires that software define a
group that contains all local-MPICs in the system. Broadcast is

30 then achieved by setting all 32 destination bits to one. This

eet Has Been Replaced

i



uni - processor progranmabl e interrupt control ler (PIC). 10

Figure 2 is a bl ock di agram c -
pr ggr anmabl e i nterrupt ”%{‘HFF&F'F '?"I\ﬂi léﬁen'%‘i/él[sgr efté?’es on the groug%qti: gE; gcgslsgr
a bl ock di agram of thec&’r{&:rn?'%ﬁ'l%a ﬁse”ed /O MPIC unit. 15

Figure 4 shows the various tiel at make-up a Redirection Table
64-bit entry. Each processorfiagUe proBessor pridritp that thdgtesthefeldtive current |y
preferred local-MPIC 20 unit. Figure 6 shows the various

fields that cdmpertange ef thadasksspde that the processerdip currenly exeeutipg. Ihispcal - MPI C -

unit.
5 code may be part of a process or thread, or it may be an interrupt handler.

The priority is dynamically raised or lowered with changing tasks thus
masking out lower priority interrupts. Upon servicing of an IRQ, the
processor returns to a previously interrupted activity.

A processor is lowest priority within a given group of processors if its

10  processor priority is the lowest of all processors in the group. Because one
or more processors may be simultaneously lowest priority within a given
group, availability is subject to the process of arbitration.

A processor is the focus of an interrupt if it is currently servicing that
interrupt, or if it currently has a request pending for that interrupt.

15 An important feature of the current invention is the guarantee of
exactly-once delivery semantics of interrupts to the specified destination
which implies the following attributes of the interrupt system:

1) interrupt injection is never rejected;
2) interrupts (IRQs) are never lost;

20 3) in the case of edge triggered interrupts, the same IRQ
occurrence is never delivered more than once, i.e., by
delivering an interrupt first to its focus processor (if it currently
has one), multiple occurrences of the same interrupt while the
first is pending (servicing not complete) are all recorded as

25 pending in the local-MPIC interrupt request register's (IRR's)
pending bit corresponding to that particular interrupt request;

4) for level activated interrupts, the state of the I/O-MPIC's
interrupt pin is re-created at the destination local-MPIC's IRR
pending bit whene\}er its state differs from the state of the I/O-
30 MPIC interrupt input pin, the destination local-MPIC only

initiéting the same IRQ upon execution of an end-of-interrupt
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25 Figure 7 shows the vari ous™~fifet d assi gnnents of the interrupt
' : Fi 8 depicts t trackjng of the renote
lC%gTTE.P? Esg![ ﬁtee(rjesti nat (&R signal,n'lx ursgtpg processor expl!?:ﬁly raises |Jts t%sk
- 8 - Fi gursﬁgn}_s a flow chart depicting the interrupt
accept ance process by @ local -MPIC unit.
The preferred embodiment supports two modes for the redirection of

these incoming IRQ and for the selection of the destination processor: fixed
5 static mode and dynamic jJowest-priority mode. These and other possible
operating system supported modes are supported by the following
information:
1) MPIC-ID’s, known by each MPIC unit,
2) Destination Address field from the I/0-MPIC's re-direction table,
10 3) the MPIC unit address; each MPIC unit knows its own address,
4) whether an MPIC unit is currently the focus for the interrupt,
and
5) priority of all processors.
The fixed mode is the simplest method. The interrupt is
15 unconditionally broadcast by the I/O MPIC to all MPIC’s encoded in the
destination address field for the particular IRO. typically a single local MPIC
is designated. Priority information is ignored. If the destination processor is
not available, the interrupt is held pending at the destination processor's
local-MPIC until the processor priority is low enough to have the local-MPIC
20 dispense the interrupt to the processor. Fixed re-direction results in:
1) static distribution across all processors; and
2) assignment of a specific local-MPIC to a given interrupt.
Fixed redirection allows existing single threaded device drivers to function in
a multi-processor environment provided that software binds the driver code
25 to run on one processor and the MPIC unit is programmed for fixed delivery
mode so that the device's interrupt is directed to the same processor on
which the driver runs.
The lowest-priority re-direction mode causes the lowest priority
available processor in a group specified by the re-direct address field to

30 service the interrupt. Because each of these lowest-priority processor’s

This Sheet Has Been Replaced

[T




Figure 10 shows the MPIC 1D register (-:ol_er-iguration. 5 Figure 11
shows the non- \o%gfdﬂbgfE@&h@“s‘asgﬁww{ﬂo‘w&fgs priority, an Erbutra't: ibgure 12 shows a

tri-state buffere us arrangemnen igure 13 shows the

2-bit decode ppaestis é¥erdidbe ditheMAICWuedo determine thddlowest friotityat i on.
Figure 14 shows the MPI C short nessage forns. 15 Fi gure 15 shows
t he MPI C message enld:m!’ee thantone pasessasis opasaling at the lowest- P"Of'tmﬂgﬁ'ﬁr@em

defines the con” heam rtr)1|a§ %e%gckteé]%t I!\a/zﬁhgm.mi% additional processor selection

5 algorithm is applied to the remaining candidate lowest priority processors for
the random selection of a processor with the object of uniformly spreading

the interrupt servicing task amongst the lowest priority processors.
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Figure 17 deflnes t he extended dellver§ node control bit coding. 20
Figure 18 sho g NPIC-S E nea|“n1and | ong nessage fornats
Figure 19 sho ti me generator. Fi gure 20

shows the Divi de (qu/@Mﬁerafnpgpggo&f@@r&% RirfRbr 8ét%|le in Fugéré gnﬁent&

Figure 21 shows the contents o ree timer Local Vect bl e
The interrupt input lines 107 provide the means for the I/O devices to inject

their interrupts. An edge filter 108 is used to provide clean level transitions
5 atthe input pins. The re-direction table 104 has a dedicated 64-bit entry for
each interrupt input pin (line) 107. Unlike the prior art IRQ pins of the
82C59A/82380 PIC previously discussed, the notion of interrupt priority is
completely unrelated to the position of the physical interrupt input pin on the
10 MPIC unit of the current invention. The priority of each input pin 107 is
10 software programmable by assigning an 8-bit vector in the corresponding
entry of the Re-direction Table 104.
Figure 4 shows the format of each Re-direction Table 64-bit entry.

The description of each entry is as follows:

Vector (0:7): An 8-bit field containing the interrupt
vector.

15
Delivery Mode (8:10): A 3-bit field that specifies how the
local MPIC's listed in the destination
field should act upon receipt of this
signal, has following meaning:

000 -  FEixed - deliver to all processors listed
on destination.

001 - Lowest Priority - deliver to lowest
priority processor among all
processors listed in destination.

011 - Bemote Read - request contents of an
MPIC unit register, whose address is
in the Vector field, to be stored in the
Remote Register for access by the
local processor, edge trigger mode.
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-9 - DESCRI PTI ON OF THE PREFERRED EMBCDI MENT(.S) A

mul ti-processor programmabl e i n{&y upgﬁ&?na&%}ﬁrmé 'XB’h askSBlst €m S

described. In the follow ng descripti GheriBERIMIYSInSPER ki etails are set
forth, such as a specific nunber of iw@éegg%;gaglﬁﬁ %eéér\é?ces, etc., in

order to 5 provide a thorough underiaforméiidil trehteli’a8 ddgeisengitpd enbodi ment

of the present invention. It w |digm, obvi ous, however, to one skilled
in the art that the present invention may be practiced w thout these
specific details. In ot her instances, well-known circuits have not
been shown in detail, or have been shown in bl ock diagramformonly,
In order to avoid unnecessarily 0 bscur,i h resent .Jnvention.

or . ce: 101 ! Hn Ve ﬁga‘ﬁ ;&: sxars lis
Additionally, in describing the %ﬂeser@fﬁ‘%ﬁﬁ] '/aé- sst i g?ﬂéﬁc,sé {ég made to

processors’ reset pin, setting all
addressed local

110-  Debug - deliver to all listed processors
by asserting/de-asserting the local
MPIC's debug pin; treated as a level
sensitive signal.

111 - Ext INT - deliver to the INT pin of all
listed processors as an interrupt
originating in an externally connected
8259A compatible interrupt controller,
treated as a level sensitive signal.

(Note that Delivering Modes of Reset, Debug and ExtINT are not VO
5 device interrupt related. Reset and Debug are interprocessor interrupts
while the ExtINT mode is included to provide compatibility with the existing
8259A PIC de facto standard.)

Destination Mode (11):  Interprets Destination field:

0 - Physical Mode - use MPIC-ID
in bits 56:63.

1 - Logical Mode - 32 bit field is the
logical destination, operating

system defined.

Delivery Status (12): A 2-bit software read only field
containing current delivery status of
the interrupt:

10
0- Idle - no current activity,
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signal nanes peculiar to the currenttyOpreferred enbodi nent.

Reference to

t hese specific nanes should not be construed as a |limtation on the spirit
or scope of the present #ARventiSend Bénding - intefrupt infdctadvtoew of the MPIC

Architecture
controller (MPIC) system
servicing in a nmulti-processor

concerned with uni-processor 20
nunber of peripheral units are servi

a programmabl e interrupt controller (
system it is often desirable to shar
servicing anong a group of simlar pr
broadcast interrupt service requests

and 25
anongst
Bemote IRR (14):
Trigger Mode (15):
5
Mask (16):
Destination (32:63):

The mul ti - priocalddRIC, peldgpbymiherdnjectedr r upt

i s desiigtesuiptso accommodat e i nterrupt
envi ronnent .
systens i n which the interrupts of a

Current practice is mainly

&
|s |rrp |£effse he ability to

he pertinent group of processors

rocessor aided b
ﬁﬁx’am reag ﬁtﬁp 'processor 4

a nmechani sm for determ ning the equi tabl e assi gnnent of the tasks

Mirrors the Interrupt Request Register
(IRR) bit of the destination local-MPIC
for level sensitive interrupts only, and
when status of bit disagrees with the
state of the corresponding interrupt
input line 107, an I/O-MPIC message
is sent to make the destination's IRR
bit refiect the new state causing the
remote (local-MPIC) IRR bit to track.
This bit is software read-only.

Indicates the format of interrupt signal:
0 - edge sensitive
1 - level sensitive

Indicates mask status:

0 - non masked interrupt (NMI)

1 - masked interrupt capable of being
blocked by higher priority tasks.

32-bit field representing interrupt
destination defined by the operating
system. The lower part of Figure 4
depicts the two possible formats
previously discussed: a 32-bit
physical (decoded) format using one
bit per destination processor and an
8/24 bit logical format with 8 coded
bits and 24 decoded bits defining a
256 x 24 two dimensional
destination space.

The 64-bit wide re-direct table 109 is read/write accessible through
the 32-bit address and 32 data lines, DATA/ADDR 106, of a host processor,
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the processors. The uni-processor design problemis significantly sinpler:
the Pl C dedi cagedptas hdied RbOGEIBEME DRtigdry Statas arid Reinble IRR sisodhicnt er r upt
request (IRQ line, orders the requests according to the assigned
priorities arechaddwireiwride and Iseftwiare seackenjy.i nf ormation to the processor to

tirrelyinitiateth ro |at serv out |

10 . WPI?"Q%"&%{’I&GH &?éet? %f cfl&r%gﬂ%%&%%”n c interrupt
task assl %ggmbdgmwﬂwg M?-"l'ébg.&%ﬁﬁ&lﬁdébﬁe uMiaRo0P/eAt i ng in a purely
static node, | unct1ons nuch as in a uni-processor system

assi gni ng eRchMPIC-bus 107 protocol specifies a 5-wure synchronous bus, 4 wires for data
and one wire for its clock. Specific details of message formats will be
covered under the section on MPIC-Bus Protocol. Acceptance results in the
reset of the Delivery Status to idle.

The local-MPIC unit 104 is responsible for interrupt acceptance,

10 dispensing of interrupts to the processor and sending inter-processor
interrupts.

Depending on the interrupt delivery mode specified in the interrupt's
re-directional table entry, zero, one or more MPIC units may accept an
interrupt. A local-MPIC accepts an interrupt only if it can deliver the interrupt

15 to its associated processor. Accepting an interrupt is purely an
I/0-MPIC 102 and local-MPIC 104 matter while dispensing an interrupt to a
processor only involves a local-MPIC 104 and its local processor 105.

The Re-direction Table 109 of the |/O-MPIC_ unit 102 serves to steer

interrupts that originate in the O sub-system 101 and may have to be
20 directed to any processor by broadcasting the Re-direction Table entry
corresponding to a given interrupt over the MPIC-Bus 103.

Figure 5 details the structural elements of the local-MPIC unit 104.
The Local Vector Table 210 is similar in function to the VO-MPIC
Re-direction Table 109 except that it is restricted to interrupts relating to the

25 associated local processor only. Local Vector Table 210 contains six 32-bit
entries. Entries 201 through 202 correspond to timers 0 through 2;
entries 203 and 204 correspond to local interrupt input pins; and entry 205
controls interrupt generation for data parity errors. The higher order bits in
timer entries 200 through 202 contain timer-specific fields not present in the

30 other entries (as detailed under the later discussion on timers).
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I nterrupt according to a prescribed schedule. 5 When operating in

a dynam c node, ,t%hbﬁ’gmm%d SERdW 1okl MRBKunit 104 a8 SbeHratent by t aking
into consideration the relative task priority between processors.

It is expect edntithat maypbe incomposated ircwitple abinipartdntodhe aggogiatatt s of bot h

static and dynam c interrupt nman t. Static assignments mght be 10
madel, for exgﬂﬁﬂc@s,s":r/\ﬂbﬁ’f"f’;%@ﬁgi“ﬂggggﬁg'ﬁd‘?—?ryatﬁ‘IE%‘?'BPI riyEnRrpe &ﬁar ed use

of servicing SALIKEY & coblilFicaRbAe batbphf UGN AAC! it T8 o8 fesi rabl e to

restrict the rnterrupt serviclng to a su t of processors that share
a C 0§D Asgpeiatdd roedsseuins/ SEatraxamplel the incorporatorcatlke loghl MPI®cessor s
are subject to interrupt requests fromall peripheral subsystenms. 15

Figure 2 is aubt'sloraldntgguptvestortatie comprsing ynits208ande2P4rrauld Prevideessor
bl e int [ i st
bt Pt oo na of Rt P PR WRisBehd nefréiy Sro 8 bstBo e kid B TP 07 ' ©

| ocal - MPI C uniicheGhembrydiansiaion fookapautiedd 104. Each 1/ 0O MPIC 102 accepts
interrupt lines 107 fromits associated |/ O subsystem 101 (typically a 20

col l ection of perifigure & defines thehvarious fields aesnoiateti wih iasabvestirdaklel RQ. The

1/ O
10 entries 200 through 205.
Yector (0:7): An 8-bit field containing the interrupt
Vector.
Delivery Mode (DELV)(8:10): A 3-bit field having the same meaning

as in re-direction table 109 except
lowest priority (001) is synonymous
with fixed (000).

Bemote IRR (R) (14): ‘This bit mirrors the interrupt’s IRR bit of
this local-MPIC unit. It is used solely
for level triggered local interrupts, is
undefined for edge triggered
interrupts, and is software read-only.

Trigger Mode (TM) (15): 0 indicates edge sensitive trigger. 1
' indicates level sensitive interrupt.
Local interrupt pins (203, 204) may be
programmed as other edge or level
triggered while Timer {200:202) and
Parity (205) are always edge

sensitive.
15
Mask (MS)(16): 0 enables interrupt, 1 masks interrupt
Mode (M){(17): Selects mode of timer; 0 is one shot,
1 is periodic
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MPI C output is coupl ed to MPI C bus 10323whi ch broadcasts to all |ocal-MPIC

units 104 appr ' formatted | RQ g necessary
i denti fying an%’eﬂ) Pl/ i nformati on. %%E c%{ﬁ%%@gum Pqﬁljo4 exan nes the
nmessage and deci des whet her to accept If tentatively accepted by nore
25 than one |local MPIC unit 104, an arbitration procedure is invoked

bet ween conpeting units. The local MPIC unit 104 with the | owest

priority wins the (Mode andftasenarametarsowill be eliscyssadduntieninthe sectieny di spenses
it to its ass cessor 105. System bus 30 is the
A Sharshiteete

comon neans | g between 30 processors, nenory, and ot her
peripheral units OAprh%s&HdehaMé%%@ gfocessor irt¥rRiptdTby WafiRg fyeessor and

peripheral is interfaced with system
64-bit interrupt Command Register 220, whose Iayout is similar to that of the
1/0-MPIC Re-direction Table 109. The programmable format, very similar to
an entry in the Re-direction Table 109 is shown in Figure 7, allows every
processor to generate any interrupt thereby allowing a processor to forward
an interrupt originally accepted by it to other processors. This feature is also

10 useful for debugging. The interrupt Command Register 220 is software

read-write.

Yector (0:7): Identifies interrupt being sent.

Delivery Mode (8:10): Same interpretation as for
Re-direction Table 109.

Destination Mode (11): Same interpretation as for
Re-direction Table 109.

15
Delivery Status (12): Same interpretation as to Re-direction

Table 109. Local processor sets
status, local-MPIC up-dates. Software
may read this field to find out if the
interrupt has been sent and, if so,
Interrupt Command Register 220 is
ready for accepting a new interrupt. If
register 220 is over-written before the
delivery status is Idle (0), then the
status of that interrupt is undefined
(may or may not have been accepted).
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Substitute sheet - 13 August 1996 kel

- 11 - W@WW bus conbif Gddaih &Mﬁﬁ&tioﬁ%th']f‘lpﬁﬂ or art
systens, systen us 30 carries iNddarMEpo didddgst traffic, interrupt
servicing traffic; and all other asbéritn/deHassenio enevalaf fi c. The

present invention relegates interrupt sensitivesinterrupts (Otdeedssen, t o t he MPI C bus
103, thereby increasing the overal | sylsassertefForcixample, with Delivery B,

| nt errupt Contr ol The i nt dadent Beset, JriggenMode alhevelf both 1/0
and local MPiC units are col | ectanddieyelRe-agsestiatleraspits i@ i veri ng
interrupts frominterrupt sources to &i¢-asser of Bagadiq thePrecesse’@ ng processor
in a nulti-processor system 10 the adqrgsged; MPIC(s), f'm n identity
condition will also cause all s% '

the i i
interrupt vector, that uniquely oo oir Arbitration-ID (used for tie

breaking in lowest priority arbitration)

to the MPIC-ID.
Trigger Mode (15): Same as for Redirection Table 108.
moie R 17 Indicates status of data contained in

the Remote Read register 224.

00 - Invalid - content of Remote
Read register 224 invalid,
remote MPIC unit unable to
deliver.

01 - Jn Progress - Remote Read in
progress, awaiting data.

10 - Yalid - Remote Read
complete, valid data.
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di stingui shes the interrupt from other interrupts in.the system Wen a

processor accepfs_ an.ingerrupt (1 alo© | ocate the
entry p0| ( gRQ e t,%ﬁlb}s\ g&?t tc dler inits
interrupt table. The pref erred e ptg)éyi,p@,o% fid.8-bit)

di stinct vectors in the range of 15 oftware overhead byEach i nterrupt

has an interrupt priority represented ,{@yr mngla/@oﬁmaz bit write Si gni f i cant
bits of the 8-bit interrupt vector, i dperatlbﬁcbfres;foanMgltebﬁlﬂsIdMth 0 being
| owest and 15 being the highest priori3263 fohthe follow camsmomeases6 di f f er ent
vectors may share a single interrupt priari sgftwareeglf infgrupt,

Interrupts are generated by a nunber of ki f frderaypt tasa singledixedhi ch may

i ncl ude: 1) external 1/0 de?P%‘E@“E’b ect ed t(% the 1/ O MPI C
uni t manif est ed by efh hg}ter & @ si tions) or

| evel s on interrupt input redirected to
any processor; 25 2) | ocal l'y cok ' B Qh | terrupts,
al ways directed to the | ocal r ocessorgonl y, manifested
as an edge or |level signal; 3) PrOCeRA™C ti mer i nt errupts,
generated within the |ocal-MPIC unit by The 2-bit code is interpreted as
follows:
00 - No shorthand, use Destination
field (32:63).
01 - Self, current local-MPIC is the
only destination (used for
software mterrupts)
10 -
AlLexs:huimugII used during
reset and debug.
Destination (32:63): Operating system defined, same as for

Redirection Table 109. Used only
when Destination Shorthand is set to
Dest Field (000).

The I/O-MPIC unit 102 and all local MPIC units 104 receive
messages via the MPIC;Bus 103. The MPIC unit's first check to see if it
belongs to the destination in the message. For example, in the case of the

5  32-bit destination format previously cited, each MPIC unit with an ID value in
MPIC-ID Register 222 less than 32 uses it MPIC-ID to index into the 32-bit
destination array. If it finds its bit set, then the MPIC unit is addressed by this
message. In the case of the 8 x 24 format, each MPIC unit checks if its
MPIC-ID is equal to the MPIC-ID in the 32-bit destination field, orifitis a

10 member of the group list, as shown in Figure 7, by bit-wise ANDing its 24-bit
group list register (32:55) with the group list in the message and ORing all
resulting bits together. If the MPIC-ID in the message has a value of -_255,

then the MPIC unit is addressed by the message as well.
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any of the three progranmmable tiners; 4) I rter-processor

interrupts address%lé%u@%n%/ﬁﬂeg\}%ed%@ arbitfhtion unit 216, Figure 5, A& ©" of

groups of processors in supp ware se
- 12 - destination and modeinfrmafds on PUtpue P tovacceplaatslldgiy, cache nenory
tabl e | ook-asi de buffer (TLB) flushing, and interrupt

f orwar di ng; arknit 248 which performgthe lagipsopesatiang I cerjungtiop &vithitpe gener at ed by
any Iocal M Ccoltjmpeinris gf%lC-lD Register 222. If the message is accepted, the vector
5 information available on output 266 of unit 226, is decoded and together

with the mode information is passed on through to the 3 x 256 bit vector

array 230 by vector decode unit 228. The 8-bit interrupt Vector, when

decoded by Vector Decode 228 determines which bit position out of 256

possible is set indicating the interrupt priority. When an interrupt is being

10  serviced, all equal or lower priority interrupts are aUtomatically masked by

the prioritizer unit 240.

3 x 256 bit Vector Array 230 consists of 256 bit vectors used for
storing interrupt related information. Each register is software read-only and
hardware read/write. The registers are defined as follows:

15
ISR, In Service Register 231, shows
interrupts that are currently in service

for which no end of interrupt (EOI) has
been sent by the processor;

IRR, Interrupt Request Register 232,
contains interrupts accepted by the
local MPIC unit but not dispensed to
the processor,

TMR, Trigger Mode Register 234, indicates
whether the interrupt is a level or edge
sensitive type as transmitted by the
sending MPIC-{/O units trigger mode
bit in the redirection table entry.

If an interrupt goes in service and the TMR bit is 0, indicating edge
type, then the corresponding IRR bit is cleared and the corresponding ISR bit
20 isset. lfthe TMR bitis 1, indicating level type, then the IRR bit is not cleared
when the interrupt goes in service (ISR bit set). Instead, the IRR bit mirrors

the state of the interrupt's input pin. As previously discussed, when the level

triggered interrupt is de-asserted, the source /O-MPIC detects the
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detects a parity error on the data bus causing its host to be 5

i nterrupted. dlscrepancy and sefide adeessagatid the defstisation incal-MRIE uoite Blearzer o,

one, or a group o processors in the system A different destination
can be specifi &8 "i%b'teach interrupt. The sender specifies destination

of an interrupt in Plaﬁre(gsﬂo‘w% B%Qaycg?ﬁtekﬁﬂﬁlboﬁbmwﬁmomﬁﬁ% gode and

| ogi cal node. the destination processor is

speci fi ed by alHR'Han@the destma?iohlldcawwehmnréas)dmeatasa otgheinteaipt mpui on or a
broadcast to all (MPIC I ones? can be specified in physical

desti nati on SnodINTIN). i also lllustrateﬁmvnawﬁoysm lewerhimediately Sy &he t hat cont ai ns

the unit's 8-bit MIC
-assemon 3 the interrupt as long as the INTIN is still asserted by some

device. In this example, it is assumed that two devices, A and B, share a
level triggered interrupt input to the I/O-MPIC. Device A raises a level
interrupt as indicated on line (a), followed by a device B interrupt as shown
10 online {b). The resulting INTIN signal is the ORed combination of lines (a)
and (b) as shown on line (c). The MPIC-bus send/receive unit 110 of
Figure 3 EXCLUSIVE-ORs (XORs) INTIN with the remote IRR bit, bit 14 of
| the Re-direction Table 104, shown on line (e) to yield the “level assert” and
“level de-assert” shown on line (d). The local-MPIC IRR bit tracks the state of
15 line (e) as shown on line (f). Line (g) demonstrates how an EOI is followed
immediately by re-asserting the interrupt as long as the INTIN signal is still
asserted by one of the devices.
Figure 8 is a flow chart depicting the interrupt acceptance process of
a local-MPIC unit. Upon receipt of a message, a local-MPIC unit is the
20 current focus, i.e., the pertinent IRR or ISR bit is pending, it accepts the
interrupt independent of priority and signals the other local-MPICs to abort
the priority arbitration. This avoids multiple delivery of the same interrupt
occurrence to different processors, consistent with prior art interrupt delivery
semantics in uni-processor systems. If a local-MPIC unit is not, currently, the
25 focus it listens for the acceptance by another local-MPIC. If more than one
MPIC is available, arbitration, as described under the section entitled
MPIC Bus Protocol, is invoked to determine the winner (lowest priority) unit.
If a message is sent as NMI, Debug or Reset, then all units listed in

the destination unconditionally assert/de-assert their processor NMI output
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15 The MPICID serves as a physical nane of the MPIC unit. It can be used

I n specif.y4 | 1Ak i ' I.Se @ for accessing
the MPIG o pin %éuégﬁﬁé %%%ﬁ%’ﬁ%@%?%ﬁﬁ%ﬁsc l'e%‘fs)ggf?‘gﬁes its MPIC- 1D
i's i Ml ¢RR 262 tare by-passed dmdtvectoe informatibe ewnidetinedhs may | atch in the

MPI C- I D on sonme of their pins fromslot nunber at reset tine. The
MPIC-IDis 20 reHe VaskiRionly Begistan (TP R) 242 of Figure 5 stpres tpiagle® serves as

e Pyt oL RGN ot oiSel ek W B Bl fatyguiectAg4 0 [ IPIC i
I ofsr T abod Stersauad s dos dnshong,nd, 100
agai nst whi chuptreentesog antetioning ifrehdanintartupt handien URR 242 isea 32rbill t o
determne if register supporting up to 256 priority levels by means of an 8-bit field (0:7).

The four msb (4:7) correspond to the 16 interrupt priorities while the four Isb

(0:3) provide additional resolution. For example, a TPR value with zero in

10 the five msb and non-zero in the three Isb may be used to describe a task

scheduling class between 0 (idle) and 1 for the purpose of assigning an

intenupf. This is particularly useful when a number of processors are

operating at the same lowest level of priority.

A processor's priority is derived from the TPR 242, ISR 231 and

15 IRR 232. It is the maximum of its task priority._ and the priority of the highest
order ISR bit, and the priority of the highest IRR bit, all evaluated using the
four most significant bits of their coded 8-bit representation. This value, used
in determining availability of a local-MPIC to accept an interrupt and in
determining the lowest priority local-MPIC unit, is computed on the fly as

20 required.

Once a local-MPIC accepts an interrupt, it guarantees delivery of the
interrupt to its local processor. Dispensing of a maskable interrupt is
controlled by the INT/INTA protocol which begins with the local-MPIC unit
asserting the INT pin 262 which is connected to the processor INT pin. If the

25 processor has interrupts enabled, it will respond by issuing an INTA cycle on
line 261 causing the local-MPIC to freeze its internal priority state and
release the 8-bit Vector of the highest priority interrupt onto the processor
data bus-106. The processor reads the Vector and uses it to find the
interrupt handler's entry-point. The local-MPIC also sets the interrupt's

30 ISR-bit. The correspondihg IRR bit is cleared only if TMR 234 indicates an

edge triggered interrupt as previously discussed.
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the receiver is being targeted by the interrupt. An additional 32-bit
Destinati on For nat re | ster exact |y how

the destination fiell@ P‘é"'t"@gﬁ@%d@ﬁﬂ‘é& d&agﬁqﬁtgyptfﬁgna tgt'tisﬁ'?ﬂﬂes ¥*'or mat
register- 10 OLNSRRYNS Hiay bd EledF et 1RE PliORiZBPS gl Al ficd vaddr @ef | nes the
t ogi ca

30 |nterpretat|ono estlnatlonln rmation
- 13 - deliver to the processor on data bus 106. Instead, the Prioritizer 240 will

retumn a Spurious Interrupt Vector (SIV) instead. The dispensing of the (SIV)

5 does not affect ISR 231, so that the interrupt handler should return without
issuing an EOL. The SIV is programmable via the SIV register within
prioritizer 240.

It is possible that local MPIC units exist in the system that do not have

a processor to which to dispense interrupts. The only danger this represents
10 in the system is that if an interrupt is broadcast to all processors using lowest
priority delivery mode when all processors are at the lowest priority, there is
a chance that a local MPIC unit without the processor may accept the
interrupt if this MPIC unit happens to have the lowest Arb ID at the time. To
prevent this from happening, all local units initialize in the disabled state and
15 must be explicitly enabled before they can start accepting MPIC messages
from the MPIC-bus. A disabled local MPIC Unit only responds to messages
with Delivery Mode set to "Reset”. Reset/deassert messages should be sent
in Physical Destination mode using the target's MPIC ID be_cause the logical
destination information in the local MPICs is undefined (all zeroes) when the
20 local-MPIC comes out of Reset.

Before returning from an interrupt handler, software must issue an
end-of-interrupt (EOI) command to its local-MPIC clearing the highest priority
bit in ISR 231, by writing to EOI register 246, indicating the interrupt is no
longer in service, and causing it to return to the next highest priority activity.

25 The MPIC system is initialized in the following manner:

a) Each MPIC unit has a reset input pin connected to a common

reset-line and activated by the system reset signal.

b) The 8-Isb of the data bus 106 are latched into MPIC-ID

register 222,
30 c) Each local-MPIC asserts its processor Reset (RST) pin 265

and resets all intemnal MPIC registers to their initial state, i.e.,
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The Destination Format register 221 partitions the 32-bit destination

information into two fﬁé&i@?%ﬁ?lﬁwg and L(oj&l Vedbr f&ﬁg%ﬁ&é&q %gg%t hat can

be used to represent s n the
encoded field requires t@'ﬂwﬁ%ﬂ*ﬁérnﬁh&&lp%cb,mher_w%e setting register state t6al ue of
this field. To support broadcast to all in |ogical node,

an encoded field value zafo;al| ones is treated special in that it

mat ches any encoded val ue. (2)., a decoded fjel d“é’gr bit array)
that can be used t6) r efrachdopal-MPIC de-asserts it processor's ggsebpinde giigwiihe  nat chi ng

on the dec%ded field r&qﬁéers?%t{)ﬂgh@%%égs alme adtsecute initializa{ic‘ﬁ?‘&;def’ne of the

corresponding pair of are
bot h ones. e)  THesir&dgRddeasdrite gef-on NRIC/bRE 188 Wil B7de dthercont rol | ed by
sof tware and determ nes which bits in the destination information are
part of the encoded processors into reset by sending them the inter-processor
interrupt with
Delivery Mode = Reset
10 Trigger Mode = Level
Level De-Assert = 0
Destination Shorthand =  All Excl Self,

all other processors being kept in reset until the active
processor’s operating system allows them to become active;
15 f) The only running processor performs most of the system
initialization and configuration, eventually booting an operating
system which sends out a De-assert/Reset signal to activate

the other processors.

20 D. MPIC-Bus Protocol
The MPIC-bus 103 is a 5-wire synchronous bus connecting 1/O-MPIC
and local-MPIC units. Four of these wires are for data transmission and
arbitration while one is a clock line. |
Electrically, the bus is wire-OR connected providing both bus-use
25 arbitration, and lowest priority arbitration. Because of the wire-OR
connection, the bus is run at a low enough speed such that design-specific
termination tuning is not required. Also, the bus speed must allow sufficient
time in a single bus cycle to latch the bus and perform some simple logic
operations on the latched information in order to determine if the next drive

30 cycle must be inhibited. With a 10 MHz bus speed, an interrupt requiring no
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field and which bits are part of the decoded field. To have a match on the

d . -
It or pr ot at 1 on S en Wl hS BelBTE BEREBLE 23 45, ans i pport) BbBRIGH? | €

defined by the gggr8uigg system Note that these fields need not use
consecutive bits and that the length of either field can be zero. A
zero-length f i EhalMRICuanits 102 aride 104 iBivecsepdeate MRICibos input engr et ation is

on, For

o Rl Y e i S o hhy St B Borloh B SGgelt
1V e g P TR AT g 4
destination spegitéis@aRindy beossaito Provide a hierdichical contegtionitabl y t he nost
common nodel s used in practice. 25 Exanpl e 1: Singl e-Level Model
MPIC-buses that are required to support a large number of processors as
shown in Figure 12.
Arbitration for use of the MPIC-bus 103 and for determining the

10 lowest priority MPIC unit depends on all MPIC message units operating
synchronously. Distributed bus arbitration is used to deal with the case
when multiple agents start transmitting simultaneously. Bus arbitration uses
a small number of arbitration cycles on the MPIC-bus. During these cycles,
arbitration “losers” progressively drop off the bus until only one “winner”

15 remains transmitting. Once the sending of a message (including bus
arbitration) has started, any possible contender must suppress transmission
until enough cycles have elapsed for the message to be fully sent. The
number of bus cycles used depends on the type of message being sent.

A bus arbitration cycle starts with the agent driving its MPIC-ID on the

20  MPIC-bus, higher order bits first. More specifically, the 8-bit MPIC-ID (10:17)
is chopped into successive groups of 2 bits (i7:16) (15:14) (13:12) (11:10). These
tuples I(im):I(i), are then sequentially decoded to produce a four bit pattern
(B0:B3) as shown in Figure 13. Bits (B0:B3) are impressed on the four
MPIC-bus lines, one bit per line. Because of the wired-OR connection to the

25 MPIC-bus, each tuple of the ID only asserts to a single wire, making it
possible for an agent to determine with certainty whether to drop-off (“lose”)
or to continue arbitrating the next cycle for the following two bits of the
MPIC-ID, by simply checking whether the bus line agent that is driving the
bus is also the highest order 1 on the bus. In this manner, each MPIC-Bus

30 cycle arbitrates two bits.
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In this nodel, all 32 bits of destination information are

interpreted as decpdggatioh® also Beethtoltintl tie Rickl MRIC orif WitPthadowés?
an individual Local MPIC unit. Bit position could correspond to

physi cal MPI C-gricessat prioitys Lowedt- mtmbméorww thgivalye of thenMP1C39
al l ows the specificat

by setting the’ 'F?’é?ﬁ‘?‘@l‘ ng,tfbeﬁ%t%étﬁégg Fﬂé%ﬁ%&?m o(f‘ml’ By
. #4 . break ties in case’theR &6 it N(F‘Pés bsind/B! the UoWdst pridHty. System
5 Using the constant 8-bit MPIC ID as the Arb ID has a tendency to
skew symmetry since it would favor MPICs with low ID values. An MPIC's
Arb ID is therefore not the MPIC ID itself but is derived from it. At reset, an
MPIC's Arb ID is equal to its MPIC ID. Each time a message is broadcast
over the MPIC-Bus, all MPICs increment their Arb 1D by one, which gives

10 them a different Arb ID value for the next arbitration. The Arb ID is then
endian-reversed (LSB becomes MSB, etc.) to ensure more random
selection of which MPIC gets to have the lowest Arb ID next time around.
The reversed Arb ID is then decoded to generate arbitration signals on the
MPIC bus as described above.

15 After bus arbitration the winner will drive its actual message on the
bus, 4 bits per clock in nibble-serial fashion. MPIC messages come in two
lengths: short at 21 cycles and long at 30 cycles. The interpretation of the
first 19 cycles is the same for all message lengths. The long message type
appends cycles for priority arbitration to the first 19 cycles. The medium

20 message type only occurs if a complete arbitration is not needed as in case
when the winner is known prior to arbitration.

The short message format is shown in Figure 14 where the first
column represents the message cycle index (1:19) while the next four
columns represent the 4 data lines of the MPIC-bus.

25 The first four rows (1:4) represent the MPIC-bus arbitration cycles
where any row haé four entries representing the decoded tuple of the
MPIC-ID as previously discussed, i.e., i76 . . . i76 represents tuple (7:6),
i54 . . .i54, tuple (5:4), etc.

Cycle 5 is the extended delivery mode of the message and is

30 interpreted in accordance with Figure 15. The bit designated DM is the
Destination Mode bit which is @ for Physical Mode and 1 for Logical Mode.
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schene, a MPIC unit is addressed if its bit is set in the

dosti nati on bi (S MENRE N2 3le frBlicy asugheB IR ol teRfin b8 Fragte
system 4. Exanpl e 2: Hierarchi cal Model Thi s

nodel uses encoded and decoded fields of non-zero
| engt hs. The encode@y¢lp &l apntains s @antolbitstastdafined insFiguredi6. | Treal

MPI C units, whil it position in the decoded field identifies 1 0
an i ndi vi dual |°d‘§aé\%°$/|9PEP%%F‘PdWaPﬂi°ﬂmfﬁ&"a QyslesS a’)égr%i'?s%w dgraning
processors W t iy e ' I
cluster and\yse!t’i ??@gﬂgﬁﬁsgﬁ?ﬁeﬁgﬁgglﬁé &be\é?tgﬁ]fﬂ é?}%tftﬁg% 'sné gef(':?l%sd
menbers in the of kheshessage fais shewp poFigaresiy?st ens Wi th nore than

32 processors, and nmatches a DASH st?/I e cluster architecture. 1 5
Broadcast to all isC¥es éRed Bgpakaun theB-Bit intermupt¥eetPhat i on bits to

one. This guarant eeéraeggt‘m“&mébﬁﬁg%@{§?S‘@?ﬁ%ﬂ‘é‘§4'5- sel ect all

MPI Cs in each cluste Model
Cycle 17 is a checksum over the data in cycles 5 through 16. The

10 checksum protects the data in these cycles against transmission errors. The
sending MPIC unit provides this checksum.

Cycle 18 is a postamble cycle driven as 1111 by the sending MPIC
allowing all MPICs to perform various internal computations based on the
information contained in the received message. One of the computations

15  takes the computed checksum of the data received in cycles 5 through 16
and compares it against the value in cycle 17. If any MPIC unit computes a
different checksum than the one passed in cycle 17, then that MPIC will
signal an error on the MPIC-bus in cycle 19 by driving it as 1111. If this
happens, all MPIC units will assume the message was never sent and the

20 sender must try sending the message again, which includes re-arbitrating for
the MPIC-bus. In lowest priority delivery when the interrupt has a focus
processor, the focus processor will signal this by driving 1110 during cycle
18. This tells all the other MPIC units that the interrupt has been accepted,
the arbitration is preempted, and short message format is used. All {(non

25 focus) MPIC units will drive 1000 in cycle 19. Under lowest priority delivery
mode, 1000 implies that the interrupt currently has no focus processor and
that priority arbitration is required to complete the delivery. In that case, long
message format is used. if cycle 19 is 1000 fbr non Lowest Priority mode,
then the message has been accepted and is considered sent.

30 When an MPIC unit detects and reports an error during the error

cycle, that MPIC unit will simply listen to the bus until it encounters two
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Each val ue of the encoded field is the I D of an individual |ocal- 20

MPIC. This ID could be. | -

ID, but this n¥¥§® ﬁLB'tvetB ef(ﬂ)é)'oiggclés E+hg§e %@+ enc@%shlaﬁggtag@t& %I d
represents a pmggfigenad gﬁggéuoandTahéwmgag?e Mby BB%tarted by anyone. This
addressing a single NPI unit by using its IDin the encoded

field (and sel auuwsrajn MBIQgihameytselbomtod)cmmomm MP i§-bugoget dackiimi sync 25
of groups) of MPICs setting the encoded field to all ones and
sel ecting the UF"(‘JU}?SP’ 9 MPIE ypltsoded fiel d. Each MPIC unit

coul d be a grenber giaﬁcla‘énl)gtgf&@hqrg%{% Io&%%%qanﬂm%??mﬁﬁcal to

to all in the bino equires t war e I ne a
group that congwrigsst trdugha@adfiidsieat messape fomat.em Broadcast is 30

then achieved by setting all 32 destination bits to one. This

As mentioned, long message format is used in two cases:

(1)  Lowest priority delivery when the interrupt does not have a
focus. Cycles 20 through 27 are eight arbitration cycles where

10 the destination MPIC units determine the one MPIC unit with

lowest processor priority/Arb ID value.

(2) Remote Read messages. Cycles 20 through 27 are the 32 bit
content of the remotely read register. This information is driven
on the bus by the remote MPIC unit. '

15 Cycle 28 is an Accept cycle. In lowest priority delivery, all MPIC units
that did not win the arbitration (including those that did not participate in the
arbitration) drive cycle 28 with 1100 (no accept), while the winning MPIC unit
drives 1111. If cycle 28 reads 1111, then all MPIC units know that the
interrupt has been accepted and the message is considered delivered. |f

20 cycle 28 reads 1100 (or anything but 1111 for that matter), then all MPIC
units assume the message was unaccepted or an error occurred during
arbitration. The message is considered undelivered, and the sending MPIC
unit will try delivering the message again.

For Remote Read messages, cycle 28 is driven as 1100 by all MPICs

25 except the responding remote MPIC unit, that drives the bus with 1111, it it
was able to successfully supply the requested data in cycles 20 through 27.
If cycle 28 reads 1111 the data in cycles 20 through 27 is considered valid;
otherwise, the data is considered invalid. The source MPIC unit that issued
the Remote Read uses cycle 28 to determine the state of the Remote Read

30 Status field in the Interrupt Command Register (valid or invalid). In any case,

a Remote Read request is always successful (although the data may be
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- 15 - mat ches all individual | Ds and al so matches on

the group that . o ont.ai ns . Lt Se epin s

Each process orajgiar invalid) indbat 4 RB’PP‘&'?%%?’ '?Hg\feri?é‘é?éc a[ @sre? E%ﬁ fbéfhe'l Bve

i mportance of ykhi@rdnitt RBAd fP4l8etUgabatlRC afd S ERMYOFeridie MAICERGtliy executing.
Thi s 5 code may be part of a process or thread, or it nmay be an

i Et errupt handinable to respondisboydd inot ¢auseithe debugging procedurs todngr | owered with
changi ng tasks thu ki ng oyt | ower_pri.ari interr sS. Upon
servicing of an Il yclp$,@9 and 33 afﬁg‘@éagﬁaf’%tﬁ%@gﬁ%ké‘q Er%‘@"%tﬂghf o

i nterrupteg af%tehé!ihéi'he next message at f&clg‘sﬁ’f hE MPlld §clelWP e éd Alboty Wi thin a
gi ven group of "protessors 11 its processor priority is the | owest of
al | processor shbA ahl dorgy mussags,tegetkerawith non zero (ier, nooridieperwodingsr s may be
si mul t aneousl y | owest Eri ority within apqi ven rouIE), availability is
subj ect to t hdorngesiainsesnesbusayries aliow an MPIC bus agent that happens to be out

of phase by one cycle to sync back up in one message simply by waiting for
two consecutive idle cycles after reporting its checksum error. This makes

10 use of the fact that valid arbitration cycles are never 0000.

E. Timers
The Local Vector Table 210 of the local-MPIC unit 104 contains
three independently operated 32-bit wide programmable timers 200, 201

15 and 202. Each timer can select its clock base from one of three clock inputs.
Each time may operate in either a one-shot mode or a periodic mode and
each can be configured to interrupt the local processor with an arbitrary
programmable vector.

The local-MPIC unit 104 has two independent clock input pins:

20 CLOCK pin provides the MPIC's internal clock, TMBASE provides for an
external clock. The frequency of TMBASE is fixed by the MPIC architecture
at 28.636 MHz. In addition, the local-MPIC contains a divider that can be
configured to divide either clock signal by 2, 4, 8 or 16, as shown in
Figure 19. Base 0 is always equal to CLOCK; Base 1 always equals

25 TMBASE; and Base 2 may either equal CLOCK or TMBASE divided by 2, 4,
8 or 16. Divider (Base 2) Configuration Register is shown in Figure 20.

Software starts a timer by programming its 32-bit Initial Count
Register. The timer copies this value into the Current Count Register and
starts counting down at the rate of one count for each time base pulse

30 (Base 0, 1 or2). Each timer may operate One-shot or Periodic. If One-shot,

the timer counts down once and remains at zero until reprogrammed. In
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A processor is the focus of an interrupt if it is currently servicing that

| nterrupt, or 'ﬁenb&nc%dreeﬁklthﬁ%ﬁto%dtx@élger@foae?@mitfbﬂtefn%rofttn@!mtiamerrUpt 15

An inportant feature of t current Invéntion I's t uarantee of _
exact|y-once d@auntRggisteniaty the Cuareni Qe Reglstert 0 t he speci fied destination

which inplies the following attributes of the interrupt system
1)  interrupt injethq teq timers\aeq condipurededry. means of their Local Ygctor Tablesr r upt s

(1RQs) are nev%ﬁtriegsag sﬁé&n in Figure 21. 3'}he Vé&ortfnﬁ“d gdafﬁ%% 8?%%%&& | gger ed

interrupts, the saire ver delivered

nmore than olce described. Tlie Mask i, bit (16) serves to madlehl)vseﬁmrrﬂaskrrnagkt(er fhept first
to its focus processor (if it currently has one),

mul tipl e occur rﬂaﬁmsgmerataésrgmt mhme.cpupxtremhes@ tBase i field (18: 19) Is
first is pendi servicing,not. c i eco de

pendi ng in theq?eoéﬂﬁe W?’I’té' P&‘P%WP‘@&@&? e@ ds]t'é 3561, g ?ase 2.
pendi ng bit cop I

B Tor | evel MePHOARLYndipabe il it qfihe ALY prondihol ThiEpie
interrupt pin is re-created at the destination local-MPIC s IRR

pendi ng bit whenever its state differs fromthe state of the 1/O 30
MPI C i nt er r'@pt Fi-npubrguessor Rrivate: $tQIeE8Nn | ocal - MPI C only

Each local-MPIC unit provides Processor Private Storage 250, as
shown in Figure 5, with four 32-bit registers accessible only by the local
processor. Since each processor addresses its registers in the same way
(via the same address), the registers provides a convenient and processor

15 architecture independent way of providing “processor-own” data. The
contents of these registers is not interpreted by the MPIC in any way. These
registers are located in the same physical address page as the other local

- MPIC registers, access to these registers may therefore be restricted to
supervisor only. The operating system running on the processor is free to

20 use these registers as it pleases.
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initiating the same | RQ upon executidon3df an end- of - interrup

;ailge-s its tas%"m: (FQ) s gB?: or:J'?lyeSS the proces_sl_ﬁre prec”!w l!uMm””"’

enbodi ment supports two nodes for the redl rection of t hese incom ng
| RQ and for the selectl of the destinajion oce sor: fixed 5 static
node and dynanic | dwest H‘?ﬂ'??g cﬁ%‘éh' EURe 'ﬂéqceﬁ%si bl e

programmable interrupt controller system that includes a multiplicity of
processors, a common system bus, associated local processor interrupt
controllers, at least one /O interrupt controller, and an interrupt bus, the
integrated circuit chip comprising:

(a) an associated processor circuit comprising a central
processor unit (CPU) with data, address, and control input/output ports;

(b) alocal processor interrupt controller connected to said
data, address, and control ports for accepting processor interrupt request
signals from the associated processor circuit , for formatting the associated
processor interrupt request signals, the formatted associated processor
signals being indicative of the nature and priority ot the associated
processor interrupt, for queuing an accepting interrupt, and for delivering the
accepted interrupt to the associated processor for servicing in priority order,
means for connecting to the interrupt bus for receiving and accepting both
I/0 interrupt controller and other local processor controller formatted interrupt
signals for which the associated processor is eligible to service, for
transmitting the associated processor formatted interrupt signals on the
interrupts bus, for broadcasting on the interrupt bus an acceptance signal
upon acceptance of the received interrupt signals.

2. The integrated circuit of claim 1 further comprising means
within the local processor interrupt controller for arbitrating priority with other
I/O and local processor interrupt controllers for control of the interrupt bus for
the transmission of interrupt related signals.

3. The integrated circuit of claim 1 further comprising a register in
the local processor interrupt controller for storing a unique pre-assigned
identification number for establishing the relative priority of each iocal

controller when arbitrating to establish the highest priority for use of t_he
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operating system supported nodes are supported by the foll ow ng

i nformati

2) Destination Address field fromthe I/OMIC s re-direction table,

3)  the MPIC UifArUPhIRAUESISTMEESAPAS.MPI C unit knows its own address,

4 whet her an IVPI un

aZ]d 4C pr:rh? Frﬁgpcrgtpdg}%u%?fﬁ@ ﬁHére n%eﬁ&%l br%gsfs? e flxed
mode is the si m,ﬁ.?st &S%irbmmriﬂ%?cbﬁ fdgsupt is 15 wunconditionally
broadcast by the I/OMICto all MPIC s encoded in the destination
address field for the pgti cméa'rs be@bnﬁa}Im thel dcgeptascenef intetroptadigndiy C

designated. Priority information is ignored.
not abasadan the curentiprpdty of the assogiated PrRegssaidasisothat: dest i nati on

is
processor'

on:

interrupt bus, and of estabk¥hinglthe fowdshprieritpior eaciccyplancaltd t ,

amongst a subset of eligible processors of the multiplicity of processors, the
local processor interrupt controller associated with the lowest priority eligible
processor accepts the interrupt request signal; and

(b) means for selecting one of the subset of eligible
processors when more than one is operating at a same lowest priority level
for the purpose of distributing the requests and servicing uniformly amongst
the subset for eligible processors operating at the same lowest priority level.

5. The integrated circuit of claim 1, wherein the local processor
interrupt controller comprises means for generating standard message
formats for use with fixed destination interrupts.

6. The integrated circuit of claim 1, wherein the local processor
interrupt controller further comprises means for determining if the local
processor interrupt controller is a focus for the same interrupt for which
service is being requested; and if so, means for pre-empting the priority
arbitration procedure.

7. The integrated circuit of claim 1 wherein the local processor
interrupt controller further comprises means for generating a priority
arbitration sequence for arbitrating between eligible candidate processors.

8. The integrated circuit of claim 7 wherein the priority arbitration
sequence comprises:

(a) a priority sequence based on the current priority of each
processor; and
(b) a unique randomized arbitration identifying sequence

for determining the winning lowest priority destination.

mmmwmm
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| ocal -MPI C until the processor priority is | ow enough to have the

local -MPIC 20  digpensge Hftfbrét@ﬁ%frétkﬂi&f damt'@hérePaRé geherafmg@®dans

re-direction results in: static distribution across all

processors; andpsrates on the locabprocessosintatruphcontfoller idemttfication nusterbyPl C to a
gi ven interrupt. . Fixed redirection allgws existi si ngl e threaded
devi ce dri ver sNCERMeNiRg thapreyous "”mi’ﬁ”i‘ﬂﬂ ?fid?%fr@a%@@sr'ngmﬁtﬁgwf%t provi ded
that software Qj ' A ; e processor and the
VPIC unit 1o pPeiei 6 Bt bw Bbacidebtlyhy 8o ol® BT PSR Thevi o' <

interrupt is directy tghéhtegaed credicsixsaim Pwherein theucahprobessdr i ver runs.
The | owest-priority re-direction node causes the | owest priority

avai | abl e pr ocindermupt contepligr eamprisgsci fi ed by the re-direct address field to

g? o cezgg\r/'i ge the interr %t ' s%% réjése?vee%ggnsoffor trer}: Rrﬁmgl a%\ﬁessetnaﬂrgiir?tréi'ruyt
and arbitration related messages on the interrupt bus;

(b)  acceptance logic means for rejecting, accepting, and
arbitrating received interrupt request messages including interrupt type and
priority information;

(c) recording means, coupled to the acceptance logic
means and to the send/receive means, for recording the status of accepted
interrupt request messages including interrupt type and priority information;

(d)  nesting storage means for priority ordering (nesting) of
the accepted interrupt requests, connected to the local processor data and
address ports, for storing and delivering the highest priority interrupt request
when its associated local processor’s priority is less than the highest priority
queued interrupt request, and for sending a delivery attempt accepted
acknowledgment from the processor to the sending source on the interrupt
bus;

e) means for storing the local processor interrupt controller
identification number, coupled to the associated processor data and address
ports for assignment of a processor programmable identification number,
and coupled to the send/receive means and to the acceptance logic means
for arbitrating an accepting received interrupt request signals;

® means for tracking the associated processor's current
task priority and delivering the task priority to the acceptance logic means for
arbitrating and accepting received interrupt request signals; and

(g) formatting means, coupled to the associated local

processor and to the send/receive means for formatting an interrupt

* c L M S *
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- 17 - | ocal - MPI C knows their associated processor's priority, an
arbitration message epatifiedbyethe asscot@led processoBhEidyirdtiatingdet er m ne t he
| owest priority I f nore than one processor is operating at the

| owest - pri ori t)}"anﬁﬁ‘@ﬁ'%rﬁ’éthe messgges Hﬁiﬁwd{i@c%‘f%%@%ﬂsat random An
S orl | B ocessoty < el el U b 15 BRI e e bRBebTT 11
processor W th jatBpustiionféile? turthdl Esmplisesspr eadi ng
(a) timer means with an associated processor selectable
clock source for timing a programmable interval specified by the associated
processor an generating an interval interrupt request message to the
associated processor at the end of the programmable interval;
(b) means for sensing associated processor generated
interrupts and generating an internal interrupt;
(c) means for detecting interrupt bus parity errors and
generating an internal interrupt; and
(d) alocal interrupt vector table for formatting the internal
interrupts and prioritizing and addressing the interrupt message for
transmission by the local processor interrupt controller send/receive means.

12. The integrated circuit of claim 10 wherein the local processor
interrupt controller further comprises means for storing and retrieving
auxiliary data accessible only to the associated processor.

13. The integrated circuit of claim 10 wherein the nesting means
generates a processor interrupt signal for advising the associated processor
that an interrupt of higher priority than its present task is ready for
acceptance.

14. A multi-processor programmable interrupt controller system for
operation in a multi-processor environment that comprises a multiplicity of
processors and at least one peripheral unit interconnected by a common
system bus, wherein the peripheral unit has an interrupt request line that
may signal a request for servicing from at least one processor and wherein
any processor may request servicing from any other processor without the
use of the common multi-processor system bus, comprising:

(a) an interrupt bus for communicating an interrupt request

A o

and an acknowledgment message;
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the interrupt servicing task anongst the | owest priority processors.

- 18 - C.  Strug)ur an IREeentiglér dUhnected to the interrifit@eduesy M3 C unit 102
of Figure 2 is further detailed in Figure 3. The interrupt input
lines 107 proveid 19asd one apspciatad patipheralfal @pteptisg ableasty anet peripheral t hei r

5" ot "The. 1 npUETPhEondifor fematife Y Toientabr a9 \RaShRSBB AP CHR cd 6- bit
entry for interrupt bus, the formatted signal being representative of the nature and
priority of the peripheral interrupt signal, and indicative of the group of
processors eligible to service the interrupt, connected to the interrupt bus for
transmitting the formatted interrupt signals, and for receiving status
information on the disposition of the interrupt request;

(c)  a muiltiplicity of local processor controllers, each local
processor controller associated with a specific processor, at least one local
processor controller of the multiplicity of local processors controllers
integrated into a common chip with the associated processor, for accepting
processor interrupt request signals from the associated processor, for
formatting the associated processor interrupt signals, the formatted
associated processor interrupt signals being indicative of the nature and
priority of the associated processor interrupt, the integrated local processor
controller connected to the interrupt bus for receiving and accepting both I/0
controller and other local processor controller formatted interrupt signals for
which its associated processor is eligible to service, for transmitting the
associated processor formatted interrupt signals on the interrupt bus, for
broadcasting on the interrupt bus an acceptance of the received interrupt
signals, for queuing the accepted interrupt signals, and for delivering
accepted interrupts to the associated processor for servicing in priority order.

15. A system as in claim 14 further comprising:

(@) means within the I/0 controller for arbitrating with other
IYO and local process controllers over the interrupt bus for the control of the
interrupt bus for the transmission of interrupt related signais; and

(b)  means within each local processor controller for
arbitrating priority with other 10 and local processor controllers over the

interrupt bus for control of the interrupt bus for the transmission of interrupt

RR O O

related signals.
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each interrupt

conpl etely unr
/0O
i nput pin 107 |5
I n the correspon

t he

input pin (line) 107. Unlike the prior art IRQ pins of the
82C59A/ 82380 PI C pridvi oAsstytedi ascin ciaind 15tfhnﬁmoolinprising airegigterinpbe priority is

ted to t I t th t
AR ot FontRISTe (7 TG #UGADY bis-seaneR GeHeonT oach |

rection

Figure 4 shovvsatﬂlmtﬁgnmtablfshen@hngl?estcisnbmytmmﬂsbj andtbr bitabkshingy .

description of each entry is as follo

An 8-bit fi el dthedawestmriagtyderdhe ﬁ@@pﬁwe of interrupt request messages.

vect or.

speci fies how the

15

listed in the gembistrbussd for all transmissions over the interrupt bus.
shoul d act upon receipt of this

18. A system as in claim 14 further comprising:

(a) means for arbitrating the acceptance of interrupt signals
based on the current priority of the associated local processor task so that,
amongst the eligible processors, the local processor controller associated
with the lowest priority processor accepts the interrupt request signal; and

(b) means for selecting one of the local processors included
in a subset of eligible processors operating at the same lowest level priority
so as to distribute the request and servicing with uniform probability amongst
the subset of eligible processors operating at the same lowest priority level.

19. A system as in claim 18 in which a first standard format for use
with fixed destination interrupts further comprises:

(a) aninterrupt bus arbitration sequence;

(b) adelivery mode portion indicating the basis of delivery,
e.g., fixed or lowest priority;

(c) acontrol portion indicating the destination and delivery
mode, the type of interrupt (level or edge triggered), and whether to assert or
de-assert level type signal;

(d) adestination portion indicating the eligible processors;
and

(e) a check sum value to indicate signal integrity.

20. A system as in claim 19 in which the message format is also
used for system wide non-l/O interrupt functions such as reset and debug
procedures.

21. A system as in claim 20 further comprising:

* c L M S *

Sheet Has Been Replaced

i

i

il

Vector (0:7):

17. A syB%ln{ A’se&é(scl\@é’ue in c?’au]nq)s in Whlé% gfar?&atrd Fﬂggg et hat

VPI C s

rgb&r f3r e&%ﬂs\‘\ﬁ%ﬁhé’@&fvﬁ?ﬁgﬁ&g QXcﬁﬁéélgd#ggPléﬁ%%. nPit vector

The



' - 43 - _
signal, has follow ng neaning: 000 -

Fixed - deliver to all pgocensaisstot & fdcabprocessor controllers determinin mining if it
on desti nation. 001 st Priority -
del i ver to | owissa focus for the same interrupt for which service is being requestqdr afif t y

processor anDn? al | processors
listed in destPRation. 011 - Renot e

Read - request contentsuaf Ghgans for preempting the priority arbitration procedure. MPI C
unit register, whose address Is P piing priority P in

the Vector field, ta2. beAsAystaadas m dldie 20 having an augmented second format
Renot e Regi ster f or access by
| ocal pr ocessotor (@f(féen@rpty gggmaﬁ%@tempts further comprising a priority arbitration

sequence for arbitrating between eligible candidate processors.

23. A system as in claim 22 wherein the acceptance logic means
has a priority arbitration sequence which comprises:

(a)  a priority sequence based on the current priority of each
associated processor; and

(b)  a unique randomized arbitration identifying sequence
for determining the winning lowest priority destination.

24. A system as in claim 23 further comprising means for
generating the priority arbitration identifying sequence.

25. A system as in claim 24 wherein the generating means
operates on its controller identification number by incrementing the previous
number and endian-reversi'ng the resultant bit pattern to produce a new
arbitration sequence.

26. A system as in claim 19 further comprising:

(@)  means for checking the check sum value and rejecting
he message if in error;

(b) means for appending an error indicator to the first
standard format; and

(c)  means for causing all I/O and local processor controllers
to recognize that the transmitted message is rejected because of parity error.

27. A multi-processor programmable interrupt controller system for
operation in a multi-processor environment that includes a multiplicity of
processors and at least one peripheral unit interconnected by a common
system bus, wherein the peripheral unit has an interrupt request line that

may signal a request for servicing from at least one processor and wherein

RO )
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- 19 - 100 - NM - deliver to the

non- maskabl e  any processor may request service from any other proceskdt vithiouPthe (LA ) pi n of
all listed . .. processors, ignoring
vect or of the common multi-processor system bus, comphiging:nat i on, treated as edge

sensitive

. . ..signal .
101 - Reset - delivel@io & ipterpt bus fgr communpiggfing an mlerrupt request
by asserting/ dan@aneickhdWleddifent message;

processors' reset pin, setting all

addr essed | ocal (b)  an IO controller connected to the interrupt request line
of at least one associated peripheral, for accepting at least one peripheral
interrupt signal, for formatting the interrupt signal for transmission on the
interrupt bus, the formatted signal being representative of the nature and
priority of the peripheral interrupt signal, and indicative of a group of
processors eligible to service the interrupt, connected to the interrupt bus for
transmitting the formatted interrupt signals and for receiving status
information on the disposition of the interrupt request;

(c) a multiplicity of local processor controller, each local
processor controller associated with a specific processor for accepting
processor interrupt request signals from the associated processor, for
formatting the associated processor interrupt request signals, the formatted
associated processor interrupt signals being indicative of the nature and
priority of the associated processor interrupt, connected to said interrupt bus
for receiving and accepting both I/O controlier and other local processor
controller formatted interrupt signals for which its associated processor is
eligible to service, for transmitting the associated processor formatted
interrupt signals on the interrupt bus for broadcasting on the interrupt bus an
acceptance signal upon aocebtance of the received interrupt signals for
queuing the accepted interrupt signals, and for delivering accepted
interrupts to an associated processor for servicing in priority order; and

(d) atleast one integrated circuit processor chip associated
with and connected to a local processor controller, the integrated circuit
processor chip incorporating a local interrupt vector table for directly

handling local processor interrupt vectors.

A 0 g /]

L
L s x
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110 - Debug - deliver to all listed processors

by asserting/de-asserting the | ocal

MPI C s debug pin; treated as a | evel

sensitive signal. 111 - Ext | NT -
deliver to the INT pin of al

| i sted processors as an interrupt

originating in an externally connected

8259A conpatible interrupt controller,

treated as a | evel sensitive signal. (Note that Delivering
Modes of Reset, Debug and ExtINT are not 1/O 5 device interrupt rel ated.
Reset and Debug are interprocessor interrupts while the ExtINT node is
i ncluded to provide conmpatibility with the existing 8259A PIC de facto
standard.)
FIG. | TATCEE gl
) - - o INTERRUPT
6 TO HOST
IRQ@ # -——Z—— S 15  —
]RQ| # e i SEEE— e
ROZ# ——= o = RO =
IRQ3 # ————> REQ. —————’“'---"AND“--"*—_. SERVICE
IRQ4# ———=  Rgg. [ CONTROL = REG
IRQS # ————— 1 LOGIC "™
IRQ7 # ~——e——! —— .g.(_). Eammma— .|_g..
R A S 1
, WR ———— 4|
o I
: IRQ @ ,
IRQ1 |
| 18 IRQ2 17 |
PRIOR ART : 2 ~ IRQ3 Z N |
DATA (0-7) IRQ4 DATA {0-7) ‘
l IRQ S :
I IRQ8 19 |
I IRQ7
| I
| |

INDIVIDUALLY PROGRAMMABLE
VECTOR BANK

82380 ENHANCEMENT OVER THE 82C5%9A
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Destinati on Mdde (1 1):

0 -

Physi cal

Mbde -

in bits 56:63.
- 32 bit field is the

| ogi cal

desti nation,

system defi ned.
read only field
delivery status of

10

Tl

SYSTEM BUS 30
/-

Interprets Destination field:
use MPIC 1D

oper ati ng

Delivery Status (12):

MBC

— 31

PROCESSOR

105~

REGISTER
ACCESS

106

MBC

PROCESSOR

—— s Sy G Geww SRS G Sm——  s——

INT
RESET

NMI

REGISTER
ACCESS

MBC

PROCESSOR

v m— S —— et S— W——

MPIC LOCAL

H

UNIT

104 ~ [ mPIC LOCAL

UNIT

MPIC LOCAL
UNIT

1 -

Logi cal

Mbde

A 2-bit software
cont ai ni ng current
the interrupt:
no current activity,

.
I
of |
O
=t |
b |
- I
|
0 l
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2 |
I
o l
o |
-
oZ | |
S |
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I —
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20 -

Injected to

ot her
This bit

i nj ected

is software read-only, i

.e.,

32-bit software wites to the
re-direction table 109 do not affect

this bit.
Request Regi ster

Renote IRR (14):

Send Pendi ng -

I nterrupt

| ocal -MPIC, held up by
i nterrupts,

Mrrors the Interrupt
RR) bit of the

FIG. *

destination |ocal -MIC DATA/ADDR for |evel
sensitive INDERRUPTUDLS onl v, _ag_d__@.{_'g_s __________ when
status of Bf¥Tdisagrees with the 102 |
| DEST(32) VEC(8) MODE — |
| = |
e l ~. 1o l
f ' | : ~ l
1
1 Epge | MPIC BUS | MPIC BUS
FILTER! | : SEND/RECEIVE
|| WLTER} | : <==i_—""'>| .
! 1 - |
| 1 I . ’ d l
== REDIRECTION ( |
o7 | o8 TABLE 109 |
e e e ———— e o
FIG. 5 DATA/ADDR INTA CYCLE -
EXITNTA = DBG
. 106 261
- I RST
Ir- PRIVATE STORAGE 248 262 ), -11
| 250 ~—PRIVATE & <=>| EOI REG 2637114 | l
[ PRIVATE 1|, 242 ggg_,/ l
| PRIVATE 2 <=D{ TASK PRIORITY] |
| PRIVATE 3 1; 1 240 |
] LOCAL VECTOR TABLE VECTOR ' £ |
k———t————-— PR
| TiMer [ 200 263 IORITIZER l
}TIMER1 201 / /230 \ :
202 :
LOCALINTﬁTIMERZ > _.2.__:1_______________15_R_ |
LOCAL INT 1 203 =) 232" 256-BIT VECTOR ARRAY IRR |
208 | T Fmete s e e =
' pata 205 234 TMR !
| PaRITY = \ 230 / l
| ERROR 210 228 l
| VECTOR DECODE [~ |
l224-{ REMOTE REG ) 7 T T ]
|2224 MPIC ID REG ACCEPTANCE I
1223 ALOGICAL DEST REG LOGIC !
}22:-» DEST FORMAT REG 1 266 :
| I
AND MODE '
INTR COMMAND REGI=)
: ' 7 267 226 |
| 220 . MPIC BUS '
I SEND/RECEIVE 8 ARBITRATION [ 104 {
e e s e e e e~ e o ——— e — —

AT
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state of the corresponding interrupt
I nput line 107, an |/ O MPI C nessage
is sent to make the destination's IRR
bit reflect the new state causing the
renote (local-MPIC) IRR bit to track.

This bit is software read-only. Trigger Mode (15):
I ndi cates the format of interrupt signal:
0 - edge sensitive 1 - level
sensitive 5 Mask (16): | ndi cat es mask st at us:
0 - non nmasked interrupt (NM) 1 -
masked interrupt capable of bei nEIG 4
bl ocked by higher priority tasks. Destination (32:63):
32-bit fizmld representing interrupt7isisi4 13 121110 87 0

XXXXXXXXXXXXXXXXXXXXXXX X XXX

VECTOR

— DELIVERY MODE

000 : FIXED

001 ¢ LOWEST PRIORITY
010 : (RESERVED)

011 : REMOTE READ

100 NMI
101 : RESET
110 DEBUG
111 EXTINT
— DESTINATION MODE
O : PHYSICAL
1 LOGICAL
-— DELIVERY STATUS
O : IDLE
1 ¢ SEND PENDING
— REMOTE IRR

— TRIGGER MODE
O: EDGE
1: LEVEL

— MASK
0: NOT MASKED
1: MASKED

63 32

DESTINATION
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destination defined by the operating
system The |ower part of Figure 4
depicts the two possible formats
previ ously discussed: a 32-bit

physi cal (decoded) format using one
bit per destination processor and an
8/ 24 bit logical format with 8 coded
bits and 24 decoded bits defining a
256 x 24 two di nensi onal

destinati on space. The t de re-direct table 109 is
read/ wite accessi bl e through the 3Z-'bi T address and 32 data |ines,

DATA/ ADDR 106, of a ho®it processopp 19 18 i7 16 15 "Hio 87 0

{200) TIMER & RESERVED BASE [ M [Ms RESERVED DELIV{VECTOR

(201) TIMER1 RESERVED BASE |[M MS| RESERVED DELIV |VECTOR

(202) TIMER 3 RESERVED BASE |M |MS| RESERVED DELIV [VECTOR

" (203) LOCAL@ RESERVED MS|TM|R | RESERVED | DELIV |VECTOR

(204) LOCAL 1 RESERVED |MS|TM | R} RESERVED |DELIV |VECTOR

PARIT

(205) PARIY RESERVED ms|  RESERVED |DELIV |VECTOR
DEVICE A / \ ta)
DEVICE B ______/_ ____________ \ (b}
INTIN __/i ______ \\ te)

XOR OF INTIN AND

,\ REMOTE IRR /_i\ (d)

SEND "LEVEL ASSERT" SEND "LEVEL ASSERT"

MESSAGE MESSAGE
REMOTE IRR / \ (e)
IRR AT DEST \
__/ i
INT/EOT (9)
This Sheet Has Been Repl
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- 21 - except as noted above for the Delivery Status and Renpte IRR
bits which are hardware wite and software read only. The
re-direction table entries are formatted and broadcast to al

| ocal -MPI C units 104 by MPI C-bus send/receive unit 110. The 5 MPI C- bus

107 protocol specifies a 5-wire synchronous bus, 4 wires for data and
one wire for its clock. Specific details of nessage formats wll be

covered under the section on MPIC-Bus Protocol. Acceptance results in the
reset of the Delivery Status to Idle. The local-MPIC unit 104

IS responsible for interrupt acc?fjigce

31 20191817 161514 13 121110 87 0

XXXXXXXXXXXXXKXAXXX XX

VECTOR

DELIVERY MODE
000 : FIXED
001 : LOWEST PRIORITY
010 : (RESERVED)
011 : REMOTE READ
100: NMI
101 : RESET
110 : DEBUG
1110 EXTINT

— DESTINATION MODE
0: PHYSICAL
1t LOGICAL

L DELIVERY STATUS

O0:1DLE
1 : SEND PENDING

L LEVEL

0 ¢ DEASSERT
1! ASSERT
— TRIGGER MODE

O : EDGE

1! LEVEL

L- REMOTE READ STATUS
00 : INVALID

041 : IN PROGRESS
10 : VALID

11 : (RESERVED)

— DESTINATION SHORTHAND
00 : DEST FIELD

01 ¢ SELF

10 : ALL INCL SELF
11 ¢ ALL EXCL SELF

63 32

DESTINATION
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10 di spensing of interrupts to the processor and sending inter-processor

i nterrupts. Dependi ng on the interrupt delivery node specified
inthe interrupt's re-directional table entry, zero, one or nore MPIC
units may accept an interrupt. A local-MIC accepts an ‘interrupt only
if it can deliver the interrupt 15 to its associated processor. Accepting
an interrupt is purely an /O MPIC 102 and | ocal -MPIC 104 nmatter while
di spensing an interrupt to a processor only involves a |ocal-MIC 104
and its |ocal processor 105. The Re-direction Table 109 of the
|/O-MPIC unit 102 serves to steer interrupts that originate in the 1/0.
sub-system 101 and nay have to be 20 directed to any processor by

br oadcasti ng theJBT&QIWEQJon Table entry corresponding to a given
i nterrupt over t C-¥us 103 Eigure 5 details the
structural elenments_of the |olcal -WAT COURECEIVES.
210 is simlar in{function to thdmwmcmnssxnz
except that it is]|restricted g to the 25 associ at ed
| ocal processor omly. Local Vector Tab R 210 contalns six 32-pit

entries. Entries 201 thro p o - to timers O through 2;

entries 203,80k RfsSQAE © ; i nput pins;{and entry 205
[

- The Local Vector Tabl e
ﬁ direction [Tabl e 109

R

DELIVERY
MODE
?

SET INTERRUPTS IRR
4

LOWEST PTY

YES
YES
ARBITRATE
NO AM 1 YES
- THE WINNER >
?
3] 24 23 0
MPIC 1D GROUP LIST
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controls interrupt generation for data parity errors. The higher order bits

I n timer entries 200 through 202 contain timer-specific fields not
present in the 30 other entries (as detailed under the later discussion
on tiners). - 22 -

Al t hough Figures 2 and 5 show |local MPIC unit 104 as a separate

entity, it may be incorporated in whole or in part into the associ ated
processor or processor chip 105. This nay be done in order to inprove the
efficiency of communications between the |local MPIC unit 104 and the

FIG. |1

1/0 LOCAL LOCAL
MP1C MPIC MPIC +5V
102 104 104-
[ A
Y | Y %
<= oo =D
NON-ISOLATED MPIC BUS Cxoa
LOCAL LOCAL LOCAL +5V 1/0
+ 5V MPIC MPIC MPIC MPIC
104 104 104 102
[ \ ]
Y Y
[ [ SIS
-
+5vV 301
o.c. 302 L
<

ISOLATED MPIC BUS
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5 associ at ed processor 105. For exanple, the incorporation of the | ocal

MPI C unit's local interrupt vector table conprising units 203 and 204
coul d provide a nore direct path to cache nmenory and thus speed up the
flushing of a cache nmenory translation | ook-up buffer.
Figure 6 defines the various fields associated with |local vector table 10
entries 200 through 205. Vector (0:7): An 8-bit
field containing the interrupt
Vector. Del i very Mbde V) (g,10): A 3-bit field having the
same meani ng FgTig. ‘%5 as in re-direction
tabl e 109 except | owest priority
(001) is synonynous ID TUPLE MPIC BUS with fixed
(000) . Renbt B 4+ RRKR) (+4: B3 B2ThistbiBPnirrors the
interrupt's | RR brt—of this
local-MPIC unit. It i® used sol el 0 O o 1
for level triggered Igcal Hnterrgg;s, ié 0 { 0

1 0 —_— 0 1 0 0

1 1 — 1 0 o0 o0

FIG. 14

i76 i76 i76 176 MPIC BUS ARBITRATION
i54 i54 i54 {54

i32 i32 i32 32

10 110 10 it0

M2 M3 M@ DESTINATION MODE AND DELIVERY MODE
“o Y0" L TM CONTROL BITS

V7 VB8 V5 V4 VECTOR

V3 V2 Vi VO

D30 D29 D28 DESTINATION

D26 D25 D24

D22 D21 D20

DI8 D17 D16

D14 D13 D12

D10 D09 DO8

D06 DO5 DO4

® N OD o -
o
-

- s = en —a =
b wmnn -~ 0w
O OO0 OUo
O 2 g MW
~ W~ -

30
O 0O
O
']
O O
O
n
O Q0
Q2
O O
O
O

CHECKSUM FOR CYCLES 5 THROUGH 16

[s ]

"t oMY """ POSTAMBLE
19: A A A A ACCEPT (1000 IF OK, 1110 IF PREEMPT, ELSE ERROR)
20: "0" “0" "O0" "0" IDLE 1
21: "0" "0" 0" "0 IDLE2

M2 M1 M@ DELIVERY MODE

0 0 0 FIXED

o} 0 1 LOWEST PRIORITY
0 1 ° (RESERVED)

0 1 1 REMOTE READ

1 o 0 NMI

1 0 1 RESET

1 1 0 DEBUG

1 1 1 ExtINT
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undefined for edge triggered
Interrupts, and is software read-only.
0 indicates edge sensitive trigger. 1
i ndicates |l evel sensitive interrupt.
Local interrupt pins (203, 204) may be
programmed as ot her edge or | evel
triggered while Tiner (200:2021: Qg
Parity (205) are al ways edge 1 |€5
sensitive. 15 Mask (MS)(1 6)
masks interr@pt "0" "o MdeCQWOL@lTS
TRIGGER MODE

Tri gger

Mode (TM (15):
O enables interrupt, 1
Sel ects node of
1 is periodic
(0= EDGE, 1= LEVEL)

timer; O is one shot ‘ L_
LEVEL

FIG. |7

{O = DEASSERT, 1= ASSERT)

TM/L (AAAA)

EDGE LEVEL-ASSERT LEVEL-DEASSERT
FIXED SHORT SHORT SHORT
LOWEST PRIORITY SHORT(1110)  SHORT(1110)  SHORT

LONG (1000) LONG (1000)  SHORT

DE;‘S’[fERY REMOTE READ LONG LONG SHORT
NMI SHORT  SHORT SHORT
RESET SHORT SHORT SHORT
DEBUG SHORT SHORT SHORT
ExtINT SHORT SHORT SHORT

1: {76 i76 (76 i76  MPIC BUS ARBITRATION
2: 54 i54 i54 154

3: 132 32 32 132

4: 1O {10 10 1O

5: DM M2 M1 M@  DELIVERY MODE
6: "o" "o" L TM CONTROL BITS
7: V7 V6 V5 V4 VECTOR

8: V3 V2 VI V@

9: D31 D30 D29 D28  DESTINATION
10: D27 D26 D25 D24

11: D23 D22 D21 D20

12: D19 D8 Di7 D16

13: D15 D4 DI3 D12

14: DN D10 D09 DOB

15: DO7 DO6 DOS DO4

16: DO3 DO2 DO DOO

17 c c c C
18 : u1|| n.‘" |v1n n1u
19: A A A A

CHECKSUM FOR CYCLES 5 THROUGH 16
POSTAMBLE

ACCEPT (1000 IF OK, 1110 |F PREEMPT, ELSE ERROR)

20: p76 p76 p76 p76 LOWEST PRIORITY ARBITRATION OR
21: p54 p54 p54 p54 32 BITS OF REMOTE REGISTER
22: p32 p32 p32 p32 ‘
23: p10 pl0 pt0 pi0

24: o76 076 076 ao76

25: 054 054 054 054

26: 032 032 032 032

27: o010 010 010 010

28 A A A A ACCEPT

29 s lloll lloll 11} oll lloll IDLE 1

30 s Ilo“ lloll 1] oll [ 1] oll IDLE 2
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- 23 - Base (18:19): Sel ects one of three tine

base for counter.

(Mbde and Base paraneters will be discussed further in the section on
Timer Architecture.) A processor generates inter-processor
interrupts by witing to the 5 64-bit interrupt Command Regi ster 220,
whose | ayout is simlar to that of the /O MPIC Re-direction Table

109. The progranmmble format, very simlar to

FIG. I9

CLOCK PIN BASE ¢
DIVIDER INPUT '
SWITCH DIVIDE BY BASE 2
248 16
TM BASE PIN BASE 1
o .

FIG. 20

3 3 2 1 0

RESERVED ' DIVIN | DIV BY

DIVIDER INPUT
O: DIVIDE CLOCK
1: DIVIDE TM BASE

DIVIDE BY

00: DIVIDE BY 2
O1: DIVIDE BY 4

10: DIVIDE BY 8
11: DIVIDE BY16

FIG. 21

3 2019 1817 16 15 87 o}
TIMER @ RESERVED BASE | M {MS RESERVED VECTOR

TIMER 1 RESERVED BASE | M |MS RESERVED VECTOR

TIMER 3 RESERVED BASE | M |MS RESERVED VECTOR

BASE |
00: BASE P
01: BASE 1
10: BASE 2

1: {RESERVED)

MODE |

O : ONE-SHOT
1 : PERIODIC

MASK i
O: NOT MASKED
1: MASKED

VECTOR |
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an entry in the Re-direction Table 109 is shown in Figure 7, allows every
processor to generate any interrupt thereby allow ng a processor to forward
an interrupt originally accepted by it to other processors. This feature is
al so 10 useful for debuggi ng. The hp&sacept Command Regi ster 220 is

sof twar e read-write. Vector (0:7):

| dentifies interprydRARGARIE MENT-PROCESSOR INDEHRUPEGONFROME. FR 8 Vs Same
interpretati on asyf® A PROCESSOR INTHGRATED LOCAL INTERRUPT CONTROLLERE-direction
Tabl e 109. — Destination Nvbde (I11I)- Same rnterpretation as for
Re-direction Table 109. 15 Delivery Status (12): Same

Interpretation as to Re-direction

Tabl e 109. Local processor sets .
status, |ocal- Ml CAL!BU'EI'&E‘@@.SSC’SMQQ\MP'@“'G interrupt controller system that

includes: an VO interrupt controller for receiving interrupt requests from an
I/O subsystem; multiple processor interrupt controllers, each associated with
5 a specific processor for dispensing of accepted interrupts; and an interrupt

controller bus primarily for the transmission of interrupt requests between

interrupt controlier units and for bus and priority arbitration, using a standard

message format and arbitration protocol. The system is implemented, in

pan, by incorporating the processor interrupt controller with its associated
10  processor into a single integrated circuit. The common system bus which
normally carries all system traffic is not used for interrupt request messages.
The interrupt controller bus is used for this purpose and thus results in a
more efficient system by relieving the system bus of interrupt service

requests and the related interrupt request traffic.

This Sheet 1,
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may.-read thi-s~fdeld to find out if the i
i nterrupt has beens/sent and, if soz 4
I nterrupt Command Regi ster 220 i Sy s

ready for accepting a new interrupt. If

regi ster 220 i

s over-witten before the

Neysei 4 e

delivery status is Idle (0), then t|:?e Substitute sheet - 13 August 1996

status of that

interrupt is undefined “

(may or may not haveH®eRa @gﬂ&@l@d)mul&%pnocesson INTERRUPT
S

- 24 - Level

5

10

20

25

30

PecorIHALIER) SYSTEM W
LOCAL INTERRUPT CONTROLLER

CROSS-BEFERENCE TO RELATED APPLICATION

This is a continuation-in-part of our prior application Seral No.
07/632,149, filed December 21, 1990, for a Multi-Processor Programmabie
Interrupt Controlier System.
FIELD OF THE INVENTION

The present invention generally relates to the field of multi-processor
systems and more specifically to interrupt controllers designed to manage
peripheral equipment service interrupt requests in a multi-processor

anvironment.

BACKGROUND OF THE INVENTION

Input/output peripheral equipment, including such computer items as
printers, scarners and cdisplay devices require intermitient servicing by a
host processor in order to ensure proper functioning. Services, for example,
may include data delivery, data capture and/or control signals. Each
peripheral will typically have a different servicing schedule that is not cnly
dependent on the type of device but also on its programmed usage. The
host processor is required to multiplex its servicing activity amongst these
devices in accordance with their individual needs while running one or more
background programs. Two methods for advising the host of a service need
have been used: polled device and device interrupt methods. In the former
method, each peripheral device is periodically checked to see if a flag has
been set indicating a service request, while, in the latter method, the device
service request is routed to an interrupt controller that can interrupt the host,
forcing a branch from its current program to a special interrupt service
routine. The interrupt method is advantageous because the host does not
have to devote unnecessary clock cycles for polling. It is this latter method

that the present invention addresses. The specific problem addressed by

This is the replacem

5 NG 1096

Date: i

A pReSESSERNINIEERATEW th Trigger

ent shee.



Mode (15) to sinulate assertion/ de-assertion

of |evel sensitive interrupts (0-de-assert,
1-assert). For exanple, with Delivery Mode
at Reset, Trigger Mde at Level and Level
De-assert at 1. results in a de- assert of
Reset to the processor of -2 - Subctitute sheet - t1iBeAagdse 3966
MPI C(s). This condition will also cause all
MPICs to the cument invention is the management' & $Rbrifgin a MUN-bfodbésep- | D (used
for tie breaking in lowest priority
arbitration) system environment. to the MPIC I D. Tri gger Mode
(15): ane as for Redirection Table Jk09. Rem)he _Read St atus
(16:17) | ndi catNEU-BOLRERO" SYSIBMRE L0 5 ! ﬁ@ﬂetmr ed computers having

} ESa:Q?(r:ImE ecsﬁ?ﬂplﬁggkéﬁg{%%?%ﬁces. create a challenge in the design of interrupt OOR;aad
regi ster 224 gontml mdthods. For instance, in the case of a computer network servicing a
number of users, it would be highly desirable to distribute the interrupt
handling load in some optimum fashion. Processors that are processing
high priority jobs should be relieved of this obligation when processors with
lower priority jobs are available. Processors operating at the lowest priority

10 shouid be uniformly burdened by the interrupt servicing requests. Also,
special circumstances may require that a particular /O device be serviced
exclusively by a preselected (or focus) processor. Thus, the current
invention addresses the problem of optimum dynamic and static interrupt
servicing in multi-processor systems.

15 Prior art, exemplified by Intel's 82C59A and 82380 programmable
interrupt controllers (PICs), are designed to accept a number of external
interrupt request inputs. The essential structure of such controllers, shown in
Figure 1, consists of six major blocks:

IRR - Interrupt Request Register 11 stores

all interrupt levels (IRQx) on lines 16
requesting service;

20
ISR - Interrupt Service Register 12 stores

all interrupt levels which are being
serviced, status being updated upon
receipt of an end-of-interrupt (EOI);

IMR - Interrupt Mask Register 13 stores the
bits indicating which IRQ lines 16 are
to be masked or disabled by operating
on IRR11;
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renote.MPIC unit unable to del i ver
Ol - In Progress - Renpte Read in

progress, awaiting data. ' 10 - Vvalid -
Renot e Read conplete, valid data.

- 25 - Destination Shorthand (18:19): A 3-bit field used to
specify a -3 - Substitute sheeiat i1SnAugusioi896he
need to provi de the 32-bit

destination field. VR - Vector Registers 19, a set of registéhsS I educes

software overhead by one for each IRQ line 16, stores the
pre-programmed interrupt vector
number supplied to the host processor
on data bus 17, containing all the
necessary information for the host to
service the request;

PR - Priority Resolver 15, a logic block that
determines the priority of the bits set in
IRR11, the highest priority is selected
and strobed into the corresponding bit
of ISR12 during an interrupt
acknowledge cycle (INTA) from the
host processor;

Contro! Logic - Coordinates the overall operations of
the other internal blocks within the
same PIC, activates the host input
interrupt (INT) line 18 when one or
more bits of IRR11 are active, enables
VR189 to drive the interrupt vector onto
data bus 17 during an INTA cycle,
and inhibits all interrupts with priority
equal or lower than that being
currently serviced.

Several different methods have been used to assign priority to the
various IRQ lines 16, including:
5 1) fully nested mode,
2) automatic rotation - equal priority devices, made and
3) specific rotation - specific priority mode.
The fully nested mode, supports a multi-level interrupt structure in
which all of the IRQ input lines 16 are arranged from highest 1o lowest
10 priority: typically IRQQ is assigned the highest priority, while IRQ7 is the
lowest. '
Automatic rotation of priorities when the interrupting devices are of
equal priority is accomplished by rotating (circular shifting) the assigned

priorities so that the most recently served IRQ line is assigned the lowest
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not requiring a second 32-bit wite
operation corresponding to bit field
32:63 for the foll ow common cases:

a) software self interrupt, b)
interrupt to a single fixed

desti nati on, "% Substitute sheetC) 13| AiGgIUPYIEO
all processors that can be
named in the priority. In this way, accessibility to interrupt service tends to be statistidafgt i nati on
field (32:63), I ncl udi ng

t he sendi ng levelled for each of the competing devices. processor.

The 2-bit code is Lrntergr. ted as . - _

fol | ows: he specific rotation method gives the user versatiligyaby. aljqying thét h and, use

Destination ; T ; i Rel d (32:63).
user to select which IRQ line is to receive the lowest priority, all othe !if-’(
01 - Self, current ocal-i\/PIC|s tshe pronty r1RQ

only desti reat ilmes (aues @nfassigned sequentially (circularly) higher priorities.
sof tware interrupt
i ncl udi ng self.

excl udi ng- sel fyng W3Rl Mildd%ccommodate uni-processor systems with multipie

: 10 - Al
?—')rom the foregoing description it may be seen that PIC structufes of A |

peripheral devices but do not accommodate multi-processor systems with
multiple shared peripheral devices to which the present invention is

10 addressed.
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reset -and debug. Destination (32:63): Operating system

defi ned, sane as for Redi recti on
Tabl e 109. Used only when
Destination Shorthand is set to

Dest Field (000). The /O MPIC unit 102 and all local MPIC
units 104 receive messages Vi a- the MPI 8uBttitul®©3hedhe 1BPAGgust 19896f i r st
check to see |f it bel ongs to the destination in the nessage. For
exanpl e, IARY « ¢E B AQN t destination format previously
cited, each IVPI C unlt with an ID value in MPI C- | D Regi ster 222 |ess

than 32 uses it NPneobjectaf thepregentinventioreis3o pravide for a midtspiogessoon array. |f

it finds its _bit set en t addressed hy, this

nmessage. In PFP@'%’B@@“&'RFW@")?NPL? f('g‘P@tsys@H’c aeiee qfl‘n'ﬁ’t gf:arln%%ks if its
VPIC- 1D i's equalt drs indSrpblio bBir the 1k bobidor dag bhiakicitel I!&Jafi or if it
Is a 10 menber of the group list, as shown in Figure 7, bit-w se
ANDi ng it§ 2prdoessor |nterrmtwoptr¢llesasmeglngta anit.(32: 55) with the group list i
t he nessage and |ting bits ether. If the MPICID i

the message has ?‘ﬁﬁqj bigct 255@ provué’e a mutti- processor%rogrammable interrupt
controller (MPIC) system including but not limited to the following

n
n

capabilities:
1) multiple /O peripheral devices, each with its own set of
10 interrupt;

2) static as well as dynamic multi-processor interrupt
management including the symmetrical distribution of
interrupts over selected processors;

3) level or edge triggered interrupt request pins, software

15 selectable per pin;

4) per pin programmable interrupt vector and steering
information;

5) programmable vector address field defined by each operating
system;

20 6) inter-processor interrupts allowing any processor to interrupt
any other for dynamic reallocation of interrupt tasks; and

7) support of system wide support functions related to
non-maskable interrupts (NMI), processor reset, and system
debugging.

25 The present invention achigves these capabilities by means of an
MPIC system structure which includes three major subsystems:

1) an /O MPIC unit for acquiring interrupt request (IRQ) signals
from its associated 1/O peripheral devices, having a redirection
table for processor selection and vector/priority information;

30 2) local-MPIC units which may be separate auxiliary units
connected to the associated processor or units that are partially
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then the MPIC unit is addressed by the nessage as well.

26 - Substitute sheet - 1 3 August 1 996 MPI C- bus
send/receive and arbitration unit 21 6, Figure 5, directs the

destinati on and node informati on on output 267 to acceptance |ogic

unit 248 which perforns the |ogic operations in conjunction with the
contents of MPIC- 1D Register 222. |f_the nesSapetiide abeept dB Auasy dQOH
5 i nformati on avail abl e on out put 26?6 of unit 226, is decoded and

toget her or totally integrated into the associated processor, each
managing interrupt requests for a specific system processor
including pending, nesting and masking operations, as well as
inter-processor interrupt generation; and
5 3) a dedicated I/O
-bus, distinct from any system or memory bus, for communications
between the I/O and iocal MPIC units as well as between
local-MPIC units.
It is a further object of this invention to support system scaling
10 granularity of one, i.e., one processor at a time without significant penalty for

any number of processors.
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wi-th the node i:nformation is passed on through to the 3 x 256 bit vector
array 230 by vector decode unit 228. The 8-bit interrupt Vector, when
decoded by Vector Decode 228 determ nes which bit position out of 256
possible is set indicating the interrupt priority. Wien an interrupt is
being 10 serviced, all equal or lower priority interrupts are
automatical ly masked by the pridritizeSubstitutesbeet - 13 August 1996x
256 bit Vector Array 230 consists of 256 bit vectors used for

,,. > =) 1] H

storing interrupt B I} , HE S
and hardware read/wite, The registers are defined as follows: 1 5
| SR, The presiit inventiondpay e ingerstood fpfe fully from the detailed

description given below and from the accompanying drawings of the
preterred embodiments of the invention, which, however should not be taken
5 to limit the invention to the specific embodiment but are for explanation and

understanding only.

Figure 1 depicts a block diagram of a common prior ar
uni-processor programmable interrupt controller (PIC).
10
Figure 2 is a block diagram of the currently preferred

multi-processor programmable interrupt controller (MPIC) system.

Figure 3 is a biock diagram of the currently preferred I/O-MPIC unit.

15
Figure 4 shows the various fields that make-up a Redirection Table
64-bit entry.
Figure 5 is a block diagram of the currently preferred local-MPIC
20 unit.

Figure 6 shows the various fields that constitute the local vector

table entries of a local-MPIC unit.

25 Figure 7 shows the various field assignments of the interrupt

Command Register.

Figure 8 depicts the tracking of the remote IRR bit by the destination
IRR bit.
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interrupts ‘that -are currently in service

for which no end of interrupt (EQ) has

been sent by the processor; | RR,

I nterrupt Request Register 232,

contains interrupts accepted by the

| ocal MPIC unit but not dispensed to- & - Substitute sheet - 13 August 1996

t he processor, TVR, Tri gger Mdde

Regi ster 234, indFigares is a flow chart depicting the interrupt acceptance processwhet her t he

interrupt is_a |evel edge
sensiti \F/)e typ¥ adgcaﬁ-lhgﬂérﬂnftt ed by the
sending MPIC-1/Ounits trigger node
bit in the redirection table entry. If an interrupt goes in
servi ce and t he TRigupe t0isho@s thentRIGtIDggistlyconfiguratidnype, then the
correspongi ng IRR bit is cleared and the corresponding ISR bit

Figure 11 shows the non-isolated MPIC-Bus connections.

Figure 12 shows a tri-state buffered MPIC-Bus arrangement.

10 Figure 13 shows the 2-bit decode process for the MPIC-ID used in

bus arbitration.
Figure 14 shows the MPIC short message forms.
15 Figure 15 shows the MPIC message encode of the delivery mode.
Figure 16 defines the control bits of thg MPIC message.

Figure 17 defines the extended delivery mode control bit. coding.

20
Figure 18 shows the MPIC-Bus medium and long message formats.
Figure 19 shows the Base 0, 1, and 2 time generator.

25 Figure 20 shows the Divide (Base 2) Configuration Register bit

assignments.

Figure 21 shows the contents of the three timer Local Vector Table.

This is the rooiasemein Sres.

pate: 16 MG 9%



20 is set.

not cl eared
the IRR bit mirrors
As previously discussed, when the |evel

| nst ead,

If the TVR bit is 1, indicating level type, then the IRRDbit is
when the interrupt goes in service (ISR bit set).

the state of the interrupt's input pin

triggered interrupt is

de-asserted, the source I/O MPIC detects the _ di screpancy
and sends a nessage to the destinatiof tocalSudetionensheato tBesugust 1996its

| RR bit.

10

15

20

25

30

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

A multi-processor programmable intsrrupt controlier (MPIC), system is
described. In the following description, numerous specific details are set
forth, such as a specific number of input pins, bits, devices, etc., in order to
provide a thorough understanding of the preferred embodiment of the
present invention. It will be obvious, howsver, to one skilled in the art that
the present invention may be practiced without these specific details. In
other instances, well-known circuits have not been shown in detail, or have
been shown in biock diagram form only, in order to avoid unnecessarily
obscuring the present invention.

Additionally, in describing the present invention, reference is made to
signal names peculiar to the currently preferred embodiment. Reference to
these specific names should not be construed as a limitation on the spirit or

scope of the present invention.

A. v he MP i r

The multi-processor programmable interrupt controller (MPIC) system
is designed to accommodate interrupt servicing in a multi-processor
environment. Current practice is mainly concemed with uni-processor
systems in which the interrupts of a number of peripheral units are serviced
by a single processor aided by a programmable interrupt controller (PIC). In
a multi-processor system, it is often desirable to share the burden of interrupt
servicing among a group of similar processors. This implies the ability to
broadcast interrupt service requests to the pertinent group of processors and
a mechanism for determining the equitable assignment of the tasks amongst
the processors. The uni-processor design problem is significantly simpler:
the PIC dedicated to the processor assigns a priority to each interrupt
request (IRQ) line, orders the requests according to the assigned priorities
and delivers the necessary information to the processor to timely initiate the

appropriate servicing subroutine.
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Fi gure’ 8 shows, by way of an exanple, how the renpte IRR and the | RR
bit at the destination local-MPIC unit track the state of the interrupt

i nput 5 (INTIN). It also illustrates how an EOQ is followed inmediately
by the re-assertion of the interrupt as long as the INTINis still
asserted by sone device. In this exanple, it is assumed that two
devices, A and B, share a I ev_ellot ri ggSubdtituteaghegpt- 1 Pligdsd 19856
/O MPIC. Device Araises a level interrupt as indicated on line (a),

fol lowed by a dewfemBid Bfstdm PRiviES b%tgpe%?zc%d d)ﬁhﬂmhd mrﬂﬁa):asir he resul ting

I NTIN signal is the ORed conbl nation I nes and (b) as shown
on |line (c). adsignrivbii@e thesvasiensiprozessore Whet oﬂ:er:ahﬁ)g infa purely stilficgure 3
EXCLUSI VE-ORs (XORs) INTINwith the renote IRR bit, bit 14 of t he
Re-direction mpglg| i fungtionssRuRihao® PIG iNed eiPrecessortystemhassigningpaciissert " and

"l evel de-as q?érhém%g?"@'f‘gq%s\ﬁ?&éﬂ%d sgmi?]ut ocal MPIC IRR bit tracks the

state of 15 Line (g) denonstrates how an

EQ is fokl owed when opmﬁ RtLdphadmic MBdeIRE MAIOGndrgek Mtemigipiskas | ong as
the INTIN signal is stil asserted by one of the devices.

Figure 9 is aswwmrbartak!@pﬂftwwetfﬁ@mtm tiativpttasicpritb@wepn ocess of
a local-MPIC unit. Upon receipt of a nessage, a local-MPIC unit is the 20
current focuBfOCRS$RrS the pertinent IRR or ISR bit is pending, it accepts

the It is expected that more typical usage would entail elements of both

static and dynamic interrupt management. Static assignments might be

10 made, for example, when licensing considerations preclude the shared use
of servicing software. Under other circumstances it may be desirable to
restrict the interrupt servicing task to a subset of processors that share a
common peripheral subsystem. In the extreme case, all processors are
subject to interrupt requests from all peripheral subsystems.

15 Figure 2 is a block diagram of the currently preferred multi-processor

| programmable interrupt controller (MPIC) system. The MPIC 100 consists
of three major units: VO-MPIC unit 102, MPIC-bus 103, and multiple
local-MPIC units of which one is labelled 104. Each /O-MPIC 102 accepts
interrupt lines 107 from its associated 1/O subsystem 101 (typically a

20 collection of peripherals), each line corresponding to a unique IRQ. The IYO-
MPIC output is coupled to MPIC bus 103 which broadcasts to gll local-MPIC
units 104 appropriately formatted IRQ messages containing all necessary
identifying and priority information. Each local MPIC unit 104 examines the
message and decides whether to accept it. If tentatively accepted by more

25 than one local MPIC unit 104, an arbitration procedure is invoked between
competing units. The local MPIC unit 104 with the lowest priority wins the
arbitration and accepts the IRQ and timely dispenses it to its associated
processor 105.

System bus 30 is the cofnmon means for communicating between

30 processors, memory, and other peripheral units of the multi-processor

system. Each processor and peripheral is interfaced with system bus 30 by
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i nterrupt i ndependent of priority and signals the other local-MPICs to

abort the priority arbitration. This avoids nultiple delivery of the
same i nterrupt occurrence to different processors, consistent with
prior art interrupt delivery semantics in uni-processor systens. If a

| ocal -MPIC unit is not, currently, the 25 focus it listens for the
acceptance by another local-MPIC. |f nore th8Hbglete sheet - \i§ Sugyst 1996
avai l abl e, arbitration, as described under the section entitled WPl C
Bus Protocol, is invoked to deterning ¥he winner (lowest priority) unit.

If a nmessage is sent as NM, Debug or Reset, then all units listed in

the destinati gyaHEGPAMenidhBbd dorfrdRé (MELS 335 HEphordielykieiO8gRsRT M out put
bus 30 carries interrupt request traffic, interrupt servicing traffic; and all other
inter-unit system traffic. The present invention relegates interrupt request

traffic to the MPIC bus 103, thereby increasing the overall system efficiency.

B. Interrupt Control

The interrupt control functions of both I/O and local MPIC units are
coliectively responsibie for delivering interrupts from interrupt sources to an
interrupt servicing processor in a multi-processor system.

10 Each interrupt has an identity, the interrupt vector, that uniquely
distinguishes the interrupt from other interrupts in the system. When a
processor accepts an interrupt (IRQ), it uses the vector to locate the entry
point of the appropriate software interrupt handler in its interrupt table. The
preferred embodiment supports 256 (8-bit) distinct vectors in the range of

15 0 to 2565.

Each interrupt has an interrupt priority represented by the five most
significant bits of the 8-bit interrupt vector, i.e., 16 priority levels with 0 being
lowest and 15 being the highest priority. This implies that 16 different
vectors may share a single interrupt priority level.

20 Interrupts are generated by a number of difterent sources, which may
include:

1) external /O devices connected to the 1/0-MPIC unit manifested
by either edges (level transitions} or levels on interrupt input
pins and may be redirected to any processor;

25 2) locally connected device interrupts, always directed to the local

processor only, manifested as an edge or level signal;

3) MPIC timer inten;upts. generated within the local-MPIC unit by
any of the three programmable timers;

4) irter-processor interrupts addressed to any individual

30 processor of groups of processors in support of software self
This is the replacement sheet
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pin 263, Debug pin 264, or Reset pin 265 of Figure 5. ISR 231 and | RR
232 are by-passed and vector information is undefined. The
Task Priority Register (TPR) 242 of Figure 5 stores the current

priority of its processors task which is dynamically subject to change 5
because of explicit software actions, such ag when ta 8 Wi nd
upon entering or returning froman int mryptgHQﬁﬁpﬁ? %f Qi&iu b%pg%'éi
regi ster supporting up to 256 priority l'evels by means of an 8-bit field

(0:7). The four mliélnfpéh Z))e emptiassmeduling, thshelfemnotyaablept priorities
while the four |sb ﬁrOVIde addi tional resolution. For exanple,
a TPR val ue with zero logk- a§@e bﬂJ er fTiLBe fluslings @ad s aryR fervwardiRgienChr ee | sb

may be used to de rib

for the purpose of asssiﬁw?ﬂgy gor mterrupﬂgeg'}%l(%gc?b?%ﬁﬁoc?mgg(fwigw%ﬂ )e/) ugggull

when a nunber of proce st level of
priority. E@t@%?gi%a?goerrrog o@?ﬁ%ralét{a;!ﬂ: |s?aug hgsiga?rt%%g\fhe TPR 242,

| SR 231 angl 15 | RR 23ihterhiptads t he maxi num of its task priority, and the
priority of the highest

The destination of an interrupt can be zero, one, or a group of
processors in the system. A different destination can be specified for each
interrupt. The sender specifies destination of an interrupt in one of two

10 destination modes: physical mode and logical mode.

In physical mode the destination processor is specified by a unique
8-bit MPIC-ID. Only a single destination or a broadcast to all (MPIC-ID of al
ones) can be specified in physical destination mode.

Each MPIC unit has a register that contains the unit's 8-bit MPIC-ID.

15 The MPIC-ID serves as a physical name of the MPIC unit. It can be used in
specifying destination information and is also used for accessing the MPIC-
bus. The mechanism by which an MPIC establishes its MPIC-1D is
implementation dependent. Some impiementations may latch in the MPIC-
ID on some of their pins from slot number at reset time. The MPIC-ID is

20 read-write by software.

The MPIC-ID serves as the physical “name” of the MPIC unit used for
addressing the MPIC in physical destination mode and for MPIC-bus usage.

In logical mode, destinations are specified using a 32-bit destination
field. All local MPIC units contain a 32-bit Logical Destination register 223

25 against which the destination field of the interrupt is matched to determine if
the receiver is being targeted by the interrupt. An additional 32-bit
Destination Format register 221 in each local-MPIC unit defines exactly how
the destination field is to be compared against the destination format
register. In other words, the Destination Format register 221 defines the

30 interpretation of the logical destination information.
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order I'SR bit, and the priority of the highest IRR bit, all eval uated using
t he four nost significant bits of their coded 8-bit representation.

Thi s val ue, used in determning availability of a |ocal-MPIC to accept
an interrupt and in determning the | owest priority local-MPIC unit,
I's conputed on the fly as 20 required. Once a local-MPIC
accepts an interrupt, it guarantees dehlverySobstihge sheet i rikeAugust 1§96 s

| ocal processor. Dispensing of a naskable interrupt is controll ed by
the I NT/ | NTA protogab DiicdlioR Fariat rabitlar bhe ph@itahs MBI 33-BiNddstination , asserting
the INT pin 262 which is connected to the processor INT pin. If the 25
processor has infotmationptte tendiblded, it will respond by issuing an I NTA cycle

on line 261 causmgthelocal VPl C reeze its internal Rlorlt

state and rel Edse Fmenogdpd fielgdhal Gan e “Fﬁ‘z‘%e@FPé?f“ TR {Dnt errupt
onto the processor ctor and
uses it to find the Matgﬁ]b@r"?ﬂ% hangglﬁsld% %}ﬂ%{aﬁf‘%{%%ﬁggal MPI C

al so sets tshe interruptvaue @his fidiB:- Motsuppire broadeass po adliniggitRndde, i s

cleared only if TMR 234 indicates an edge triggered interrupt as

previously di scussed. anencoded field value of all ones is trealed special in that it
matches any encoded value.

(2) adecoded field (or bit array) that can be used to represent a

set of elements. Matching on the decoded field requires that at
10 least on'e of the corresponding pair of bits in the decoded fields
are both ones.

The Destination Format register 221 is controlled by software and
determines which bits in the destination information are part of the encoded
field and which bits are part of the decoded field. To have a match on the

15 destination, both fields must match.

The logical-level interpretation of what each field really represents is
totally defined by the operating system. Note that these fields need not use
consecutive bits and that the length of either field can be zero. A zero-length
field always matches. Since destination interpretation is done locally by

20 each local-MPIC unit, the Destination Format registers of all local MPIC units
in a system must be set up identically.

Three example usage models using different interpretations are
described next to further illustrate the destination specification mechanism.
These are probably the most common models used in practice.

25 Example 1: Single-Level Model
in this model, all 32 bits of destination information are
interpreted as decoded field. Each bit position corresponds to
an individual Local MPIC unit. Bit position could correspond to
physical MPIC-ID, but this need not be the case. This scheme
30 allows the specification of arbitrary groups of MPIC units simply
by setting the member's bits to one, but allows a maximum of
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- 29 -

Prioritizer 240 may not find a Vector to
data bus 106.
Interrupt Vector (SIV)
affect 1SR 231,
i ssuing an EOQ .

prioritizer

If a level triggered interrupt is de-asserted just
prior to its INTA cycle, all TRR bits nay be clear and the

240.

| nst ead,

so that the interrupt
The SIV is prograrmab}e via the SIV register within

32 processbfs (bSloBAMPIR! hits)\gdr systeal IMHIE units exist in

the Prioritizer 240 w || return a Spurious

I nstead. The di spensing of the (SIV) 5 does not

handl| Bubstitute dhieet urir8 Wiuglistt1 996

the systemthat do not have

10

15

20

25

30

scheme, a MPIC unit is addressed if its bit is set in the
destination array. Broadcast to all is achieved by setting all 32
destination bits to one. This selacts all MPIC units in the

system.

Example 2: Hierarchical Model

This model uses encoded and decoded fields of non-zero
lengths. The encoded field represents a static cluster of local
MPIC units, while a bit position in. the decoded field identifies
an individual local MPIC unit within the cluster. Arbitrary sets of
processors within a cluster can be specified by naming the
cluster and setting the bits in the decoded field for the sslected
members in the cluster. This supports systems with more than
32 processors, and matches a DASH-style cluster architecture.
Broadcast to all is achieved by setting all 32 destination bits to
one. This guarantees a match on all clusters, and will select all

MPICs in each cluster.

Example 3: Bimodal Model

Each value of the encoded ﬁéld is the ID of an individual local-
MPIC. This ID could be identical to the MPIC's physical MPIC-
ID, but this need not be the case. Each bit in the decoded field
represents a predefined group. This scheme allows
addressing a single MPIC unit by using its ID in the encoded
field (and selecting no groups), or to address a group (or union
of groups) of MPICs by setting the encoded field to all ones and
selecting the groups in the decoded field. Each MPIC unit
could be a member of multiple groups. Supporting broadcast
to all in the bimodal model requires that software define a
group that contains all local-MPICs in the system. Broadcast is

then achieved by setting all 32 destination bits to one. This

This is &3 ramace. =, . ...
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a processor to which to dispense interrupts. The only danger this
represents 10 in the systemis that if an interrupt is broadcast to al
processors using | owest priority delivery node when all processors
are at the lowest priority, there is a chance that a local MPIC unit
W t hout the processor nmay accept the interrupt if this MPIC unit
happens to have the |l owest Arb ID at {she ti Sebsfitute sheet prey ushitpdg om
happening, all local units initialize in the disabled state and 15 nmust

{rom Lhe VPI G bus. A TRERRT 4 MERIai” b4l apd FERRGS PR A T neccages

with Delivery Mdde segortfins Berehi unilgeset / deassert nessages shoul d be sent
i n Physical Destination node using the target's MPIC I D because the | ogical
desti nati on i nf orbagh ptacessorthiae al procgsshPprigsity thatindiedties ¢hb feddtive zer oes) when

the 20 local-MPIC c S, out of Resef. , Before returning from an
i nt errupt ha'mﬂoé‘F',‘ces‘gfr’rE%&s%%ﬁ%d@ ’ﬁ?s‘h@ PLggessor is gepntly exqaulipg-yphis (EQ )

command t® i | ' ' Lani bit in ISR
231, by it o T A O pBRe T e R S B B pancer P

| onger in sefhd prigrityis diycamisaiygraisediar lowedred withchamgngtasks tHughest priority
acti vi Fy' 25masking out IO\A]-er;%ﬁmly'%tg%%tgmUipgn isggv%c%nglgf éﬁ?Rb?thtehe following
manner :
processor returns to a previously interrupted activity.
A processor is jowest priority within a given group of processors if its

10 processor priority is the lowest of all processors in the group. Because one
or more processors may be simultaneously lowest priority within a given
group, availability is subject to the process of arbitration.

A processor is the focus of an interrupt if it is currently servicing that
interrupt, or if it currently has a request pending for that interrupt.

15 An important feature of the current invention is the guarantee of
exactly-once delivery semantics of interrupts to the specified destination
which implies the following attributes of the interrupt system:

1) interrupt injection is never rejected:;
2) interrupts (IRQs) are never lost;

20 3) in the case of edge triggered interrupts, the same IRQ
occurrence is never delivered more than once, i.e., by
delivering an interrupt first to its focus processor (it it currently
has one), multiple occurrences of the same interrupt while the
first is pending (servicing not complete) are all recorded as

25 pending in the local-MPIC interrupt request register's (IRR's)
pending bit corresponding to that particular interrupt request;

4) for level activated interrupts, the state of the I/O-MPIC's
interrupt pin is re-created at the destination local-MPIC's IRR
pending bit wheneQer its state differs from the state of the 1/0-
30 MPIC interrupt input pin, the destination local-MPIC only

initiating the same IRQ upon execution of an end-of-interrupt
This is the replacement sheet
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a) .Each MPIC unit has a reset input pin connected to a comon

reset line and activated by the systemreset signal. b) The
8-1sb of the data bus 106 are latched into MPICID
regi ster 222; 30 c) Each | ocal - MPI C asserts its processor Reset
(RST) pin 265 and resets all internal MPIC registers to
their initial state, i.e., 16 - Substitute sheet - 13 August 1996
- 30 - Re-directi'on Table 109 and Local Vector Table
210 set so as . L Nt At ce, otherw se
Setting register stat (EQI) signal, unlesd fhe TPotbséSHexbfdiRlraRES ROTAR

priority.

The preferred embodiment supports two modes for the redirection of
these incoming IRQ and for the selection of the destination processor: fixed
5 static mode and dynamic lowest-priority mode. These and other possible
operating system supported modes are supported by the following
information:
1) MPIC-ID’s, known by each MPIC unit,
2) Destination Address field from the I/O-MPIC's re-direction table,
10 3) the MPIC unit address; each MPIC unit knows its own address,
4) whether an MPIC unit is currently the focus for the interrupt,
and
5) priority ot all processors.
The fixed mode is the simplest method. The interrupt is
15 unconditionally broadcast by the IO MPIC to all MPIC's encoded in the
destination address field for the particular IRQ, typically a single local MPIC
is designated. Priority information is ignored. [f the destination processor is
not available, the interrupt is held pending at the destination processor's
local-MPIC until the processor priority is low enough to have the local-MPIC
20 dispense the interrupt to the processor. Fixed re-direction results in:
1) static distribution across all processors; and
2) assignment of a specific local-MPIC to a given interrupt.
Fixed redirection aliows existing single threaded device drivers to function in
a multi-processor environment provided that software binds the driver code
25 to run on one processor and the MPIC unit is programmed for fixed delivery
mode so that the device's interrupt is directed to the same processor on
which the driver runs.
The lowest-priority re-direction mode causes the lowest priority
available processor in a group specified by the re-direct address field to

30 service the interrupt. Because each of these lowest-priority processor's
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zero; - ' ’ d) Each | ocal - MPI C de-asserts it processor's reset pin

to allowthe 5 processor to performself-test and execute
initialization code; e) The first processor to get on

MPI C-bus 103 will force other processors into reset by
sending themthe inter-processor interrupt with

Del i very Mode = Reset 10- 17 - Substitute sheet - 13 ﬁﬁlgwe}g%de

= Level Level De-Assert 0

Destination fcarMPidnows theilassdoiatéd fbcéssor's priority, an arbitration al | ot her
processors being kept in reset until the active

processor's B isrRyersadan the MRIE-bur dartetermiae dheloest Rrigrity1 5 f)

The only runnlng roce Qr s . M
it a1} zat on ardimePRE arR BrastE<RE e mrereie A e B Bieri en ey
syst em whi chos@Bsismay be pickld acafddrn RARGIddRiosaIProdedscCdeiatabe
the ot her processors.
5 algorithm is applied to the remaining candidate lowest priority processors for
the random selection of a processor with the object of uniformly spreading

the interrupt servicing task amongst the loweast priority processors.
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20 D. "MPI C- Bus Pr ot ocol The MPICG-bus 103 is a 5-wire

synchronous bus connecting I/O MPIC and | ocal -MPI C units. Four of
these wires are for data transm ssion and arbitration while one is a
cl ock line. Electrically, the bus is wire-OR connected

provi di ng both bus-use 25 arbitration, and lowest priority arbitration.
Because of the wire-OR connecti on, théuhstitute sheetat 15 Awgussnb99h
speed such that design-specific termnation tuning is not required.
Al so, the bus speed nust allow suffi<itent time in a single bus cycle
to latch the bus and perform sone sinple |ogic operations on the

| at ched i nforgati Mﬁwﬂ%erm ne if the next drive 30 cycl e nust
be inhibited. Wth a 10 us speed, an interrupt requiring no
The 1/O-MPIC unit 102 of Figure 2 is further detailed in Figure 3.

The interrupt input lines 107 provide the maeans for the I/O devices to inject
their interrupts. An edge filter 108 is used to provide clean level transitions
5 atthe input pins. The re-direction table 104 has a dedicated 64-bit entry for
each interrupt input pin (line) 107. Unlike the prior art IRQ pins of the
82C53A/82380 PIC previously discussed, the notion of interrupt priority is
completely unrelated to the position of the physical interrupt input pin on the
/O MPIC unit of the current invention. The priority of each input pin 107 is
10  software programmable by assigning an 8-bit vector in the corresponding
entry of the Re-direction Table 104.
Figure 4 shows the format of each Re-direction Table 64-bit entry.
The description of each entry is as follows:

Vector (0:7): An B-bit field containing the interrupt
vector.

15
Delivery Mode (8:10): A 3-bit field that specifies how the
local MPIC's listed in the destination
field should act upon receipt of this
signal, has following meaning:

000 - Eixed - deliver to all processors listed
on destination.

001 - Lowest Prigrity - deliver to lowest
priority processor among all
processors listed in destination.

011 - Bemote Read - request contents of an
MPIC unit register, whose address is
in the Vector field, to be stored in the
Remote Register for access by the
local processor, edge trigger mode.
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-+ 31 - ' arbitration would be delivered in about 2.3 [err]s, and with

priority arbitration, about 3.4 [err]s. The MPIC units
102 and 104 have separate MPI C-bus input and out put pins which may be
directly connected in a non-isolated configuration 5 as shown in Figure
11. Three-state input buffers 301 and out put . buffers 302 may be used
to provide a hierarchical connection to - Subshmute dhests thauguse YR red
to support a | arge nunber of processors as shown in Figure 12.

Arbitration for use of the Mlgghus }5&1 2dutvéab telehsH-Fagkdmis the 10 | owest
priority MPIC unit depends on all MPliktefrERIRER) piRof 81l AYY&d ati ng

processors, ignoring vector

information, treated as edge sensitive

signal.

101 - Beset - deliver to all processors listed
by asserting/de-asserting the
processors’ reset pin, setting all
addressed local

110 - Debug - deliver to all listed processors
by asserting/de-asserting the local
MPIC's debug pin; treated as a level
sensitive signal.

111 - Ext INT - deliver to the INT pin of all
listed processors as an interrupt
originating in an externally connected

B259A compatible interrupt controlier,
treated as a level sensitive signal.

(Note that Delivering Modes of Reset, Debug and ExtINT are not /O
5 device interrupt related. Reset and Debug are interprocessor interrupts
while the ExtINT mode is included to provide compatibility with the existing
8259A PIC de facto standard.)

Destination Mode (11):  Interprets Destination field:

0 - Physical Mode - use MPIC-ID
in bits 56:63.

1 - Logical Mode - 32 bit field is the
logical destination, operating
system defined.

Delivery Status (12): A 2-bit software read only field
containing current delivery status of

the interrupt:

10
0- Idle - no current activity,
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synchroonously. Distributed bus arbitration is used to deal with the case
when multiple agents start transmtting sinultaneously. Bus arbitration
uses a small nunber of arbitration cycles on the MPI C bus. During
t hese cycl es, arbitration "losers" progressively drop off the bus
until only one "winner" 15 remains transmtting. Once the s§ndi n? %fgsa
nmessage (includi ng bus arbi tragjon) hadbgitite sheetny 30488 d

cont ender nust suppress transm ssion < until enough cycl es have

el apsed for the nmessage to be fully sent. The nunber of bus cycles
used depends on the type of neksage @mﬁgﬁm-'mermpt injected 10 A pus
arbitration cycle starts with the agd?fa-BiBiGi hgid up Sy paciniest8h t he 20

MPI C-bus, higher order bits first. MM8MMecifically, the 8-bit MPICID
(10:17) i s chopped into successive groups of 2 bits (17:16) (15:14)
(13:12) (11:10). These tuples I (im:1(i), are then sequentially
decoded to produce a four bit patternrhig bit is software read-only, i.e.,

32-bit softwara writes to the
re-diraction table 109 do not affect
this bit.

Remote IRR (14): Mirrors the Interrupt Request Register
(IRR) bit of the destination tocal-MPIC
for level sensitive interrupts only, and
when status of bil disagrees with the
state of the corresponding interrupt
input line 107, an YO-MPIC message
is sent to make the destination's IRR
bit reflect the new state causing the
remote (local-MPIC) IRR bit to track.
This bit is software read-only.

Trgger Mode (15): Indicates the format of interrupt signal:
0 - edge sensitive
1 - level sensitive

Mask (16): Iindicates mask status:
' 0 - non masked interrupt (NMl)
1 - masked interrupt capable of being
blocked by higher pricrity tasks.

Destination (32:63): 32-bit field representing interrupt
destination defined by the operating
system. The lower part of Figure 4
depicts the two possibie formats
previously discussed: a 32-bit
physical (decoded) format using one
bit per destination processor and an
8/24 bit logical format with 8 coded
bits and 24 decoded bits defining a
256 x 24 two dimensional
destination space.

The 64-bit wide re-direct table 109 is read/write accessible through
the 32-bit address and 32 data lines, DATA/ADDR 108, of a host processor,
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(B0: B3) as shown in Figure 13. Bits (B0:B3) are inpressed on the four
MPI C-bus |ines, one bit per line. Because of the wi red-OR connection to the
25 . MPI G bus, each tuple of the ID only asserts to a single wire, naking

it possi ble for an agent to determine with certainty whether to
drop-off ("l ose") or to continue arbitrating the next cycle, for the
following two bits of the MPI-C21 B, bySulisHirie eheelic hg Wfﬁe}ggﬁe bus
| ine agent that is driving the bus is also the highest order 1 on the

bus. | n thi sexmphas noteda@howPioCthBReliveyp Statuy ahd: Ramte: IR kits whieh bi t s.
are hardware write and software read only.

The re-direction table entries are formatted and broadcast to ali
local-MPIC units 104 by MPIC-bus send/receive unit 110. The

5 MPIC-bus 107 protocol specifies a 5-wire synchronous bus, 4 wires for data
and one wire for its clock. Specific details of message formats will be
covered under the section on MPIC-Bus Protocol. Acceptance results in the
reset of the Delivery Status to [die.

The local-MPIC unit 104 is responsible for interrupt acceptance,

10 dispensing of interrupts to the processor and sending inter-processor
interrupts.

Depending on the interrupt delivery mode specified in the interrupt's
re-directional table entry, zero, one or more MPIC units may accept an
interrupt. A local-MPIC accepts an interrupt only if it can deliver the interrupt

15 to its associated processor. Accepting an interrupt is purely an
¥O-MPIC 102 and local-MPIC 104 matter while dispensing an interrupt to a
processor only involves a local-MPIC 104 and its local processor 105.

The Re-direction Table 109 of the 1/O-MPIC unit 102 serves to steer

interrupts that originate in the /O sub-system 101 and may have to be
20 directed to any processor by broadcasting the Re-direction Table entry
corresponding to a given interrupt over the MPIC-Bus 103.

Figure 5 details the structural elements of the local-MPIC unit 104.
The Local Vector Table 210 is similar in function to the I/O-MPIC
Re-direction Table 109 except that it is restricted to interrupts relating to the

25 associated local processor only. Local Vector Table 210 contains six 32-bit
entries. Entries 201 through 202 correspond to timers 0 through 2;
entries 203 and 204 correspond to local interrupt input pins; and entry 205
controls interrupt generation for data parity errors. The higher order bits in
timer entries 200 through 202 contain timer-specific fields not present in the

30 other entries (as detailed under the later discussion on timers).
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- 32 - - . Arbitration is also used to find the local MPIC unit

with the | owest processor priority. Lowest-priority arbitration uses
the value of the MPIC s Processor Priority Register appended with an
8-bit Arbitration ID (Arb ID) to break ties in case there are

mul tiple MPICs executing at the | owest priority. 5 Usi ng the
constant 8-bit MPIC ID as the Arb | D-Hds™ a tSulktitge sbeet - 13 Aggest 3986et ry
since it would favor MPICs with low ID values. An MPIC s Arb IDis

t herefore not theAlMBIug Flgurdss2 hhd Bshow SocdeMPYE dnit 11 04ras b.seplrateset , an
MPICs Arb IDis equal toits MPIC ID. Each time a message is broadcast
over the MPI @iysit may beNraomRerated iewbele of ifepart infothe Bseaciale@, whi ch gives 10
thema different Arb |ID val ue fo1r05t hﬁﬂ next . arbi t.ratié)rqbiThe Arb IDis then

processor or processor chip s may be done inord mprove the
efficiency of communications between the local MPIC unit 104 and the
5 associated processor 105. For example, the incorporation of the local MPIC
unit's local interrupt vector table comprising units 203 and 204 could provide
a more direct path to cache memory and thus speed up the flushing of a
cache memory translation look-up buffer.
Figure 6 defines the various fields associated with local vector table

10  entries 200 through 205.

Yector (0:7): An 8-bit field containing the interrupt
Vector.

Delivery Mode (DELV)(8:10): A 3-bit field having the same meaning
as in re-direction table 109 except
lowest priority (001) is synonymous
with fixed (000).

Bemote IBR (R) (14): “This bit mirrors the interrupt's IRR bit of
this local-MPIC unit. It is used solely
for level triggered local interrupts, is
undefined for edge triggered
interrupts, and is software read-only.

Trigger Mode (TM) (15): 0 indicates edge sensitive trigger. 1
indicates level sensitive interrupt.
Local interrupt pins (203, 204) may be
programmed as other edge or level
triggered while Timer (200:202) and
Parity (205) are always edge

sensitive.
15
Mask (MS){16): 0 enables interrupt, 1 masks interrupt
Mode (M)(17): Selects mode of timer; 0 is one shot,
1 is periodic
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endi an-reversed (LSB becones MSB, etc.) to ensure nore random
sel ection of which MPIC gets to have the |lowest Arb ID next tine around.
The reversed Arb ID is then decoded to generate arbitration signals on the

MPI C bus as described above. 15 After bus arbitration the w nner
will drive its actual nessage on the bus, 4 bits per clock in

ni bbl e-serial fashion. MPIC nmessages gpme | nStnlwmtute she¢endBhiugesot 896t 21
cycles and long at 30 cycles. The int€rpretation of the first 19

cycles is the ag@mqrg jal | message | guoisoneltranieanigndiBsssage type _
appends cycl es priority arbitraticeonten the first 19 cycles. The nmedi um

20 nmessage type only occurs if a conplete arbitration is not needed as in
case when the vvi nner i s known pri or to arbitration. The

" epr osent o Che meURRAATEIRRY RarGRief e DR BBl pesen 0 T
col umms repr gpehihet h%hﬂecﬁ'@b?} l'i nes of t he MPI G bus.
A processor generates inter-processor interrupts by writing to the
5 64-bit interrupf Command Register 220, whose layout is similar to that of the

I/O-MPIC Re-direction Table 109. The programmable format, very similar to

an entry in the Re-direction Table 108 is shown in Figure 7, allows every

processor to generate any interrupt thereby allowing a processor to forward

an interrupt originally accepted by it to other processors. This feature is also

10 useful for debugging. The Interrupt Command Register 220 is software

read-write.

Yector (0:7): Identifies interrupt being sent.

Delivery Mode (8:10): Same interpretation as for
Re-direction Table 109.

Destination Mode (11): Same interpretation as for
Re-direction Table 108.

15
Delivery Status (12): Same interpretation as to Re-direction

Table 109. Local processor sets
status, local-MPIC up-dates. Software
may read this field to find out if the
interrupt has been sent and, if so,
Interrupt Command Register 220 is
ready for accepting a new interrupt. If
register 220 is over-written before the
delivery status is die (0), then the
status of that interrupt is undefined
(may or may not have been accepted).
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25 * The first four rows (1:4) represent the MPIC-bus arbitration

cycl es where any row has four entries representing the decoded tuple
of the MPI C-I D as previously discussed, i.e., i76 .. . i76 represents
tuple (7:6), 154 ...i54, tuple (5:4), etc. Cycle 5 is the

extended delivery node of the nessage and is 30

Interpreted in accordance

with Figure 15. The bit designated DM, s th&ubstituteRdsdetnal3 jugvizdel 996
Physi cal Mbde and 1 for Logical Mode.

which is 0 for

Level De-assed (14):

JTrgger Mode (15):

a7

A bit used in conjunction with Trigger
Mode (15) to simulate
assertion/de-asserion of level
sensitive interrupts (0-de-assen,
1-assert). For example, with Delivery
Mode at Reset, Trigger Mode at Level
and Level De-assert at 1, resultsin a
de-assen of Beset to the processor of
the addressed MPIC(s). This
condition will also cause all MPICs to
reset their Arbitration-ID (used for tie
breaking in lowsst priority arbitration)
to the MPIC-ID.

Same as for Redirection Table 109.

indicates status of data contained in
the Remote Read register 224:

00 - Invalid - content of Remote
Read register 224 invalid,
remote MPIC unit unable to
deliver.

01 - In Progress - Remote Read in
progress, awaiting data.

10 - Valid - Remote Read
complete, valid data.
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-33 - * Bits MO, ML, M2 are previously assigned in the Redirection

Tabl e of Figure 4. Cycle 6 contains the control bits as
defined in Figure 16. The ext ended delivery node and control bits,
cycles 5 and 6, together determne 5 the |length of nmessage needed and the
interpretation of the remaining fields of the message as shown in

Fi gure 17. Cycl es 7 and -82iake- Gubshtutg-dhdeti-nt 2ryugtst ViEGor .
Cycles 9 through 16 are the 32-bit destination field. Cycle 17

is a checksum wﬁﬂﬁﬁmq@%g; -8 8.blthbRUSIBd IPspelipa 10 checksum
protects the da ese cycles agqiegﬁﬁat,bﬁmaaa,ﬁﬁé aba®fg ors. The
sending MPIC unit provides this checlssitie the 32-bit destination field.
This reduces software overhead by
not requiring a second 32-bit write
operation corresponding to bit field
32:63 for the follow common cases:
a) software self interrupt,
b) interrupt to a single fixed
destination,
c) interrupt to all processors that
can be named in the
Destination field (32:63),
including the sending
processor.

The 2-bit code is interpreted as
follows:

00 - No shonthand, use Destination
field (32:63).

01 - Self, current local-MPIC is the
only destination (used for
software interrupts).

10 -

11 - A]Lexg[udmg_sgu used during

reset and debug.

Destination (32:63): Operating system defined, same as for
Redirection Table 109. Used oniy
when Destination Shorthand is set to
Dest Field (000).

The I/O-MPIC unit 102 and all local MPIC units 104 receive
messages via the MPIC-Bus 103. The MPIC unit’s first check to see if it
belongs to the destination in the message. For example, in the case of the

5  32-bit destination format previously cited, each MPIC unit with an ID value in
MPIC-ID Register 222 less than 32 uses it MPIC-ID to index into the 32-bit
destination array. If it finds its bit set, then the MPIC unit is addressed by this
message. In the case of the 8 x 24 format, each MPIC unit checks if its
MPIC-ID is equal to the MPIC-ID in the 32-bit destination field, orif it is a

10 member of the group list, as shown in Figure 7, by bit-wise ANDing its 24-bit
group list register (32:55) with the group list in the message and ORing all
resulting bits together. 1f the MPIC-ID in the message has a value of 255,

then the MPIC unit is addressed by the message as well.
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Cycle 18 is.a postanble cycle driven as 1111 by the sending MPIC

al l'owi ng all MPICs to performvarious internal conputations based on the

i nformati on contained in the received nessage. One of the conputations 15
t akes the conputed checksum of the data received in cycles 5 through 16

and conpares it against the value in-c3cte 17sutdritamy sWBE€- UIB AUGRRPUIES a
di fferent checksumthan the one passed in cycle 17, then that MPIC wi ||

signal an error on ,@FJ]@_bIME’_Is&%ﬁ&gﬁ/ﬁ%@%&ﬁéﬁ%éj ﬁigu.ets,ad?re%{]slthé' t If this

happens, all MPIC units w ver~'sent "an he 20

sender nust t rdestisatdnpdtrhedeBasAdeomEAIcpIVRET b Adplides i6Qcar bi trating
for the MPICbus. In |owest priority delivery when the interrupt has a

f ocus pr odisAigrwhigheerasma $he fagicespratians! ih cahjgnetlontwitistisy dri ving 1110
e er2ucY e womnddMPELR A 84 11 RbDSGe Micall! he'Vior
5 information available on output 266 of unit 226, is decoded and together
with the mode information is passed on through to the 3 x 256 bit vector
array 230 by vector decode unit 228. The 8-bit interrupt Vector, when
decoded by Vector Decode 228 determines which bit position out of 256
possible is set indicating the interrupt priority. When an interrupt is being
10  serviced, all equal or lower priority interrupts are attomatically masked by

the prioritizer unit 240.

3 x 256 bit Vector Array 230 consists of 256 bit vectors used for
storing interrupt related information. Each register is software read-only and
hardware read/write. The registars are defined as follows:

15
ISR, In Service Register 231, shows
interrupts that are currently in service
for which no end of interrupt {EQ!) has
been sent by the processor;

IRR, Interrupt Request Register 232,
contains interrupts accepted by the
local MPIC unit but not dispensed to
the processor,

TMR, Trigger Mode Register 234, indicates
whether the interrupt is a level or edge
sensitive type as transmitted by the
sending MPIC-1/O units trigger mode
bit in the redirection table entry.

It an interrupt goes in service and the TMR bit is 0, indicating edge
type, then the corresponding IRR bit is cleared and the corresponding ISR bit
20 isset. Hfthe TMR bitis 1, indicating level type, then the IRR bit is not cleared
when the interrupt goes in service (ISR bit set). Instead, the IRR bit mirrors
the state of the intarrupt’s input pin. As praviously discussed, when the level

triggered interrupt is de-asserted, the source I/O-MPIC detects the
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the arbitration is preenpted, and short nessage format is used. Al (non 25
focus) MPIC units will drive 1000 in cycle 19. Under |owest priority
delivery node, 1000 inplies that the interrupt currently has no focus
processor and that priority arbitration is required to conplete the
delivery. In that case, |ong message format is used. If cycle 19 is

1000 for non Lowest Priority node, = t hBabttritesheaye 1Bdugesh 1886 pt ed
and is considered sent. 30 Wien an MPIC unit detects and reports an
error during @iBefepancyand sendscy FlessagentgithPegtingtion logptMPIG wiit ¢ didast en to the

bus until it .r%qﬁ%%% ers two
Figure 8 shows, by way of an example, how the remote IRR and the
IRR bit at the destination local-MPIC unit track the state of the interrupt input
5 (INTIN). it also illustrates how an EOl is followed immediately by the
re-assertion of the interrupt as long as the INTIN is still asserted by some
devics. In this example, it is assumed that two devices, A and B, share a
level triggered interrupt input to the 1/O-MPIC. Device A raises a level
interrupt as indicated on line (a), followed by a device B interrupt as shown
10 online (b). The resulting INTIN signal is the ORed combination of lines {a)
and (b) as shown on line (). The MPIC-bus send/receive unit 110 of
Figure 3 EXCLUSIVE-ORs (XORs) INTIN with the remote IRR bit, bit 14 of
the Re-direction Table 104, shown on line (e) to yield the “level assert” and
“level de-assert” shown on line (d). The local-MPIC IRR bit tracks the state of
15 line (e) as shown on fine (f). Line (g) demonstrates how an EOI is followed
immediately by re-asserting the interrupt as fong as the INTIN signal is still
assernted by one of the devices.
Figure 9 is a flow chart depicting the interrupt acceptance process of
a local-MPIC unit. Upon receipt of a message, a local-MPIC unit is the
20 currentfocus, i.e., the pertinent IRR or ISR bit is pending, it accepts the
interrupt independent of priority and signals the other local-MPICs to abort
the priority arbitration. This avoids multiple delivery of the same interrupt
occurrence to different processors, consistent with prior art interrupt delivery
semantics in uni-processor systems. If a local-MPIC unit is not, currently, the
25 focus it listens for the acceptance by another local-MPIC. If more than one
MPIC is available, arbitration, as described under the section entitled
MPIC Bus Protocol, is invoked to detérmine the winner (lowest priority) unit.
If a message is sent as NMI, Debug or Reset, then all units listed in

the destination unconditionally assert/de-assert their processor NM! output
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- 34 -

that the
anyone. This
MPI C- bus get

consecutive idle (0000) cycles. These two idle cycles indicate

nmessage has passed and a new nessage may be started by
allows an MPIC that got itself out of cycle on the

back in sync with the other MPIC units. 5

Cycles 20 through 27 are eight arbitration cycles where 1 0

t he desti nat

| owest processor priority/Arb_|ID val . 2 Renpt e Read
rressageg . Oycles 'E'EP T?ﬁd@ﬂ“bﬁa%{?‘@' ‘ﬁ’gq)gfztﬂff igure 5 stor8d the &HEN

content of

iIRA 28Platd byrpassedaandrvectos informatinn igvmasfinad.t wit h

the renot eI%/ é&r of ﬁgb@gﬁ%oﬂ%-:fﬁtsﬁ WHIHS 'BhaMitatySsubideY Rchange

t he bus by
5

10

15

20

25

30

not e
because of explicit software actions, such as when tasks are switched, and

upon entering or retuming from an interrupt handier. TPR 242 is a 32-bit
register supporting up to 256 priority levels by means of an 8-bit field (0:7).
The four msb (4:7) correspond to the 16 interrupt priorities while the four isb
(0:3) provide additional resolution. For example, a TPR value with zero in
the five msb and non-zero in the three Isb may be used o describe a task
scheduling class between 0 (idle) and 1 for the purpose of assigning an
interrupi. This is particularly usetul when a number of processors are
operating at the same lowest level of priority.

A processor's priority is derived from the TPR 242, ISR 231 and
IRR 232. 1t is the maximum of its task priority, and the priority of the highest
order ISR bit, and the priority of the highest IRR bit, all evaluated using the
four most significant bits of their coded 8-bit representation. This value, used
in determining availability of a local-MPIC to accept an interrupt and in
determining the lowest priority local-MPIC unit, is computed on the fly as
required.

Once a local-MPIC accepts an interrupt, it guarantees delivery of the
interrupt to its local processor. Dispensing of a maskable interrupt is
controlled by the INT/INTA protocol which begins with the local-MPIC unit
asserting the INT pin 262 which is connected to the processor INT pin. If the
processor has interrupts enabled, it will respond by issuing an INTA cycle on
line 261 causing the local-MPIC to freeze its internal priority state and
release the 8-bit Vector of the highest priority interrupt onto the processor
data bus-106. The processor reads the Vector and uses it to find the
interrupt handler's entry-point. The local-MPIC also sets the interrupt's

ISR-bit. The oorrespondi'ng IRR bit is cleared only if TMR 234 indicates an

Substitute ageeten( BoAedyst 486

f ocus.

Cycl es

1 through 19 of the |ong nessage format are identical to cycles 1
t hrough 19 of the short nessage fornat?® -
nessage format is used in two cases: (1) Lowest priority

del i very whepid ¥ iDHbRE 'piPb64l0SSREYM P2E5 8f Figure 5. ISR 231 and

on

edge triggered interrupt as previously discussed. This is the replacement sheet
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15 ) Cycle 28 is an Accept cycle. In lowest priority delivery, all
MPI'C uni:ts that did not wwn the arbitration (including those that did
not participate in the arbitration) drive cycle 28 with 1100 (no
accept), while the winning MPIC unit drives 1111. If cycle 28 reads
1111, then all MPIC units know that the I nterrupt has _been accepted
and the nessage i s considered deliveretf -If Sulsstityjesbee- 1 SaAidgusndIB6r
anyt hing but 1111 for that matter), then all MPIC units assune the

message was Una_cceﬁ)ft§gvé‘l3ﬁ?"dﬁrﬁi infrruBEiS WelRde kY juSDprior to itAINTAldyBlkl ON. The
nmessage i s considered undellvered, and the sending MPIC unit will try
del i vering t healnB$sbitpenay bée olear and the Prioritizer Bé0 nRymst infRe Mectoedsages, cycl e

28 is driven as 1100 by all MPICs 25 excePt t he refggé)ndigzq renmote MPIC
unit, that drideliveri9ehp psoagsse omdata bpg 106. Instead,the BRgrtizer L4 Milessful |y

supply the reqﬂéﬁﬁ}é %P@D%l“{"ﬁ{ﬁ%’ﬁgﬁaﬁé@‘t’m%% the gis\;/)grlrslirﬁ ofthé |(§I(\)/f8 reads

1111 the data i s’ considere herw se,

the data iss cofsdsdfr adedtNSRI234, solthat He uitesutilardien should Atumseitredt t he
Renpt e Read uses cycle 28 to determne the state of the Renpte Read 30

Status field iissuingean EQbr TheSN\Cisrpregramrasgiesvia the S fegistar Withipal i d). I n any
case, prioritizer 240.
It is possible that local MPIC units exist in the system that do not have
a processor to which to dispense interrupts. The only danger this represents
10 inthe system is that if an interrupt is broadcast to all processors using lowest
priority delivery mode when all processors are at the lowest priority, there is
a chance that a local MPIC unit without the processor may accept the
interrupt if this MPIC unit happens to have the lowest Arb ID at the time. To
prevent this from happening, all local units initialize in the disabled state and
15 must be explicitly enabled before they can start accepting MPIC messages
from the MPIC-bus. A disabled local MPIC Unit only responds to messages
with Delivery Mode set to "Reset". Reset/deassert messages should be sent
in Physical Destination mode using the target's MPIC ID be_cause the logical
destination information in the local MPICs is undefined (all zeroes) when the
20 local-MPIC comes out of Reset.

Before returning from an interrupt handler, software must issue an
end-of-interrupt (EOI} command to its local-MPIC clearing the highest priority
bit in ISR 231, by writing to EOI register 246, indicating the interrupt is no
longer in service, and causing it to return to the next highest priority activity.

25 The MPIC system is initialized in the following manner:

a) Each MPIC unit has a reset input pin connected to a common

reset line and activated by the system reset signal.

b) The 8-Isb of the data bus 106 are latched into MPIC-ID

register 222;
30 c) Each local-MPIC asserts its processor Reset (RST) pin 265

and resets all intemal MPIC registers to their initial state, i.e.,
This is the replaceme
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a -Renmote Read request is always successful (although the data may be

- 35 - valid or invalid) in that a Renote Read is never retried.
The reason for this is that Renpote Read is a debug feature, and a
"hung" renote MPIC that is unabl e to respond shoul d not cause the

debuggi ng procedure to hang.

Cycles 29 and 30 are two idle

cycles. The MPIC bus is avail abl e for- 36 senduliftithte sleeat N8 Saggustt 12961 e

31. The two idle cycles at the end of both

together with non zero gd.dfectioR TRble™H08)arRiMRat V8&tor Table 210 set so as

10

15

20

25

30

to mask interrupt acceptance, otherwise setting register state to
zero;
d) Each local-MPIC de-asserts it processor's reset pin to allow the
processor to perform self-test and execute initialization code;
8) The first processor to get on MPIC-bus 103 will force other

processors into reset by sending them the inter-processor

interrupt with
Delivery Mode = Reset
Trigger Mode = Level
Level De-Assert = 0
Destination Shorthand =  All Excl Self,

all other processors being kept in reset until the active
processor's operating system allows them to become active;

f) The only running processor performs most of the system
initialization and configuration, eventually booting an operating
system which sends out a De-assert/Reset signal to activate

the other processors.

D. MPIC-Bus Protocol

The MPIC-bus 103 is a 5-wire synchronous bus connecting I/O-MPIC
and local-MPIC units. Four of these wires are for data transmission and
arbitration while one is a clock line.

Electrically, the bus is wire-OR connected providing both bus-use
arbitration, and lowest priority arbitration. Because of the wire-OR
connection, the bus is run at a low enough speed such that design-specific
termination tuning is not required. Also, the bus speed must allow sufficient
time in a single bus cycle to latch the bus and perform some simple logic
operations on the latched information in order to determine if the next drive

cycle must be inhibited. With a 10 MHz bus speed, an interrupt requiring no

short and | ong nessages,



for certain other bus cycles allow an MPI C bus agent that happens to be out
of phase ‘by one cycle to sync back up in one nessage sinply by waiting for
two consecutive idle cycles after reporting its checksumerror. This makes
10 use of the fact that valid arbitration cycles are never 0000.

E. Ti mers "The Local Vector Table 210 of the | ocal-MIC unit
104 cont ai ns t hree i ndependent | y 3dper atubs3nuts shegtde 18rddggusihBPé
timers 200, 201 15 and 202. Each tiner can select its clock base from one

of three cl ockatitpatiod.would be déivefedt inmeolBY.3QREBA Kith Brigfitl Resir@idene- shot
node or a periodi c node and each can be configured to interrupt the
| ocal processoRboWtthéas arbitrary programmabl e vector.

The Tocal - MPI C uni tThleoﬁPtpgni%sv%Ziann%eP Oezinrgljaevgtsegla?a(t:é( Mquut}user%prb? :and
output pins which may be directly connected in a non-isolated configuration
5 as shown in Figure 11. Three-state input buffers 301 and output
buffers 302 may be used to provide a hierarchical connection to
MPIC-buses that are required to support a large number of processors as
shown in Figure 12.
Arbitration for use of the MPIC-bus 103 and for determining the

10 lowest priority MPIC unit depends on all MPIC message units operating
synchronously. Distributed bus arbitration is used to deal with the case
when multiple agents start transmitting simultaneously. Bus arbitration uses
a small number of arbitration cycles on the MPIC-bus. During these cycles,
arbitration “losers” progressively drop off the bus until only one “winner”

15 remains transmitting. Once the sending of a message {including bus
arbitration) has started, any possible contender must suppress transmission
until enough cycles have elapsed for the message to be fully sent. The
number of bus cycles used depends on the type of message being sent.

A bus arbitration cycle starts with the agent driving its MPIC-ID on the

20 MPIC-bus, higher order bits first. More specifically, the 8-bit MPIC-ID (10:17)
is chopped into successive groups of 2 bits (17:16) (15:14) (13:12) (11:10). These
tuples I(im}):i(i}, are then sequentially decoded to produce a four bit pattern
(B0:B3) as shown in Figure 13. Bits (B0:B3) are impressed on the four
MPIC-bus lines, one bit per line. Because of the wired-OR connection to the

25 MPIC-bus, each tuple of the ID only asserts to a single wire, making it
possible for an agent to determine with certainty whether to drop-off (“lose”)
or to continue arbitrating the next cycle for the following two bits of the
MPIC-ID, by simply checking whether the bus line agent that is driving the
bus is also the highest order 1 on the bus. In this manner, sach MPIC-Bus

30 cycle arbitrates two bits.
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20 CLOCK pin provides the MPIC s internal clock, TMBASE provides for an
external 'cl ock. The frequency of TMBASE is fixed by the MPIC architecture
at 28.636 M#z. In addition, the local-MIC contains a divider that can be
configured to divide either clock signal by 2, 4,18 ?r 16, as Fhomg in
Figure 19. Base 0 is alwdys equal to CLOCK; Base. 1l al ways ual s

TN%ASE; and Base 2 may ei?her equal CL@CK<m59ﬁﬁ§ﬁﬁ?a?Qgﬁéggbggﬁysﬁiggs

8 or 16. Divider (Base 2) Configuration Register is shown in Figure 20.
Software starts a Brhiatiopyis yswgseditnifing tha ocdMBIG unihwith thie |Coest

Regi ster. The tinmer copi.es '

starts counti rPéO(Eféﬁ?{ pé'Pmtyhé%plﬁfst@vrg:‘ig’ceﬁ{éi?%%{‘lseﬁsgﬁg &gg’tﬁ WWBE&%I ;Lfgeagg
(RE%) o ot hb REgm ne g bR I 7o
break ties in case there are multiple MPICs executing at the lowast priority,
5 Using the constant 8-bit MPIC ID as the Arb ID has a tendency to
skew symmetry since it would favor MPICs with low ID values. An MPIC's
Arb ID is therefore not the MPIC ID itself but is derived from it. At reset, an
MPIC’s Arb ID is equal to its MPIC ID. Each time a message is broadcast
over the MPIC-Bus, all MPICs increment their Arb ID by one, which gives

10 them a different Arb ID value for the next arbitration. The Arb ID is then
endian-reversed (LSB becomes MSB, etc.) to ensure more random
selection of which MPIC gets to have the lowest Arb 1D next time around.
The reversed Arb ID is then decoded to generate arbitration signals on the
MPIC bus as described above.

15 After bus arbitration the winner will drive its actual message on the
bus, 4 bits per clock in nibble-serial fashion. MPIC messages come in two
lengths: short at 21 cycles and long at 30 cycles. The interpretation of the
first 19 cycles is the same for all message lengths. The long message type
appends cycles for priority arbitration to the first 19 cycles. The medium

20 message type only occurs if a complete arbitration is not needed as in case
when the winner is known prior to arbitration.

The short message format is shown in Figure 14 where the first
column represents the message cycle index (1:19) while the next four
columns represent the 4 data lines of the MPIC-bus.

25 The first four rows (1:4) represent the MPIC-bus arbitration cycles
where any row has four entries representing the decoded tuple of the
MPIC-ID as previously discussed, i.e., i76 . . . i76 represents tuple (7:6),
i54 . . .i54, tuple (5:4), etc.

Cycle 5 is the extended delivery mode of the message and is

30 interpreted in accordance with Figure 15. The bit designated DM is the
Destination Mode bit which is @ for Physical Mode and 1 for Logical Mode.
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- 36 - Periodic Mbde, the tinmer automatically reloads the contents
of the I'nitial Count Register into the Current Count Register.

The three tiners are configured by neans of their Local Vector Table
entries as shown in Figure 21. The Vector field (0:7) is as previously 5
described. The Mask i, bit (16) serves,_to mask (1) or not mask mask (0),

t he [err] timer generated |ntérf-hpt wWBebetitnte sheenc N8sAOQgusad 896
field (18:19) is t he base input used by the [err] tinmer: 00-Base O,

01-Base 1, an?t@%@w M2 are prevuod}%‘j&slgnebﬁn {nb RediBetidnidt stgurede of the

[err] timer one-'shot, 1-periodic : Processor Prlvate St or age
Each | ocal - MPl4C unit provi des Processor Prlvate St or age 250, as

Cycle 6 contains the control bits as defined in Figure 16. The

extended delivery mode and control bits, cycles 5 and 6, together determine
5 the length of message needed and the intarpretation of the remaining fields
of the message as shown in Figure 17.

Cycles 7 and 8 make-up the 8-bit interrupt vector.

Cycles 9 through 16 are the 32-bit destination field.

Cycle 17 is a checksum over the data in cycles 5 through 16. The

10 checksum protects the data in these cycles against transmission errors. The
sending MPIC unit provides this checksum.

Cycle 18 is a postamble cycle driven as 1111 by the sending MPIC
allowing all MPICs to perform various internal computations based on the
information contained in the received message. One of the computations

15 takes the computed checksum of the data received in cycles 5 through 16
and compares it against the value in cycle 17. If any MPIC unit computes a
different checksum than the one passed in cycle 17, then that MPIC will
signal an error on the MPIC-bus in cycle 19 by driving it as 1111. If this
happens, all MPIC units will assume the message was never sent and the

20 sender must try sending the message again, which includes re-arbitrating for
the MPIC-bus. In lowest priority delivery when the interrupt has a focus
processor, the focus processor will signal this by driving 1110 during cycle
19. This tells all the other MPIC units that the interrupt has been accepted,
the arbitration is preempted, and short message format is used. All (non

25 focus) MPIC units will drive 1000 in cycle 19. Under lowest priority delivery
mode, 1000 implies that the interrupt currently has no focus processor and
that priority arbitration is required to compiete the delivery. In that case, long
message format is used. lf cycle 19 is 1000 for non Lowest Priority mode,
then the message has been accepted and is considered sent.

30 When an MPIC unit detects and reports an error during the error,

cycle, that MPIC unit will simply listen to the bus until it encounters two
This is the replacement sheet
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shown in Figure 5 wth four 32-bit registers accessible only by the |ocal
processor. Since each processor addresses its registers in the sanme way
(via the sanme address), the registers provides a conveni ent and processor
15 architecture i ndependent way of providing "processor-own' data. The

contents of these registers is not interpreted by the MPIC4n an Yy
These registers are located in theasanﬁUBﬁ?étﬁéf‘eﬁﬁdS sg”ﬁé’é% 28 he

ot her | ocal MPI C regi sters, access to these registers nmay therefore be

restiicted !0 consacufitiPRI'(0886) GBIk THES: ARABR'BES MEtiRlirakital no on the

processor is fFeeto 2 hese registers as 1t pleases.
- 37 - CLAI Mmessage has passed and a new message may be started by anyone. This

allows an MPIC that got itself out of cycle on the MPIC-bus get back in sync
with the other MPIC units.

5 Cycles 1 through 19 of the long message format are identical to
cycles 1 through 19 of the short message format.

As mentioned, long message format is used in two cases:

(1)  Lowest priority delivery when the interrupt does not have a
focus. Cycles 20 through 27 are eight arbitration cycles where

10 the destination MPIC units determine the one MPIC unit with
lowest processor priority/Arb ID value.

(2) Remote Read messages. Cycles 20 through 27 are the 32 bit
content of the remotely read register. This information is driven
on the bus by the remote MPIC unit. |

15 Cycle 28 is an Accept cycle. In lowest priority delivery, all MPIC units
that did not win the arbitration (including those that did not participate in the
arbitration) drive cycle 28 with 1100 (no accept), while the winning MPIC unit
drives 1111. If cycle 28 reads 1111, then all MPIC units know that the
interrupt has been accepted and the message is considered delivered. If

20 cycle 28 reads 1100 (or anything but 1111 for that matter), then all MPIC
units assume the message was unaccepted or an error occurred during
arbitration. The message is considered undelivered, and the sending MPIC
unit will try delivering the message again.

For Remote Read messages, cycle 28 is driven as 1100 by all MPICs

25  except the responding remote MPIC unit, that drives the bus with 1111, if it
was able to successfully supply the requested data in cycles 20 through 27.
It cycle 28 reads 1111 the data in cycles 20 through 27 is considered valid,
otherwise, the data is considered invalid. The source MPIC unit that issued
the Remote Read uses cycle 28 to determine the state of the Remote Read

30 Status field in the Interrupt Command Register (valid or invalid). In any case,

a Remote Read request is always successful (although the data may be
This is the replacement sheet
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1. An integrated circuit chip for use in a nultiprocessor progranmable
I nterrupt controller systemthat includes a multiplicity of processors, a
comon system bus, associated | ocal processor interrupt controllers, at

| east one I/O interrupt controller, and an interrupt bus, the integrated

circuit chip conprising: (a) an associ ated processor
circuit conprising a central processor3sunit SubBttute sheatat &3 Auglrsess99@nd
control input/output ports; (b) a |l ocal processor interrupt

control | er Cooﬁﬁc&r%aﬁi@ i M a0 bt @ggﬁ?ssﬁ%eﬁﬁ%e%?ﬁtr{egaagﬁ{ @gghf‘scofr accepting

processor interrupt request sign romihe associa ro P circuit ,

for formattinghat RemafsREacis atobUg 6fere/ ardd BURgMYemoeAIMESS 1t gnal s, the
formatted associ ated processor signals being indicative of the nature and

priority of tHeakeoresaerdishnuktesiserse Hedlebugaing prceduredbingnan accept i ng
processor for serEg Aoph B F Bures. TBaieF i Bl ot ne
o her 1 bcal b A e g ol b B 4Rl oF BBh i ch ¢ he
associ at ed pr $hssanst lohg meissagdsl togethes with nor zerbdi.e., non idle) encodings

for certain other bus cycles allow an MPIC bus agent that happens to be out

of phase by one cycle to sync back up in one message simply by waiting for

two consecutive idle cycles after reporting its checksum error. This makes

10 use of the fact that valid arbitration cycles are never 0000.

E. Iimers
The Local Vector Table 210 of the local-MPIC unit 104 contains
three independently operated 32-bit wide programmable timers 200, 201

15 and 202. Each timer can select its clock base from one of three clock inputs.
Each time may operate in either a one-shot mode or a periodic mode and
each can be configured to interrupt the local processor with an arbitrary
programmable vector.

The local-MPIC unit 104 has two independent clock input pins:

20 CLOCK pin provides the MPIC's internal clock, TMBASE provides for an
external clock. The frequency of TMBASE is fixed by the MPIC architecture
at 28.636 MHz. In addition, the local-MPIC contains a divider that can be
configured to divide either clock signal by 2, 4, 8 or 16, as shown in
Figure 18. Base 0 is always equal to CLOCK; Base 1 always equals

25 TMBASE; and Base 2 may either equal CLOCK or TMBASE divided by 2, 4,
8 or 16. Divider (Base 2) Configuration Register is shown in Figure 20.

Software starts a timer by programming its 32-bit Initial Count
Register. The timer copies this value into the Current Count Register and
starts counting down at the rate of one count for each time base pulse

30 (Base 0, 1 or 2). Each timer may operate One-shot or Periodic. If One-shot,
the timer counts down once and remains at zero until reprogrammed. in

This is the replacement sheet
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transm-tting the associ ated processor formatted interrupt signals on the

I nterrupts bus, for broadcasting on the interrupt bus an acceptance signal
upon acceptance of the received interrupt signals. 2. The
integrated circuit of claim1l further conprising nmeans within the | ocal
processor interrupt controller for arbitrating priority with other 1/0 and
| ocal processor interrupt controll ers'f’é’r'corﬁubatiuﬂfe gHeeti-N BIAUHIstbLsad or
the transm ssion of interrupt related signals. 3. The 1 ntegrated

circuit of cl apsgticdid Motiéahe GMEPAItEMASCARy rEIBAE R chitehid®i HIRER)iaPr OCESSOr
interrupt controller for storing a unique pre-assigned |dent|F|cat|on

nunber for estGbuntdidoisteriimte theeCurént €ount Begister.of each | ocal control | er when
arbitrating to estahligh the i aNeshaRed BY meant Of 1hah G ok Vare: Table
entries as shown in Figure 21. The Vector field (0:7) is as previously
5 described. The Mask i, bit (16) serves to mask (1) or not mask mask (0), the
Rb timer generated interrupt when count reaches 0. Base i field (18:19) is
the base input used by the it timer: 00-Base 0, 01-Base 1, and 10-Base 2.

Mode i bit (17) indicates the mode of the il timer: 0-one-shot, 1-periodic.

10 F. Processor Private Storage

Each local-MPIC unit provides Processor Private Storage 250, as
shown in Figure 5, with four 32-bit registers accessible only by the local
processor. Since each processor addresses its registers in the same way
(via the same address), the registers provides a convenient and processor

15  architecture independent way of providing “processor-own” data. The
contents of these registers is not interpreted by the MPIC in any way. These
registers are located in the same physical address page as the other local

-MPIC registers, access to these registers may therefore be restricted to
supervisor only. The operating system running on the processor is free to

20 use these registers as it pleases.
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- interrupt bus, and or establishing the |lowest priority for the
accep’ﬂ" "ﬂ u“mﬂﬂiwﬂﬂ request nessages. 4, The i nt egr at ed
circu rein the | ocal processor interrupt controller

*

further conprlses (a) means for arbitrating the acceptance
of interrupt signals based on the current grlorlty of the 3 ociaHg%
processor task so that, anongst a subget of éP?ﬁﬂﬁ?éhBPBcéég Hgust 1ORE
multiplicity of processors, the |ocal processor interrupt controller

associ ated w ChAIME:l owest priority eligible processor accepts the

I nterrupt request signal; and (b) means for selecting one of
the subset of eligible processors when nore than one is operating at a sane

e o i bR bR AT SRl o b el Toquosle o
at the sane | grgemiabioirtérupt euttiolier system that includes a muttiplicity of

processors, a common system bus, associated local processor interrupt

controllers, at least one I/O interrupt controller, and an interrupt bus, the

integrated circuit chip comprising:

(a) an associated processor circuit comprising a central
processor unit (CPU) with data, address, and control input/output ports;

{b) alocal processor interrupt controller connected to said
data, address, and control ports for accepting processor interrupt request
signals from the associated processor circuit , for formatting the associated
processor interrupt request signals, the formatted associated processor
signals being indicative of the nature and priority of the associated
processor interrupt, for queuing an accepting interrupt, and for delivering the
accepted interrupt to the associated processor for servicing in priority order,
means for connecting to the interrupt bus for receiving and accepting both
IO interrupt controller and other local processor controller formatted interrupt
signals for which the associated processor is eligible to service, for
transmitting the associated processor formatted interrupt signals on the
interrupts bus, for broadcasting on the interrupt bus an acceptance signal
upon acceptance of the received interrupt signals.

2. The integrated circuit of claim 1 further comprising means
within the local processor interrupt controlier for arbitrating priority with other
I/O and local processor interrupt controllers for control of the interrupt bus for
the transmission of interrupt related signals.

3. The integrated circuit of claim 1 further comprising a register in
the local processor interrupt controller for storing a unique pre-assigned
identification number for establishing the relative priority of each iocal

controlier when arbitrating to establish the highest priority for use of the

This is the replacement sheet

16 AUG 199

Date:



5. - The integrated circuit of claim1, wherein the |ocal processor

I nt'errupt M| ses neans for generating standard nessage
formats fgmmﬁumu\m destination interrupts. 6. The
integrated+*citcuit "of Sclaim 1, wherein the | ocal processor interrupt
controller further conprises nmeans for determning if the |ocal processor
interrupt controller is a focus for tis saneSudtitutepheéDr 18hAchusseBBBce
is being requested; and if so, neans for pre-enpting the priority

arbitration pif&agybes, and or estéblishinglthe ldwdse grigrite tbrahe aeteptante of ai m 1
wherein the | ocal processor interrupt controller further conprises neans

for gener at i népternypt rmesymesﬁaﬁiawat I on sequence for arbitrating between
el igi ble candi date, pro rcuit of claim

7 wherein the pri ot |tyq§ ?qrgt[edoq;{cglgafﬁdéﬂ@é 3’3% @82‘5‘% Spocgésor (a) a
priority sequeigfupesttoMt tlidifor cdmpREds: priority of each processor; and

(a) means for arbitrating the acceptance of interrupt signals
based on the current priority of the associated processor task so that,
~amongst a subset of eligible processors of the multiplicity of processors, the
local processor interrupt controller associated with the lowest priority eligible
processor accepts the interrupt request signal; and

{b) means for selecting one of the subset of eligible
processors when more than one is operating at a same lowest priority level
for the purpose of distributing the requests and servicing uniformly amongst
the subset for eligible processors operating at the same lowest priority level.

5. The integrated circuit of claim 1, wherein the local processor
interrupt controlier comprises means for generating standard message
formats for use with fixed destination interrupts.

6. The integrated circuit of claim 1, wherein the local processor
interrupt controller further comprises means for determining if the local
processor interrupt controller is a focus for the same interrupt for which
service is being requested; and if so, means for pre-empting the priority
arbitration procedure.

7. The integrated circuit of claim 1 wherein the local processor
interrupt controller further comprises means for generating a priority
arbitration sequence for arbitrating between eligible candidate processors.

8. The integrated circuit of claim 7 wherein the priority arbitration
sequence comprises:

(a) a priority sequence based on the current priority of each
processor; and
(b) a unique randomized arbitration identifying sequence

for determining the winning lowest priority destination.
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.a uni que random zed arbitration identifying sequence for determning

tgg " r”“l“l l"lﬂmlt""mm[ In"E gg(rjgfteijng}[ Irgﬂi t of - claim8 wherein the generating

means oper‘atés bn the | ocal processor interrupt controller identification
nunber by increnenting the previous nunber and endi an-reversing the
resultant bit pattern to produce a new‘ar bi tSulistibute sleswti f Y8 niugesiut22e.
10. The integrated circuit of claim1l wherein the |ocal processor

i nterrupt control l®r cOhpintegated circuit of claim 8 wherein the generating means

operates on the local processor interrupt controller identification number by
incrementing the previous number and endian-reversing the resultant bit
pattern to produce a new arbitration identifying sequence.

10. The integrated circuit of claim 1 whersin the local processor
interrupt controller comprises:

(a) send/receive means for recsiving and sending interrupt
and arbitration related messages on the interrupt bus;

(b) acceptance logic means for rejecting, accepting, and
arbitrating received interrupt request messages including interrupt type and
priority information;

(c) recording means, coupled to the acceptance logic
means and to the send/receive means, for recording the status of accepted
interrupt request messages including interrupt type and priority information;

(d) nesting storage means for priority ordering (nesting) of
the accepted interrupt requests, connected to the local processor data and
address ports, for storing and delivering the highest priority interrupt request
when its associated local processor's priority is less than the highest priority
queued interrupt request, and for sending a delivery attempt accepted
acknowledgment from the processor to the sending source on the interrupt
bus;

e) means for storing the local processor interrupt controller
identification number, coupled to the associated processor data and address
ports for assignment of a processor programmable identification number,
and coupled to the send/receive means and to the acceptance logic means
for arbitrating an accepting received interrupt request signals;

® means for tracking the associated processor's current
task priority and delivering the task priority to the acceptance logic means for
arbitrating and accepting received interrupt request signals; and

(g) formatting means, coupled to the associated local

processor and to the send/receive means for formatting an interrupt

AN fb‘p|d nt sheet
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(a) send/receive neans for receiving and sending interrupt and

ar bi ] I ssages on the interrupt bus; (b)
accelmmummmllmﬂmﬂg for rejecting, accepting, and arbitrating received

i ntertupt reqtest messages including interrupt type and priority

I nformati on; (c) recording neans, coupled to the acceptance
| ogi ¢ means and to the send/recei ve n#8ns, fBubstitste dhegt t HS Auguet 1896
accepted interrupt request nessages including interrupt type and priority

i nformati on; message specified(kj) the asesciatag prrcessny@nAderrigitiating priority ordering
(nesting) of the accepted interru%rzrequests connected to the | ocal

processor dat drafspissinn e dne periages h%f?ﬂdi”ﬁﬁéi‘éﬁlﬂ’eag"f'i vering the highest
priority interrupt 1ﬁequﬁ1%tin?|@fp$?ed Ei?cuﬁ?Qﬁirﬁ‘ﬁEQVHe‘P&ﬁ‘khe%%%ﬁ%rsgorpr' ority iIs

| ess than the highest prior gueued interrupt request, a or sending a

delivery att enpferr@sceptronbr agttresbddgeast from the processor to the sending
source on the interrupt bus; ' e)  nmeans for storing the |ocal
processor interrupt cori@}ol li@er m@ans with @atasseci#afPEICesSB $RIeSHRNID t he

associ ated pr Oc oec Ss%rurc%%raﬁr%lﬂg aagrgér%ﬁﬁnable interval spacified by the associated

processor an generating an interval interrupt request message to the
associated processor at the end of the programmable interval;

(b) means for sensing associated processor generated
interrupts and generating an internal interrupt;

()  means for detecting interrupt bus parity errors and
generating an internal interrupt; and

(d) alocal interrupt vector table for formatting the internal
interrupts and prioritizing and addressing the interrupt message for
transmission by the local processor interrupt controller send/receive means.

12. The integrated circuit of claim 10 wherein the local processor
interrupt controller further comprises means for storing and retrieving
auxiliary data accessible only to the associated processor.

13. The integrated circuit of claim 10 wherein the nesting means
generates a processor interrupt signal for advising the associated processor
that an interrupt of higher priority than its present task is ready for
acceptance.

14. A multi-processor programmable interrupt controlier system for
operation in a multi-processor environment that comprises a multiplicity of
processors and at least one peripheral unit interconnected by a common
system bus, wherein the peripheral unit has an interrupt request line that
may signal a request for servicing from at least one processor and wherein
any processor may request servicing from any other processor without the
use of the common multi-processor system bus, comprising:

(a) an interrupt bus for communicating an interrupt request

and an acknowledgment message; This is the replacement sheet
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ports for assi gnnment of a processor programmabl e identification nunber, and

coupl e eive neans and to the acceptance |ogic neans for
arbl tr l Im I EI“E Img received interrupt request signals;
means flor Mrackrng the associ ated processor's current task priority

and delivering the task priority to the accept aaBeuﬂLlesﬁeg{aansg I(\ Gust 1996
arbitrating and accepting received interrupt request signals;

(g) formatting neans, coupled to the asgoci ated | ocal processor and to the
send/ recei ve neans for formatting an interrupt

- 40 - nessage specifieg)by ahh® asHRtraoRRAeREPRAAS Mo réflesi MHd | ati ng
of at least one assaociated peripheral for accepting at least one peripheral
interrupt signal, for formatting the interrupt signal for transmission con the
interrupt bus, the formatted signal being representative of the nature and
priority of the peripheral interrupt signal, and indicative of the group of
processors eligible to service the interrupt, connected to the interrupt bus for
transmitting the formatted interrupt signals, and for receiving status
information on the disposition of the interrupt request;

{c) a multiplicity of local processor controllers, each local
processor controller associated with a specific processor, at least one local
processor controller of the muttiplicity of local processors controllers
integrated into a common chip with the associated processor, for accepting
processor interrupt request signals from the asscciated processor, for
formatting the associated processor interrupt signals, the formatted
associated processor interrupt signals being indicative of the nature and
pricrity of the associated processor interrupt, the integrated local processor
centroller connected to the interrupt bus for receiving and accepting both 1/0
controller and other local processor controller formatted interrupt signals for
which its associated processor is eligible to service, for transmitting the
associated processor formatted interrupt signals on the interrupt bus, for
broadcasting on the interrupt bus an acceptance of the received interrupt
signals, for queuing the accepted interrupt signals, and for deliverihg
accepted interrupts to the associated processor for servicing in priority order.

15. A system as in claim 14 further comprising:

(a) means within the 1/O controller for arbitrating with other
IO and local process controllers over the interrupt bus for the control of the
interrupt bus for the transmission of interrupt related signals; and

(b)  means within each local processor controller for
'arbitrating priority with other I/O and local processor controllers over the
interrupt bus for control of the interrupt bus for the transmission of interrupt

related signals.
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transm ssion of the rressages by the send/recei ve neans. 11. The

I nt égrzﬂ aim 10 wherein the | ocal processor interrupt
control n lﬁmam Im ﬂ | ses: (a) tinmer means with an
associ at’ed ‘pr 6cessos ectable clock source for timng a programrabl e

interval specified by the associated pr_q',czesscgg Iag.égengﬁgtti 'nﬂéafgﬁéﬂoeﬁgﬁé

i nterrupt request nessage to the associated .
programuabl e interv s for. sensing associated

; (b
processor gener at ed%i ntRFYSIHP ?sémalg@%eﬁé “E&’%E@"’%‘?ﬂsﬂ&ﬂ%éﬁ erhiimi& r upt ;
(c) means for, éjé?tp%ebw doRfr &t LIRE s?ﬂr‘xﬁgﬁaﬁdx(ﬁ ra%E 89 hePRAIGHBA | NG an

i nternal interrupt; oca errupt vector table
for formatting rtdmberrﬂdirezsmﬂhsmmg therrefatise priatity of mdhtlwal egntesiidr addr essi ng t he
i nterrupt nmessage for transm ssion by the | ocal processor interrupt

control | er sendfPUEBIS/ apabiigh the h'9“95l2”°”tyl'?9é bus beqyranddar esiakighingof cl ai m
10 wherein the th?%espﬁﬁ&?fﬁ?fhe acceptance of interrupt request messages.

17. A system as described in claim 15 in which standard message
formats are used for all transmissions over the interrupt bus.
18. A system as in claim 14 further comprising:

(a) means for arbitrating the acceptance of interrupt signals
based on the current priority of the associated local processor task so that,
amongst the sligible processors, the local processor controller associated
with the lowest priority processor accepts the interrupt request signal; and

(b) means for selecting one of the local processors included
in a subset of eligible processors operating at the same lowest level priority
so as to distribute the request and servicing with uniform probability amongst
the subset of eligible processors operating at the same lowest priority level.

19. A system as in claim 18 in which a first standard format for use
with fixed destination interrupts further comprises:

(@) aninterrupt bus arbitration sequence;

(b)  adelivery mode portion indicating the basis of delivery,
e.g., fixed or lowest priority;

(c)  a control portion indicating the destination afid delivery
mode, the type of interrupt (level or edge triggered), and whether to asser or
de-assert level type signal;

(d)  a destination portion indicating the eligible processors;
and '

(e)  acheck sum value to indicate signal integrity.

20. A system as in claim 19 in which the message format is also
used for system wide non-1/O interrupt functions such as reset and debug
procedures.

21. A system as in claim 20 fur*her comprising:

This is the replacement sheet
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i.nterrupt controller further conprises nmeans for storing and retrieving

auxi | i wol e only to the associ ated processor. 13. The
i nt egialmmﬂpmmgjﬂm | ai m 10 wherein the nesting nmeans generates a
proce cl iU st gnal for advising the associ ated processor that an
interrupt of higher priority than its present task is ready for acce tgnce.
14. A mul ti-processor progranmmabl e int esr-uubstituteosheaat -s{3 rguysir1 99
operation in a nmulti-processor environnent that conprises a nultiplicity of
processors and at | east(@pbnempans fsharlegal preicessoncentealieredateunibipg d iconmon
system bus, wher heral unit uest |ine that

may signal a l‘%ﬁ?fg’? t’cp"gpggérlf‘ et #lqr&ﬂi%assqrgg%l{s i r%ﬁh%éé@&"défnd wher ei n
any processor (gmy request servicing fromany other processor wthout the
use of the common nulti-processor system bus, conpri sing: (a)
an interrupt bus for cdbnunmeahs foy peeempiing thaiptiorite grbitsdtiongmekeanre.
acknow edgnent nessage; ) . .
22,7 A system as in claim 20 having an augmantad second format
for lowst priority destination interrupts further comprising a priority arbitration
sequence for arbitrating between eligible candidate processors.

23. A system as in claim 22 wherein the acceptance logic means
has a priority arbitration sequence which comprises:

(a) a priority sequence based on the current priority of each
associated processor; and

(b) a unique randomized arbitration identifying sequence
for determining the winning lowest priority destination.

24. A system as in claim 23 further comprising means for
generating the priority arbitration identifying sequence.

25. A system as in claim 24 wherein the generating means
operates on its controller identification number by incrementing the previous
number and endian-reversing the resultant bit pattern to produce a new
arbitration sequence.

26. A system as in claim 19 further comprising:

(a) means for checking the check sum value and rejecting
he message if in error;

(b} means for appending an error indicator to the first
standard format; and

(c)  means for causing all I/O and local processor controllers
to recognize that the transmitted message is rejected because of parity error.

?7- A mutti-processor programmable interrupt controller system for
operation in a multi-processor environment that includes a multiplicity of
processors and at least one peripheral unit interconnected by a common
system bus, wherein the peripheral unit has an interrupt request line that

may signal a request for servicing from at least one processor and wherein
s the replacement sheet
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an /O controller connected to the interrupt
reque I Uﬂﬁ'“"“ﬂﬂmmst one associ ated peripheral for accepting at |east
one p pt signal, for formatting the interrupt signal for
transni ssion on'the i nterrupt bus the formatted signal being
representative of the nature and _ 44 - Substitute sheet - 13 August 96

any processor may request service from any other processor without the use
of the common multi-processor system bus, comprising:

(a)  aninterrupt bus for communicating an interrupt request
and an acknowledgment message;

(b) an I/O controller connected to the interrupt request line
of at least one associated peripheral, for accepting at least one peripheral
interrupt signal, for formatting the interrupt signal for transmission on the
interrupt bus, the formatted signal being representative of the nature and
priority of the peripheral interrupt signal, and indicative of a group of
processors eligible to service the interrupt, connected to the interrupt bus for
transmitting the formatted interrupt signals and for receiving status
information on the disposition of the interrupt request;

(c) a multiplicity of local processor controller, each local
processor controller associated with a specific processor for accepting
processor interrupt request signals from the associated processor, fof
formatting the associated processor interrupt request signals, the formatted
associated processor interrupt signals being indicative of the nature and
priority of the associated processor interrupt, connected to said interrupt bus
for receiving and accepting both VO controlier and other local processor
controller formatted interrupt signals for which its associated processor is
eligible to service, for transmitting the associated processor formatted
interrupt signals on the interrupt bus for broadcasting on the interrupt bus an
acceptance signal upon acceptance of the received interrupt signals tor
queuing the accepted interrupt signals, and tor delivering accepted
interrupts to an associated processor for servicing in priority order; and

(d)  at least one integrated circuit processor chip associated
with and connected to a local processor controller, the integrated circuit
processor chip incorporating a local interrupt vector table for directly

handling local processor interrupt vectors.
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priority of the peripheral interrupt signal, and indicative of the group of
processors eligible to service the interrupt, connected to the interrupt
bus for transmtting the formatted interrupt signals, and for receiving
status information on the disposition of the interrupt request;

(c) a multiplicity of | ocal processor controllers, each |local processor
controller associated wth a specific procRsseitutabnlspast -one Awmat 1996

processor controller of the rmultipli Ckéé’mﬂ{ | ocal proceéssors controllers

integrated into a common chip with t i at ed processor, for accepting

: - a ' , f
Formt g he AP R B IR R

associ at ed processor—inter+up tHe—nat ure and

tr
i So

A multi-processor programmable interrupt controlier system that
includes: an /O interrupt controller for receiving interrupt requests from an
17O subsystem; multiple processcr interrupt controliers, each associated with
5 a specific procassor tor dispensing of accepted interrupts; and an interrupt

controller bus primarily for the transmission of intarrupt requests between

interrupt controller units and for bus and priority arbitration, using a standard

message format and arbitration protocol. The system is implemented, in

part, by incorporating the processor interrupt controller with its associated
10  processor into a single integrated circuit. The common system bus which
normally carries all system traffic is not used for interrupt request messages.
The interrupt controller bus is used for this purposs and thus results in a
more efficient system by relieving the system bus of interrupt service

requests and the related interrupt request traffic.

Fig, 2
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prioricty of the associated processor interrupt, the integrated |ocal
processor controller connected to the interrupt bus for receiving and
accepting both 1/0O controller and other |ocal processor controller
formatted interrupt signals for which its associ ated processor is . eligible
to service, for transmtting the associate§“BF%%€§§@Pe¥OHﬁ%§PQHSFﬂgﬁﬁgupt
signals on the interrupt bus, for btd&dcasting on the interrupt bus an
acceptance of the received interrupt signals, for queuing the accepted
interrupt signals, and for delivering accepted interrupts to the

associ ated processor for servicing in priority order. 15. A
systemas in claim14 further conprising: (a) means within
the /O controller for arbitrating with other

13 19
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| /O and l.ocal process controllers over the interrupt bus for the control of
the interrupt bus for the transm ssion of interrupt related signals; and
(b) means within each |ocal processor controller for arbitrating priority
with other I/0O and | ocal processor controllers over the interrupt bus for
control of the interrupt bus for the transni Sebstitusé sheeer rPpAugust 98H
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16. ‘A'systemas in claim15 further conprising a register in the |ocal
processor controllers for storing a unique pre-assigned identification
nunber for establishing the relative priority of each |ocal controller when
arbitrating to establish the highest priority for bus use, and for
establishing the |owest priority for the accEpsasetorheslt er 3 topYdeed

nmessages. 17. A systemas described in claim15 in which standard
nmessage formats are used for all t r aleri ssi ons over the i nterrupt bus.
18. A systemas in claim14 further conpri sing: (a) means

for arbitrating the acceptance of interrupt signal Fﬂﬁed n the current

priority of the associated | o8AFA Bessor task so . 3mngst t he

eligible dNB&%’é@E:‘_&,_the_J ocal _p%'as_gog_t_r_o_l_l_gr__agqgigt_ed with the

| owest pri:ﬂﬁggy processor acceptsvthe interrupt request sigaal'; and

(b) nmeans fQr sel ec;_i_ng Q5SS (38 VBE (80EQRE processors i nclTded in a subset
g

of eligibl : rs opgrating at the gane | owest level prio:rity
| \\
| ' | wpic Bus
\FILTER! ! ' SEND/RECEIVE
| | ! I Cios
| [ !
I | P ’ |
i
1 | - |
l — -]
REDIRECTION 109
| “los TABLE |
107 . .- B
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so as to.distribute the request and servicing with uniformprobability
anongst the subset of eligible processors operating at the sane | owest
priority level. 19. A systemas in claim18 in which a first
standard format for use wth fixed destination interrupts further

conpri ses: (a) an interrupt Pubstiute shaet od 3sAyauatadf96

(b) a delivery node portion indica%bﬂg the basis of delivery, e.g., fixed
or |owest priority; (c) a control portion indicating the
destination and delivery node, the type of interrupt (level or edge
triggered), and whether to asseTr'FCEde- sert level type signal;

(d) a destination portion indifca gt eligible processors; and

(e) a check sumvalue to indicate signal integrity. 20. A system
as in clsim19 in which the nessage |6 matii si2also 8 7 0
XXXXXAXXXXXAXXX XXX XAXXXXX XX XXX
VECTOR

- DELIVERY MODE

000 : FIXED

00! : LOWEST PRIORITY
010 : RESERVED
011+ REMOTE READ
100 : NMI

101 : RESET

110¢ DEBUG

111 EXTINT
— DESTINATION MODE

O : PHYSICAL
1 : LOGICAL

— DELIVERY STATUS
O : IDLE

1 ¢ SEND PENDING
L~ REMOTE IRR

L TRIGGER MODE
0:EDGE
1: LEVEL

— MASK
0: NOT MASKED
1: MASKED
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used for systemw de non-1/O interrupt functions such as reset and debug
A systemas in claim20 further conprising:

pr ocedur es. 21.
- 43 -

(a)

nmeans for a |ocal processor controllers

determining if it is a focus for the sane interrug; for which service is
bei ng requested; and if so

( b) Substityie sheet pi Sefpevslyt PRE

priority arbitration procedure. 5/13
16 DATA /ADDR INTA CYCLE .
.5 108 281~ EXITNTA 0BG
i A =RST
{_ PRIVATE STORAGE 248 262 —]I
1

| 250 ~—{PRIVATE & <=>{ EOI REG el
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| PRIVATE 2 K<=>{ TASK PRIORITY] 1
| PRIVATE 3 240 |
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I Tiver ¢ 200 263 ORITIZE |
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22.

A systemas in claim20 having an augnented second format for

| owst

priority destination interrupts further conprising a priority arbitration

sequence for arbitrating between eligible candi date processors.

23.

A systemas in claim22 wherein the acceptance | ogic neans_has a priority
arbitration sequence which conpri ses:
sequence based on the current priority ®fL3each

(b)

Substitlite gheet -313 Augygty1996

the winning | owest priority destinatgon
further conprising neans for gener atft

i dentifying sequence.

25.

e

associ at ed processor;
a uni que random zed arbitration identifying seqguence

24.

and

for determ ning
A systemas in claim 23
. riority arbitration

A systemas in claim 24 wherein the

generati ng neans operates on itszgaatriel izers itdent i fi cat itoro nuarzer ky

i ncrementing_the %I‘E\IOUS nuRer —and enpl anrever stng Tha Festr Tan bi t
pattern t%rdtté a|nék>&FBiPr ati ph %%q'ﬁ%%e. ESERVED g | DALEW¥EERas in
claimi19 Jyr LhgeaGOmpY kgkBlveo  |aase v M) redBRUED T OToeNGqhEDHRR) e
check sunivalué-and fejecting he Ssagp iif jin error:

202 TIMER 3 RESERVED BASE hﬂMS RESERVED DELIV [VECTOR

203 LOCALY RESERVED MS|TM|R | RESERVED | DELIV |VECTOR

204 LOCAL1 RESERVED ﬁms TMIR|RESERVED [DELIV|{VECTOR

205 PARUR RESERVED MS| RESERVED |DELIV |VECTOR
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(b) means for appending an error indicator to the first standard format;
and (c) means for causing all 1/0 and | ocal processor
controllers to recognize that the transmtted nmessage is rejected because
of parity error. 27. A nmulti-processor programmuable interrupt
control ler systemfor operation in a multi-pfyositde sheet rohréigustak996

I ncludes a multiplicity of processors jat | east one peripheral unit

i nterconnected by a conmon system bus, wherein the peripheral unit has an

i nterrupt request |line that may
| east one processor and wherein

- 44 -

F}?tg! irrequest for servicing from at

3 20191817 161514 13 121110 87 0

XXXXXXXXXXXXXXXXXX

XX

63

VECTOR

DELIVERY MODE
000 : FIXED
001 : LOWEST PRIORITY
010 : RESERVED.
011 : REMOTE READ

100 NMI
101 : RESET
110 : DEBUG
1110 EXTINT
~— DESTINATION MODE
O: PHYSICAL
17 LOGICAL
— DELIVERY STATUS
O:1IDLE
1 ¢ SEND PENDING
— LEVEL
O : DEASSERT
1! ASSERT
— TRIGGER MODE
O ¢ EDGE
1: LEVEL
— REMOTE READ STATUS
00 ¢ INVALID
01 ! IN PROGRESS
10 ¢ VALID

11 ¢ RESERVED

‘— DESTINATION SHORTHAND
00 : DEST FIELD

01 ! SELF

10 ¢ ALL INCL SELF
11 ¢ ALL EXCL SELF
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any processor may request. service fromany other processor wthout the use

of the comon nulti-processor system bus, conpri sing: (a) an
interrupt bus for conmunicating an interrupt request and an acknow edgment
nmessage; (b) an /O controller connected to the interrupt

request line of at |east one associated peri Phbstitutefshreesccepiiugysat! 9Bist
one peripheral interrupt signal, for formguBing the interrupt signal for
transm ssion on the interrupt bus, the formatted signal being
representative of the nature and priority of the peripheral interrupt
signal, and indicative of a group of processors eligible to service the
interrupt, connected to the interrupt bus for transmtting the formatted
interrupt signals and for receiving status information on the disposition
of the interrupt request; (c) a multiplicity of |ocal
processor controller, each |ocal processor controller associated with a
specific processor for accepting processor interrupt request signals from
t he associ ated processor, for formatting the associ ated processor interrupt
request signals, the formatted associ ated processor interrupt signals being
indicative of the nature and priority of the associ ated processor
interrupt, connected to said interrupt busﬁ_ rrecejving and accepting both
|/ O controller and other |ocal processor fi(; g%

DEVICE A / \ a

DEVICE B / \ b

INTIN / \ c
XOR OF INTIN AND

K REMOTE IRR /{\ d

SEND "LEVEL ASSERT" SEND "LEVEL ASSERT"
MESSAGE MESSAGE

REMOTE IRR / \‘ ¢
IRR AT DEST :
MPIC e e e e f

INT/EOT
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controller formatted interrupt signals for which its associated processor
is eligible to service, for transmtting the associ ated processor
formatted interrupt signals on the interrupt bus for broadcasting on the

i nterrupt bus an acceptance signal upon acceptance of the received
interrupt signals for queuing the accepted iSHbstituist sheejnal 3 Augusti b996
delivering accepted interrupts to an ags/agci ated processor for servicing in
priority order; and (d) at | east one integrated circuit
processor chip associated with and connected to a | ocal processor
controller, the integrated circuit processor chip incorporating a |ocal
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