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INFORMATION TECHNOLOGY —

SCALABLE COHERENT INTERFACE (SCI)

FOREWORD

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical Commission)
form the specialized system for worldwide standardization. National bodies that are members of I1SO or IEC

2)

3)

In

sy,

AT

participate 1 e developiment Or Tnterndatiorial Standards  througn technmnical  cormittiees  estdablisned DYy he
respective organization to deal with particular fields of technical activity. ISO and IEC technical committges
collaborate in fields of mutual interest. Other international organizations, governmental and non-governmental| in
liaison with ISO and IEC, also take part in the work.

In the field of information technology, ISO and IEC have established a joint technical committee,~ISO/IEC JTC1.
Draft International Standards adopted by the joint technical committee are circulated to nationalcbodies for votipg.
Publication as an International Standard requires approval by at least 75 % of the national bodies easting a votdg.

Attention is drawn to the possibility that some of the elements of this International Standdrdymay be the subjec{ of
patent rights. ISO and IEC shall not be held responsible for identifying any or all such patent rights.

ernational Standard ISO/IEC 13961 was prepared by subcomiittee 26: Microprocesgor
stems, of ISO/IEC joint technical committee 1: Information technology.

nexes A and B are for information only.
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IEEE Standards documents are developed within the Technical Committees of the IEEE
Societies and the Standards Coordinating Committees of the IEEE Standards Board.
Members of the committees serve voluntarily and without compensation. They are not
necessarily members of the Institute.

The standards developed within IEEE represent a consensus of the broad expertise on the
subject within the Institute as well as those activities outside of IEEE that have expressed an
interest in participating in the development of the standard.

mevmmmm—mm
imply that there are no other ways to produce, test, measure, purchase, market, or provife

other goods and services related to the scope of the IEEE Standard. Furthermgare; the
vigwpoint expressed at the time a standard is approved and issued is subject,tolchanpe
brpught about through developments in the state of the art and comments receivedfrom usgrs
of[ the standard. Every IEEE Standard is subjected to review at least every,five years for
reyision or reaffirmation. When a document is more than five years old and~has not begn
repffirmed, it is reasonable to conclude that its contents, although still of (same value, do not
wiholly reflect the present state of the art. Users are cautioned to check.to,determine that they
hdve the latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any.interested party, regardless
offmembership affiliation with IEEE. Suggestions for changes, in"documents should be in the
fofm of a proposed change of text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise «regarding the meaning of portions |of
standards as they relate to specific applications. When the need for interpretations is brought
to[the attention of IEEE, the Institute will initiate ‘action to prepare appropriate responsegs.
Sihce IEEE Standards represent a consensus.of all concerned interests, it is important |to
erjsure that any interpretation has also received the concurrence of a balance of interests. Hor
th|s reason IEEE and the members of its~technical committees are not able to provide pn
ingtant response to interpretation reqtiests except in those cases where the matter hjas
previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

IEEE Standards documents are adopted by the Institute of Electrical and
Electrenics Engineers without regard to whether their adoption may involve
patents on articles, materials, or processes. Such adoption does not assume any
liability to any patent owner, nor does it assume any obligation whatever to parties
adopting the standards documents.

Authorization to photocopy portions of any individual standard for internal or personal use is
granted by the Institute of Electrical and Electronics Engineers, Inc., provided that the
appropriate fee is paid to Copyright Clearance Center. To arrange for payment of licensing
fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood Drive,
Danvers, MA 01923 USA; (978) 750-8400. Permission to photocopy portions of any individual
standard for educational classroom use can also be obtained through the Copyright Clearance
Center.
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Foreword to IEEE Std 1596, 1998 Edition

[This foreword is not a part of ISO/IEC 13961:2000, Information technology — Scalable Coherent Interface (SCI).]

on

The demand for more processing power continues to increase, and apparently has no limit.

One can usefully saturate the resources of any computer so easily by merely specifying

a

finer mesh or higher resolution for the solution of some physical problem (hydrodynamics, for

example), that engineers and scientists are desperate for enormously larger computers.

To get this kind of computing power, it seems necessary to use a large number of processors

cgoperatively. Because of the propagation delays introduced when signals cross c€f
bdundaries, the fastest uniprocessor may be on one chip before long. Pipelining and-Simi
lafge-mainframe tricks are already used extensively on single-chip processors)“Vec
prpcessors help, but are hard to use efficiently in many applications. Multiprecessg
cgmmunicating by message passing work well for some applications, but netdor all. T
shared-memory multiprocessor looks like the best strategy for the future, but' &great deal
work will be needed to develop software to use it efficiently.

It [s important to support both the shared-memory and the message-passing models efficient

(apd at the same time) in order to support optimal software for a.wide range of problen
eqpecially for a system that dynamically allocates processors “ahd perhaps changes
cgnfiguration depending on the nature of its load.

SCI started from an attempt to increase the bandwidth of_a*backplane bus past the limits s
byl backplane physics in order to meet the needs of new.generations of processor chips, son
ofl which can single-handedly saturate the fastest buses. We soon learned that we had
allandon the bus structure to achieve our goals.

B4ckplane performance is limited by physics (distributed capacitances and the speed of lig
arld by a bus's one-at-a-time nature, an inherent bottleneck. To gain performance far beyo
what buses and backplanes can do, one.heeds better signaling techniques and the concurrg
uge of many signaling paths.

Rather than using bused backplane wires, SCI is based on point-to-point interconne
teghnology. This design approach eliminates many of the physics problems and results
mpch higher speeds. SCI in\effect simulates a bus, providing the bus services one expeq
(apd more) without using‘buses.
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INFORMATION TECHNOLOGY —

SCALABLE COHERENT INTERFACE (SCI)

1 Introduction

1.1 Document structure

This International Standard describes a communication protocol that provides thesservices
repguired of a modern computer bus, but at far higher performance levels than any. bus could
atfain. Packet protocols on unidirectional point-to-point transmission links\Cemulate | a
sdphisticated bus without incurring the inherent bus physics or bus contention problems.

This International Standard is partitioned into clauses that serve severaldistinct purposes:

Cllause 1: Introduction provides background for understanding‘\the Scalable Cohergnt
Interface (SCI) protocols, and may be skipped by those already familiar with these concepts.
The descriptions in this clause are somewhat simplified, and should not be considered part|of
the SCI specification.

Clfause 2: References, glossary and notation defineS ‘the terminology used within this
standard and lists references that are required for implementing the standard.

Clause 3: Logical protocols and formats defines_the packets and protocols that implement
transactions (like reads and writes) between SClwnddes. This clause uses text and figures jas
infroductory material, to establish a frame of reference for the formal specification.

Cllause 4: Cache-coherence protocols pravides background information for understandipg
the protocols used by two or more SCI nades to maintain coherence between cached copies
of| shared data. The coherence protocols’ contain many options. This clause describes the
m{nimal subset of these protocols, actypical set of options that are likely to be implementad,
and also the full set of protocols.

Clause 5: C-code structureexplains the structure of the C code that defines the logigal
(ppcket symbol processing)-ahd cache-coherence protocols. The precise specifications of the
logical-level packet protecels and the cache-coherence protocols, which involve a large
nymber of state-transitien; details, are expressed in C code because it is difficult to state them
urfambiguously in English, and so that they can be tested thoroughly under simulation.

Clfause 6: Physicablayers defines a mechanical package and several physical links that may
bd used to implement the logical protocols. This clause uses text and figures to specify the
mechanical and electrical characteristics of several physical links.

Amnexes“~A/ and B: These annexes describe other system-related concepts that hajye
influenced the design of this standard. These may be useful for understanding the rationale
bghind.some of the SCI design decisions.

Bibtograptry—provides—a—vartetyof references—thatmay—be—usefut—for—umderstanding—the

terminology, notation, or concepts discussed within this standard.

C code: The C code is published as a text file on an IBM-format diskette. This was done for
the convenience both of the casual reader of this standard, who will not delve into the details
of the C code, and also of the serious user, who will wish to understand the C code
thoroughly, executing it on a computer. Though the C code takes precedence over this
International Standard in case of inconsistency, this International Standard provides
considerable explanation and illustration to help develop an intuitive understanding that will
make the C code more comprehensible.
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1.2 SCloverview
1.2.1 Scope and directions

Purpose: To define an interface standard for very high-performance multiprocessor systems
that supports a coherent shared-memory model scalable to systems with up to 64 K nodes.
This standard is to facilitate assembly of processor, memory, I/O, and bus adaptor cards from
multiple vendors into massively parallel systems with throughputs ranging up to more than
1012 gperations per second.

distances less than 10 m. The physical layer will specify electrical, mechanical, and ther
characteristics of connectors and cards. The logical level will describe the address spage,
ddta transfer protocols, cache coherence mechanisms, synchronization primitives, control apd
status registers, and initialization and error recovery facilities.

The preceding statements were those submitted to and approved by the MEEE Standards
Bgard as the definition of the SCI project. These goals have been met and.exceeded: suppprt
fof message-passing was added, and the operating distance is not limited-to 10 m. (The intgnt
of|that limitation was to make clear that this is not yet-another Local . Area Network.)

The real distinction between SCI and a network has more tocdo with the memory-accegs-
bdsed model SCI uses and the distributed cache-coherence _model.

The practical operating distance depends more on theithroughput and performance needgd
than on any absolute limit built into the specification. ¥ery long links would yield unacceptahle
pgrformance for many users (but perhaps not all),

In|particular, the fibre-optic physical layer cafi~extend the SCI paradigm over distances lohg
enjough to link a computer to its I/O devices)or to link several nearby processors. No arbitrgry
lepgth limit would be appropriate, butCpractical considerations including the throughput
reguirements and the cost of transmitters and receivers will set the lengths that people
cgnsider useful.

D

A |very-high-priority goal was_that SCI be cost-effective for small systems as well as for the
massively parallel ones mentioned in the purpose statement above. SCl's low pin count apd
simple ring implementatiogn make medium-performance, few-processor systems easier to bujld
with SCI than with bused backplane systems; a two-layer backplane should be sufficient, apd
thfee layers should, be enough to support the optional geographical addressing mechanism.
The SCI interface Leomplete with transceivers, fits into a single IC package that includes mufch
of| the logic needed to support the cache-coherence protocols. This economy for smiall
systems leads<to the expectation that SCI processor boards will be built in high volune,
making them inexpensive enough to be assembled in large numbers for buildipg
supercomputers at low cost.

SCIalso simplifies the construction of reliable systems. SCI Type 1 modules are well
protected against electrostatic discharge and electromagnetic interference, and can be safely
inserted while the remainder of the system remains powered. SCI supports live insertion and
withdrawal by using a single supply voltage (with on-board conversion as needed) and
staggered pin lengths in the connector to guarantee safe sequencing. Note, however, that
system software plays an important role in live insertion or removal of a module because the
resources provided by that module have to be allocated and deallocated appropriately.
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In systems where several modules share a ringlet, the removal of one module interrupts all
communication via that ringlet, so the resources on those modules also have to be
deallocated. A similar situation arises in any system that may have multiple processors
resident on one field-replaceable board: all have to be deallocated when any one is replaced.
The system software for handling the deallocation and reallocation of these resources is
outside SCI's scope.

Although SCI does not provide fault tolerance directly in its low-level protocols, it does
provide the support needed for implementing fault-tolerant operation in software. With this
repoMery software the SCI| coherence Inrm‘nr\nlc are robust and can recover from an arbitra ry

nymber of detected transmission failures (packets that are lost or corrupted).

The SCI paradigm removes the limits that bus structures place on throughput, but itsAatency
is [of course limited by the speed of signal propagation (less than the speed ofClight). Evér-
increasing throughput can be expected as technology improves, but the @rganization |of
hgrdware and software will have to take into account the relatively constant-latency (delay
bdtween request and response), which is proportional to the physical size 0fjthe system.

The last generation of buses approached the ultimate limits of performance, leading to the
cdncept of an ultimate standard. However, the initially defined SE€I_physical layers are likely
just the first of a series of implementations having higher or lower performance levels. The
1 Ghyte/s link speed specified for the initial ECL/copperébackplane implementation wps
chosen based on a combination of marketing and engineering considerations. From| a
marketing point of view, it was necessary to define a territory that did not disturb the markets
fo[ present 32-bit standards or present networks, and {from an engineering point of view this
link speed was near the edge of what available signalling technology and integrated circpit
technology could support.

New technologies, such as better cables, cénhnectors, transceivers; IC packages with mqre
pips or higher power-dissipation capabilities} or faster ICs, could make it practical or desiralle
to[implement SCI on new physical-layetr<standards. Such standards, with different link widths
or| bit rates, will be developed from time to time. However, packet formats and higher leyel
cgherence protocols will be the same across all these physical implementations. That should
make the problem of interfacing one SCI system to another relatively simple — SCI already
in¢ludes the necessary mechanisms to cope easily with speed differences.

1.p.2 The SCl approach

The objective of SCl-was to define an interconnect system that scales well as the number |of
atfached processors increases, that provides a coherent memory system, and that defined a
simple interface between modules.

SCI developers initially hoped to make a better backplane bus to meet these goals, but sopn
replized>no bus could do the job. Bus speeds are limited by the distance a signal must trayel
arldthe'propagation delay across a backplane. In asynchronous buses, the limit is the time
ndeded for a handshake signal to propagate from the source to the target and for a responke
to return to the source. In synchronous buses, it is the time difference between clock and data
signals that originate in different places.

Transmission lines in a backplane bus are affected by reflections caused by multiple
connectors, as well as by variations in loading as the number of inserted modules changes.
This makes a backplane bus an imperfect transmission line at best.

Furthermore, a backplane bus can only handle one data transmission at a time and therefore
becomes a bottleneck in multiprocessor systems. Although bridges can be used to extend the
bus concept to a multiple-bus topology, these bridges are expected to be more costly and less
efficient than SCI switches. Support for an efficient switch greatly influenced the design of the
SCI protocols.
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SCI solves these problems by defining a radically different interconnect system. SCI defines
an interface standard that enables a system integrator to connect boards using many different
interconnect configurations. These configurations may range from simple rings to complex
multistage switching networks. SCI modules still may plug into a backplane — it holds the
connectors in place; it is just not wired as a bus.

SCI uses point-to-point unidirectional communication between neighbouring nodes, greatly
reducing the nonideal-transmission-line problems. The bandwidth of the point-to-point link
depends on the transmission medium. A Type 18 DE 500 link is 2 bytes wide and data are

transferred-at-1 (-‘.I'\\J/h:\/c1 ||cing differential ECI cign:\lling and both ndgnc of a 250 MHz clock.

The clock rate can be much higher for point-to-point links than for buses. For a given-dgta
rafe this makes it possible to use faster clocking to reduce the link width. This reduces-the pin
cqunt for bus interface logic, so that the entire bus interface can be integrated;on a single
chip. Thus, timing skews can be tightly specified, since components areinherently well
matched in a single-chip design. A large number of requests can be outstanding at the same
time, making SCI well suited for high-performance multiprocessor systems.)SCI allows up|to
64 K nodes to be connected in a single system. Since each nodé€- could itself be|a
multiprocessor, the SCI addressing mechanism should be sufficient to support the next
ggneration of massively parallel computer systems.

Cache coherence is an important part of the proposed standard. Switching networks cannot
edsily provide reliable broadcast or eavesdrop capabilities. Hence the SCI coherenge
prptocols are based on single-responder directed bus transactions and distributed directorigs,
wihere processors sharing cache lines are linked, together by pointers. Broadcasts gre
ggnerally software, not hardware, operations, though the protocols do support some
(npncoherent) broadcast transactions that may bewseful in certain applications.

1.p.3 System configurations

An SCI node relies on feedback arriving'oh its input link to control its behaviour on its outgut
link. Thus there must always be a ring-like connection, with the output of one node providipg
the input to another. Implementations-of this structure range from a small ring connecting tyo
nddes (one of which might be the/port to a fast switch) to a large ring consisting of manhy
nddes. The term ringlet is often‘used to imply a ring that has a relatively small number |of
nddes, up to perhaps half adozen. Few applications will perform well with large rings becaugse
egch node sees traffic genherated by all the other nodes on the ring; for some /O applications,
hdwever, large rings may ‘be appropriate.

One node on each7ing (called the scrubber) is assigned certain housekeeping tasks, such s
inftializing thering to the point that each node is addressable, maintaining certain timers, apd
discarding damaged packets so they don't circulate indefinitely.

Fqr perfermance, fault tolerance or other reasons many systems will require more than ope
rirglets, Agents, which consist of two or more SCI node interfaces to different ringlets, wjth
afdprepriate routing mechanisms, are used to allow nodes on different ringlets to communicdte
with one another in a transparent way.

One can build useful switch fabrics consisting of many ringlets with a few processor nodes
and agents on each. Or one can use more traditional switch mechanisms that have SCI
interfaces at their extremities but transparently use whatever internal data transfer and
switching techniques they prefer.
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1.2.4 Initial physical models

The logical portion of the SCI specification defines the format and function of fields in packets
that are sent from one SCI node to another over any one of several different physical link
layers.

SCI links continually transmit symbols that contain 16 data bits plus packet-delimiter and
clock information. The clock provides a precise timing reference that the receiver uses for

edch clock period. On longer-distance interconnects, where signal wires are (relatively
expensive, the symbols may be sent one bit at a time.

The notation used by SCI for names of link types is:
Type <number of signals> <kind of signals> <bit rate per signalin Mb/s>.

Type 18 DE 500 signals support high-performance boards pluggediinto a system backplane|or
cable links connecting proprietary physical packages. Symbolsrare sent bit-parallel, usipg
differential drivers and receivers. High transmission rates can_be achieved by having all signal
drjvers and receivers in the same integrated circuit package, which also contains high-spepd
gyeues, as illustrated in figure 1.

SCI node SCI node
application application
logic logic
I |
queues and queues and
control control

hd v ‘?
<Y - 1) (1)

(18 pairs) (18 pairs)

ECL electrical signals optical signals

Figure 1 — Physical-layer alternatives

The initial interface chips were VLSI chips that included the transmitters, receivers, high-
speed queues, and most of the cache-coherence protocols. Subsequent implementations
generally removed the coherence logic, leaving that to the province of the system's memory
controller. Several implementations initially ran at reduced speed for compatibility with
standard CMOS processes. Some included the SCI interface as just a small part of a system
chip that included processor and other application-specific logic. The complexity of the
protocol is very low, with some implementors reporting that they used less than 25 k gates,
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much less than some common low-end interface products. The inherent power dissipation of
the SCI interface is less than that of interfaces to bused backplanes, since the differential
signal levels are smaller (less than 1V), there are fewer signals, and transmission
impedances are significantly higher.

The Fiber-Optic Physical Layer Type 1-FO-1250 is intended to support longer-distance local
communications (tens to thousands of meters). The fiber versions of SCI could be used to
connect back-end peripherals to the central system, or could provide high-bandwidth
communication between workstations and servers in a local computing environment. Packets
are sent in a bit-serial fashion, as illustrated in figure 1.

Ldw-cost LEDs can support communication bandwidths of less than 1 Gh/s over shprt fiQer
hdps. Higher-cost single-mode lasers and fibers are required for higher bandwidth
cgmmunications over longer distances. Many applications will find it attractive to. ise coaxjal
cable instead of fiber for short hops, avoiding the optical/electrical conversion costs.

Fiper-optic interfaces are expected to consist of high-speed bipolar front-ends that convert
bdtween a high-bandwidth serial bit-stream and a lower-bandwidth symbol-stream. Lower-
speed back-end circuits could be implemented in less expensive CMQ@S\technologies.

New link standards will be defined from time to time to take\ advantage of advances |in
teghnology or to accommodate the needs of particular markets.

1.p.5 SCIl node model

An SCI node needs to be able to transmit packets whilé concurrently accepting other packets
addressed to itself and passing packets addressed"to other nodes. Because an input packet
might arrive while the node is transmitting an.internally generated packet, FIFO storage]|is
prpvided to hold the symbols received while the packet is being sent. Since a node transmijts
orlly when its bypass FIFO is empty, the-minimum bypass FIFO size is determined by the
lopgest packet that the node originates.(ldle symbols received between packets provide gn
ofdportunity to empty the bypass FIFOuin preparation for the next transmission.

Input and output FIFOs are needed’in order to match node processing rates to the higher link-
transfer rate. Since there is.no facility for delaying the transmissions of symbols within[ a
pdcket, each node ensures(that all symbols within one packet are available for transmission|at
full link speed. Similarly, the node is able to receive a packet at full speed. Since nofde
afplication logic is not expected to match the SCI link speeds, FIFO storage is needed for
bgth transmit and rec€ive functions, as illustrated in figure 2.

node application logic

__>

)
I 2
= [
2 H
> C
3 £
address
- MUX bypass FIFO [<—— decode -
output link input link

Figure 2 — SCl node model
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1.2.6 Architectural parameters

The SCI system is generally considered to have a 64-bit architecture, because of its address
size (16 bits for node selection plus 48 bits for use within each node). The data width is less
constrained, however. SCI usually sends data in multiples of 16 bytes, and the most
significant size assumption is the 64-byte coherence-line size.

SCI is described in terms of a distributed shared-memory model with cache coherence,
because that is the most complex service SCI provides. However, SCI also provides
message-passing mechanisms and noncoherent transactions for those who need or prefer

bR
dgfinitions are essential for all initialization and exception handling. A few of-the CSRs dre
SCl-specific, but the majority of the necessary definitions are provided by the C$R
Architecture standard (IEEE Std 1212-1991)1.

SCI uses the 64-bit-fixed addressing model defined by the CSR_Architecture. The 64-pit
address space is divided into subspaces, one for each of 64K equal-sized nodes, jas
illistrated in figure 3. When compared to other address-extension schemes, the fixpd
address-field partitioning dramatically simplifies packet réuting; however, it complicates
sdftware's memory-mapping model, since the memoryyaddresses provided by differgnt
memory nodes can no longer be contiguous.

directed 0
node [0] registers
ROM
node [n] available 2 Kbytes
merory initial
Space units
space
4 Kbytes
available
register
node [64K--1] private space
64 bits register
> 256 Mbytes
256 Tbytes

I Directly accessible from 32-bit CSR Architecture systems

Figure 3 — 64-bit-fixed addressing

The upper 16 bits of the address specify the responder nodeld value; the remaining 48 bits
specify the address-offset in the addressed node. The highest 256 Mbytes of each node's 256
Tbytes contain the CSR registers as defined in the CSR Architecture. Since SCl's broadcast
transactions are block moves with no responses, only the directed (i.e., not broadcast) CSR
registers are supported.

D Information on references can be found in 2.1.
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Only a portion of the 64-bit address space is accessible from 32-bit systems bridged to SCI.
The initial 4 Kbytes of each node's directed CSR address space as defined by the CSR
Architecture could be directly mapped into 32-bit addresses, using the 10 bus-address and
6 module-address bits to form an SCI node address. In addition, a small portion (3.5 Gbytes)
of the memory address space in node[0] could be directly mapped from the 32-bit memory
address space. However, the address-map conventions used by bridges to other buses are
beyond the scope of the SCI standard.

1.2.8 Structure of the specification
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.B Interconnect topologies

.B.1 Bridged systems

is specification covers a great deal of new territory, and has required some (ng
proaches for presenting the material in a way that is precise and not easily misunderstog
ich of this International Standard is tutorial and explanatory in nature, to develop the way
nking and the level of understanding needed to properly interpret and use-the preci
ecification. The most important part of this standard is the packet pretoecol. Pach
nsmission is in turn implemented on some physical signalling layer, and thatdn turn may
corporated into a standard mechanical package.

cept for the packet formats and physical implementation specifications, such as modu
nnector, power and signal levels, this specification is expressed in the C compu
hguage. English text should be considered explanatory, and>~C listings, the definiti
ecification. Though C is known to have some ambiguities (stich as the order of evaluati
parts of certain expressions), they are easily avoided iQ{this application. In addition
bking this specification unambiguous, another significanbadvantage of the C specification
At it is executable so that it can be incorporated intosbther software to test the operation
b specification under simulation or to test a real implementation of the specification.

ensure the early availability of the wide range of I/O interface boards that any systg
eds in order to become accepted @nd useful, the SCI standard was heavily influenced
b need to bridge to other system buses. Conversions between SCI and other bus standar
b performed by bus bridges,_ as illustrated in figure 4.
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Figure 4 — Bridged systems
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Indivisible uncached lock transactions (such as swap, compare&swap, fetch&add) are
supported, but not implemented as indivisible read-modify-write transaction sequences. Since
indivisible sequences are hard to implement in large switches, indivisible lock operations are

performed at the responder upon request. A standard set of lock transaction subcommands

is

defined in order to communicate the intent of the requester to the hardware at the responder
that will carry out the operation. Bus bridges may translate these lock transactions into

indivisible sequences where appropriate.

Most remote DMA adapters generate uncached bus transactions; bus bridges can convert

these into coherent transaction segquences.  If the remote bus supports coherent transfers t
1 Ll 7

e

bys bridge can also convert between coherence protocols. Futurebus+R (see [B11]2, (B
arjd [B4]) and SCI have the same coherence line size, which simplifies that conversi
prpcess.

1.B.2 Scalable systems

SCI protocols are scalable, which means that they are efficient and cost-effective for us
rapging from low-end desktop computers to high-end massively parall€l processing (MP|
syistems. One future vision of a massively parallel processor consjsts ‘of large numbers
simgle-board computers connected through a high-performance switch:

Tq@ make this vision a reality, SCI is designed to be used in simple passive backpla
canfigurations, or as the basis for constructing switch€s,” or as the interface betwe
multiprocessor boards and vendor-dependent proprietary "high-performance interconnec
Sych configurations are introduced in the following clauses.

1.8.3 Interconnected systems
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SCI is based on packets sent from one.node to another over unidirectional links. This

specification defines a way to send these packets 16 bits at a time over short distances (

the order of meters), and one bit at a timé_over longer distances (on the order of a kilometer].

The bit-serial version of SCI makes use of fiber-optic links or short coaxial cables. It might
uded as a high-performance . peripheral bus connecting storage servers to back-e
prpcessors, or as a local-area bus connecting distributed workstations and file servers.

1.8.4 Backplane rings

The simplest SCI interconnect is a single ring. Larger configurations could consist of multig
rings connected thfough bridges. The highest performance configurations would probably
bdsed on switehing interconnects, like the butterfly switch. From a node interface perspectiy
the interface(te a simple ring and to a complex switch is the same (one input link and o

on

be
nd

le
be
e,
he

oytput link), The lowest-cost SCI configuration makes use of a passive backplane; the nod

S

arp electrically connected as a ring. The ring connection could join adjacent slots (which
repults_in one long link to connect the ends) or alternate slots (to shorten the maximum link

length). On a sequential ring, a node's physical and electrical neighbours are the same,

S

illustrated in figure 5.

2 The numbers in brackets preceded by the letter B correspond to those of the bibliography.
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sequential ring

e —, e

interleaved ring

L

Figure 5 — Backplane rings

On an interleaved ring a node's physical and electrical neighbours differ. ‘Even-number
bdards attach to one ring direction; odd-numbered boards to the othery thus minimizing t
maximum distance between nodes. To support partially populated topofogies, implemen
tigns are expected to use pass-through cards in empty slots, to provide jumper-card pairs
bypassing empty slots, or to use self-bridging connectors (that short inputs to outputs wh
the slot is empty).

There is also provision for doubled (or even trebled) SCl connections to a module, maki
brjdges and redundant fault-tolerant systems possible. With multiple rings arranged so that
le@st one ring skips any given slot, one can maintain¢partial system operation even when o
module is removed — the rings connected to thatsslot are broken, but the other rings ¢
cdnnect the remaining modules via bridges.
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FqQr some applications it may be desirablesto use SCI signals on cable links to connect

dgvices that do not fit conveniently into the standard SCI modules.

1.B.5 Interconnected rings

Sipce the SCI protocols have been designed to minimize the transit time for packets that palss

thfough a switch from one-finglet to another, they can be readily applied to multiple-ri
topologies. For example, a‘\grid of processors can be easily and efficiently interconnected

ng
by

hdrizontal and verticalringlets, as illustrated in figure 6. In this illustration, each procesdor

hgs two SCI interfacesi-one interface attaches to the horizontal ringlet and the other attach
to|the vertical ringlet:

es
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Figure 6 — Interconnécted rings

Additional dimensions (for example, a 3-D cube) can be supported by increasing the number
of| ports on each processor (one for each~dimension). Such structures are known as k-gry
n-pcubes, where k is the number of nodes-on each ringlet and n is the number of dimensions.
Faqr a fixed number of processors, the-humber k can be increased to reduce the cost of the
switch elements or may be decreased to reduce the contention on each ringlet.

1.8.6 Rectangular grid intecconnects

SCI can also be used as_an interconnect to form grids of processors. Nodes with four SCI
inferfaces can form a_bidirectional interconnect, where different ringlets connect each node|to
it adjacent neighboufs. Nodes with two SCI interfaces can form a unidirectional interconneft,
where the ringlets:form squares of nodes, as illustrated in figure 7.

bidirectional unidirectional

o o ——

Figure 7 — 2-D processor grids
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1.3.7 Butterfly switches

SCI can also be used to implement butterfly-like interconnects. Before SCI, these NlogN
switches were generally implemented with a unidirectional data transfer and a reverse flow-
control signal. The switch is wrapped around, so one processor node appears to connect to
both sides of the switch.

SCI ringlets can be used to implement such switches by partitioning the transmission paths
into separate ringlets, horizontal and diagonal, as shown in figure 8.

The dotted-line ringlet-completion path in this figure is an implied node-internal data path.that
cdnnects one access port to another.

wrap-around butterfly horizontal ringlets
A - - A A - - A
\ - \
B - =B B - B
\ - |
cl o c Cl—» ~|C
/\ \ - ]
D - D D - | D

diagonalringlets

1
A A A A
B B B B
¢ c c c
D D D D
L ]

Figure 8 — Butterfly ringlets
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1.3.8 Vendor-dependent switches

A switch may internally implement specialized vendor-dependent protocols to route SCI
packets. Each node is attached to the switch by an SCI ringlet obeying normal SCI protocols,
as shown in figure 9. SCI provides the interface between the nodes and the queues in the
switch interfaces. To avoid deadlock, two queues are provided in each direction, one for
requests and one for responses. This prevents requests from using up all the queue space
and thus blocking completion of their responses. This strategy is followed throughout SCI.

node | | node
node |~ vendor-dependent _| node
switch
node |_ | node
/ \
= request
~| responses ‘ -
node
requests -
responses

switchrinterface queues
Figure 9 — Switch interface

1.4 Transactions

Transactions are performfed”by sending packets from a queue in one node to a queue|in
arjother. A packet consists of an unbroken sequence of 16-bit symbols. It contains address,
cgmmand, and statusiinformation in a header, optional data in one of several allowed lengths,
and a check sympel When a packet arrives at a node to which it is not addressed, it|is
pdssed on to the mext node with no change except possibly to the flow control information|in
the header. WHien a packet arrives at its destination address it is stored by that node for
prpcessing;and is not passed on to the next node.

An SEI packet originates at a source and is addressed to a single target. In going from source
to| target the packet may possibly pass through intermediate nodes or agents (explaingd
lateT). Such single-requestor/single-responder protocols are highly scalable.

Transactions are initiated by a requester and completed by a responder. Transactions consist
of two subactions. During the request subaction address and command are transferred from
requester to responder. The response subaction returns completion status from responder to
requester. Depending on the transaction command, data are transferred in the request
subaction (writes), the response subaction (reads), or both subactions (locks).

A subaction consists of two packet transmissions, one sent on the output link and the other
received on the input link. A subaction is initiated by a source, which generates a send
packet. The subaction is completed by the destination, which returns an echo packet. Hence a
typical transaction involves the transfer of four packets, as illustrated in figure 10.
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; source request send target ;
€ [ request > e
3 subaction target request echo source I‘:‘
e ~ )
s n
t | target response send source d
e | g e
r response r
source response echo target subaction
> J

Figure 10 — Subactions

1.4.1 Packet formats

The first symbol of the header, targetld, contains the final target's nodeld,\and is sufficient for
a hode to quickly recognize packets addressed to it. During the passagé&.of a packet through
ar] SCI system, intermediate agents look at the targetld symbol (and possibly other symbo|s)
to[route the packet, and intermediate nodes look at it to determine.whether they should accgpt
the packet. This and other packet symbols are shown, in simplified form, in figure 11.

flag data (16 bits)
1 targetld
1 flowControl cmd
1 sourceld
° timeOfDeath sequence
° addressOffset/status
° (optional) data
0 CyclicRedundancyCode (CRC)
Masked from CRC calculation (0 assumed)

Figure 11 — Send-packet format, simplified

TheZsecond symbol, command, provides flow-control information and the transactipn
command field. The flow-control field, which contains localized flow-control information, may
be changed many times before a packet reaches its destination. This information is excluded
from the CRC calculation, so the CRC remains unchanged (and error coverage is not
compromised) as the packet is routed toward its final destination.

The command field specifies the type of packet (read00, readsb, writesb, etc.). In a request-
send packet, the command specifies the action to be performed by the responder. In a
response-send packet, the command specifies the amount of data returned. In an echo
packet, the command field indicates whether the corresponding send packet was accepted.
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The third symbol contains the sourceld, allowing the target to identify the originator of the
packet. All packets include a 6-bit sequence number (which distinguishes between multiple
currently pending transactions from one requester). The location of this field differs for send
and echo packets.

Appended to each packet is a 16-bit cyclic redundancy code (CRC), that is generated when
the packet is created by the source, is optionally checked by agents, and is checked before
the packet is processed by the target. The CRC is generated based on a parallelized version

of

the 16-bit ITU-T CRC.

N(I)te that a flag bit is associated with each symbol. A zero-to-one transition of the flag-bit

us
ng
p3
p3

ar the end of the packet (1 or 4 symbols before the packet's end, for echo and se
ckets respectively). A loss of link synchronization will generally cause improper fl
tterns and CRCs.

Other information that is included in some packet types includes the following:

1)

2)

3)

4)

5)

1.

Time of death. The timeOfDeath is a time-stamp field in send packets, that specifies t
time at which the packet should be discarded. This simplifies«error recovery protocols
bounding the lifetime of all outstanding packets.

Address offset. The 48-bit addressOffset field in request-send packets transfers
address offset to the responder. Although this is often,used to select specific memory

dependent.

Status. The 48-bit status field in response-sefid packets returns the transaction stat
from the responder to the requester.

Extended header. A packet may include -anyadditional 16 bytes of header. The presence
of the extended header is defined’ for certain cache-coherence transactions. T

standard.
optionally support 256-byte\transfers for higher efficiency.

1.2 Input and output\queues

Queues are used ¢orhold SCI packets that cannot be immediately forwarded or processed

th
in
bg
bg

bir intermediate)or final destinations. The simplest responder node has two queues. T

en processed. The output queue holds response packets to be sent on the output link wh
ndwidthns available. These queues are illustrated in figure 12.

S

ed to identify the first symbol of a packet. The one-to-zero transition of the flag hit @ccyrs

nd

he
by

Aan
or

register locations, the interpretation of (most of) this field is responder-architectyre

of

the extended header is signalled by a bit\in the command field. A small portion (four bytgs)

he

remainder of the extended headerlis-reserved for definition by future extensions to the SCI

Data bytes. The data section contains a data block of 0, 16, or 64 bytes. SCI systems mjay

at
he

but queue holds request packets that have been stripped from the input link but have not yet

en
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node application logic

on

output queue input queue

output FIFO input FIFO
output address input
ink T MUX | | bypassFIFO < decode [T T)ink

Figure 12 — Responder queues

Pdackets in the output queue are sent when the bypass FIFO iscempty and the node's flo

W_

cgntrol mechanism (see 3.6) permits it. Another packet (or packets) may arrive on the input
link while an output packet is being sent. If they are not addtessed to this node, the bypalss
FIFO holds these incoming packets for delayed transmission after the output queue packet
hgs been sent. Thus, the bypass FIFO needs to bexas' large as the longest packet sgnt

thfough the output queue.

While the bypass FIFO is nonempty, symbols arriving between packets (called idle symbo

s)

arp merged and their contents are saved for delayed retransmission. Thus, most idle symbols

prpvide an opportunity to decrease by one.thé number of saved symbols in the bypass FIF

O.

When the bypass FIFO is empty, and.dthe flow-control mechanism is re-enabled, another

pdcket may be sent from the output queue.

When a send packet is emitted, the packet is saved in the output queue until a confirmi
egho packet is received. The ‘addressed target node strips the send packet from t
inferconnect and creates amecho packet, which is returned to the source. There are two typ
of|echo packet. If the target node can save the send packet, a done echo is returned. If t
tafget node lacks queue'space, it discards the send packet and returns a retry echo.

When a done echolis returned to the source the corresponding send packet is discarded (i.
it queue spacévis freed for reuse). When a retry echo is returned to the source t
cdrresponding-send packet is resent. Resending after a retry echo packet is often called bus
refry, and.the discarded send packet is said to have been busied by the destination node.

ng
he
es
he

y-

ut

Note that send packets can be discarded by targets that have no space to save them, |
rehmmmmwm.ﬁmmmﬂmmawmh

before transmitting send packets.

1.4.3 Request and response queues

Many SCI nodes have requester as well as responder capabilities. To avoid system deadloc

ts

ks

on these full-duplex nodes, request and response subactions are processed through separate

qgueues. Thus, each node logically has a pair of request and response subaction queues,
shown in figure 13.

as
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requester responder
| A | A
output queue input queue output queue input queue
output FIFO input FIFO output FIFO input FIFO
b FIFO |- address < b FIFO |- address
| MUX| o |bypass decode MUX| | PyPass decede [
output input
link link
Figure 13 — Logical requester/responder quelt€s
Fqr performance and cost reasons, a single bypass FIFO is desirable. With suitable allocati

pr

requests

responses

requests

A

btocols, the two bypass FIFOs can be merged into one, as_jllustrated in figure 14.

A

responses

Y

Y

output q

ueues

input queues

¢

i

!

!

output request

output response

input request

input response

FIFO FIFO FIFO FIFO
<—' address —
- NIUX bypass FIFO ———  &007608  —
output input
link link

pn

FguTe T4 —PaiTed TeEqUESt and TESPONSE JUEUES

Pairs of input and output FIFOs are still required, to ensure that requests and responses can
be processed independently. The input and output queues can be dynamically or statically
allocated for holding requests and responses, if these queues can be bypassed when a FIFO
entry is available. Forward progress is ensured because at least one entry is always available

for holding

respectively.

input-request,

input-response,
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1.4.4 Switch queues

The concept of independent queue pairs can be extended to switches. For example, the
gueues in a simple bridge (suitable for use in hierarchical topologies) between two SCI
ringlets are illustrated in figure 15.

> request queue ——P

responsa-calLallo. -
rooporoTguoTe

R ringlet ringlet .

interface interface

- request queue -

A

response queue

Figure 15 — Basic SCI bridge, paired request and resparnse queues

More-complex topologies could have loops in the physical configuration (e.g., a toroidal
topology formed by connecting the top and bottom edges and«he right and left edges of a 2D
mesh). Additional queues may be needed to avoid hardware deadlocks due to possible
cifcular dependencies in such systems.

1.4.5 Subactions

When requester and responder are on thessame lightly loaded ringlet (i.e., local ),| a
transaction involves four packet transmissions/ as illustrated in figures 16 and 17. (Shading|is
uged to indicate the queue that holds the relevant packet. The queue state in figure 16]is
shown as it would be just before receipt of the illustrated packet.) The request subactipn
inyolves the transfer of a request packet from the requester to the responder (steps 1 and 2).
The responder's processing involves the consumption of the request packet and the
ggneration of a response packet. The response subaction involves the return of a responge
pdcket from the responder tothe requester (steps 3 and 4).

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

ISO/IEC 13961:2000(E) ~37-
IEEE Std 1596, 1998 Edition

requester (1) request send responder
m :
request
subaction
requester responder
(2) request echo
requester responder
responder
processing req | res res
requester responder
: H
(3) response send
response
subaction

requester (4) response.echo responder

requester

requester

responder

Figure 16 — Local transaction components
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requester (1) request send responder
request >
subaction res - req | res
(2) request echo/
busy
request requester (3) request send ‘ responder
subaction >
retry res - res
(4) request echo/
done
requester responder
responder
requester (6) response echo responder
response >
(5) response send

requester responder
requester

Figure 17 — Local transaction“components (busied by responder)

Eqch subaction consists of a send,packet (steps 1 and 3 in figure 16) that transfg

in

ormation between a producer and a consumer and an echo packet (steps 2 and

adknowledging the receipt of the information. Each packet is sent between a source and

ta
re

get. The producer is a source for request-send and response-echo packets and a target
uest-echo and response-send packets.

The producer savescacopy of the request-send (or response-send) packet until a return

re

uest-echo (or response-echo) packet confirms its acceptance at the consuming node. T

edgho packet may sometimes indicate that the consumer queues were busy (full) and that t
sgnd packet Wwas discarded. These busied packets are retransmitted until they are accept
by the consumer. Bandwidth allocation protocols are used to guarantee that all producers v
eventuallystransmit their send packets; queue allocation protocols guarantee that consume

wi

Il eventually accept these send packets (or a busied retransmission of them, see 3.7).

E)
on

rs
4)

or

pd
he
he
pd

ill

For exdinpile, CONSIOer a HEdVin 10aded Systlelll, where tierc [S—COMtention for the sihar
responder subaction queues. If the responder’'s request queue is full, the first request-send
packet may be busied and retransmitted as illustrated in figure 17. The queue state in this
figure is shown as it would be just before completion of each illustrated subaction.

d

The first request-send packet (1) is busied by the responder, which initially has a full request
gueue. The request-send packet is discarded and the busy status (2) is returned in the first
request-echo packet. Later another request-send packet (3) is sent from the requester to the
responder and (in this example) is accepted; receipt of the request-send packet is confirmed
by the status returned in the request-echo packet (4).
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Although not illustrated in figure 17, either the request-send or the response-send packet may
be busied many times, but will eventually be accepted. Simple ageing protocols guarantee
that the oldest busied transactions are eventually accepted.

1.4.6 Remote transactions (through agents)

A packet starts at an original-producer (source) node, addressed to a final-consumer (target)
node. For a remote transaction the source and target nodes are on different rings. The packet
will then be accepted by consumer queues in intermediate agents (e.g., bridges or switches) for

forwarding to the target. Each intermediate agent behaves like a producer when forwarding t

p3
pr

A
th
bg
ty
ag
trg
fu
th

cket to its final-consumer node. A given packet has only one final consumer, but may
bcessed by a number of consumer/producer pairs as it moves from agent to agent.

Femote transaction is initiated by the requester as though it were local. The packets formi
b transaction are queued and forwarded by intermediate agents. To the requester, the agsg
haves like a responder; to the responder, the agent behaves like a requester. An age
pically acts on behalf of many nodes, and thus accepts packets with, any of a set
dresses (a different set on each side). The steps involved in the completion of a remote S
nsaction are illustrated in figure 18, for a lightly loaded system (po\subaction queues 3
[) with a single intermediate agent. In this figure, the queue stateZis’'shown as it was befd
b start of each illustrated subaction.
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requester responder

local request subaction
res req | res

(1) request send

(2) request echo

requester responder

remote request subaction
req | res req | res

agent
(3) request send
req
res (4) request echo
requester responder
.. remote response subaction .E
req | res req

(6) response echo

-
-

(5) response send

requester responder
local response subaction
req | res req | res

(8) response echo

(7) response send

Figure 18 — Remote transaction components

The initial request subaction (1 and 2) transmits the request packet from the local requester to
the intermediate agent. The remote request subaction (3 and 4) forwards the request packet
from the agent to the remote responder. After confirmation that the request has been
accepted by the responder, the intermediate agent discards subaction information (residual
history); its send buffers can immediately be reused for other purposes.

Note that subactions do not care whether they are local or remote; only agents need know
that the subaction is not local. Note also that echoes merely confirm delivery to the next
agent, not necessarily to the final consumer, and that queues in agents take responsibility for
further transmission.
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After the request has been processed by the responder, the remote response subaction
(5 and 6) transmits the response packet from the remote responder to the intermediate agent.
The local response subaction (7 and 8) forwards the response packet from the agent to the
original requester. After confirmation of the response being accepted by the requester, the
responder and the intermediate agent have no queued send packets; their send buffers can
be immediately reused for other purposes.

An active agent can be pipelined; forwarding of the request-send packet (3) can begin before
the request-echo packet is returned (2) to the requester. The same is true for the response;
the response-send packet (7) can begin before the response echo (6) is returned to the
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#.7 Move transactions

sdbaction but (for improved efficiency) no respanse subaction. Flow control, performed at t
M

sponder. Note that an agent must also keep a copy In its queue until echo confirmation-h
curred.

is mechanism applies in general for any number of intermediate agents. The“routing
ckets in a system is determined by the set of agents, each with its own set ofyaddresses
cept.

move transaction is like a write transaction, with the exception that’no response subacti
returned. A move transaction is expected to be used when, large amounts of data 4
nsferred and timeliness is more important than confirmed, délivery, such as for repetiti
ta transfers to a video frame buffer. Although more efficient than a write transaction, t
Ck of a response (which provides the responder's completion status) limits move-transacti
es to specialized applications or constrained configuration topologies.

move transaction is a specialized noncohergnt write transaction that has a requg

baction level, ensures that request-send packets are not discarded when attempting
ter congested queues. However, transmission errors (which are normally reported
sponse subactions) will not be detectedyby the standard lower-level protocols (but could
application-specific higher-level ones). The steps involved in the completion of a remg
Cl move transaction are illustrated.isfigure 19, for a lightly loaded system.

requester responder

local request subaction
res req | res

(1) request send

(2) request echo

as

of
to

St
he
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in
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A~ A A o
1CY4YUuToLTl

remote request subaction
req | res req | res

agent

~
1COopMVIIVUTH

(3) request send

req

(4) request echo

Figure 19 — Remote move-transaction components
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The local request subaction (1 and 2) transmits the move-request packet from the requester
to the intermediate agent. The remote request subaction (3 and 4) forwards the move-request
packet from the agent to the responder. The final agent is informed when the request is
gueued in the responder, but the requester receives no such confirmation. Since transactions
may be reordered while passing through an interconnect, there is no standard way for either
the requester or the agent to confirm when or if the move transaction has completed.

Since move transactions have no response, there is no standard way to return agent or
responder error status to the requester. Intermediate agents and responders are expected to
provide mechanisms for logging these errors, but these error logging mechanisms are beyond
the scope of the SCI standard.

Since move transactions have no confirming response, there is no reliable way to (use their
trgnsactionld values to differentiate between distinct move transactions. Thus, producers wjth
two or more active move transactions could become confused, when two or more,active moye
trgnsactions generated the same request-echo packet. To avoid these confusions, producagrs
arp expected to temporarily inhibit transmission of new move requests when their echops
cquld be confused with those that are already expected from other active requests. (An actiyve
reguest is one that has been sent but whose echo has not been returned).

1.4.8 Broadcast moves

S@me applications can benefit from the optional capability of éfficiently broadcasting a packet
to[multiple destinations using a single transaction. Applieation examples include some kinds
of[ image processing such as HDTV (high-definition telévision) signal processing, systdlic
prpcessing arrangements, and massively parallel architectures such as neural networks.
Special protocols are used to ensure forward progress, since a move transaction might
sdmetimes be accepted by some of the nodes but not all (when some of the consumer queugs
arp temporarily full).

In| the worst case, a broadcast consumes the same bandwidth as sending the packet
repeatedly to all its N destinations. In. the best case, it reduces the consumed bandwidth by a
fagtor of N, when there are N brpadcast-capable nodes on the ring. Note that broadcgst
trgnsactions are ignored by nodes_that do not support this optional capability.

S¢veral subaction command-~codes are allocated for broadcast functions. Half of these codes
arp for starting broadcast messages; the other half are for the resumption of a previously
inftiated broadcast. Exeept for having multiple effective target addresses, broadcast (start apd
resume) transactionS-~afre functionally equivalent to directed moves (they do not have| a
regponse subaction-and they do not participate in cache coherence).

On a local ringlet, a start-broadcast packet is sent from the broadcaster to itself, with| a
special starttmove command code (smove) that enables the eavesdrop capability on other
ringlet-local nodes. The command code for the broadcast is decoded by all those nodes that
hgvebroadcast capability; the smove is ignored by nodes that do not support broadcapt,
bdsed on its target address.

If all acceptance queues are free, the smove packet returns to its source (node_C) and is
stripped. The originating broadcaster node_C recognizes that no echo is needed, but updates
its send queues as though one were received. The strategy of not echoing one's own send
packets is efficient, simplifies the allocation-priority sampling protocols, and applies to
directed send packets as well.

If an eavesdropper's acceptance queues are full, it strips (1) the packet and returns (2) an
echo, as illustrated in figure 20.
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(1) (2) |
- - -

node_D node_B node_A

i gy

1) smove send packet, target = source = R
2) echo packet, target = R, source = A

In

and is being forwarded to this ringlet through node_C. Just as for other SCI transactions, t
send packet's sourceld field is provided by the original source, not the local agent.

When the busied transaction is re-sent (3) by node_C, the retried packet{egntains the resum
brpadcast command (rmove) and is directed to the node that returned-the echo (node_A). T
resume-broadcast packet is directed in the sense that it is ignered by other ringlet-loq
nddes. While the acceptance queues are full, the rmove packets are stripped and echoed
ndde_A and re-sent by node_C. When the acceptance queues lhecome free, node_A conve
the packet into its original smove form (4) for distributiof{to the downstream nodes,

illistrated in figure 21.

When the rmove transaction is accepted by node_A, its target address is restored to the val
prpvided by the saurce and its command value is restored to the original smove value. Wh

th

Restoring the_resume-broadcast to its start-broadcast form also requires regeneration of t

Figure 20 — Broadcast starts

this example, the broadcast transaction has been originated by a remote node (nhode_|

(3) | (4) |
- - -

node_D node_B node_A

3) rmove send packet,target = A, source = R
4) smove send packet, target = source = R

Figure 21 — Broadcast resumes

s queued patket is passed to an adjacent ringlet it looks like the original broadca

R)
he
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CRC value;since the target and command fields change. Note that waiting for the sourcgld

bg
ng

fore cenverting the packet to its original form requires two extra levels of pipelining in t
de's packet processing (one more than needed by a ring scrubber).

he

The smove transaciion compleies when 1t Is siripped by the originating node_C. This
broadcast is never busied, even if node_C's acceptance queues are full. This is because the
broadcast actions were already performed on node_C, before the send packet was originally
transmitted.

1.4.9 Broadcast passing by agents

The routing algorithms for an agent's directed and broadcast transactions may differ, to
prevent broadcasts from travelling from one ringlet through a switch or a bridge to another
ringlet and back again, thereby circulating in the system indefinitely.
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For example, consider two ringlets connected to each other via two distinct symmetric
bridges. A broadcast could start on one ringlet, propagate to the first bridge, pass to the other
ringlet, circulate around to the second bridge, and then propagate back onto the original
ringlet. There would be an infinite loop and an increasing number of packets the original
packet would go past the bridge while the bridge creates a new one.

Normally an agent needs only to look at the targetld and its own internal routing tables to
decide whether or not to pass a packet to its remote side. That is, routing decisions depend
entirely on packet destinations. However, agents that support broadcast transactions look at the
sourceld field in bhroadcast In:ml(n'rf:, and broadcasts have a f:lnnr*i:al rmlfing table. The table
inflicates which broadcasts are to be passed, based on sourceld comparisons. When properly
injtialized, such tables prevent the return of broadcasts that previously left this ringlet.

Sudch broadcast routing tables need to be set up at initialization time. Proper setup of thege
ropting tables involves treating each node in the system as the potential root @f-a tree whofe
branches are formed by the other ringlets and agents in the system. System initializatipn
prpcedures are expected to put these broadcast tree routes into the broadcast tables with the
specific purpose of creating efficient paths that have no loops. These procedures mpay
odtionally take into account traffic patterns in the system in ©rder to optimize p43th
agsignments where path choices exist.

Note that the implementation of the broadcast routing table ih an agent, like the normal
ropting table, need not be a table lookup. In some configunations, the routing can be dope
algorithmically with sourceld range-checking logic. However, the specification of the routipg
taples or range-checking logic is beyond the scope of this standard.

1.4.10 Transaction types

S¢veral types of transactions are supported,Cincluding reads, writes, and locks. The primary
difference between these transactions is-the amount of data transferred, and in which
subaction is as illustrated in figure 22.

request response
readxx* header header | 0,16,64,256
writexx* header | 16,64,256 header

movexx* | header | 0,16,64,256

eventxx* header | 0,16,64,256

locksb header 16 header 16

Note: xx represent one of the allowed data block lengths
(number of data bytes, on the right after the header)

Figure 22 — Transaction formats

Readxx transactions copy data from the responder to the requester; writexx transactions copy
data from the requester to the responder. Readxx and writexx transactions both have
responses, which are used to return the completion status from the responder.

Movexx transactions copy data from the requester to the responder. Movexx transactions are
more efficient than their nearly equivalent writexx transactions, but there is no provision for
returning the completion status from the responder.
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Eventxx transactions copy data from the requester to the responder. Eventxx transactions
have no flow control, and are never rejected. Therefore, the protocols in this standard can
provide no guarantee of data delivery. Event00 is used for synchronizing time-of-day clocks. If
the other Eventxx transactions are used for moving data, the system designer must provide
sufficient storage for that data outside the normal request-queue storage that is managed by
SCl's flow control mechanisms.

Locksb transactions copy data from the requester to the responder. The responder indivisibly
updates the affected address, based on the command value and the request-subaction's data.

The response subaction returns the 'r_\rn\/imlc (lmmnrlifinrl) data_and status. These nq
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4.11 Message passing

f.12 Global clocks

herent transactions support fetch&add as well as compare&swap update operations.

orter transactions, such as a 1-byte write transaction, are formatted as'|16-by
nsactions, but only a portion of the data is used. These selected-byte read™~and wr
nsactions are useful when accessing control registers (which are less than 16_bytes in siz
d whose side-effects are sometimes dependent on the transaction size).

C| supports message passing, as defined by the CSR Architecturé-A standard noncoherg
ite64 transaction is used to send short unsolicited messages.to a specified CSR regis
hin the target node. Two techniques for sending longer messages can be used:

Concatenated packets. Two or more 64-byte write transactions are concatenated to forn
longer message.

Indirect pointer. A long message transfer (from Axto B) is initiated by a short unsolicit
message from A to B. This message includesga pointer to the longer message, whi
remains stored in memory at A. After processing the message pointer, the processor
node B reads the long message from node.A:

simplify flow-control protocols (and buffer allocation), the indirect-pointer approach
commended.

e SCI standard supports global time synchronization, as defined by the CSR Architectu
Cl nodes can maintain local clocks (formatted as 64-bit integer-seconds/fraction-secon
unters). Hardware provides mechanisms for detecting drifts between clocks, and software
sponsible for correcting the drifts as they are detected. Several expected uses of the clog
b as follows:

System debugging. If the optional trace feature is implemented, the route of a packet w|
its trace-bitset can be reconstructed by logging (with an accurate time stamp) pach
arrivals-at{switching points in the interconnect.

Time of death. If the optional timeOfDeath value is provided in the packet header, sta
send packets can be safely discarded before they might be misinterpreted.
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Real-time data A glnhal clock can be used to Qynr‘hrnniwa the activities of multiplp da

a_

acquisition nodes (such as A/D and D/A converters).

On a traditional backplane, a clockStrobe signal can be broadcast to synchronize clocks on
observing nodes. Clock synchronization on SCI is more complex, since signal paths are
daisy-chained or switched rather than bused (see 3.12.4.1).
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1.4.13 Allocation protocols

Depending on system configurations and dynamic loading conditions, the cumulative
bandwidth requirements of multiple requesters can exceed the capacity of a shared inter-
connect or the bandwidth of a shared responder. When the cumulative bandwidth exceeds the
available bandwidth, allocation protocols apportion the oversubscribed resources to the
multiple requesters.

Most of the bandwidth is (optionally) apportioned unfairly to the highest-priority transactions.
However, a small portion of the bandwidth is always apportioned fairly, as illustrated in figure 23.
THere are Tour priority Tevels: 0 through 3 are the Towest through highest priority respectively,-The
allocation protocols allocate most of the bandwidth (approximately 90 %) to those transactions
with the highest priority that is currently being used; the remaining bandwidth is allocated\fairly|to
thpse transactions having priorities less than the current highest priority.

fraction of
priority bandwidth

highest

PO fair f

Figure 23 — Bandwidth partitioning

Fqr the lower-priority nodes, the relativesnode priority has no effect on the allocation of this
bgndwidth. However, under dynamic lgading conditions, the higher-priority nodes are likely|to
bgcome the highest-priority nodes>more often, which then increases their apportiongd
bgndwidth.

Although this partial fairness scheme complicates allocation protocols, having even a little
gyaranteed bandwidth_fairly allocated simplifies SCI in other ways, which include the
following:

1)| Forward progress. The impact of transient hardware or software priority inversions|is
minimized . /Avhigh-priority process can be temporarily blocked by a low-priority procelss
without deadlocking the system.

2)| Deterministic timeouts. For any system configuration, deterministic worst-case transactipn
timéput values can be calculated. These values are necessary for initializing the timequt
hardware.

3) QUeUe-altocation protocols. Partal tairness bounds the ume nmit for retrying busied
transactions. This simplifies queue-allocation protocols, which wait for retries of previously
busied transactions.

Bandwidth allocation protocols apportion bandwidth on a local ringlet. When many requesters
and many responders are on the same ringlet, allocation protocols apportion the shared
ringlet bandwidth. SCI bandwidth-allocation protocols are similar in effect to bus arbitration
protocols.

Queue allocation protocols allocate queue entries in a responder or switch component. When
many requesters access the same responder, the responder's allocation protocols allocate the
limited responder-queue bandwidth. SCI queue-allocation protocols and bus-bridge busy-retry
protocols are similar in function.
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Bandwidth allocation protocols apportion bandwidth when the interconnect is the bottleneck;
gueue allocation protocols apportion bandwidth when a shared responder (or intermediate
agent) is the bottleneck. These bottlenecks are illustrated in figure 24. Shading indicates

congestion.
requester[0] interconnect responder[0]
bottleneck
requester[1] responder[1]
- (many-to-many) -

e bandwidth allocation e
requester[N-1] responder[N-1]
requester|0] shared-responder responder(0]
bottleneck
requester[1] responder[1]

. (many-to-one) .
e queue allocation -

Re¢quester nodes assign a two-bit transactionipriority to their transactions. This transacti
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requester[N-1] responder[N-1]

Figure 24 — Resourcecbottlenecks

ority affects the bandwidth and queue (alocation protocols, which assign most of t

ual to its transaction priority, but may-be temporarily increased because of higher-prior
ckets that are blocked behind. it,* This priority-modification process is called prior
neritance. Priority inheritance (is*'supported by SCI, whose send packets contain t
nsaction priority as well as the effective priority.

ocation of prioritized bandwidth has a delayed effect. Transmission of future packets
nibited based on the-state of other nodes in the recent past. On large systems, the
btocols can effectively’apportion bandwidth but have little effect on reducing the latency
ndom accesses.

aditional backplane bus arbitration takes longer, but simultaneously senses the priority of

s virtue-eomes at the price of severely limiting the bandwidth and the maximum number
des:.

on
he

ailable bandwidth to the highest-priority,nodes. A send packet's effective priority is usudlly

ity
ity
he

S

or

all

des, so priority information is more current and more directly affects latency. Note that this

of

1.4.14 Queue allocation

Most bus designers are familiar with arbitration protocols, which are similar in function to
SCl's bandwidth allocation protocols. When bus transactions are unified (not split into
separate request and response subactions) and never busied, fair arbitration protocols are
sufficient to ensure that all transactions eventually complete. However, when bus transactions
are split into request and response subactions, many requesters may access a shared
responder node, and its available queues may be filled. When queues are filled, request
subactions are terminated with a busy status, which forces them to be retried until the queue
eventually has space.
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In the absence of queue-reservation protocols, some retried request subactions could never
be sent successfully. Although queues may be emptied quickly, they could consistently be
refilled by one or several other requesters, while the one requester is continually busied, as
illustrated in figure 25.

requester2 responder requesteri
\ A
(done) | (1) send |
- -¢
~ | ~J
| (busy) |
<t -
< ! -
ﬁ ®)| in (6)
ﬁ (8) echo - (7) send
(done) | |
- Tt
™ ' -

| (busy) | (9) send

Figure 25 — Queue allocation avoids starvation

In[this illustration, requesterl initially sends (1) a request-send packet to the responder; since
the respender's queue is empty, the packet is accepted. The returned request-echo packet
inflicates (2) the request send was accepted without error. However, this request-send packet
tenpararily fills the responder's input-request queue.

Before the responder has processed its input-request queue, another request-send packet is
sent (3) from requester2; since the responder's queue is full, the packet is rejected. The
returned request-echo packet indicates (4) the subaction was busied and should be quickly
retried.

Soon thereafter, the responder's input-request queue is emptied (5) and another request-send
packet is generated (6) within requesterl. The new request subaction is sent (7) from
requesterl; since the responder's queue is empty, the packet is accepted. The returned
request-echo packet indicates (8) the request send was accepted without error.
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Then requester2 resends (9) its previously busied request-send packet, but since t

he

responder's queue is once again full the packet is rejected. The returned request-echo packet

indicates (10) the subaction was busied and should be quickly retried.

If this cycle repeats, the less-fortunate requester2 could be forever starved by the activity

of

requesterl. The SCI allocation protocols avoid such starvation conditions by reserving space

for the older send packets that are busied. See 3.7 for details.

1.5 Cache coherence

1.p.1 Interconnect constraints

High-performance processors use local caches to reduce effective memory-access times. Inj a

multiprocessor environment this leads to potential conflicts; several processorsscould
simultaneously observing and modifying local copies of shared data.

Cache-coherence protocols define mechanisms that guarantee consistent) data even wh
dgta are locally cached and modified by multiple processors. TheSCl cache-coheren
prptocol can be hardware based, thus reducing both the operating system complexity and t
sdftware effort to ensure consistency. Many cache-coherence~) protocols rely on t
brpadcasting of all transactions. This broadcasting allows ‘use of eavesdropping a

be

en
ce
he
he
nd

infervention techniques to achieve data consistency. Broadcast'transactions are inherent irf a

bys-based system, but are not feasible for large high-speed:distributed systems. Therefo
brpadcast and eavesdropping mechanisms are not used by the SCI cache-coheren
mechanism.

1.p.2 Distributed directories

SCl uses a distributed directory-based cache-coherence protocol. Each shared line
memory is associated with a distributed list~of processors sharing that line. All nodes w|
cached copies participate in the update of this list.

Eyery memory line that supports-eeherent caching has an associated directory entry th

in¢ludes a pointer to the processer at the head of the list. Each processor cache-line t

in¢ludes pointers to the next_and’previous nodes in the sharing list for that cache line. Thy

all nodes with cached copigsyof the same memory line are linked together by these pointe
The resulting doubly linkéd jlist structure is shown in figure 26.

processors
head mid mid tail
CPU D CPU C CPU B CPU_A |execution
unit
cache

e,

of
th

at
Ag
S,
S.

memory

B coherent line

[ noncoherent line

Figure 26 — Distributed cache tags
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Note that this illustrates the logical organization of the directory's sharing-list structure for one
line, which may be different for each line that is cached. The processors are always shown on
the top and the shared memory location is shown on the bottom. These logical illustrations
should not be confused with the physical topology of a system; SCI expects that processors
and memory will often be found on the same node.

Coherence protocols can be selectively enabled, based on bits in the processor's virtual-
address-translation tables. Depending on processor architecture and application require-
ments, pages could be coherently cached, noncoherently cached, or not cached at all.

This distributed-list concept scales well. Even when the number of nodes in a list groyws
dramatically, the memory-directory and processor-cache-tag sizes remain unchanged.
However, memory-directory storage and processor-cache-tag storage represent extra fixgd-
pgrcentage overheads for cache-coherence protocols.

The list pointer values are the node addresses of the processors (caches): When a nofe
agcesses memory to get a copy of coherently shared data, memory saves the requestipg
ndde's address. If there are currently no cached copies, the requesting’node becomes the
hgdad of a new list. (The memory directory is updated with the new,_node address.) If other
nddes have cached copies of the data, the pointer to the head of.the sharing list is returnpd
frgm memory. The requesting node inserts itself at the head of the list and gets its data frgm
the previous head.

Wijth the exception of the pairwise sharing option, write;aceess is restricted to the node at the
hgad of the list. To get write access, a requesting node'creates an exclusive copy by insertipg
itdelf at the head of the list and purging the remainder of the list entries. SCI supports bqth
weak and strong sequential consistency, as sdetermined by the processor architecture.
A weakly ordered write instruction can be executed before the sharing-list purge completgs,
while a strongly ordered write must wait for parge completion.

1.5.3 Standard optimizations

Standard optimizations are defined that improve the performance of common kinds |of
cgherence updates, as follows:

1)| Fresh copies. The fresh memory state indicates that all shared copies are read-only; the
data can be returned{from memory when a new processor is attaching to the head of the
previous sharing list.

2)| DMA transfers,-DMA data can be read directly from the sharing-list head without changipg
the directorysstate. DMA writes (of full 64-byte lines) can be performed directly to memoty,
although adlist’of old copies (purge list) will be returned to the writer if the data were beihg
shared,

3)| Pairwise sharing. When data are shared by a producer (the writer) and a consumer (the
reader), data are directly transferred from one cache to the other. The directory pointgrs
feed not be changed, and memory is not involved in the cache-to-cache transfer.

—

1.5.4 Future extensions

As well as supporting a wide range of interoperable options, the SCI standard intends to
support several compatible future extensions. This allows implementations to quickly use the
existing specification, while providing opportunities to expand the SCI capabilities when more
experience is available. Although the future extensions are beyond the scope of the SCI
standard, a short overview is intended to provide the reader with insights on how this
standard may evolve in the future.
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1.5.4.1 Out-of-band QOLB

The SCI standard supports the concept of delaying distribution of shared data, by queuing
additional requesters until a cache line has been released by its current owner (queued on
lock bit, called QOLB). The coherence protocols define the QOLB option to avoid transferring

shared cache lines until the data can be used. Although QOLB controls the flow of cache lin

es

between caches, an additional lock bit is needed to validate ownership of the cache-line data;
within the SCI standard, this lock bit is expected to be contained within the 64 bytes of cache-

line data.

A future extension to the SCI coherence protocols could implement a more-transparent lock-k
byl providing an out-of-band lock bit for every 64-byte cache line. The advantage of using-out-
bgdnd lock bits is that compiler support of QOLB is made much easier. As an examplef{ctonsid
ar| array of objects, each of which needs a lock bit. The QOLB protocols assumed that the log
bi{ and its affected data are contained within the same cache line. Although thejycoempiler c
make each object slightly larger, this would change the size of each array object.

If lock bits are implemented as a one-bit cache-line tag, which is locatéd in an out-of-ba
ddta address, then the size of array elements is unaffected by the-tock bits. To impleme
these lock bits, each cache line would be assumed to have a 513thbit associated with it.
reserved bit in the header could be used to efficiently transfer“this bit in response-se
pdckets; a bit in the extended header could be used to transfer this bit in request-se
pdckets. Processors would be expected to provide special loadQolb and swapQq
ingtructions to read and modify this out-of-band lock bit) based on the cache-line addre
bging accessed. Special operating system software would be expected to save and restg
these extra bits when the data is swapped to secondary’storage.

The encoding of this out-of-band lock bit has heen deferred, so that it can be reconsider
when the coding requirements of the logarithmic extensions (discussed in the followi
sybclause) are known.

1.5.4.2 Logarithmic extensions

On a large heavily loaded system,hot spots may occur at or near a heavily shared memg
cantroller. To eliminate such hot‘spots, coherence protocols should support the possibility
cgmbining list-prepend requests in the interconnect. Such hot spots not only degrade t
pgdrformance of the requesting processor, they degrade the performance of other transactio
thpt share portions of-the congested connection path. Although coherent combining is 1
ddfined in this specification, it is planned as part of P1596.2, a compatible extension to t
SCI standard.

A possible way to support coherent combining is as follows. While queued in a switch buffer, t
refluests to_the same physical memory address (read A and read B) can be combined. T
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cambining—generates one response (status A), that is immediately returned to one

reflests (read C) can also be combined with the modified request, as illustrated in figure 27.

the requesters, and one modified request (read A-B), that is routed toward memory. AdditioTaI
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reader reader reader
(2) These links B (4) These links
are made . are made
status A status B status C
read A read B read C

(1) A and B requests

ara oambhinad
Tre-CoromeT

read A-B

(3) A-B and C requests
are combined

read A-C

=»cached

memory

Figure 27 — Request combinjing

THese read transactions can be combined in the interconnect or at the front-end of the
memory controller.

When request combining reduces the hot spotJatencies, the distribution of data to the other
sharing-list entries may become the performyance bottleneck. Extensions to the coherenge
prptocols are being developed to reduce the linear latencies normally associated with dgta
distribution and invalidations. Linear latehcies can be reduced to logarithmic latencies py
adding a third sharing-list pointer toNSCl's forward and backward pointers to form a trpe
stfucture, as illustrated in figure 28.
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Figure 28 — Binary tree
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The three pointers per cache line define a binary tree. Shared data can be routed through the
tree to quickly distribute new copies of read-shared data. A writer can also route purges

through the tree to quickly invalidate other read-only copies.

forwarding of data and purges can be handled correctly.

Deadlock avoidance for

The support for binary trees is planned as a compatible extension to SCI (P1596.2). It is an
authorized standards project that has not been completed at the time of this International
Standard's publication. For current information contact the chairman of that working group.
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b5 TtBpurges

st SCI systems will have processors that use virtual addressing. Such processors cac
bir most recent virtual-to-physical address translations in special translation lgekasi
ffers (TLBs). When page-table entries are changed, remotely cached TLB entries need
purged.

B replacements are usually handled by software that purges the corresponding remg
tries when page-table entries are changed. Three remote TLB purge mechanisms 4

Indirect purging. The TLB purge address is left (1) in a memory-resident message. Remg
processors are interrupted (2), read their messages, purge-their local TLB entries, a
return their completion status to memory (3).

Direct purging. The TLB purge address is written_to<a control register on each remg
processor. The response from the control register, write is delayed until the TLB purge h
completed.

Coupled purging. Physically addressed TLB) entries can be implemented as cach
versions of page-table entries. When thelpage table is modified the cache-coheren
protocols are used to invalidate the TLB eftries in the other processors.

e first two of these TLB-purge options\are illustrated in figure 29, for processor P-1 purgi
TLB entry in processor P-2. The thifd option has some dependency interlocks that must
parly understood to ensure correctiness while avoiding deadlock.

interrupt.other purge TLBs
processors (2) directly (1)

P-1 \ P-2 P-1 \ P-2
interrupts interrupts tibAddr tibAddr

(8) rendezvous

] (1) when done
write TLB-purge
message

direct purging

he
de
to

ng
be

memory

Figure 29 — TLB purging
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1.6 Reliability, availability, and support (RAS)

1.6.1 RAS overview

Maintainability has been a primary concern in the design of SCI. To simplify maintenance, the
SCI protocols have been defined with the following precepts in mind:

1)

Conceptual simplicity. Although high-performance circuits may be complex when
implemented, the functions provided by the SCI interconnect should be conceptually

simple.

2)

Minimum options. It is better to standardize on one nonoptimal option than to suppett
wide variety of options in the field.

Rather than describing a formal RAS strategy, this clause describes the major decisions

th

1

E4
di

(o0
TH

b |ogical protocols) that were influenced by the RAS objectives and strategies,

.p.2 Autoconfiguration

ich ringlet has a scrubber node that is responsible for monitoring“ringlet activity a
ccarding stale or corrupted packets and idle symbols. To minimize human errors in t
nfiguration process, the scrubber is automatically selected whepn’/the ringlet is initializg
is avoids the use of human-settable switches, which could accidentally be set to conflicti

values.
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e scrubber-selection process is based on an 80:hit unique identifier. The 16 mo

gnificant bits of this identifier can be set manually,«so that a pre-specified scrubber can

lected whenever the ringlet is initialized. The least-significant 64 bits of the number 3
ed to break ties, when two or more nodes have.the same value for the 16 most-significa

hsed on a real, not pseudo-, random numbe#’ generator).

e initial addresses on each ringlet are automatically assigned by the scrubber, based
b distance of the node from the scrubber. In larger systems with multiple ringlets, each
b scrubbers initially assigns the(same sequence of nodeld values to the nodes on its ringl
tialization software eventually. overrides these initial values and assigns unique nodg

vdlues to all nodes on all ringlets in the system.

In
fo

1)

.p.3 Control and statusregisters

the design of thevcontrol and status registers (as defined by the CSR Architecture), t
lowing issues<wgre considered:

Autoconfiguration. When new nodes are inserted, the old boot code should still work

initialized. Autoconfiguration support includes the following features:
@), Standard ID-ROM. Each node has ROM. A standard portion of the ROM identifies t

in
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s. These 64 bits are assigned at node manufacturing time, or may be generated randonly

on
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et.
Id
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the newsystem. The new configuration can be automatically detected and dynamically

he

2)

mode's TTarme anmd imitiatization chraracteristics:

b) Standard selftests. With standardized selftests, a node can be partially initialized

before its 1/O driver software is available.

Distributed error logs. The CSR Architecture provides the framework for implementi
distributed error logs, one on each node in the system. These error logs supplement t
standardized error status codes when attempting to isolate the source of an error.

ng
he

See the CSR Architecture for details. Note that most of the definitions therein are shared by
related buses (Futurebus+ and Serial Bus) as well.
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1.6.4 Transmission-error detection and isolation

In a large system, a significant number of errors may occur during packet transmissions. SCI
protocols are designed to detect these errors readily and isolate them. Although a small
portion of each packet has no error detection coverage, these fields are only used for
arbitration purposes; an error in them would affect only the packet's ringlet-local effective
priority, not the packet's correct interpretation.

To reliably detect transmission errors, all packets are protected by a 16-bit ITU-T CRC code.
The packet's flow-control information (which dynamically changes during packet routing) is

eXcluded from the CRC calculation. Thus, the CRC Is unchanged by Iintermediate (Swild

hg
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will not be confused with other (hardware-related) types of transmission errors.

w
4-
th
(fq

1.
Td

ex
of

ps between the original source and the final target. This simplifies implementation
itches and improves reliability of error checking (coverage is not compromised while_a n¢
RC is being appended to unprotected data).

meouts are also used to detect transmission errors. Whenever possible, these-timeouts 4
signed to be self-calibrating (so they cannot be incorrectly set). An exception is t
sponse timeout, which has to be set by software (based on knowledge of systq
nfiguration and design parameters). Allocation protocols ensure a mitimal amount of fai
portioned bandwidth, so proper timeout values that detect hardware transmission errors 3
jependent of the system's real-time software loading.

dressing errors are a form of transmission error; although the-data are not corrupted duri
nsmission, there is no target to properly acknowledge the\packet. These addressing errg
b quickly detected and reported by ringlet scrubbers, s@/that these (software-related) errd

hen possible, error status is returned to the requéster in the response-send packet, using
Dit status code. The status code distinguishessamong error categories. This helps isolg
b cause of the problem (for an address-ID-error), or the location of additional informati
r a responder-data error).

5.5 Error containment
simplify recovery from transmission errors, errors are contained (whenever possible). R

ample, the conversion of a send packet into an echo packet is delayed so that the integr
the send packet can be reflected in its echo.

0]

cgmmonly done to reducge latency. In such a case the correct CRC is computed for the da
ag transmitted, ands\then certain bits are complemented to produce a recognizable bad CH

\Y;
bg
ar
lo

b3

ten transmission of a packet or echo has begun before it is discovered to be invalid. This

lue. This process is called stomping the CRC, and makes it possible to discriming
tween packetsvnewly discovered to be bad and those that have already been detected |
b still propagating. Thus error logging can record the bad packet at only the first checki
cation after the failure, making discovery of the failure point easier. The stomped CRC is
d CRC;.and has the normal effect that the packet will eventually be discarded.
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or‘containment alsa influenced the time-of-death fields (which are optionally included in

send packets). When a response timeout is generated, the time-of-death value can be used to
guarantee that residual send packets have been deleted. This simplifies error recovery, since
stale packets (which could be confused with newly generated transactions) are never
delivered.
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1.6.6 Hardware fault retry (ringlet-local, physical layer option)

Ringlet-local hardware fault-retry may be supported (as a physical layer option) on individual
ringlets. However, hardware fault-retry is not supported for end-to-end transmissions, since
the failures introduced by the (much more complex) end-to-end retry hardware would most
likely offset most of the benefits it could provide. For example, hardware fault retry could be
used to improve the reliability of transmission over a less reliable intermediate medium, as
illustrated in figure 30.

»| bridge »| bridge

1) request-send 2) timeout
3) retry request-send

Figure 30 — Hardware fault-retry sequence

Hardware fault retry has significant costs; special accounting:*hardware is needed to Ipg
sgquence numbers needed for duplicate suppression, and’each packet is lengthened py
prepending these sequence numbers. The SCI standard does not define a hardware faylt-
refry mechanism.

1.6.7 Software fault recovery (end-to-end)

S¢veral forms of software fault recovery are well supported. When accessing noncohergnt
C$Rs, many transactions can be safely retried>by software. The retry is not as simple as it fifst
sdunds; after the failure, the success of thefirst transaction is unknown (it may have succeedgd
or|failed). Reads (to SCl-defined registers)_have no side effects, so reads of these registers cpn
bg safely retried (one and two reads areé-equivalent, they both have no side effects).

Many writes have side effects, but can safely be retried (the side effects of one and tyo
identical writes are the same). ‘Retrying writes to CSRs where one and two writes haye
different side-effects is harder.’ For these registers, the CSR Architecture recommends usihg
sgquence-number bits in(the’data; these bits can be used by software (to verify the succelss
or| failure of the initjial .transaction attempt). Designers should carefully consider thege
prpblems and avoid creating needless difficulties for error recovery.

Software can pefform end-to-end fault retry on coherent memory transactions. Since cohergnt
memory has a\tag identifying the last owner, the previously dirty entries can be identified affer
the fault is,detécted. Transaction fault recovery involves flushing the old dirty copy to memary
arld destroying the (possibly now corrupted) sharing-list structure, as illustrated in figure 31.
After the~data have been flushed, the sharing list is rebuilt automatically using the standgrd
cdherence protocols.
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tagged
processor memory

A

»| bridge »| bridge

1) request-send
L\ s b LODL LT TIAAM LT
<) HTeUUt (oMLt _TIVIEUUT)

3) check memory tags / flush dirty data
4) retry request-send

Figure 31 — Software fault-retry on coherent data

Although the error recovery is relatively inefficient, its infrequent use shduld have a minin
impact on system performance.

1.6.8 System debugging

al

A trace bit is provided to selectively enable packet logging as, packets are routed through the
system. Since a globally synchronized time-of-day clock is¢provided (see 3.4.6), packets cpn

bg accurately time-stamped as they are logged. The usé/of time stamps allows the route

of

the packet (at logging locations) to be reconstructed based on the log contents. The detailpd

implementation and use of the trace bit is beyond the*seope of the SCI standard.

1.6.9 Alternate routing

On a single ringlet, the SCI protocols are intolerant to faults since one failure brings down the
entire ringlet. However, redundant-ringlet_systems are feasible. Switches or bridges betwegn

ririglets can isolate each ringlet from the failure of others.
Eyen though a ringlet has failed,\its nodes could still be interrogated and diagnosed using

redundant low-cost diagnosticibus (Serial Bus). Although Serial Bus is not intended to be
redundant operational bus, it.¢an assist in identifying the failed field-replaceable unit.

1.6.10 Online replacement

The SCI standard Gupports online replacement of modules, in that the full system need not pe

ed while a module is being replaced. Software is expected to isolate the module before it

is

replaced, taking~account of any resources that that module was providing to the rest of the

interfaces al support online replacement. ese specirncations allow a module 10

gor

ical

be

replaced without disrupting the electrical power supplied to other nodes in the system. The

CSR Architecture defines the behaviour of modules during the on-line replacement process.

Replacing a module temporarily breaks the ringlet. A switch could isolate this ringlet from the
remainder of the system while the module is being replaced. Alternatively, fault-recovery
software could retry transactions that were lost while the module was being replaced. These

ringlet-isolation and fault-recovery protocols are beyond the scope of the SCI standard.
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References, glossary, and notation

2.1 Normative references

The following normative documents contain provisions which, through reference in this text,
constitute provisions of this International Standard. For dated references, subsequent
amendments to, or revisions of, any of these publications do not apply. However, parties to
agreements based on this International Standard are encouraged to investigate the possibility

of
re
a

El
IE
IE

IE|
Cq

IE
Cd

IS
M
bu

IS

SY:
of

eX
a
as

implemented

m
a

. Conformance levels

applying the most recent editions of the normative documents indicated below. For undated
erence e gst edition of the norn VE document referred to applies. Members o FC

d ISO maintain registers of currently valid International Standards.

A 1S-64 (1991), 2 mm Two-Part Connectors for Use with Printed Boards and Backplanes 3
60793-1, Optical fibres — Part 1: Generic specification 4
60793-2, Optical fibres — Part 2: Product specifications

E Std 1301-1991, IEEE Standard for a Metric Equipment Practice\for Microcomputery —
pordination Document) (ANSI) 5)

E Std 1301.1-1991, IEEE Standard for a Metric Equipment Rractice for Microcomputerg —
pnvection-Cooled with 2 mm Connectors (ANSI)

O/IEC 13213:1994 [ANSI/IEEE Std 1212, 1994.\Edition], Information technology |-
croprocessor systems — Control and Status Registers’ (CSA) Architecture for microcomputer
ses 6)

O/IEC 9899:1990, Programming languages® C

veral keywords are used to differentiate between different levels of requirements ahd
tions, as follows:

pected
keyword used to describe the behaviour of the hardware or software in the design models
sumed by the SCl-standard. Other hardware and software design models may also pe

gy
eyword<hat indicates flexibility of choice with no implied preference

3)

4)

5)

6)

EIA publications are available from Global Engineering, 1990 M Street NW, Suite 400, Washington, DC, 20036,
USA.

IEC publications are available from IEC Customer Service Centre, Case postale 131, 3 rue de Varembé,
CH-1211, Geneve 20, Switzerland/Suisse. IEC publications are also available in the United States from the
Sales Department, American National Standards Institute, 11 West 42" Street, 13" Floor, New York, NY
10036, USA.

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O.
Box 1331, Piscataway, NJ 08855-1331, USA.

ISO publications are available from the ISO Central Secretariat, Case postale 56, 1 rue de Varembé, CH-1211
Geneéve 20, Switzerland/Suisse. ISO publications are also available in the United States from the American
National Standards Institute.
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shall

a keyword indicating a mandatory requirement. Designers are required to implement all such
mandatory requirements to ensure interoperability with other SCI standard conformant
products

should

a keyword indicating flexibility of choice with a strongly preferred alternative. Equivalent to the
phrase is recommended

NOTE These terms are used infrequently in the introductory portions of this specification, which are nonbinding.
This includes clause 1: Introduction, parts of clause 3: Logical protocols and formats, parts of clause 4: Cache-

copherence protocols, parts of clause 5: C-code structure, and the Annexes. In these clauses, a less-precise writ|ng
stylle is used.

2.8 Terms and definitions

Many bus and interconnect-related technical terms are used in this document,~“These terms
arp defined as follows:

adent
switch or switch-like component or bridge between the requester andythe responder. Duriphg
ndrmal operation the agent's intervention is transparent to the requester and responder

allocation protocols
prptocols used to allocate resources that are shared by)multiple nodes. These inclufle
bgndwidth allocation protocols and queue allocation protocols

bgackplane
bdard that holds the connectors into which SCI modules can be plugged

In[ring-based SCI systems, the backplane may~contain wiring that connects the output link|of
orle module to the input link of the next. InvSwitch-based SCI systems, the backplane mpay
merely provide mechanical mounting foryconnectors that are connected by cables to ;Fe
switch circuitry; or, part of the switch-circuitry may be implemented on the backplane. Usudlly
the backplane provides power connections, power status information and physical positipn
information to the module.

bgndwidth allocation protocols
prptocols used to allocate”"bandwidth on a ringlet. This involves inhibiting send-packet
trgnsmissions from one\or more nodes when another node is being starved (never gets pn
odportunity to transmit)its send packet)

bqard
pHysical companent of an SCI module that is inserted into one of the backplane slots. A bogrd
may contdin) multiple nodes, and that nodes can be implemented without using boards |or
modules

bridge
pair of communicating nodes, each of which selectively (based on target address) accepts
certain packets for retransmission by the other

For example, a symmetric bridge may be used to connect two SCI ringlets. Such a bridge (the
simplest kind of switch) acts as an agent, taking the place of the target on one ringlet and of
the source on the other. It acts like a node that has many addresses. Bridges may also
connect dissimilar systems, such as SCI and VME. Such bridges are generally much more
complex, because they must translate protocols.
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oadcast transaction

transaction that may be processed by more than one responder.

Although a broadcast transaction is distributed to all nodes on the ringlet, it is only accepted
by nodes that support the broadcast option. Broadcast transactions are flow-controlled, and
bridges or switches may forward these transactions to other ringlets in the system. Only move
transactions can be broadcast, so higher-level protocols are needed to confirm when all

broadcast transactions have completed in a multiple-ringlet system.
bysied
status indication returned in an echo packet that indicates to the sender that the send pacK

w

s not accepted (and was discarded), probably because there was no room~in t

dgstination queue. The sender should retransmit the packet later

byte

ei

jht bits of data, used as a synonym for octet

cdche line

of

en called simply a line

urlit of data on which coherence checks are performed, and\for which coherence t

in
In

cl

ormation is maintained
SCI, a line consists of 64 data bytes.

panse instruction

clganse (cache-control) instruction converts a line to‘the clean state (the data in cache a

m

cl

bmory are the same)

bar packet

pdcket used during initialization to empty~linc buffers and initialize the linc. CSR state
urlaffected; for example, the node's address is unchanged by a clear

Cl

cl

bckStrobe signal

pdcket that causes a node torecord its time-of-day registers (if any) when it is received, a

to

synchronizing multipletime-of-day clocks within a system

cqnsumer
ndde on a ringletthat strips a send packet from the ringlet and creates the echo packet that

re

urned to theproducer

nsumgption of idles

ear may be sent by any node thathas lost synchronization in order to trigger reinitialization.

et
he

nd

S

nd

record the duration ofthe propagation of the packet within the node. Used for precisely

S

er

cd
idy‘e syntbols arriving at a node may be discarded (after saving certain information) while oth
s

mbols that arrived earlier and were stored in the bypass FIFO are being transmitted

Consuming idles thus reduces the number of symbols stored in the bypass FIFO.

CRC
cyclic redundancy code used for error detection on each packet

CSR Architecture
See ISO/IEC 13213.

di

rected transaction

transaction that is processed by one and only one responder

The read, write, and lock transactions are always directed transactions.
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doublet
two bytes of data

echo
second subaction packet

This 8-byte packet reports the status of the queueing of the corresponding send packet.

emperor
processor that has the responsibility for initialization of an entire multiprocessor system

flag
signal used to delimit packets in parallel signal transmission implementations

Fqr example, in the 16-bit parallel implementation the flag is a 17th signal. In~-some setjal
implementations special symbols could be used in place of flag transitions.

flysh instruction
flysh (cache-control) instruction changes a line to the uncached state

If the data are dirty, they are copied back to memory before the old cache line is invalidated

Fyturebus+
refers to ISO/IEC 10857:1994 [B11] and IEEE Std 896.2-1991 [B3] which refine the earller
IEEE Std 896.1-1987. Those standards are intended for use\with (or as an upgrade path from)
MULTIBUS Il (ISO/IEC 10861:1994 [B12]) systems, VME (IEC 60821:1991 [B1]) systems, apd
U[S. Navy next-generation hardware systems. Theysupport cache-coherent multiprocessipg
Wi'th physical buses on the backplane. SCI may be msed to interconnect Futurebus+ systems,
since they share the same coherence line size and.CSR Architecture.

glpbal system time
SCI nodes may maintain time-of-day clocks as described in the CSR Architecture. Softwdre
may adjust each of these clocks in order'to make them consistent to high accuracy. If this|is
dgne, the system is said to implement global system time. Otherwise each clock rupns
inflependently, which is sufficient(for local timeout purposes but is not sufficient to implemagnt
the optional packet time of death feature.

gq symbol
idle symbol that has pbeen marked with the pertinent go bit (idle.lg=1 or idle.hg=1) to give
pgrmission to a waitibgnode to transmit

high symbol
idele symbol that has been marked for consumption by highest-priority nodes (Sometimes
cdlled high:idle symbol.)

id|e.symbol
symbol that is not inside a packet, and is therefore not protected by a CRC. Idle symbgls
serve to keep links running and synchronized when no other data are being transmitted. The
idle symbol also contains flow-control information

linc

interface circuitry that attaches itself to an SCI ringlet

A linc typically contains control/status registers (including identification ROM and reset
command registers) that are initially defined in a 4 kbyte (minimum) ringlet-visible initial node
address space.

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

- 62 - ISO/IEC 13961:2000(E)
IEEE Std 1596, 1998 Edition

line

block of memory (sometimes called a sector) that is managed as a unit for coherence
purposes; i.e., cache tags are maintained on a per-line basis. SCI directly supports only one
line size, 64 bytes

low symbol

idle symbol that has been marked for consumption by lower-priority nodes. Sometimes called
low-idle symbol. May also be consumed by a highest-priority node when it is taking its fair
share of lower-priority bandwidth

mpdule
bgard, or board set, consisting of one or more nodes, that share a physical interface to-SCI

If 2 module has multiple boards with backplane-mating connectors, it only uses onesfor the
logical connection to the node. The others may provide additional power or (O for their
agsociated boards, but otherwise merely pass the input link signals through to,the output link
to|provide continuity in case the module is plugged into a ring-connected backptane.

mpnarch
prpcessor that has the responsibility for initializing a part of the system) such as a ringlet

If @ system has multiple monarchs, they eventually defer to an emperor that coordinates the
inftialization process.

nqde
erftity associated with one or more interconnected lincs and optionally containing otHer
fupctional units, such as cache and memory

Infnormal operation each node can be accessedi\independently (a control-register update pn
orle node has no effect on the control registersof another node).

nqdeld
14-bit number that determines the node-address space

After system initialization, unique-nodeld values have been assigned to all nodes within| a
tightly coupled system. The nodeld is the part of the 64-bit address that is used for routing
pdckets.

ngncoherent
transactions that do.not participate in the cache coherence protocols, normally used when the
ddta are known<to,"be uncached or uncacheable, or in systems that do not implement cache
cdherence

NUBus%
referstd [EEE Std 1196-1987, IEEE Standard for a Simple 32-Bit Backplane Bus: Nubus [B9]

NVM (nonvolatile memory)
memory that retains its contents even through power failures

octlet
eight bytes of data

packet
collection of symbols that contains addressing information and is protected by a CRC. A
subaction consists of two packets, a send packet and an echo packet

* NuBus is a registered trademark of Texas Instruments, Inc.
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packet symbol
symbol contained within a packet and protected by the packet's CRC

(Exception: part of the second symbol in a packet contains flow control information that is not
covered by the CRC, but the symbol as a whole is still considered to be within the packet.)

physical interface
circuitry that interfaces a module's nodes to the input link, output link and miscellaneous
signals

producet
ndde on a ringlet that transmits a send packet to the consumer and deletes the echo packet
that is returned

pyrge instruction
pyrge (cache-control) instruction changes a line to the uncached state, invalidating the g
cache line without copying dirty data back to memory

d

QOLB (queue on lock bit)
mechanism for efficiently sequencing the access to resources that are-not to be used by mqgre
thn one process at a time

gyadlet
fopr bytes of data

gyeue allocation protocols
prptocols used to allocate queue space when several nodes are sending packets to a sharpd
ndde

This involves rejecting packets (with a busy<status), but reserving future queue space; the
reserved queue space is eventually used during one of the packet's retransmissions.

reguester
ndde that initiates a transaction, ky jnitiating a request subaction

reguest echo
edho packet generated by-a-responder or agent when it strips the request send packet

reguest send
pdcket generated by a requester to initiate an action in the responder, containing address,
cgmmand, andgif appropriate, data

In| a processor-to-memory read transaction, for example, the request send transfers the
memory address and command from the processor to memory.

reguest subaction

regyest-send-and-its—-echo—Oftencalled-—simphratreguest
H t He—aa+ HO- Heh-caHea pH—a+egtd t

reset packet
packet used during initialization to reset the node's CSR state, empty ring buffers, initialize
the ring interface and establish that ring closure has been achieved

responder
node that completes a transaction, by returning a response subaction

response echo
echo packet generated by a requester or agent when it strips the response send packet
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response-expected request
request subaction component of a response-expected transaction

response-expected transaction
transaction that normally consists of a request subaction and a response subaction

For example, the read, write, and lock transactions are all response-expected transactions.

responseless request
request subaction component of a responseless transaction

on

responseless transaction
transaction that consists of only a request subaction (there is never any response subaction

Fqr example, the move and event transactions are responseless transactions.

response send
pdcket generated by a responder to complete a transaction initiated by a requester

In] a processor's memory-read transaction, for example, the responsé send returns t
reguested data and related status information from the memory to the.processor.

response subaction
response send and its echo. Often called simply a response

rimglet
clpsed path formed by the connection that provides féedback from the output link of a node
itd input link

This connection may include other nodes or switch elements.

ROM (read-only memory)
memory on a node that provides storagevocations for normally read-only data or code

The ROM data are maintained across losses of primary and secondary power. In so
implementations ROM may be writable, using (normally disabled) vendor-specific protocols.

SCI
scdalable coherent interface

SCI standard
refers to this document

sqrubber
ndde that\marks packets as they go past in a ringlet, and discards any previously mark
pdcket

This~prevents damaged or misaddressed packets from circulating indefinitely. The scrubh

ne

pd

er

also periorms otner nouseKeeping asSKs 101 the ringle[. There is diways exdClly oOrie SCrup
on a ringlet. Normal nodes may all have scrubber capability built in, but exactly one
enabled as scrubber per ringlet. Often the scrubber will take responsibility for initializing
ringlet, but this could be done by another (unique) node.

segment
portion of a ringlet between the producer and consumer along which a packet is sent

The segment traversed by a send packet is the send segment, and the segment traversed
an echo is the echo segment.

er
is
a

by
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send
first of two packets within a request or response subaction (the second packet is an echo)

The send packet contains a 16-byte header (containing command and status) and may
optionally contain a data component (up to 256 bytes).

Serial Bus

refers to the P1394 standards project that is defining an inexpensive serial network that can
be used as an alternate control or diagnostic path, as an 1/O connection, or even in place of a
parallel bus in some systems

signal line
electrical or optical information-carrying facility, such as a differential pair of wires or pn
ofdtical fiber, with associated transmitter and receiver, carrying binary true/false logic values

slpt
mpdule-insertion position provided by the backplane and associated card.cage

squrce
ndde that creates a send or echo packet

The source nodeld is contained in the third symbol of the packet.

sfecialld
regerved nodeld value associated with special-send packets

sfgecial send
pdcket having one of a particular set of special addresses and a special format used for
inftialization, such as reset or clear

slit transaction
transaction that consists of separate request and response subactions

On a backplane bus, for example, a split transaction is one in which bus mastership|is
relinquished between the reguest and response subactions. Few buses permit split
transactions.

S¢e also: unified transaction.

stfip
to| replace a received nonidle symbol by an idle symbol and hence to remove it frgm
trgnsmission anp-a’ringlet

Fqr example,fa send packet is stripped by the receiving port of an agent or the target apd
replaced<by idles (most of which may be consumed in the process of emptying the bypalss
FIFO). and an echo. Similarly an echo is stripped by the receiving port of an agent or the
squrceand replaced by idles.

subaction
component of a transaction; a request or a response

switch
device that connects ringlets and has queues

It can behave as a consumer (when accepting remote subactions) and as a producer (when
forwarding the subaction to another ringlet). It may be visible as a node, with a nodeld, or be
transparent, with no nodeld. A switch differs from a bridge in that a switch may connect more
than two ringlets, but a bridge connects only two. A switch is generally assumed to connect
multiple instances of the same bus standard, while a bridge may connect different bus
standards.
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mbol
-bit unit of data accompanied by flag information

The flag information may be explicitly present as a 17th bit, or implied by the context.
Symbols are transmitted one after another to form SCI packets or idles. The particular

ph

sy

ysical layer used to transmit these symbols is not visible to the logical layer.

nc packet

special packet that is used heavily during initialization and occasionally during normal
operation for the purpose of checking and adjusting receiver circuit timing

ta
ng

tin]
te

pdcket is stale and should be discarded
training
prpcess of synchronizing the receiver circuit of a linc to the inceming data stream duri

inftialization

transaction

in
A

su
re

un
tra
S6

sybaction is complete

M
uri

2.

TH
ca
lo

[get
de addressed by the first symbol of a packet; i.e., the final destination of the packet

he of death
m used to describe a field within a send packet that is used to determineswhen a se

ormation exchange between two nodes

transaction consists of a request subaction and«a response subaction. The requd
baction transfers commands (and possibly data) between a requester and a responder. T
sponse subaction returns status (and possibly data) from the responder to the requester.

ified transaction
nsaction in which the request and response subactions are completed in an indivisik
guence; i.e., no other subactions may be performed on the bus until this respon

hst buses use unified transactions, but SCI uses only split transactions. The concept of
ified transaction is only releyant to SCI in the context of bridges to other buses.

1 Bit and byte ordering
e addressable unityin SCI is the byte. SCI is primarily defined in terms of packe

cated in separate fields. For all packet headers, SCI defines the order and position of fiel

wi
wi

Bi
by

hin the doublets. For data symbols in packets SCI defines the ordering of byte address
hin the symbols.

zetro'is always the most significant bit of a symbol, byte zero is always the most significa
te-of a symbol, and the most-significant doublet of the address always comes first. Bit

hd

st
he

le

s,

nstructed from 2-byte (doublet) symbols, that contain a single data value or multiple items

ds
es

nt
0]

and byte[0O] are sent first when packeis are sent bit-serially. This notation 1s Ilfustrated in
figure 32.
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bits in a byte bytes in a packet
b[0] see b[7] B[O] B[1]
b - —» Isb B[2] B[3]
increasing time
B[4] B[5]
msb Isb

bytes within a packet

Blo] | B[1] | B[2] coe BIN-1]

time=T - —> time = T+k
increasing time

Figure 32 — Big-endian packet notation

e byte ordering defines the position of data bytes within a packet. This s the equivalent
b byte-position ordering on a multiplexed address/data bus. The format of a packet may
ecified in terms of sequential symbols, when the next symbol-is\placed beneath t

nventions are illustrated in figure 32.

e SCI standard also defines registers that are 4 bytes (or larger) in size. To ens\
eroperability across bus standards, the ordering of\the bytes within these registers
fined by their relative addresses, not their physicalJposition on the bus. Bus bridges 3

bir physical position on a bus. The routing of*data bytes based on their address is call
dress-invariance.

support the address-invariance model;y this standard specifies the mapping of data-by

of
be
he

bvious symbol. The format of a packet may also be specified in terms of a sequential byte
eam, where the next byte is placed to the right of the previous-byte. Both packet format

S
re
ot
pd

te

addresses to bytes within a packet. Fer_.an access of an SCl-defined quadlet register, the data
byite with the smallest address is the!most significant. This big-endian byte significance optipn
(which is also used by the CSR Architecture) is illustrated in figure 33.
bytes\in a quadlet quadlet register pair
msb Isb msb Isb
b{0]/| b[1] | b[2] | b[3] A | most significant quadlet
8 8 8 8  A+4 |least significant quadlet
32
Figure 33 — Big-endian register notation

Sipce, 64-bit addressing is used throughout this standard, some registers are implemented gs
gUadtet=registerpairs—For—consistency—thequacdtetregisterwith—the—smatter—address—s—atso

the most significant, as illustrated above.

For the defined packets and registers, the sizes of all fields within the quadlet are specified;
the bit position of each field is implied by the size of fields to its right or left. This labelling
convention is more compact than bit-position labels, and avoids the question of whether 0

sh

ould be used to label the most- or least-significant bit.

NOTE Different byte ordering conventions may be applied to the vendor-defined unit-dependent registers. For
example, a graphics frame buffer could route data-byte-zero to the least-significant portion of a pixel-depth
parameter. These unit-dependent formats are beyond the scope of this standard. For example, the byte
significance of a processor's general registers, or an 1/O adapter's control and status registers, need not be the
same as the byte-position ordering within a packet or within a defined SCI register.
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2.5 Numerical values

Decimal, hexadecimal, and binary numbers are used within this document. For clarity, decimal
numbers are generally used to represent counts, hexadecimal numbers are used to represent
addresses, and binary numbers are used to describe bit patterns within binary fields.

Decimal numbers are represented in their standard 0, 1, 2,... format. Hexadecimal numbers
are represented by a string of one or more hexadecimal (0-9, A-F) digits followed by the
subscript 16, except in C-code contexts, where they are written as 0x123EF2, etc. Binary
numbers are represented by a string of one or more binary (0, 1) digits, followed by the
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.p Ccode

L Packet formats

.1 Packet types

pscript Z. Thus the decimal number Zo may also be represented as 1A g or L101U,.

e C code in this document is compatible with that specified by ANSI X3.159-1989, excqg
the use of long names. To use this code with a compiler that does not suppoft’long name
e a preprocessor to translate the long names into unique short names.

Logical protocols and formats

e types of SCI packets directly involved in the logical protocols are listed in table 1. T
5t (targetld) symbol of a packet is used to route the”packet to its destination. The seco
bmmand) symbol uniquely identifies one of the.four packet types. Some switches may al
e the command and the third (sourceld) symbol:to make routing decisions.

Table 1= Packet types

Group Description
request send request subaction content
request echo request subaction local acknowledge
response send response subaction content
response-echo response subaction local acknowledge

e 16 highest targetld values identify packets that have special properties, while all oth
getld values~are used for normal send or echo packets. The special packets include i
d sync packets (see 3.2.7). Bits within the command symbol are used to distinguish the fd
pes of send and echo packets: the command.ech bit distinguishes a send from an echo, t
mmand:emd field distinguishes a request send from a response send, and the command.r
distinguishes a request echo from a response echo, as illustrated in figure 34.

pt
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he
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targetld (<FFFO4g)

command

sourceld

UyCliICRedundancycode (LRU)

3.2 Send and eche packet formats

3.2.1 Requestssend packet format

The requesStypacket contains targetld, command, sourceld, control, a 48-bit addressOffs
pdssibly<a>16-byte extended header ext, data (0, 16, 64, or 256 bytes), and a CRC. The
cdmponents are illustrated in figure 35.

summary
| tgt [com] src [ e | crc |
request send

mpr | spr | phase | old e8h eh cmd(<124)
2 2 2 1 1 1 7

Y request echo Y
mpr | spr | phase | old e<1:h bsy r%s transactionld
2 2 2 1 1 1 1 6

v response send Y
mpr | spr | phase | old egh eh cmd(=124)
2 2 2 1 1 1 7

v response echo v
mpr | spr | phase'| old eg:h bsy r?s transactionld
2 2 2 1 1 1 1 6

Figure 34 — Send- and echo-packet formats

et,
se
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targetld

command

sourceld

control

addressuIsei|uu.. 1955

addressOffset{16..31}

addressOffset{32..47}

ext (0 or 16 bytes)

data
(0, 16, 64, or 256 bytes)

CyclicRedundancyCode (CRC)

summary
| tot |com| Src |cont | A0O | A16 | A32|ext, data | cre |

Figure 35 — Request-packet format

A1%
—

The targetld symbol is used to route the send packet from the requester to the respond
S¢me switches may also use the cmd:field (in the following command symbol) and t
sdurceld symbol to make their routing-decisions.

o
D

The command symbol provides flow control information and identifies the request-send pacKet
type, as illustrated in figure 36.

command

| tot |com src |cont|A00 | A16| A32| ext |data| cre |

\j

| mpr| spr |phase| old |ech 0| eh | cmd(<124)
2 2 2 1 1 1 7
control

! tqt !com! sre !cont AQ0 | Al16 | A32! ext !data! cre |

A

|trace| todExponent| todMantissa | tpr | transactionld
1 5 2 2 6

Figure 36 — Request-packet symbols

The sourceld symbol provides a nodeld address for the request echo that is created when the
send request is consumed. The sourceld symbol also provides the targetld address for the
subsequent response-send packet that may be created by the responder.
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The 48-bit addressOffset field is interpreted by the responder. Some of these addresses have
special meanings, as defined by the CSR Architecture.

A portion of the extended header ext (whose presence is signalled by the command.eh bit) is
used by the cache-coherence protocols to pass a pointer while writing a cache line directly
from one cache to another, as defined in the cache-coherence part of the SCI standard (see
clause 4). Other uses are reserved for definition in future extensions to SCI. Likely contents
include information needed for realtime scheduling applications.

jth
extended headers shall accept and process request packets with extended headers if\the
reguest fits in their buffer. With the exception of the CRC calculations (which include the
eXtended-header symbols), these packets shall be processed as though the extended header
dig not exist. Thus nodes that use 80-byte buffers to handle a header and 64-byte write dgta
adcept all transactions with extended headers except for write64. Nodes that handle 256-byte
trgnsactions shall include sufficient buffer storage to accept extended headers'ihall cases.

=

The command.mpr (maximum ringlet priority) field, which is initially zero¢when a send packKet
is|produced, is modified by other nodes to determine the ringlet priority. The command.gpr
fidld (send priority) associates one of four effective send-priority”levels with each requgst
pdcket. The effective priority is set by the producer when the send packet is sent, based pn
the transaction priority (control.tpr) and the priority of other(blocked subactions awaiting
trgnsmission in the producer's queue.

The command.phase field is used by the queue-controlhardware, to enforce forward progrelss
when packets are busied. When a request is busied,“the phase field for the following retry|is
prpvided by the phase field of the echo packet, using’the coding defined in table 2.

Table 2 — Phase-field for send packets

value name description
00 NOTRY send, on space-available basis
01 DQTRY send, reserve space if busied
10 RETRY_A retry, after BUSY_A status returned
11 RETRY_B retry, after BUSY_B status returned

The command.old hitis used by the scrubber to identify and eventually discard stale sehd
pdckets. The scrubber sets the old bit to 1 in all packets. When the scrubber observes pn
incoming command.old bit already set in a send packet, it strips the packet from the ring|et
arld creates an‘echo packet with a special error status.

eXcluded from the request-send packet's CRC calculation (they are assumed to be zero when
th

N{te that. the command.mpr, command.spr, command.phase, and command.old fields gre

CRC is calculated).

The command.ech bit identifies echo packets, and is 0 for send packets.

The command.eh bit is set to 1 if a 16-byte extended header is present. The coherence
protocols define a few of the bytes within the extended header; the remainder are reserved.
See 4.2 for details.

The command.cmd field specifies the transaction command being performed, as defined
in 3.4.1. For request-send packets, the value of cmd is less than 124.
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The control.trace bit (trace packet route) enables an optional hardware logging mechanism to
monitor the progress of packets through the interconnect. When the control.trace bit is set, a
node that produces or consumes this send packet places the packet header into a history log
along with the current time. If the system clocks have been properly synchronized, this time is
sufficiently accurate to ensure that the sequence of nodes processing the packet can be
correctly determined later.

The control.todExponent and control.todMantissa fields specifies the global system time at
which the send packet is to be discarded by agents. The zero value of control.todExponent
c rrnclnnndc toa never-die code which prevents time-of-death discards. Eor nynmr\ln' the
ngver-die code is used before the synchronized global time reference has been establishgd,
ag described in 3.8.2.

ThHe control.tpr field specifies a 2-bit transaction priority that assigns one of four_priority levels
to[each request-send packet. This priority is set by the requester when the packet is creatgd,
arld is used by the allocation protocols.

The control.transactionld field, when concatenated with the sourceld symbol, uniquely
identifies each of the outstanding transactions. (Some nodes may be capable of issuipg
multiple requests before any responses are received.)

3.L.2 Request-echo packet format

A request-echo packet is created by a consumer when a request-send packet is stripped frgm
the ringlet. The targetld and sourceld fields in the eche packet are generated by exchanging
thpse in the stripped send packet. Request-echo packets are always four symbols long jas
illbstrated in figure 37.

targetld

command

sourceld

CyclicRedundancyCode (CRC)

command

[ tgt [com| src | crc |

| mpr | spr [phase | old [ ech 1] bsy [ res 0 | transactionld |
2 2 2 1 1 1 1 6

Figure 37 — Request-echo packet format

An echo command symbol contains part of the command symbol and part of the control
symbol from the stripped send packet. The command.mpr and command.spr (maximum and
send priority) fields are used by the bandwidth allocation mechanism. The command.mpr field
is cleared to zero when the echo is created, and is updated when the echo passes through
other nodes. The command.spr field is the command.mpr value contained in the send packet
that was stripped from the ringlet when the echo was created.
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The command.phase field is used by the consumer to return enqueue status to the producer;
its meaning depends on the value of the busy-status bit (command.bsy). For completed send
subactions (command.bsy is 0), the phase field values are defined in table 3. The scrubber
uses the NONE status when stripping old send packets from the ringlet (within that generated
echo packet, command.bsy is 0 and command.phase is NONE).

Table 3 — Phase field for nonbusied echoes

value name description
00 DONE Send queUed successtully (sare to discard)
01 NONE no local nodeld address (none responded)
10 DONE_A reserved (equivalent to DONE)
11 DONE_B reserved (equivalent to DONE)

D
D

Far busied subactions (command.bsy is 1) the phase field values are dgfined in table 4 (s
also table 2).

Table 4 — Phase field for busied echoes

value name description
00 BUSY_N resérved (retry using NOTRY)
01 BUSY_D refry, using DOTRY
10 BUSY_A space reserved, retry using RETRY_A
11 BUSY_B space reserved, retry using RETRY_B

The command.old bit is used by the scrubber to identify and eventually discard stale echo
pdckets. A scrubber sets the old¢bit'to 1 in all echo packets. When a scrubber observes pn
incoming command.old bit it discards the old echo packet from the ringlet.

Nj)te that the commandmpr, command.spr, command.phase, and command.old fields dre
eXcluded from the request=echo packet's CRC calculation.

The command.echi-hit is set to 1 to identify echo packets. The command.bsy bit is set tq 1
when the send.packet was rejected and needs to be resent. The command.res bit is used|to
discriminate between request- and response-echo packets and is O for request-echo packets.

The command.transactionld field is the value contained in the control.transactionld symbol|of
the send packet that was stripped from the ringlet when the echo was created.

Copyright 0 1998 IEEE. All rights reserved.



https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

— 74 - ISO/IEC 13961:2000(E)
IEEE Std 1596, 1998 Edition

3.2.3 Response-send packet

The response packet contains the targetld, command, sourceld, control, status, forwild,
backld, possibly an extended header ext (0O or 16 bytes), data (0, 16, 64, or 256 bytes), and
CRC. These components are illustrated in figure 38.

targetld

command

sourceld

control

status

forwid

backld

ext (0 or 16 bytes)

data (0, 16, 64, or 256.bytes)

CyclicRedundancyCode (CRC)

summary

| tot |com| Src | cont] stat| fid | bid | ext | data| crc |

coherent transaction status

Figure 38 — Response-packet format

The targetld symbolCis“used to route the response-send packet from the responder to the
reguester. Switchesymay also use the command.cmd field (in the following command symbpl)
arld the sourceld symbol to make their routing decisions.

The commanhd symbol provides flow-control information and identifies the response-sepd
pdcket type, as illustrated in figure 39.
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command

| tgt |com| SIC | cont| stat| fid | bid | data| cre |
N

| mpr| spr | phase| old |ech 0| eh | cmd(=124)
2 2 2 1 1 1 7

control

| tgt |com | src | cont| stat | fid | bid | data| crc |
AN

TH

wihen the response send is stripped from the ringlet.“Fhe sourceld symbol also identifies t
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trace| todExponent| todMantissa | tpr |transaction|d

1 5 2 2 6

status

[ tgt [com | src | cont | stat| fid | bid | data] crc |
\

| sStat | res | vStat | cStat
4 1 3 8

Figure 39 — Response-packet symbols

e sourceld symbol provides a targetld address forithe response echo that is generat

sponder node that created the response-send<packet, which may (after certain er
nditions) be different from the addressed responder (as defined by the targetld value of t
uest-send packet). The sourceld field may be used to implement vendor-depends
btection or error-logging protocols, which_are beyond the scope of the SCI standard.

ed
he
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rtions of the status, forwld, and backld symbols are used by the cache-coherence protoco¢ls

identify other nodes caching the.same cache-line address. The forwld and backld fields g
fined in clause 4.

e definitions of the (command.mpr, command.spr, command.phase, command.o
mmand.ech, and command.eh fields are the same for request-send and response-se
ckets. Note that the)command.mpr, command.spr, command.phase, and command.(
Ids are excluded from the response-send packet's CRC calculation.

e command{cmd field has the same format in the request-send and response-send packe
t a differentrange of command codes is used (the two least-significant bits of the comma
de specify'the response-transaction size).

e~definitions of the control.trace, control.todExponent, and control.todMantissa fields 3
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The value of the control.tpr field specifies the priority of the response subaction. A responder
should use the same control.tpr value in the response-send packet that it received in the
corresponding request-send packet, but may use a larger value in the response-send packet.

The control.transactionld field, when concatenated with the targetld field, uniquely identifies
each of the outstanding transactions.
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The status.sStat (standard-status summary) field (defined in table 5) returns a summary of the
transaction status from the addressed responder (or affected agent). Note that this field
allows the requester to tell when an agent has provided the (unsuccessful) status information,
implying that the request never reached its target. The following subclause defines the
status.sStat code values.

The status.res (reserved) bit is reserved for future extensions to the SCI standard. The
status.vStat (vendor-dependent status) field returns vendor-dependent transaction status

details from the addressed responder (or affected agent). The definition of this field is beyond
the sScope of the SCl| standard

The status.cStat (coherence status) field returns the coherence-check status fromr the
addressed responder. This field is defined in the cache-coherence specification (sge
clause 4).

3.P.4 Standard status codes

The status.sStat (standard status) field (defined in table 5) returnsi-a summary of the
transaction status from the addressed responder (or affected ageént). Note that this figld
allows the requester to tell when an agent has provided the (unsuceessful) status informatign,
implying that the request never reached its target. The following subclause defines the
status.sStat code values.

Table 5 — status.sStat status sumtnary codes

Responder-provided status.sStat codes

code status.sStat name description
0000 RESP_NORMAL completion successful, normal operation
0001 RESP_ADVI CE completion successful, abnormal operation
0010 RESP_GONE transaction OK, coherent data gone
0011 RESP__LOGEKED transaction OK, coherence-line is locked
0100 RESP_“€ONFLI CT conflict (end-to-end retry)
0101 RESP_DATA unrecoverable failure
0110 RESP_TYPE unsupported command or length
0111 RESP_ADDRESS addressing error

Agent-provided status.sStat codes
code status.sStat name description
1000 AGENT_NORMAL completion successful, normal operation
1001 AGENT_ADVI CE completion successful, abnormal operation
1010 AGENT_GONE reserved for extensions to the SCI standard
1011 AGENT_LOCKED reserved for extensions to the SCI standard
1100 AGENT_CONFLI CT reserved for extensions to the SCI standard
1101 AGENT_DATA split-response timeout
1110 AGENT_TYPE unsupported command or length
1111 AGENT_ADDRESS addressing error
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Requesters are expected to perform their normal transaction-completion processing for
transactions with a RESP_NORMAL or RESP_ADVI CE completion status. Requesters are
expected to process transactions with a RESP_ADVI CE or AGENT_ADVI CE completion status
similarly, but save the status symbol and other implementation-dependent information for later
analysis. The other status.sStat error-status values are expected to generate a requester trap;
the trap is expected to invoke error-isolation and/or error-recovery procedures.

A response-expected transaction (for which a response-send packet is expected) is normally
completed when a response-send packet containing the RESP_NORMAL completion status is
returned from the rncr\nndnr A_RESP_ADV| CE rnmlr\lnfinn status is returned when a
response-expected transaction is completed successfully, but a recoverable error is detectpd
(fer example, a single-bit memory error).

Al valid (correct address and type) noncoherent response-expected memory-access
trgnsaction (readsh, writesb, nread00, nwritel6, nwrite64, nwrite256) is terminated with| a
RESP_GONE status if the requested data is unavailable (memory is in the 'MS_GONE statg).
Note that a different completion status code (RESP_NORMAL) is used when data is available|in
memory, but may be stale (the most-recent copy is coherently .cached); noncohergnt
repguesters are expected to detect such coherent-data conflicts by checking the status.cStat
fidld in the response-send packet.

A |valid coherent memory-access or cache-access transaction,(mread00, mwritel1l6, mwriteg4,
mwrite256, cread, or cwrite64) is terminated with a RESP_LOCKED status if the requested dgta
is Junavailable because the line's fault-recovery lock is set{ This status is only expected to pe
oljserved while recovering from coherent transaction failures.

Al valid (correct address and type) noncohierent response-expected memory-access
trgnsaction (readsh, writesb, nread00, nwrite16, nwrite64, nwrite256) is terminated with| a
RESP_CONFLI CT status in situations wheres busy-retry protocols could generate system
dgadlocks, if the request cannot be queued: For example, bridges to 1/0O buses without split-
response capabilities are expected to generate a RESP_CONFLI CT error status when crogs-
bys access conflicts are detected.

Alvalid (correct address and ‘type) response-expected transaction is terminated with| a
RESP_DATA status if the request cannot be completed correctly (for example, a double-pit
memory error).

A [correctly addressed-response-expected transaction is terminated with a RESP_TYPE status
if the request-send-packet's command.sCmd is not supported, or if address ranges/alignments
arp incorrect. Inycase of a conflict, a RESP_TYPE command has precedence over| a
RESP_DATA comimand (i.e., a bad access is not detected if the access is not performed). Hor
example, a~RESP_TYPE status is generally returned if an nread64 transaction addresses| a
C$R address; a RESP_TYPE status is returned by a cache when processing the cwritel6 |or
cwrite256" transactions; a RESP_TYPE status is returned by a simple cache (that does not
SL1pport pairwise sharing) when processing a cwrite64 transaction.

A response-expected transaction may be correctly routed to the responder based on the
targetld value in the request-send packet. A RESP_ADDRESS status is returned if the send-
packet's address is not recognized by the responder. In the case of a conflict, a
RESP_ADDRESS error status has precedence over a RESP_TYPE error status (i.e., the validity
of a command is not checked if the address is incorrect). For example, a RESP_ADDRESS
status is returned if cache-access transactions (cread00, cwritel6, cwrite64, or cwrite256) are
addressed to a responder that has no cache. Also, a RESP_ADDRESS status would be
returned for a memory-access transaction (mread, mwritel6, mwrite64, or mwrite256) whose
address-offset is larger than the size of populated RAM.
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To improve system performance a response-expected transaction (for which a response-send
packet is expected) may be completed by an agent rather than the addressed responder. For
example, a bridge may combine sequential DMA requests into one larger request (to improve
the transfer efficiency), or a switch may combine several coherent memory requests (to
minimize interconnect traffic). A response-send packet containing the AGENT_NORMAL
completion status is returned by such agents. An AGENT_ADVI CE completion status is
returned by such agents when a response-expected transaction is completed successfully but
a recoverable error is detected (for example, a single-bit memory error).

The AGENT GONE, AGENT LOCKED, and AGENT CONFLI CT status values are reserved for
ddfinition by future extensions to the SCI standard.

When its response packet is excessively delayed or discarded (due to a transmissionyerror (or
an excessive packet length), a response-expected transaction shall be terminated by| a
timeout. After the timeout the requester is expected to report the error condition using gn
infernal AGENT_DATA error status.

A [correctly addressed response-expected transaction is terminated by.an agent with gn
AGENT_TYPE status if the request-send packet's command.sCmd is\'n0t supported on| a
remote bus, or if address ranges/alignments are found to be incorrect when the transaction|is
fofwarded through a bridge.

A response-expected transaction may also be terminated when no other node responds to the
tafgetld address specified within the request-send packet.” These addressing errors gre
ddtected by the scrubber, which is indirectly responsible €or creating a response-send packet
cgntaining the AGENT_ADDRESS error status.

3.2.5 Response-echo packet format

A response-echo packet is created by a consumer when the response-send packet is strippged
frgm the ringlet. The targetld and sourceld fields in the echo packet are generated py
eXchanging those from the stripped résponse-send packet. Response-echo packets gre
alyvays four symbols long, as illustrated-in figure 40.

targetld

command

sourceld

CyclicRedundancyCode (CRC)

command

| tgt [com] src | crc |

rm/pr spr | phase | old e?h bsy | "§° | transactionld
2 2 2 1 1 1 1 6

Figure 40 — Response-echo packet format
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An echo command symbol contains part of the command symbol and part of the control
symbol from the stripped send packet. The command.mpr, command.spr, command.phase,
command.old, command.ech, and command.bsy fields are the same for request-echo and
response-echo packets. Note that the command.mpr, command.spr, command.phase and
command.old fields are excluded from the request-send packet's CRC calculation.

The command.res bit is 1 for response-echo packets. The command.transactionld field is the
same for request-echo and response-echo packets.

3.26 Interconnect-affected fields

A

bg
of
m
en
th

1)

2)

3)

4)

vendor may modify the interpretation of a send packet's address-offset or data Aalue

address-offset values could be mapped indirectly to the same graphics frame-buf
bmory, to support multiple data-access formats (byte per color, bits per color,(RGB and Y
codings, etc.). However, the other symbols within a send packet have a standard meani
at affects their routing and/or processing by the interconnect as follows:

Targetld symbol. The targetld symbol is used to route a packet from\source node to targ
node.

Command symbol. A portion of the command symbol is used for ringlet-local flow cont
purposes, and may be changed while the packet is routed through the interconnect. T
remainder of this symbol contains the command.cmd field{which has the following spec
properties:

a) Response generation. Only subactions with comnmrand.cmd values 0 — 55 or 112 — 1
generate a response packet when an addressing error is detected.

b) Event processing. The command.cmd values of 120 through 123 identify evs
subactions. Event subactions may change a node's state, but are discarded if the no
does not have space to store them.

c) Response queueing. The command.cmd values greater than 124 identify respon
subactions; requests and responses are placed into different queues while bei
routed through the interconnggt.

packets may be truncated by intermediate nodes and switches. The actual packet si
may be less than this'value, but shall be an integer multiple of 16 bytes.

Sourceld symbol. The-sourceld symbol contains the nodeld of the creator of the se
packet, which is also/the targetld address used to return an echo from the consumer to t
producer.

Control symhol. The control symbol contains the trace bit, the time-of-death field, t
transaction priority field, and the control.transactionld field. These influence t
subaction's processing by the interconnect as follows:

in producers and consumers between the requester and responder.

SY

sed on the needs of the node's requester and responder units. For example, several ranges

er
IQ
ng

et

rol
he
jal

15

nt
de

d) Size restrictions. The command.cmd value specifies the maximum packet size; larder

nd
he

he
he

a) dJdracing. The control.trace bit enables the logging and time-stamping of packet headgrs

send packets should be discarded.

c) Transaction priority. The control.tpr field influences the speed (or at least t
sequence) of processing send packets in the requester, intermediate producers a
consumers, and the responder.

d) Transaction identifier. The control.transactionld field is used to uniquely identify t

he
nd

he

transaction, so that multiple echoes and responses returning to the same requester

can be correctly processed.
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Address offsets. A small range of values within the addressOffset field in a request-send
packet is reserved for control and status registers, as defined by the CSR Architecture.

CRC calculations. Only the flow-control information in a packet is excluded from the CRC
calculation.

3.2.7 Init packets

There are several special packets, called init packets, that are only used during the system
initialization process. The special packet format used by reset, clear, and start packets is
illustrated in figure 41. These packets are identified by their use of defined special targetlid

velues that are all n the range FFFO,, < targetld < FFFF g

TH
sg
th
dg
re

TH
o
un
un
ng
ur

Started again with a lower uniqueld number).

fo

targetid

distanceld

stableld

uniqueldO

uniqueld1

uniqueld2

uniqueld3

CyclicRedundancyCode (CRC)

Figure 41-—~<1nitialization-packet format

ese special packets contain a distanceld, which measures the node's distance from the

rubber; it is decremented by 0ne as the packet passes through each node. In reset packets,
b distanceld value is used_to set each node's initial nodeld value. This field is also used|to

tect stale uniqueld values (perhaps left by a node that started up briefly, then died ahd

e stableld field)which sets the default scrubber selection order, is based on inputs frgm

tional backpfane-provided geographicalld signals or optional nonvolatile memory. The

iqueldO through uniqueld3 fields are the most- through least-significant portions of a 64-pit
iqueldvralte. During ringlet initialization, the uniqueld value identifies the packets that each
de ,generates. The uniqueld value may be randomly generated at startup (using pgn

correlated thermal noise source) or may be manufactured uniquely (a 24-bit companyld
lowed h‘,’ a40-hit r\nmlnnnyl Ininllm idnntifinr)

For uniquely manufactured uniqueld values, the 24-bit companyld value is the most-
significant portion of the 64-bit uniqueld value. The 40 least-significant bits of the uniqueld
value are companyUnique bits that are assigned by the owner of the companyld value.

For example, a companyld value of ACDE48,5 (which has a binary representation of
101011001101111001001000,) is placed in an initialization packet as illustrated in figure 42.
In this figure, the 40 companyUnique bits are labelled as # characters.
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targetld

distanceld

stableld

1010 1100 1101 1110

ULUU 1LUUU #H##F HHEHFHF

uniqueld
HHHH HEHE HEHE HEHH

FHEH HEHSE HEHE HHEH

CyclicRedundancyCode (CRC)

Figure 42 — Initialization-packet format example (companyld-hased uniqueld value)

No¢te that the companyld as referenced in this clause is the Same as the company_id ps
ddfined by the CSR Architecture.”

3.2.8 Cyclic redundancy code (CRC)

There is a 16-bit check symbol at the end of each packet. For good error coverage, a cydlic
redundancy code (CRC) is used. The CRC efficiently detects errors but does not correct
erfors. Error recovery is performed at a higherlevel.

There are many 16-bit CRCs that detect-all single-burst errors up to 16 bits (1 symbol) ahd
arly odd-number-of-bit errors, using various 16-bit polynomials. SCI uses the ITU polynomjal
X316+ X124+ X5+ 1. This is one of the'best documented 16-bit polynomials, able to detect the
following:

¢ | All odd numbers of bit errors

« | All consecutive contiguous (single-burst) errors of 16 bits or less

e | All single-, doublez) and triple-bit errors

The probability~sthat (given random errors other than the above) there will be combinations |of
erfors that the.code is not able to detect is less than 2-16 (15 PPM).

SCI presumes that the links are highly reliable and error free, and when error rates increagse
to|thé\point that this presumption is invalid, the link should be shut down because it hag a
fupctional failure. Thus an undetected error should be rare, and probably only will ocqur
during a transition into a shut-down state.

The serial implementation of the ITU-T CRC-16 polynomial is specified as shown in table 6
and figure 43.

The term "company_ld" is used throughout the ROM format to uniquely identify vendors that manufacture or
specify components used in the CSR Architecture. The 24-bit "company_ld" value is derived from the 24-bit
Organizationally Unique Identifier (OUIl) assigned by the IEEE Registration Authority Committee (RAC). To
obtain an OUI, contact the Registration Authority Committee, The IEEE, 445 Hoes Lane, Piscataway, NJ 08855-
1331, USA (908) 5623-3813.
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Table 6 — Serial CRC-16 implementation

cl5 .=c0Od

cl4 :=c15

cl3 :=c14

cl2 :=c13

cll :=c12

cl0 :=¢c110 cOOd

c9 :=ci10

c8 '=c9

c/ '=c8

c6  :=c7

c5 '=C6

c4 '=cH

€3 :=c40c0Od

c2 ‘=c3

cl =c2

cO '=cl

where:

c0-cl15 are the contents of the check work
d is the data (1 bit for each strobe)
= Replaced by (after strobe)
0 Exclusive OR

co[+{o1[={c2*c3[+4

?

Figure 43 — Serjalized implementation of 16-bit CRC

The check word is clocked for every data bit. After all data bits have been used to genergte
the check word, the check werd is inserted in the data stream. The circuit effectively divides
the data (bits taken as coeffigients of a high order polynomial) by X16 + X12 + X5 + 1 and uses
the remainder as the check/word.

a)
a)

3.P.9 Parallel 16-hit.CRC calculations

Although the €RC is specified as a bit-serial computation, the CRC value can be computed|in
pdrallel as- well. This is important for SCI, because CRCs have to be checked aphd
regenerated/at full SCI speed. Parallelizing the serial specification generates the set |of
eduations shown in table 7.
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Table 7 — Parallel implementation of 16-bit CRC

Cl5= el5 0O ell 0O e07 O e04 0O e03;

Cld= eld4 0O el0 O e06 O e03 O e02;

Cl3= el13 0O e09 0O e05 0O e02 0O eO01;

Cl2= el2 0O e08 0O e04 0O e01 O eO00;

Cll= ell 0O e07 0O e03 0O e00;

Cl0= el5 0O ell 0O el0 O e07 O e06 O e04 O e03 O e02
C09= el4 0O el0 O e09 0O e06 0O e05 O e03 O e02 O e01;
C — ol 1 FaYalo) 1 nﬂg I FaYa 1= I PaYaVil 1 a2 1 FaYa k| 1 nﬂﬂ;
C07= el2 [0 e08 0O e07 0O e04 0O e03 O e01 0O e00;

CP6= ell 0O e07 0O e06 0O e03 0O e02 O e00;

C05= el0 0O e06 0O e05 0O e02 0O eO01;

CP4= e09 0O e05 0O e04 0O e01 O eO00;

C03= el5 0O ell O e08 0O e07 0O e00;

C02= eld4 0O el0 O e07 0O e06;

CPl= el3 0O e09 0O e06 0O e05;

C00= el2 0O e08 0O e05 0O e04;

wIere

C(00-C15 are the contents of the new check symbol

e(0-el5 are the contents of the intermediate value symbol:

el5 =cl15 0 d15; el4 = c14 O d14; ... e00 = c0Q 0 dOO;

d(d0-d15 are the contents of the data symbol

c(J0-c15 are the contents of the old check symbol

All of the check-bits (c00—c15) on the right aretbefore the symbol-clock strobe and all on t
left are after the symbol-clock strobe. Therassumed hardware model for this calculation
illistrated in figure 44.

h
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TH
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TH
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pr

e00-e15

gates for XOR-network

C00-C15

registers for c00 - ¢15, strobed for every clock

c00-c15

Figure 44— Parallel CRC check

e maximum number of inputs_to an XOR-term for one bit is 16. In advanced ECL
Chnology this will take less than 1 ns (worst case). It is possible to calculate the CRC in regal
he while transmitting anekreceiving (independently). This mechanism makes it easy [to
bdify control bits and(talculate new check words on the fly when necessary, thoupgh
nerally a CRC is calculated at packet creation and propagates unchanged until the packet
aches its final targetin order to ensure end-to-end coverage without gaps.

e 16-bit cheek /word is cleared to begin the packet's CRC calculation. The accumulated
RC value is-Updated for each symbol in the packet, except for the final one (the CRC). The
RC in a received packet is compared to the computed value. If they are equal the packet|is
esumedto be error-free.

3.

P.10 CRC stomping

The processing of a packet may be initiated before the packet's CRC is verified, but only if the
side-effects of the processing can be nullified if a problem with the packet is eventually
detected. For example:

1)
2)

3)

an echo packet may be created by any requester or responder before the send packet's
CRC is observed;

the data return from a memory controller may begin before the memory detects an error
that affects part of the packet; and

the forwarding of a send packet by an agent may begin before the CRC has been
observed.
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To nullify the side-effects of partially sent send and echo packets, the CRC at the end of the
damaged packet is "stomped”. Stomping involves setting the new CRC value to the Exclusive
Or of good and stomp, where good is what would have been the correct CRC value for the
packet (as received) and stomp is a defined constant value (874D,¢, which complements half
of the bits).

An error is expected to be logged the first time (and only the first time) that a packet is
stomped, to assist in isolating the source of the error. For example, if an error is introduced
(1) in the request-send packet, several stomped transactions are generated (2, 3, 4), as
illustrated in figure 45.

requester responder

local request subaction

e |

(2) request echo

N/
AN

(1) request send

requester responder

remote request subaction

(6) echo timeout | (4) request echo

(request discarded)

(5) requester strips echo (3) request send

(but ignores its contents)

(error logged)

Figure 45 — Remote transaction components (local request-send damaged)

Note that both a stomped-request-echo packet and a stomped request-send packet gre
ggnerated by a high-perfermance pipelined agent (which begins to forward the send pacKet
bgfore checking its CRC)? The remote responder could initiate its processing before the
reguest-send packet/s.GRC is verified, but must nullify any side-effects when the bad CRC|is
oljserved.

If the request<send address has not changed (5), the damaged packet's echo is stripped py
the requester,but its side-effects are nullified by the bad CRC value. Therefore, the requgst
remains gueued until an echo timeout (6) causes it to be discarded.

3.p21"Idle symbols

Idle symbols fill the spaces between packets; they are created when request or echo packets
are stripped from the ringlet. An idle symbol is any symbol that is not part of a send, sync or
echo packet. Only eight bits of information are carried by a 16-bit idle symbol, whose other
8 bits provide a simple parity check, as illustrated in figure 46.

|«—— errorchecking ——»

ipr |ac|cc|hg| Ig |old| It | ipr* |ac*|cc*|hg*| Ig*|old* It*
2 11 1 1 1 A 2 1 1 1 1 1 A

Figure 46 — Logical idle-symbol encoding
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The idle-priority field, idle.ipr, is used to distribute the best current estimate of the ringlet's
highest priority.

The allocation-count field, idle.ac, toggles when all nodes have had an opportunity to transmit
a send packet. This field idle.ac is used to cancel target-queue reservations when busied
send packets are never re-sent.

The circulation-count field, idle.cc, toggles when an idle has circulated around the ringlet. This
field is used to detect lost echo packets and go bits.

ThHe high-go and low-go bits, idle.hg and idle.lg, are the high priority and low prioffty
bgndwidth-allocation-control flags respectively. They enable allocation in an approximate
ropnd-robin order between nodes of the same priority class.

The age bit, idle.old, is set by the scrubber and cleared by other nodesOunder certain
canditions, as part of a mechanism to monitor proper ringlet activity.

The low-type bit, idle.lt, allows the symbol to be consumed by nodes\in the lower priority or
highest-priority classes, when it is 0 or 1 respectively.

See 3.6 for an explanation of the use of these bits.

3.B Logical packet encodings
3.B.1 Flag coding

SCI transactions are implemented as contiguous~groups of nonidle symbols called packels,
s@nt between a requester and a responder, AlP packets consist of an integer multiple of fqur
symbols. Special sync packets are also used during initialization of each link; although the
fofmat of these sync packets is physical-layer dependent, they are always 8 symbols |in
lepgth. Idle symbols (illustrated as._i) are transmitted between packets to maintain
syinchronization and transfer flow-control information, as illustrated in figure 47.

t=T symbol groups t=T+N
send-packet i |i| echo packet | sync packet
S 1(1) 4 8
flag
>0 S-4 4 11 3 11 7

increasing time ——

Figure 47 — Flag framing convention

One idle symbol is postpended to each send packet when it is produced. If there is more than
one idle symbol between packets, the first is reserved for stripping by elastic buffers (to
compensate for small differences in clock frequency at the various nodes) and the rest may
be used to empty bypass FIFOs. Internal packets (after elasticity-buffer processing) may be
back-to-back (as illustrated by the echo and sync packet), but there are enough idle symbols
to handle the worst-case elasticity requirements.
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The size of the fundamental SCI symbol is 16 bits. In addition, a clock signal is needed to
define symbol boundaries (the data should be stable when sampled), and a flag signal is
needed for locating the start and end symbols of a packet. No special start or stop symbols
are needed or provided. Depending on the physical-layer encoding, some or all of these
logical signals may be encoded and multiplexed onto one physical signal path.

A zero-to-one transition of the flag signal is used to mark the beginning of each packet, and
the one-to-zero transition of the flag signal specifies the approaching end of each packet. The
flag signal returns to zero for the final 4 symbols of send packets (to indicate when an echo

P43
P43

TH
fo

the CRC. It is identified by the fourth non-one flag bit. These send-packet framing conventio
arg illustrated in figure 48.

Al

cket, so the zero-to-one transition can always be used to identify the start of theong
cket (even when there is no idle symbol between them).

at least four symbols, the packet is a send packet. The final symbol in the 'send packet

flag
(...)0 CRC or idle

1 targetld
1

() other leading information
1
0
0 other trailing information
0
0 CyclicRedundancyCode (CRC)

Figure 48 ~Logical send- and init-packet framing convention

fopr or more andCsync packets have only one, as shown in figures 49 and 50. (For mg
pyrposes a bit il the command field is used to identify an echo for processing, because th
bil provides earlier identification of the echo than the flag sequence does.)
flag
(...)0 CRC or idle

1 targetld

1 command

1 sourceld

0 CyclicRedundancyCode (CRC)

Figure 49 — Logical echo-packet framing convention
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Sync packets are generated by each node during the initialization sequence and from time to
time during normal operation so the downstream neighbour can deskew its receiver's data
paths. The logical sync and send packets can easily be distinguished by the flag bit (which is
high for only the first symbol of the sync packet), as illustrated in figure 50.

flag
(...)0 CRC or idle
1 targetld
1 command
1 sourceld
0 CyclicRedundancyCode (CRC)

Figure 50 — Logical sync-packet framing convention

Fqr some physical encodings, the physical and logical encodings~of the sync symbol gre
idéntical. These "simultaneous" transitions of the flag signal and*all data signals (and the
clock signal too, not shown) can be used for observing and ,compensating for differences|in
the signals' arrival times. The seven zero symbols are intended to provide a well-defined high-
totlow transition for calibrating phase detection hardwate 'in the data receivers. (Relativgly
lafge skews may be produced by inexpensive cables, and automatically compensated for py
advanced SCI interfaces when circuit technology permits).

Abort packets are generated by any node that\wishes to initiate a reset, in order to cleanly
alort an arbitrary symbol stream being trapsmitted by the node (and cleanly stop packet
prpcessing on the downstream receiver). An abort packet is always immediately followed by a
sync packet; this sequence generates aflag pattern that can never be interpreted as a valid
pdcket. The abort packet uses a special nodeld address (table 13), repeated six timgs,
followed by two zero symbols, with<the flag set to one for the first six symbols and to zero for
the last two, as illustrated in'_figure 51. The repetition of the abort address is for
implementation convenience. Since this can never be interpreted as a valid packet, only the
fldg pattern is significant.

flag

(...) x any
1 1111111111111011
1 1111111111111011
1 1111111111111011
1 1111111111111011
1 1111111111111011
1 1111111111111011
0 0000000000000000
0 0000000000000000

Figure 51 — Logical abort-packet framing convention
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3.4 Transaction types
3.4.1 Transaction commands
The command in a send packet falls into one of four main categories: response-expected

request, move request, event request, and response. It is specified by a 7-bit command field
and the 6 Isb's of the responder's offset address, as described in tables 8, 9, and 10.

Applications that might wish to have other (user defined, nonstandard) command types for
special purposes should achieve their goals by using address bits in special ways rather than

byrredefmmmy—astamdard—commmrand—orusimg—a reservedcommand— T s provides—sufficent

flgxibility for customization, while minimizing the risks of incompatibility. However, the length

of| these specialized subactions shall not be greater than the length specified by the sepd

pgcket's command.cmd field, and shall be multiples of 16 bytes.

Table 8 — Response-expected-subaction commands (read, write, and*ock)
cogmmand field | address Isb's request req bytes resp bytes description
transaction
000ffff aaaaaa readsb 0 16 selected-byte read
001ffff aaaaaa writesb 16 0 selected-byte write
010f f SS aaaass locksb 16 16 selected-byte lock
0110000 0bbbbb nread256 0 256 noncoherent memory read
0110000 1lbbbbb nread64 0 64 noncoherent memory read
0110001 aarrrr nwrite16 16 0 noncoherent memory write
0110010 rbbbbb nwrite64 64 0 noncoherent memory write
0110011 rbbbbb nwrite256 256 0 noncoherent memory write
0110100 Or nmmm mread00 0 0 coherent memory control
0110100 1r mmm mread64 0 0,64 coherent memory read
0110101 aanmmmm mwrite 16 16 0 coherent memory write
(subline)

0110110 rrnmmm mwrite64 64 0 coherent memory write (line)
0110111 rrnmmmm reserved 256 0 reserved for extensions
1110000* Occcee cread00 0 0 cache-to-cache control
1110000* lecccec cread64 0 0,64 cache-to-cache read
1110001 - reserved 16 - reserved for extensions
1110010* ccececece cwrite64 64 0 cache-to-cache write
1110011 - reserved 256 - reserved for extensions

NQTES

01p 10 X0* cread00, cread64, and cwrite64 transactions shall have extended headers

aagaaa feastsigmificant aaaress oits

cccccc specify cache access codes

bbbbb specify block data-transfer hints (for contiguous DMA transfers)

mmm specify memory-access codes

rrrr specify reserved address bits

SSss sub-command modifier bits, see lock and read transactions

ffff final selected-byte address
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Table 9 — Responseless-subaction commands (move)

command field | address Isb's request req bytes resp bytes description
transaction
100ffff aaaaaa smovesb 16 - start broadcast selected-byte
move
101ffff aaaaaa rmovesb 16 - resume broadcast selected-
byte move
110ffff aaaaaa dmoveshb 16 - directed selected-byte move
0111000 rrrrrr smove00 0 - start broadcast 00-byte move
0111001 aarrrr smovel6 16 - start broadcast 16-byte-mave
0111010 rrrrrr smove64 64 - start broadcast 64-byte“/move
0111011 rerrrr smove256 256 - start broadcast256-byte move
0111100 rrrrrr rmove00 0 - resume broadeast 00-byte
move
0111101 aarrrr rmovel6 16 - resume€ broadcast 16-byte
move
0111110 rerrrr rmove64 64 - resume broadcast 64-byte
move
0111111 rrrrrr rmove256 256 < resume broadcast 256-byte
move
1110100 rrrrrr dmove00 0 - directed 00-byte move
1110101 aarrrr dmovel6 16 - directed 16-byte move
1110110 rrrrrr dmove64 64 - directed 64-byte move
1110111 rrrrrr dmove256 256 - directed 256-byte move
NPTES
agaa least-significant address bits

refr reserved address bits

Table 10 — Event- and response-subaction commands

Event-subaction commands

cogmmand field | address Isb's reque;t req bytes | resp bytes description
transaction
1111000 FLRET T event00 0 - clockStrobe signal
1111001 aarrrr eventl6 16 - reserved for 16-byte events
1111010 rrrrrr event64 64 - reserved for 64-byte events
1111041 rrrrrr event256 256 - reserved for 256-byte events

Response-subaction commands

command field

address Isb's

request

reqg bytes

resp bytes

description

transaction

1111100 --na-- several - 0 status and 00-byte data return
1111101 --na-- several - 16 status and 16-byte data return
1111110 --na-- xread64 - 64 status and 64-byte data return
1111111 --na-- xread256 - 256 status and 256-byte data return

NOTE

-na- not applicable (response has no address-offset field)

aaaa least-significant address bits

rrer reserved address bits
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The nread256 and nwrite256 transactions are provided to access large blocks of data.
Although the accessed block address is 256-byte aligned, the starting address for the
transaction is 64-byte aligned (so the most critical 64-byte line can be transferred first). That
is, the 256-byte data transfer begins with the addressed 64 bytes and continues with the other
192 bytes of the aligned block in ascending address order (modulo 256). This is expected to
reduce latency when efficiently accessing nonsequential data. However, the validity of the
early data should not be assumed until the CRC has been checked, so the consumer should
be able to undo side effects until the CRC has been verified.

Zero-length reads involve no transfer of data and cause no side effects on the data. However,

th
up

A

h3
ed
ca
an

AT
sh
(@]
is

TH
de

M
hi
re

wilitesb) are implemented as ordinary-16-byte data transfers, with bits in the address a
bcommand specifying the pertinent address range within the data transferred. The fqur

su
le
fo
by,

b zero-length versions of the mread and cread transactions may have the side effect
dating the coherence state of the addressed cache line.

move transaction shall have no response, but its acceptance may be delayed (its\echo m
ch of which has broadcast capabilities. The directed move transaction usesthe dmove

mmands; the broadcast move transaction uses the smovexx commands (when first se
d the rmovexx command (while being retried, after a busy status is retdrned).

event transaction is special, in that its acceptance is never déelayed. Event transactio
all have no response, shall be accepted immediately, and shalt never generate an ech
hly one of the event transactions has a currently defined meahing — the event00 transacti
used to distribute the (time-of-day) clock-synchronization,stfobe signal, clockStrobe.

st SCI transfers use a small set of data-sizes, for efficient queue storage management

pisters or adapters to existing busx'designs. The selected-byte transfers (readsb a

hst-significant bits of the address/(called al5) specify the address of the first data byte; t

te, as illustrated in figure/52.

writesb(request), readsb(response)

data

A+0 T T A+15

A+alb A+f15

of

Ay

ve a busy status). Move transactions may be directed to one node, or to multiiple nodes

XX
nt)

0.
on

e four response subaction commands differ in the amount of data that follows. To avgid
adlocks, response subactions are expected to be ‘pltaced in different queues from requgst
sybactions (reads, writes, locks, and moves).

at

ph speed. However, odd-size or small transfers (1 to 16 bytes) are necessary to support IJO

hd
nd

he

Lr least-significant bits of the command (called f15) specify the address of the last data

1
WIITIT,

A = address&~0XF;
al15 = address&0XF;
f15 = command&O0XF;

Figure 52 — Selected-byte reads and writes

The last byte address shall be equal to or larger than the first byte address. The unselected
data may be undefined and shall be ignored.
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Because of the distributed nature of SCI configurations, the interconnect cannot reasonably
be locked while transaction sequences implement indivisible (e.g., test&set) operations on a
memory location. Therefore, special lock transactions are defined that (for noncoherent
accesses) communicate the intent from the requester to the responder, allowing indivisible
updates to be performed at the responder. There is one standard lock transaction format, with
several subcommands to define conditional and unconditional update actions that can be
used for noncoherent memory accesses.

Lgck subcommands are based on the model required for implementing the fetch&add.-a
cdmpare&swap primitives. Other subcommands define additional update actions that can

pgdrformed easily with minimal additions to the basic lock-implementation hardware.

In|this lock implementation model two data values (data and arg) are sent in the lock reque

orle data value (old) is returned in the lock response. These are illustrated in figure 53.

The three data values (data, arg, and old) are all the same size, and are either quadlets
odtlets. The specified set-of locks, listed in table 11, is consistent with those defined by t

C$R Architecture.

data

response request
old arg data subcommand
A
Y y
> compare > encode ——¢
~| ‘add | MUX
old new

Figure 53 — Simplified lock model

Table 11 — Subcommand values for Lock4 and Lock8

hd
be

or
he

SSss name update*

0000 - (not used)

0001 MASK_SWAP new = (data&arg)|(old&~arg);

0010 COMPARE_SWAP if (old==arg) new = data; else new = old;
6+ FEFEH—ADBE Tew —ordTdata;

0100 LI TTLE_ADD * new = LittleAdd(old,data);

0101 BOUNDED_ADD if (old!=arg) new = data+old; else new = old;
0110 V\IRAP_ADD if (old!=arg) new = data+old; else new = data;
0111 vendor - dependent T new = op(old,data,arg);

1000- reserved[ 8] % new = op(old,data,arg);

1111

NOTES

* C-code notation used to define update actions
t Optional subcommands
T Reserved encodings for future definition by the CSR Architecture
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Since the two least-significant bits of the address (ss) are not needed for addressing
purposes, they are appended to the two least-significant bits of the command field (SS) to
specify the 4-bit lock subcommand value. The two least-significant bits of the command
specify the two most-significant bits of the lock subcommand; the two least-significant bits of
the address specify the two least-significant bits of the subcommand.

The two next-more-significant bits in the address (aa in table 8) specify the first quadlet-
aligned address of the data; the two next-more-significant bits in the command (ff in table 8)

sp

ecify the last quadlet-aligned address of the data.

TH
ca
sh

Fd

thgese subcommands, a byte-significance specification is needed to correctly-determine t

di
sy
LI

significant).

Ld
h3

within the two halves of the packet's 16-byte data field, as/illustrated in the request portion

fig

Fd
th
th

subaction are illustrated, one for each quadiet address.

e MASK_SWAP, COMPARE_SWAP, FETCH_ADD, BOUNDED_ADD, and WRAP_ADD (sU
mmands shall be supported by SCI memory controllers. The LI TTLE_ADD subcomma
ould be supported and one vendor-dependent subcommand may also be implemented.

ur lock subcommands involve addition of multiple-byte entities (quadlets,06r)0ctlets);
ection of byte-carry propagation. For the FETCH_ADD, BOUNDED_ADD, and WRAP_A

bcommands, a big-endian byte-significance is assumed (byte 0 is most significant). For t
TTLE_ADD subcommand, a little-endian byte-significance is assumed (byte 0 is led

ck transactions are constrained to access aligned quadlets-and octlets. To simplify t
rdware implementation, the least-significant bits of data”and arg values are right justifi

ures 54 and 55.

r a quadlet lock access, old is returned in one(of four data positions. Figure 54 illustrat]
b format of the 16 bytes in the lock transaction request and response packets; the format
b request subaction is independent of the’;data address. Four formats for the respon

request (quadlet)

data arg

32 32 32 32

command/addr(Isbs)
ffsSS/aass response (quadlet)

00Ss/
00ss old

01ss/
Olss old

b_
nd

or
he
DD
he
\St

he
ed
of

es
of
Se

108s/
10ss old

118s/
llss old

Figure 54 — Selected-byte locks (quadlet access)

For an octlet lock access, old is returned in one of two data positions, as illustrated in
figure 55.
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request (octlet)

data arg

64 64

command/addr(Isbs)
ffsSS/aass response (octlet)

01s8s/
00ss old

TH
ar

3.

TH
m
st
DI
DI
tre
te

W,

expected to primarily use nread64 transactions. For unaligned transfers the first and la
bad64 transactions are likely to contain unneeded data, but using the smaller readsb
nsactions to transfer only the needed data would generally be more complex and less

nr
tra
ef
th

118s/
10ss old

Figure 55 — Selected-byte locks (octlet access)

d 55) are undefined and shall be ignored.

1.3 Unaligned DMA transfers

e serial version of SCI is expected to be used for interconnecting distributed systems th

nsfers to unaligned addresses, to efficiently support smaller transfers used for network-
minal-transfer traffic.

hen transferring noncoherent data from~\memory to a peripheral, a DMA controller

icient. This use of nread64 transactions is illustrated in figure 56; the shaded portions
b blocks illustrate which data addresses are involved in the transfers.

read data-transfer direction

AA

first intermediate final

nread64 N*nread64 nread64

(crossing 16-byte aligned blocks)

(within 16-byte aligned block)

If

readsb

Figure 56 — Expected DMA read transfers

nread256 transactions are supported, they may be used instead of nread64 transactions.

e unselected data in lock requests and responses (illustrated as blank boxes in figures p4

at

hy be based on the parallel version of the SCI standafd or on (e.g.) bus-backplahe
hndards. In distributed systems many of the transfers/between subsystems may be large
MA-initiated transfers with cache- or page-alighed addresses and lengths. Although mahy
MA transfers are expected to access pages at page-aligned addresses, SCI also suppofts

or

is

\St

of

A single readsb transaction is expected to be used for small DMA transfers that are contained
within a 16-byte aligned address block. The readsb transaction is more efficient than an
nread64 transaction, and transparently supports DMA transfers to memory-mapped control

re

gisters (which may not support nread64 transactions).
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When transferring noncoherent data into memory from a peripheral, a DMA controller

is

expected to use writesb, nwritel6, and nwrite64 transactions. For a poorly aligned transfer,
the first transfer would use a writesb transaction to modify data up the next 16-byte-aligned
address. The next transfer would use up to three nwritel6 transactions to modify the data up

to the next 64-byte-aligned address, as illustrated in figure 57.

write data-transfer direction

intermediate

writesb nwrite16 N*nwrite64 3*nwrite16 writesb

(crossing 16-byte aligned blocks)

(within 16-byte aligned block)

writesb
Figure 57 — Expected DMA write transfers

Infermediate transfers are expected to use the more efficient nwrite64 transactions. The fir
trgnsfers are expected to use up to three nwritel6 transactionsto modify data up to the fin
14-byte-aligned block. The final writesb transfer is expected' to modify data up to the fin
byte-aligned address.

A [short transfer that is entirely contained within a 16-byte-aligned block shall be perform
uging a single writesb transaction.

Nodes that support nwrite256 may use them in the intermediate phase, using nwrite
transactions to reach a 256-byte-aligned boundary.

=

Writesb transactions are sufficient to.implement the entire write transfer, but are significant

less efficient. Similarly, writesb may be used with nwritel6 transactions to implement a les
efficient write transfer.

System efficiency can bé improved in some applications if intermediate bridges are given

sdme hints that let them, prefetch or buffer data in the intermediate phase of a DMA transf
ag described in the fohowing subclause.

3.4.4 Alignedrblack-transfer hints

Tq improve)performance for intermediate 64-byte (or optionally 256-byte) aligned da
transfersitransaction encoding space is provided for the DMA controller to communicate
infentto intermediate bridges, which may prefetch data, basing their prefetch decisions on t
DMA-controller's announced intent.

al
al
al

64

y
S_

D
=

ta
its
he

Hints also indicate that other nodes are not expected to use or modify the data while it

is

being transferred. For read transfers a bridge may safely prefetch data (which would become
stale if they were modified later). For write transfers a bridge may pre-purge data (i.e., discard
modified cached copies), if the purged data are eventually updated by the subsequent

transactions.

The 5-bit data-transfer hints conveyed in the 5 least-significant address bits (see table 8) are
provided for noncoherent 64-byte and 256-byte data transfers (nread64, nread256, nwrite64,
and nwrite256). These long transfers have five phases, first, start, continue, near, and last.
For the first, start, continue, and near phases, three of the data-transfer hint bits specify a

phase-length parameter N (in multiples of the transaction size). The transaction comma
specifies the parameter B, which is the block size of the individual transactions.
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A data-transfer hint shall only be used on a transfer to a contiguous range of physical

addresses, and the phase-length parameter N shall be the same for all transactions within t

he

transfer. When hints are provided, a normal transfer shall consist of a first transaction, a start
phase containing N — 1 transactions, a variable-length continue phase, a near phase with

N — 1 transactions, and a 1l-transaction last phase, as illustrated in figure 58.

data-transfer sequence 64/256
start continue near
N'B M*B N'B

Figure 58 — DMA block-transfer model

While performing transactions within the transfer, the number of simultaneously,-outstandi
transactions shall be limited to N, and the transaction at address A+N*B shall not be initiat

ng
pd

urtil the transaction at address A has completed. A data transfer may be prematurely

tefminated at any point (the start, continue, near, and last phases are therefore optional).

Bridges may use these transaction hints to prefetch read data or‘o concatenate writes in

larger blocks. Note that prefetch algorithms shall tolerate out-of-arder transaction delivery;

a |congested system, flow control mechanisms may reorder ‘transactions before they 3

adcepted by the bridge.

The behaviour of a simple prefetching bridge, when processing read transactions to address
is|expected to be as follows: During the start phase, previously prefetched data at address
arp not used and previously prefetched data at addresses A and A+N are discarded. During t
cgntinue phase, previously prefetched data at address A are used and data are prefetched

address A+N. During the near phase, previously prefetched data at address A are used a
ddta are not prefetched for address A+N. During the last phase, previously prefetched data
address A are used and all transfer-relatedprefetch resources are released.

The behaviour of a simple prefetching bridge, when processing write transactions to addre]

A,lis expected to be as follows:.During the start, continue, and near phases, a write throu
the bridge is delayed until thetnext transaction (with the next larger address) is accepted
the bridge (or until a short timeout period); this provides the opportunity to merge four shor
64-byte writes into one lognger 256-byte write transaction, for example. The write transacti
in[the last phase is me&rged with previously buffered packets, but the emptying of this merg
bdffer is not delayed:

Note that any dransfer may be terminated early, when a short data transfer terminates or af
a DMA-controtler failure. For a short DMA transfer (when the number of transferred bytes
les$s than<the number requested) the near phase can be eliminated. In normal operation, t
lagt phase is expected and can be used to improve bridge performance. However, t
tefminating near and last phases should only be used to improve the bridge's read-prefetch

wilité-merge performance, since they cannot be relied upon to correctly terminate transfe¢

Aa

or
nd
at

Ss
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er
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he
he
or

related prefetch activity.

The 5 least-significant bits of the transaction address uniformly specify block-transfer hints

for noncoherent nread64, nread256, nwrite64, and nwrite256 transactions, as specified
table 12.

in
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Table 12 — Noncoherent block-transfer hints

bbbbb phase phase-length description
(N)
00000 - none no data-transfer hints
XX001 (below) 1 data transfer, shortest prefetch
XX010 (below) 2 data transfer, short prefetch
XX011 (below) 4 data transfer, short prefetch
XX100 (below) 8 data transfer, short prefetch
XX101 (below) 16 data transfer, short prefetch
XX110 (below) 32 data transfer, short prefetch
XX111 (below) 64 data transfer, longest prefetch
00nnn first nnn first contiguous data transfer
0lnnn start nnn starting contiguous data transfer
10nnn continue nnn continue contiguous data transfer
11lnnn near nnn near end of contiguous data transfer
11000 last - last contiguous data transaction
01000 reserved - not used, reserved for othefr,types of hints
10000 reserved - not used, reserved for*other types of hints

3.

M
ng
th
tra
of

1)

2)

3)

.5 Move transactions

end-to-end delivery confirmation. Since there<is no response to confirm when or wheth
b request has been delivered, higher-leveltprotocols are needed to confirm that mo
nsactions have completed successfully. These higher-level protocols are beyond the sco
the SCI standard, but could include the-following:

Time delays. Some types of data; such as video or some kinds of physics data, are Ig
tolerant, in that the data are still'useful when small portions have been lost. A fixed ti
delay may be provided for such transfers to complete; after that time delay, late-arrivi
data will be discarded.

Requester credits. The-requester moves the data to the responder, up to an amol
established by its credit value. When a sufficient number of move transactions has be
received and processed the responder directs a write transaction to the requester th
increases the eredits for the requester.

Constrained,ordering. For certain configurations, all transactions with the same reques
and respender ringlets will be routed on the same path through intermediate switches
bridges, ‘called agents. The agents may be designed to flush previously-queued mo
subaetions before forwarding read or write subactions with the same requester node
value (as specified by the request subaction's sourceld value). To preserve order, t
move subactions would be forwarded (and discarded from the agent's queues) before t

pve transactions are acknowledged by an echo (for the purposes of flow control), but haye

er
ve

pe

nt
on
at

er
or
ve
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he

forwarding of the fottowimg Teador write subaction s mitiated:

To improve their performance when constrained ordering (3) is provided, DMA command
architectures may have the capability of using move transactions for all but the last
transaction in large DMA transfers. However, the DMA command architectures should allow
this feature to be selectively disabled (on an address-block basis) in configurations without
constrained ordering.

Errors are also harder to log and contain when move transactions are used. These error
logging and containment strategies are agent-architecture dependent and beyond the scope

of

the SCI standard, but could include the following:
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Error logging. The agent would log move-transaction errors when they are detected. The
error log could be periodically polled, or the agent could periodically interrupt a pre-
specified processor when this error log changes.

Error containment. After a move-transaction error is logged, an agent may disable further
accesses to the now-corrupted data. Accesses may be disabled on a global basis (all
accesses to the corrupted data are blocked) or on a selective basis (accesses from the

same requester are blocked).

3.4.6 Global time synchronization

TH
tra
sh
A

bg

Td

cgpable nodes also provide an arrived register. The clockStrobe packet-is generated by

cl
lo

fig

Fa
cr
bg
ag
m
ot

By
cad
ca
lo

€ Standard supports global clocK synchronization (referring to ume clocks, no
nsmission clocking), within the framework provided by the CSR Architecture. All SCInod
ould maintain local timers (formatted as 64-bit integer-seconds/fraction-seconds counter
clockStrobe (event00) packet provides the signal that maintains clock synchronizati
tween SCI nodes on the same ringlet.

support clock synchronization on SCI, all nodes provide a through register and the clog

Y

Rigure 59 — Time-sync on SCI

r the clock master, the through register measures the time between the clockStrobe packe
Pation and its transmigsion. For all other lincs, the through register measures the tir
tween the arrival andvdeparture of the clockStrobe packet. To minimize costs and imprg
curacy, the throughyregister is calibrated in terms of ringlet symbol times. For the clo
hster, the arrived-latch saves the clock value when the clockStrobe packet is created. H
ner lincs, the dtrived latch saves the clock value when the clockStrobe packet is received.

analyzifig)the latched values of the arrived and through registers, and knowing the physig
nnection® delays (cable lengths, etc.), software can make all clocks consistent and c
mpensate for frequency drifts between nodes in the system. For the purposes of clock-ti

ta
S

5).

on

k-

bck-master (one on each ringlet, assigned by software), is routed” through the other
cal nodes, and is ultimately stripped when it returns to the clock\master, as illustrated|in
ure 59.
clock master other slave clock slave
discard pass-through pass-through
create A
arrived arrived —
— through — through = — through =
stop start Y stop start ' stop start
Y -¢ -¢

t's

ve
ck
or

al
AN
he
to

hging, the precise arrival and departure time of the clockStrobe packet shall be defined

be-at the trailng edge of 1ts CRC symbol.

Multiple-linc switch nodes require additional resources for routing clockStrobe signals
between SCI ringlets. See the C code for details.
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3.5 Elastic buffers

3.5.1 Elasticity models

An SCI node usually has its own clock (referring now to data transmission clocking, not time
clocks), which is approximately (but not exactly) the same frequency as the clock of any other
node attached to the same ringlet. Since the clocks on separate nodes will drift in phase over
time, symbols will sometimes need to be deleted (when the received clock is faster than the
internal clock) or inserted (when the received clock is slower than the internal clock). The
symbols that are inserted or deleted are idle symbols, which can only be between packets,

(ekcept that the Ilast symbol Of a Sync packet may also be deleted). These are called elasticjty
symbols

Note that SCI nodes are entirely synchronous, and that data transmission_is_-"sourge-
synchronous". The only asynchronous part of SCI is in the first stage of the recgéiver, whdre
th he
remainder of the node. The sync packet provides enough information-for a receiver [to

wihich would slow them enormously. However, data receivers must be carefully designed |to
cdmpensate for incoming clock phase drifts and to ensure“that sampling latches never halxé
their setup and hold time specifications violated. Metastable responses of receiver latch

tra
of

T

n last for many bit times, so they must be avoided. except, of course, during initializatipn
ining of the link. Synchronous operation also greatly simplifies the operational descriptipn
the node, allowing its behaviour to be simulated\with great confidence.

guarantee a sufficient number of deletable idle symbols, a packet is never transmitted

without at least one idle symbol separating it from the previous packet, and an idle symbol|is

pa
de
al

Id
sh

stpended to any packet that is sent, uniess the bypass buffer is full. Any idle symbol can pe
leted as necessary, but some of.the information it carried must be saved for use by the
ocation protocols.

e symbols are deleted or~ifiserted by means of an elastic buffer at the SCI input port jas
own in figure 60.

out in 4

<
-

send receive
queues queues

requests &
responses
requests &
responses

-

- MUX

AA

bypass FIFO [« elastic |
buffer

Figure 60 — Elasticity model
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The input data synchronizer, which is responsible for the insertion and deletion of elasticity
symbols, contains a multiple-tap two-symbol delay element (of length 2 T, where T is the
duration of one symbol). A symbol is inserted when the delay is increased by T (tap a to b, as
shown in figure 61), and a symbol is deleted when the delay is decreased by T (tap b to a).
The shading illustrates the delay ranges that have different effects on the insertion and
deletion of idles. A typical implementation of this delay element might be sixteen taps to
provide a total delay of two symbols.

2-symbol delay B —

b_ynb'u' SCI
input ’ idle b a input
1 MUX |=

Figure 61 — Input-synchronizer model

clock, and a different tap is selected from time to time to ensure that'the input data are neyer
sgmpled near a transition. Thus, as the relative phases of theCtwo clocks drift, the thp
changes and the delay in the elastic buffer varies. The elastic-buffer protocols are robust,|in
that they can support an arbitrary number of nodes on each ringlet.

D}ring normal operation the received data clock is monitored and compared with the nod¢'s
I

3.p.2 Idle-symbol insertions

If the received clock is consistently slower than the naede's clock, the delay will decrease apd
eventually reach zero. When this happens, the tap.€hanges from a to b, which inserts an idle
symbol and increases the delay by one symbal,vas illustrated in figure 62. Idle insertion|is
inhibited within packets.

1) Before insert (time =t +Q) 2-symbol delay o —

- idle b a

D -
\<

2) During-insert (time =t + 1) 2-symbol delay e —
| g— idle b a
— " |«
<
Sy Afterimsert(time =1+ 2) 2-symboldetay — w——
— idle b a
- -
-

Figure 62 — Idle-symbol insertion

An idle symbol need not actually be inserted; an internal label (see 5.2.2) can be used to
mark the input symbol for equivalent special processing by other parts of the node.
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3.5.3 Idle-symbol deletions

Similarly, if the received clock is consistently faster than the node's clock, the delay will
increase and could eventually reach two symbols. Before this happens, the tap changes from
b to a, which deletes an idle symbol and decreases the delay by one symbol, as illustrated in
figure 63. To avoid packet corruption, the idle deletion is only performed when the previewed
symbol (at tap a) is known to be a deletable symbol (an idle or a sync-packet symbol). The go
bits from deleted idles (which affect bandwidth allocation) are saved.

le-diseard-{(time-=—++0) 2-symbel-delay——

— idle b a
-4 -
-

Save go bits ~agm—

2) After idle discard (time =t + 1) 2-symbol delay ]

— idle b a
D -
~— >

Figure 63 — Idle-symbaol deletion

T avoid frequent insertions and deletions when the input and local clocks are closgly
matched, the idle deletion process is inhibited until the accumulated delay has exceedpd
5/4T.

A lsimilar form of symbol deletion may, be performed on the trailing symbol of a sync packet,
which is sent periodically between.adjacent nodes on the ringlet. Since this may provideg a
stficient number of deletable symbels, particularly when nodes on one backplane share the
same clock, the idle-symbol deletion capability is optional.

If [sufficient idle symbols were not present, the deletion process could be inhibited until the
two-cycle delay limit is.exceeded. The node would lose data synchronization and the ripg
waould need to be cleared and re-synchronized. To avoid this problem, the idle symbol at the
end of every packet-is reserved for elastic-buffer uses. (It is never deleted for allocatidn-
related purposes.)-Also, nodes should re-insert idles between back-to-back packets, unless
their bypass buffers are full.

3.p Bandwidth allocation

Computer buses use an arbitration mechanism to determine which processor gets exclusive
and performance would degrade if only one active transaction were allowed on each ringlet at
any given time. Instead of arbitrating for exclusive access to the ringlet, SCl's protocols for
allocating ringlet bandwidth allow multiple nodes to transmit packets concurrently. This
bandwidth allocation protocol assures that all nodes are allocated at least a minimal
bandwidth (independent of their priority), while most of the ringlet's bandwidth is reserved for
nodes that have the highest active priority.

Bandwidth allocation protocols inhibit the transmissions of some nodes to ensure trans-
mission opportunities for others. The allocation mechanism minimizes latency and overhead
on an idle ringlet, while providing fairness and prioritized bandwidth partitioning.
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Bandwidth allocation controls access to the ringlet, but if many producers direct send packets
to the same consumer, the consumer may have insufficient space to queue all of these
packets. For example, several processors may direct a sequence of requests to the same
memory controller. In such a situation queue space, not bandwidth, is the limiting resource
and gueue-allocation protocols are needed to ensure that no producer is starved (i.e., there is
forward progress for all). Queue allocation protocols are discussed in 3.7.

Nodes may be fair-only, incapable of using the prioritized bandwidth, or optionally they may

be unfair-capable, capable of using the fair as well as the prioritized bandwidth. Note that a
system rnnt::ining nvr\lnci\/nly fnir-nnly nodes will share all the bandwidth fnirly; the 'r_\rntnr‘o|

dg

3.

Fs
to
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idle.hg, maintains fairness among highest nodes. In this clause, fai~bandwidth allocation
sumed and only one of the two go bits, idle.lg, is considered. Though every idle actually

as
F
re
hg
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th

idle, which is reserved for elasticity uses. On a\ightly loaded ringlet, this constraint rarg

de
ar
de

es not reserve prioritized bandwidth if no one needs it.

5.1 Fair bandwidth allocation

irness (among nodes in the same allocation-priority group) gives each node-equal acce
the ringlet, with no node preferred over any other. Fairness is enforced by round-rol
btocols, based on go-bits in idle symbols. Separate lo-go and hi-go bits, are provided,
rness between nodes in the lower and highest allocation-priority groups-can be maintain
jependently. The low-go bit, idle.lg, maintains fairness among lower\nodes; the high-go I

s an idle.lg bit, with value 0 or 1, for simplicity in the followingldiscussion only the value 1
erred to as an idle.lg bit and an idle that has an idle.lg-Value of O is referred to as 1
ving an idle.lg bit.

r a producer, send packets can only be transmitted\by postpending them to an idle symhk
At has an idle.lg bit (step 1 in figure 64). The transmitted packet is also followed by anoth

lays the transmission of send packets, sinee  most symbols are idles and their low-go b
b usually set. Only when the bandwidth approaches saturation does this constraint begin
lay transmissions.
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(1)
sendEnable =
idle.go;
output - - input
(idle.go == 1)
(2)
while (sending)
save.go |= idle.go;
Yy
save.go
output = E:\ input
(3)
while~<(not empty)
savesgo |= idle.go;

save.go

output = | E:\ input

(4)
if (done)
idle.go |= save.go;
save.go
output - | ’/ - input
p p

Figure 64 — Fair bandwidth allocation

When a transmission~starts, forwarding of additional idle.lg bits is delayed (and the node|is
sgid to be blocked) until the node empties its transmit buffer and bypass FIFO. During this
time consumabfte’idles (those that follow another idle and have idle.lt==1 or idle.ipr==0) 4gre
discarded and their go bits are saved. Other packet symbols and nonconsumable idles gre
sgved in_the bypass FIFO, whose contents may increase while the send packet is beihg
transmitted (step 2) and decrease after the transmission has ended (step 3).

In"Hfrgure 64 gu*Tefersto—ig-orthy ' ——whicharetreated—smmitarty—FhereTs—amimtermatgo
bit (save.lg) that is set to one when an idle with idle.lg set is consumed. Thus these incoming
go bits are never discarded, but multiple go bits are sometimes merged into one.

The forwarding of idle.lg bits to the node's downstream neighbours is stopped (inhibiting
additional transmissions from them) until the producer's transmission (of the packet it sent
and of any symbols in its bypass FIFO) has ended. After the transmission ends, the saved go
bit (save.lg) is released and put into the next idle symbol (step 4 in figure 64).
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After a go bit has been released, it is extended into the immediately following idle symbol.

A

set idle.lg bit in one pass-through idle is extended so the idle.lg bit in the following output idle
symbol is also set. These go bit extensions (which are also performed on the idle.hg bits)

eventually fill the idle space between packets. Thus go bits fill an idle ringlet, reducing laten
for access to a lightly loaded ringlet, yet act somewhat like a token that precedes a packet.

cy

The go-bit extensions should be performed by the transmitter portion of a node, so the

extended go bits can be used to quickly re-enable additional send-packet transmissions.

Wi ;
cdunt bit (idle.ac) within the idles that pass through it, by replicating the previous idle:
lue. The new allocation-count value passes through the node when the transmit buffer a
bylpass FIFO are empty and the node is re-enabled to send (step 1). By properly inhibiting t
cifculation of this idle.ac bit, changes in its value indicate that all local producerschave had
ofdportunity to transmit (or re-transmit) their queued packets. These changes are“monitored
the consumers, to detect failures in expected retransmissions.

3.p.2 Setting ringlet priority

The go bits are used to allocate bandwidth fairly among produce¥rs)in the same bandwid
allocation priority class. However, the highest-priority producers_ are allowed to consume mg
bgndwidth than lower-priority producers. To implement, this bandwidth partitionin
mechanisms are provided to dynamically determine the <highest currently active produd
prjority, the ringlet priority. Each node maintains its own/view of the current ringlet priori
bdsed on its own priority and other priority informationJit observes in passing packets or ig
symbols. The idle field idle.ipr distributes the ringlet priority determined by the node that h
the most up-to-date information, i.e., a node that has’just received an echo packet.

an-
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by

Re¢quest-send and response-send packets akeassigned 2-bit priorities when created. This

prjority is stored in the control.tpr field of the packet's header (see 3.2), which specifies t
pdcket's transaction-completion priority_ and is unchanged as the packet flows through t
system. The strategy used to select.the” control.tpr values is beyond the scope of the S
standard. A producer calculates a.ringlet-local send priority, command.spr, based on t
cantrol.tpr value of its queued packets (some of which may have a higher priority).

The concept of using a ringletlocal send priority (command.spr) that may be higher than t
trgnsaction’s priority (control.tpr) is often called priority inheritance. When transaction orderi
cannot easily be changed;-high priority packets temporarily increase the effective priority of t
pdackets that block them.-The original transaction priority is restored when the transaction mov
tolanother consumer‘queue where it is no longer blocking other higher-priority packets.

The ringlet prigrity level is established by unfair-capable producers, based on their calculat
cdmmand.spr’values. As symbols pass through a blocked producer, this value is inserted
place of smaller command.mpr fields in send and echo packets and smaller idle.ipr fields
idle symbols, as illustrated in figure 65.
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blocked
output
entry

output -—— ~—— input

| send or echo packet
-4 |=1

command.mpr = Max (command.mpr, node.spr);

idle symbol

| <
4 I‘

idle.ipr = Max(idle.ipr, node.spr) ;
Figure 65 — Increasing ringlet priority

In|the absence of some other priority-reduction mechanismy, thé ringlet priority would sopn
increase to the highest priority of any previously blocked~producer. To avoid this priorjty
egcalation, nodes are responsible for restoring the ringlet{priority when their echo packets gre
refjurned. When the producer's echo is returned, thesmaximum of its command.mpr apnd
cgmmand.spr fields is saved for insertion into the idlelipr field of subsequent idle symbaq|s.
This continues, as illustrated in figure 66, until the next send or echo packet is observed. This
prpcess quickly reduces the ringlet priority level.to-the most-recently sampled level.

last input
was my
echo

output.~— ~—— input

idle symbol
3 B y

idle.ipr = Max(node echo.mpr, node echo.spr);
Figure 66 — Restoring ringlet priority

The~command.spr field in the echo, which is set to the send packet's command.mpr valpe

WI aptha achao 1o oraatad nrovidoac tha maav i Af nada neiaritine 1 tha cand naol Atic nfth
rermmre— et oo CreotC O P rov ot oot o O oot P oo C o trie—SCTo—pPaCitC o PT

from the producer to the consumer. The command.mpr field in the echo, which is cleared
when the echo is created, provides the maximum of the node priorities in the echo-packet's
path from the consumer to the producer. (Note that event packets require special treatment
because they have no echo. See the C code for details.)

These two segment priorities are kept separate to enable optimization of the performance of
pipelined bandwidth allocation, where producers send most packets directly to their
downstream neighbours. On such pipelined systems, the cumulative bandwidth may be much
larger than provided by any individual link (the send-packet bandwidth can be reused after the
send packet is stripped by the consumer). The command.spr and command.mpr fields are
intended to support such pipelined bandwidth-allocation protocols, which are planned for
future extensions of the SCI standard.
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3.6.3 Bandwidth partitioning

The priorities of the nodes on the ringlet are divided dynamically into two allocation groups: the
highest, consisting of all nodes having effective priority equal to or greater than their estimate of
the ringlet priority, and the lower, consisting of all nodes. A goal is to apportion most of the
bandwidth to the highest allocation group, while ensuring forward progress by leaving a residual
bandwidth (which is partitioned fairly) for the lower group. Note that these groups are not
mutually exclusive, as all nodes in the highest group are also in the lower group.

To implement the partitioning of ringlet bandwidth, two classes of idle symbols are created:
high-type (idle.lt=0) and low-type (idle.lt=1). Allocation priorities restrict the consumption ]of
these low- and high-type idles. The ratio of available low-type and high-type idles’|is
influenced by the way these idles are created when send or echo packets are stripped frgm
the ringlet. Fair-only nodes create only high-type idles, as illustrated in figure 67, where the
gyantities in square brackets represent the number of symbols.

packet
being
stripped
output -—— <—— input
echo[4] sendN]
-
idle-hi[N-4]
idle-hi[4] echo[4]
- -

Figure 67 — Idle>symbol creation, fair-only node

Unfair-capable nodes are responsible for maintaining a mix of high-type and low-type idlgs.
This mix is created by conyerting each subaction into many high-type idles and two low-type
idles. A send packet, when stripped by the consumer node, creates an echo packet and many
high-type idles, as illustrated in figure 68. An echo packet, when stripped upon returning|to
the producer node, is:cenverted into a mix of high-type and low-type idles.
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packet
being
stripped
output -—— ~—— input
echo[4] send[N]
~
idle-hi/lo[N-4]
idle-hi/lo[4] echo[4]
- -
idle-hi/lo[N] send[N]
- .

(internal echo)
Figure 68 — Idle-symbol creation, unfairscapable node

When the producer and consumer are the same node-(a node transmits a send packet|to
itdelf), stripping the send packet creates many high-idie symbols and a few low-idle symbo]s.
This ensures the same ratio of low-type and high<type idles whether the producer and the
cgnsumer are the same or different nodes.

When prioritized packets are being sent, Unfair-capable nodes (which consume most of the
bgndwidth and produce most of the idles) establish the ratio of low-type to high-type idlgs,
which determines the proportion of the-bandwidth available to the highest-priority and lowgr-
prjority producers.

Fgir-only producers have to_‘consume idle symbols to empty their bypass FIFOs, which mjay
hgdve accumulated part or-alLof an incoming packet while the node was transmitting. To avgid
cgnsuming bandwidth alleecated to the highest priority group, fair-only nodes only consume
high-type idles when_ithe ringlet priority is zero, as illustrated in figure 69. Other
(npnconsumable) idles’are put into their bypass FIFOs, as are any packet symbols.

bypass
not empty

oUpIT < .=: <~

|< idle.lt || idle.ipr == 0

Figure 69 — Idle consumption, fair-only node

The consumption properties of an unfair-capable node are determined dynamically based on
the node's consumption mode. Depending on its previous history, a producer may be able to
only consume low-type idles (lower priority, fair), high-type idles (highest priority, unfair), or
both (highest priority, fair), as illustrated in figure 70.
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bypass
not empty
output -—— .4— ~—— input
(lower priority, fair) -
idle.lt || idle.ipr == 0
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TH
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sh
TH

(highest priority, unfair) -
tidle.1lt

highest priority, fai
(highest priority, fair) all idles

Figure 70 — Idle consumption, unfair-capable node

e preceding discussion was simplified for clarity. To further improve performance,
fair-capable node consumes all idle symbols regardless of theirtype to empty its bypa
O, which may have accumulated part or all of an incoming packet. The desired selectiy
nsumption behaviour is approximated by increasing a debt’counter when a nonconsumah
pe of idle is consumed. After the bypass FIFO has emgptied, the type of passing-throu

Jes is converted until the debt has been repaid. This_behaviour reduces the ringlet laten

used by storing symbols in the bypass FIFO.

ringlet's priority and the availability of go bitsscan change dynamically, so the nods
nsumption restrictions may be changed whilg the send packet is being sent or before t
ho packet is returned. Since any given node,only knows the priority state of the ringlet as
me earlier time, it cannot make ideal allecation decisions. As a result, priority has only
nor effect on latency, but eventually affects the bandwidth allocation.

6.4 Types of transmission progtocols
e simpler pass-transmission protocol may be used by nodes that support only f

all be used by nodes {that support unfair transmissions (priority influences these node
ese protocols are€ )interoperable, and provide cost/performance tradeoffs to t

implementor. The pass transmission protocol is simpler, but limits the node to a single o

st
ar

hnding nonprigritized transaction, and does not support idle insertion/deletion (sync packs
e the only jsource of elastic symbols). The low/high-transmission protocols are md

expensive, but-have higher performance and can support other options.

TH
de

e pass:transmission protocol involves saving nonconsumable idles in the bypass FIFO. T
bt<transmission protocol involves discarding idles after merging their critical information in
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nsmissions (i.e., priority has no influence on these nodes). Low/high-transmission protocols
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e saveldle symbol.

3.6.5 Pass-transmission protocol

For the pass-transmission protocol, an output buffer is used to hold a packet that is ready for
transmission, a bypass FIFO holds portions of packets that arrive during the transmission, an
output multiplexer selects between these two symbol sources, and an idleMerge block merges
and/or saves bits from received idle symbols. The idleMerge block includes storage to save
an idle symbol, saveldle, as illustrated in figure 71.
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- idleMerge [ bypass FIFO
(savedldle)

»
-

w
trg
pr
trg
p3

W
trg

Figure 71 — Pass-transmission model (fair-only node)

hen a fair-only node has recovered from its previous transmission, the node's ng
nsmission may begin immediately after it has output an idle symbol having idle:lg set. Th
pvious idle is copied into saveldle, for creating an idle symbol that can be postpended to t
nsmitted packet. The ready-to-transmit condition and the saving of~these idle-symk
rameters is illustrated in figure 72.

if (idle.lg)
transmit();

- idle symbol input/output

RN

A

ideMerge [* bypass FIFO f«———

Figure 72 — Rass-transmission enabled

hile the packet is being trapsmitted, arriving input symbols are saved for delay

c
id
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W%vich may increase in stered-symbol content as the packet is being transmitted.

nsmission. A packet symbol -or'a nonconsumable idle is placed in the bypass FIFO (

nsumable idle (either idlé.lt is 1 or idle.ipr is 0) is not inserted into the bypass FIFO, but
e.lg, idle.hg, and idle.old bits are merged into the saveldle symbol (2) and the number
mbols in the bypassFIFO remains unchanged, as illustrated in figure 73.

brging the idleslg-and idle.hg bits involves ORing them into the saveldle symbol (these b
b selectively set). Merging the idle.old bit involves ANDing the bit with the saveldle symh
is bit is selectively cleared).

mediately after the packet has been transmitted, the current saveldle symbol is postpend
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it.-From the perspective of incoming symbols, the saveldle symbol extends the pack
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After the postpended idle has been sent, there may be one or more symbols in the bypass
FIFO. The bypass FIFO is emptied until the node has recovered from its previo
transmission. During this time, an incoming packet symbol or a nonconsumable idle is placed
in the bypass FIFO (1), leaving the number of symbols in the bypass FIFO unchanged. A
consumable idle (either idle.It is 1 or idle.ipr is 0) is deleted (2), decreasing the number of
symbols in the bypass FIFO. The idle deletion process involves saving the idle.lg, idle.hg, and

idl

e.old bits, as illustrated in figure 74.
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/ { 1) nonconsumable input
“Ea
idleMerge

/ { 2) consumable input
idleMerge . C ‘

idle.lg, idle.hg; idle.old

Figure 73 — Pass-transmission{active

outputBuf

1) nonconsumable-idle input

<——
O —
idleMerge

outputBuf

2) consumable-idle input

-
\ —
idleMerge - ‘

idle.lg, idle.hg, idle.old

A

Figure 74 — Pass-transmission recovery

After the bypass FIFO has been emptied, the node is again free to transmit by postpending
another packet to an output idle symbol, as previously illustrated in figure 74.
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3.6.6 Low-transmission protocol

3.6.6.1 Low-transmission model

The low-transmission protocol is used for the lowest-priority packets and is occasionally used

when sending the highest-priority packets (to ensure a small amount of fair bandwidth).

A

high-transmission protocol is generally used when sending the highest-priority packets. The
low-transmission protocol utilizes similar components to the pass-transmission protocol, but

they are used slightly differently.

Diring packet transmission, low- and high-transmissions delete incoming idles to quic
reduce the storage in the bypass FIFO (which reduces the ringlet latency). Thus, theré is
nged to modify the idles passing through the bypass FIFO, as illustrated in the fanetio
blpck diagram of figure 75.

outputBuf

A

bypass FIFQ

A
xcZ
A

A

idleMerge

Figure 75 — Low/high-transmission model

When the producer sends its packet, its bypass FIFO may become nonempty because
stpres packet symbols received while sending® The producer uses any idles it receives

empty the bypass FIFO quickly, but accumulates a debt when the wrong type of idle|i

cansumed; subsequent producer transmissions are affected by the accumulated debt.

The behaviours of the low/high-trafsmission and pass-transmission protocols are similar, K
the performance of the pass-transmission protocol is worse. The remainder of this clau

discusses the low-transmission _protocol; the high-transmission protocol is described in 3.6.8.

3.p.6.2 Low-transmissionyeénabled

When a producer has-tecovered from its previous transmission, the low-transmission protoq
allows the producers next transmission to begin immediately after an idle symbol has be
oJtput and idle.lg was set. That previous idle is saved for post-pending to the transmitted id
The ready-to-transmit condition and the saving of these idle-symbol parameters is illustrat
inffigure 76
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if (idle.lg) -: idle symbol input/output
transmit();

- bypass FIFO

A

idleMerge |«

»
!

Figure 76 — Low-transmission enabled
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3.6.6.3 Low-transmission active

While the packet is being transmitted, input symbols are saved for delayed transmission. A
packet symbol is placed in the bypass FIFO (1), which increases the number of symbols
saved in it. An idle symbol is not inserted into the bypass FIFO (2), but its idle.lg, idle.hg and
idle.old bits are saved in the idleMerge block and the number of symbols in the bypass FIFO
remains unchanged, as illustrated in figure 77.

{ 1) packet symbol input
- .__>_> -«

idleMerge

2) any idlelinput
Pam =
|

idle.lg, idle.hg, idle.old

idleMerge

A

(debt may increase)

Figure 77 — Low4bansmission active
A debt is accumulated that counts how, many hi-type idles have been unjustly consumed.

Infmediately after a packet has been transmitted, a saveldle symbol is postpended to it. This
sgveldle value was initialized hy'the idle symbol preceding the packet transmission.

3.6.6.4 Low-transmissioh,recovery

After the postpend idle;has been sent, there may be one or more symbols in the bypass FIFPO.
The bypass FIFOc¢is emptied until the node has recovered from its previous transmission |or
another packet ©as been output. During this time, any incoming packet symbol is placed|in
the bypass FIRO (1) and the number of symbols in the bypass FIFO remains unchanged. An
incoming idle(is deleted (2) and the number of symbols in the bypass FIFO decreases. The
idle deletion” process involves saving the idle.lg, idle.hg, and idle.old bits, as illustrated|in
fiqure,78:
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outputBuf 1) packet symbol input
R — - .
idleMerge
outputBuf 2) any idle input

T
\

_ S

idle.lg, idle.hg, idle.old

A

idleMerge |«

(debt may increaseg)

Figure 78 — Low/high-transmission recovery

The debt value is increased when consuming each second<4hrough final consecutive idle, if fjts
idle.1t is 0.

3..6.5 Low-transmission debt repayment

After the bypass FIFO has been emptied, accumulated low-consumption debts are reduced|or
cancelled. During the repayment phase, ¢packet symbols pass (1) through the nofe
urimodified. However, the type of idle symbols may be changed and the consumption debt
reduced as idles pass (2) through the node, as illustrated in figure 79.

outputBuf 1) packet symbol input
-] =< bypassFIFO |«——

idleMerge

outputBuf 2) any idle input

bvnassEIEQ
J T

A

idleMerge |-

idle.lg, idle.hg, idle.old

(debt may decrease)

Figure 79 — Low/high-transmission debt repayment
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A low-consumption debt is reduced by 1 when a low-type idle is converted into a high-type
idle (by setting the previously zero idle.lt bit). This low-consumption debt is cancelled when
the idle.ipr priority is no larger than the node's transmission priority. Further transmissions are
disabled until the low-consumption debt has been reduced to zero.

3.6.7 Idle insertions

During the active and debt-repayment phases, idles are re-inserted as back-to-back packets
pass through the bypass FIFO. The value of these saveldle symbols may have been affected

by the idle.lg

idle.hg, and idle.old bits within idles that were consumed during the packet

trg
st

ATl
Fl

brage in the bypass FIFO, as illustrated in figure 80.
outputBuf
4__ \
- idleMerge
outputBuf
4—— \
- idleMerge " |

nsmission. When this post-pend occurs, an incoming packet symbol (1) increases{

1) packet symbol input

C ST

2) any idle input

_

idle may increase the-lew-consumption debt.

3.
3.

TH
by

5.8 High-traismission protocol

5.8.1 High¥transmission enabled

pr

idle.lg, idle.hg, idle.old

(debt may increase)

Figure 80 — Low/high-transmission idle insertion

incoming idle symbol istmerged (2) with the previously saved idle, and leaves the bypal
FO storage depth upchanged, as illustrated in figure 80. However, the processing of this

e high-transmission protocol uses the same components as the low-transmission protoc
t the components are used slightly differently. When a producer has recovered from
pvious transmission _the high-trancmicainn prmnr‘nl allows the Inrnrlur‘pr'c next transmissi

he

ISS

DI,
its

n

to begin immediately after an idle symbol has been output and idle.hg was set. That previous
idle is saved for post-pending to the transmitted packet. The ready-to-transmit condition and
the saving of this post-pend symbol are illustrated in figure 81.
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if (idle.hg)
transmit(); -: idle symbol input/output
- bypass FIFO
- idleMerge |«

Figure 81 — High-transmission enabled

3.6.8.2 High-transmission active

While the packet is being transmitted, input symbols are saved for delayed transmission.
pdcket symbol is placed in the bypass FIFO, which increases the number-of symbols saved
it.[An idle symbol is not inserted into the bypass FIFO, but its idle.lg, idle.hg and idle.old b
arp saved in the idleMerge block and the number of symbols in.the bypass FIFO remai
urjchanged, as previously illustrated in figure 77.

A debt is accumulated that counts how many low-type idles*have been unjustly consumed.

A
in
ts

Infmediately after a packet has been transmitted, the 'saveldle symbol is postpended to it. This

saveldle symbol is a copy of the idle that immediately preceded the packet transmissid

From the perspective of the input symbols, the transmission of this saveldle symbol is treat
likle the transmission of the previous send-packeét symbols.

3.5.8.3 High-transmission recovery

After the postpend idle has been sent,)there may be one or more symbols in the bypass FIF
The bypass FIFO is emptied until the node has recovered from its previous transmission
arjother packet has been output.. During this time, any incoming packet symbol is placed

the bypass FIFO and the-number of symbols in the bypass FIFO remains unchangs

An incoming idle is deleted-and the number of symbols in the bypass FIFO decreases. T
id']‘e deletion process ,invelves saving the idle.lg, idle.hg, and idle.old bits, as previou
illlistrated in figure 78,

The debt value.is increased when consuming each second through final consecutive idle, if
e.ltis 0.

3.6.8.4 _High-transmission debt repayment

Afterthe bypass FIFO has been emptied, accumulated high-consumption debts are evaluatg

W =

n.
ed

or
in
d.
he

51y

its

no

longer used; a flag is set to ensure that low-transmission protocols are used on the next

packet transmission.
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3.7 Queue allocation

3.7.1 Queue reservations

When bus transactions are unified and never busied, fair arbitration protocols are sufficient to
ensure that all transactions eventually complete. However, when bus transactions are split
into request and response subactions, the queues on a shared consumer node may become
filled. When this occurs, send packets are echoed with a busy status and must be re-sent until
successful. Without a queue reservation mechanism, it would be possible for one producer to
be starved, always failing to get queue space, while others successfully compete with its

re

(f

Th
er
st

fies. This problem may occur with either request-send or response-send packets, whi
om an acceptance-queue perspective) are processed independently.

e queue-reservation protocols, which are a subset of the queue-allocationhprotoco
sure that retried send packets are eventually accepted. Input send-packet quéues have
hte register, whose state (SERVE_NA, SERVE_A, SERVE_NB, and SERVE, B)yaffects wh

sybactions are accepted and how they are busied. To illustrate how reseryations are utilizd

CQ
re

ch

s,

a
en
d,

nsider a consumer node whose input queue is being actively shared,"by producer nodes

uesterl and requester2, as illustrated in figure 82.
producer2 consumer producer1
SERVE_NA
- e r
(2) echo ¢1) send
command.bsy=0, command.phase=DOTRY
command.phase=DONE
SERVE_NA
o |
. e
(4) echo (3) send
command.bsy=1, command.phase=DOTRY
command:phase=BUSY_2A
SERVE_A
(5) (6)
SERVE_A
- i r
(8) echo (7) send
command.bsy=1, command.phase=DOTRY
command.phase=BUSY_B
SERVE_A
i B
(10) echo (9) send
command.bsy=0, command.phase=RETRY_A

command.phase=DONE

Figure 82 — Consumer send-packet queue reservations
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In this illustration, producerl initially sends a request-send packet (1) to the consumer, and it
accepted. The returned echo packet (2) indicates the send packet was accepted
(command.bsy is 0) without error (command.phase is DONE). This send packet temporarily fills
the consumer's input-send-packet queue.

is

Before the consumer empties its input-send-packet queue, another send packet (3) is sent by
producer2. The returned echo packet (3) indicates the send packet was not accepted
(command.bsy is 1) and should be retried with a RETRY_A command phase (command.phase
is BUSY_A). The consumer's state is also changed from SERVE_NA (accepting new and

R

TRY A anmnndc) to SERVVE_A, (nnr‘npfing nnI\J/ RETRY A nnmmnndc)

St
sF:
re
sh
qy
fo

P
pH
fo
ag

(in

TH
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id

At
SH
st
SH

TH
bu

ortly thereafter, the consumer's input-send-packet queue is emptied (5) and anotherse
cket is generated within producerl (6). When the new send packet is transmittedi(7), t
urned echo packet (8) indicates the send packet was not accepted (command.bsy is 1) a
ould be retried with a RETRY_B command phase (command.phase is BUSY-<B). Althou
eue space is available, the send packet is not accepted while the queue space is reserv
the previously busied send packet (which has an A label).

oducer2 eventually resends its previously busied send packet, using'a RETRY_A comma
ase. The consumer's state (SERVE_A) allows it to accept this ressent packet, which ensur
ward progress for producer2. When all previously busied RETRY_A requests have be
cepted, the consumer's state is changed to SERVE_NB; "new or RETRY_B reques
cluding those from producerl) will be accepted next.

e queue-reservation protocol cycles through the\queue states SERVE_NA, SERVE |
FRVE_NB, and SERVE_B. While in the SERVE_A and SERVE_B states, only RETRY_A a
FTRY_B send packets are accepted respectively{Fhis is a simple ageing protocol, where t
tsent packets from the oldest batch are aetepted first and the A/B labels are used
bntify the relative age of re-sent packets.

any time, the relative age of a packet is dependent on the reservation state. In t
FRVE_ A state, the (older) RETRY_A(packets are accepted before changing to the SERVE_
hte. In the SERVE_B state, the (older) RETRY_B packets are accepted before moving to t
FRVE__NA state.

e queue-reservation algerithm is controlled by the consumer when the subactions 3
sied, as illustrated in-figure 83.

nd
he
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cdlibrating timeout, see\3:9.2). The delay in switching from SERVE_A to SERVE_NB can

m
tin
or

Af
ch

qy

initialize
l SERVE_NA SERVE_B
/'NOTRY  —> DONE (free) \ /NOTRY  —BUsY D )
— BUSY_D (full)
DOTRY,RETRY_A DOTRY,RETRY_A
—> DONE (free ~
v (A Iﬁ?ll\ all Bs —>BUSY_A
BUSYA-L accepted
RETRY_B — DONE (free)
KRETRY_B 4 BUSY_A (err)/ \ 5 BUSY B (full)/
subaction subaction 4
BUSY_A BUSY_B
4 NOTRY  —BUSY.D ) /NOTRY  — DONE (free) )
—BUSY_D (full)
DOTRY,RETRY_B DOTRY,RETRY_B

y

— BUSY_B — DONE (free)

all As
accepted — BUSY_B (full)
RETRY_A — DONE (free)
\ — BUSY_A (fUIU \RETRY_A — BUSY_B (err)/
SERVE_A SERVE_NB

Figure 83 '<\A/B age labels

the SERVE_NA state any transaction is~accepted into an empty queue. However, as soon
send packet is rejected (BUSY_A is'returned), the queue state changes to SERVE_A a
ly RETRY_A requests (which aré the oldest retries) are accepted.

entually all A requests are accepted. This condition can be reliably detected by t
sence of another BUSY A transaction within an allocation opportunity interval (a s€

nimized if a counter-is used to count the number of busied sends. The (less efficie
heout is still needed; but is only invoked when the consumer's reservation counter overflo
when one of theproducer nodes is reset (which stops its retries).

fer all (previously busied) RETRY_A transactions have been accepted, the queue st3
anges<to SERVE_NB. In the SERVE_NB state any transaction is accepted into an emj
eug. \However, as soon as a packet is rejected (BUSY_B is returned), the queue stg

as
nd

he
If-
be
nt)
Vs

te

ty
te

ch

abhges to SERVE_B and only RETRY_B requests (which are the oldest retries) are accepted.

Separate state machines are required for the request and response queues, which are
processed independently to avoid queue-dependency deadlocks.

3.7.2 Multiple active sends

A high-performance producer may transmit more than one send packet before the first echo is
returned. Many of these may be active (sent, but no echo returned) with a command.phase
value of NOTRY. This allows a large number of new (not previously busied) send packets to be
sent concurrently and accepted on a first-come first-served basis. However, when NOTRY
send packets are busied by a consumer (which is in the SERVE_A or SERVE_B state or its
input queue is full), no reservations are made.

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

ISO/IEC 13961:2000(E) ~ 119 -
IEEE Std 1596, 1998 Edition

Although no immediate reservations are made for a busied NOTRY send packet, this packet is
eventually re-sent with a command.phase value of DOTRY. If this re-sent DOTRY send packet
is then busied, it is assigned a reservation and will eventually be accepted. To avoid abuse of
the reservation system (one producer reserving multiple queue entries) each producer shall
have at most one DOTRY request-send and one DOTRY response-send packet active
concurrently.

This constraint on re-send processing (which forces re-sent packets to be accepted
sequentially), ensures that reservations are allocated fairly between contending producers
(one reservation per producer) and limits the bandwidth overhead while send packets are
bging re-sent. Even with this iImplementation-model constraint, the NOTRY and DOTRY phaskes
gyarantee that a large number of sends can be concurrently active and every send-yill
eventually be accepted.

3.V.3 Unfair reservations

The queue-reservation protocols restrict the use of free queue space ,to ensure fairnelss
among contending nodes. On an unfair-capable node, these queue geservations may pe
bypassed for prioritized send packets, whose command.spr field is_greater than zero. The
algorithm used to select which prioritized send packets are accepted_is beyond the scope|of
the SCI standard.

Tq ensure at least a minimal amount of fairness, the queu€-reservation protocols shall pe
bylpassed for a limited number of successive send packets. For example, by applying the
regervation protocols to every sixteenth send-packet acceptance, every producer is ensurpd
sdme small fraction of the consumer's packet-processing bandwidth.

3.Y.4 Queue-selection protocols

The queue-selection protocols, which are~a subset of the queue-allocation protocols,
canstrain the transmission order for sengd,packets in a producer's output queues. For a fdir-
orlly node, the entries within the request-send and response-send queues are processed|in
FIFO order, with respect to other_entries in the same queue. The producer is required |to
sglect output entries from the réquest-send and response-send queues in an alternatihg
orfer, so that both queues are _serviced equally.

Fqr an unfair-capable node;-these queue-selection protocols may be bypassed for prioritized
sgnd packets, whose command.spr field is greater than zero. When the queue-selectipn
prptocols are bypassedy which prioritized send packet is selected is based on priority rather
than the entry's refative queue position.

Tq ensure agminimal amount of fairness, the queue-reservation protocols shall not always pe
bylpassed.(By applying the selection protocols to the selection of one request and ophe
response—packet out of every 16, for example, both output queues would be ensured| a
m{nimal( fraction of the available producer's packet-transmission bandwidth. The C cofe
i||lilSU‘ateS a more efficient implementation.

An output send packet will sometimes have a lower priority than other send packets that are
blocked behind it. When this occurs, the output send packet assumes (inherits) the highest
priority of the packets that are queued behind it.

3.7.5 Re-send priorities

High-priority producers could easily saturate the ringlet by quickly retrying busied
transmissions. To avoid such saturation, the node maintains two transmission priorities,
insertPriority and consumePriority. The insertPriority value is used to increase the ringlet
priority level; the previously busied packets are ignored when this value is computed. The
consumePriority value is used to initiate a high-transmission or cancel low-consumption debt;
all queued packets are checked when computing this value.
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By using these two values, a retrying high-priority node is ensured a fair portion of the
available ringlet bandwidth.

3.8 Transaction errors
3.8.1 Requester timeouts (response-expected packets)

For read, write, and lock transactions, the requester uses a response timeout to detect errors
that result in the loss of request-send or response-send packets. The requester is expected to
calculate a time interval within which a response is expected and when that time limit is
eXceededthe Tequester's it Symnthesizes a TeSpoTnTse (Or a TESPUNTSE equivalertt)to Teport the
erfor to the attached hardware, as illustrated in figure 84.

requester

output |(active transaction)| input
- -~

reqTimer

(not observed) ==

response-send[N]

reqTimer = reqTimer+1;
if (reqTimer>splitTimeouk)
CreateBadResponse (94

Figure 84 — Response timeouts (request and no response)

Tq implement these timeouts, each SCI node shall implement a timer and a SPLI T_TI MEOUT
register (which sets the default time-limit for @,response) as defined by the CSR Architecture.
Vendor-dependent unit architectures may override the default time-limit value; for example| a
prpcessor could have a different timesfer-response value for each of its virtually mapppd
memory pages. The response-timeout-timers need not be coordinated with timers on other
nddes; i.e., a globally consistent time.'is not needed for its operation.

A fresponse timeout error is genherated when either the request-send or response-send packet
is|damaged or lost. If the request subaction has side effects, the state of the responder|is
unknown and hardware \rétry protocols should not be used to automatically retry failpd
transactions. Howevef, jthe cache-coherence protocols and the CSR Architecture suppprt
sdftware-based fault-tetry protocols.

Note that nodes-‘must wait after a ringlet reset until the slowest possible response should
hdve returnedfrom elsewhere in the system before resuming normal operation, to ensure that
olfl respohses do not get confused with responses to new requests.

3.82- Time-of-death timeout (optional, all nodes)

When a transaction is initiated, a time-of-death value may be specified by setting the
control.todExponent and control.todMantissa values in the request subaction. (These fields
are also returned in the corresponding response subaction.) The control symbol is checked in
send-packet queues and send packets are discarded when their time-of-death interval is
reached. This control-symbol checking involves a decode step, which converts the compact
control-symbol field into a normalized 64-bit deathTime value, based on the linc's current
time-of-day value (myTime), as illustrated in figure 85.
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any node

output _ input
<———{(queued subaction)fe——

deathTime = Decode (control,myTime) ;

TH
ar

simplifies error recovery protocols, which could otherwise confuse stale packets with recq

on

TH
th

p3

Sé
ng

vdlues in the packet's control symbol) may be made*while the packet is being transmittg

th
th

Tq
bg
in

N.

TH
ar

if (myTime>deathTime) DiscardSendPacket () ;
Figure 85 — Time-of-death discards

e time-of-death value should be less than the response-timeout value, so that stale sen
e safely discarded before the response-timeout occurs. Eliminating stale subaction packe

es generated during or after the error-recovery process.

e time used for time of death is based on an absolute time-of-day reference. This opti
brefore requires the implementation of globally synchronized “time-of-day clocks in
rticipating nodes.

nd packets are only discarded from queues, and are_not discarded while passing throu
rmal nodes on a ringlet. In a highly pipelined switch.the discard decision (which is based

bse packet transmissions shall be nullified by stemping the CRC, which will soon result
bir being discarded.

minimize the number of bits used withineach send packet, the time-of-death protocols 3

sed on life-intervals. A packet is bern during life-interval N and is discarded by t
erconnect during life-interval N+2.~TFhe requester's timeout is during the following inter
-3, as illustrated in figure 86.

requester

start . timeout

2 time —» =
birth death (Mot

N N+1 N+2 N+3

Figure 86 — Packet life-cycle intervals

e time-of-death value is condensed to an efficient floating-point format (5 bits of expong
dZ2 “bits of mantissa) that is only included in send packets. The control.todExpong
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specifies the date of death (one of four values). A zero value of control.todExponent (which is
the default) inhibits any time-of-death-based discarding.

This 7-bit value and the node's 64-bit global time-of-day register (which is synchronized with
the other global clocks) are used to generate a normalized 64-bit time-of-death value when a
packet is enqueued, as illustrated in figure 87. This time-of-death value is checked when the
packet is dequeued, and the stale packets are discarded. The time-of-death value need not
be checked before the send-packet transmission starts, but has to be checked in time to
stomp the CRC value.
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current time |

54—exp 10+exp
man
\
time of death | i |
54—exp 2 8+exp
Where:

man is the value of control.todMantissa

3.8.3 Responder-processing errors

Efrors may be detected by the responder when its queued request packetshare processqd.
When a response-expected request is processed, the responder processing/status is returngd

-t ] £ vy | PO~ | s
CAM 1o UTC VAluT Ul CUTTUTUTL. TUULAPJUTICTIL

Figure 87 — Time-of-death generation model

aq an error-status code within the returned response packet. When a résponseless request|is
prpcessed, the error status shall not be returned, but should be logged in a unit-dependgnt
faghion (if the request's addressOffset corresponds to an implenmented unit) or should pe
logged in the node by setting the errorLog bit (when no unit responds to the specified

addressOffset value), as illustrated in figure 88.

if (!Responseless (command.cmd) )
ConvertRequestToBadResponse () ;

if (Responseless (command. cmd) &&
IsUnitAddress (addressOffset))
UnitDependentErxorLog () ;

if (Responseless (command.cmd) &&
I TsUnitAddress (addressOffset))
errorLog = 1;

response T

l request

|
response request

-

unitError
=N

request

request

errorLog
=1

request

>

request
1

Figure 88 — Responder's address-error processing

A request packet with an invalid CRC value, an invalid length, or excessive length (which is
not supported by the node) shall be discarded. The node's ERROR_COUNT register should be
incremented (which shall have the side-effect of setting the node's STATE_CLEAR.elog bit). A
unit-dependent error shall not be logged under these circumstances, since the integrity of the

addressOffset field cannot be verified.
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The excessive-length packets may always be discarded; this includes excessive-length

request packets, for which a response packet is never returned. This dramatically simplifi

es

consumer node hardware, which only needs to respond to packets that can be queued. Two
errors are generated by such packet discards: The consumer increments its ERROR_COUNT

when the packet is discarded, and the producer increments its ERROR_COUNT after an ec
timeout (no echo is generated when the packet is discarded).

ho

Note that there is no immediate way of distinguishing between the lack-of-response errors

created by transmission errors and packet-size discards. In both cases the packet is lost a
the_loss is ||Ifimnfnly detected h\]/ the reguesters rncpnncn-fimnmlt hardware, However readi

nd
g

the CSRs that identify the node's capabilities can quickly identify packet-size-related errors(

A response-expected packet with an unsupported command or length value shall cause t
refurn of a response packet with a RESP_TYPE status code. If the addressOffset value neith
cdrresponds to a node CSR or a unit architecture on the node, a respense with

RESP_ADDRESS status code is returned. If the addressOffset value corresponds to a u
architecture on the node, but the accepted request packet is rejected(due to a transie
gyeue-use conflict, a response with a RESP_CONFLI CT status code is retarned.

Fqr a responseless packet, these errors are logged and no response packet is generatg
Note that this includes move transactions as well as unexpetted response-send packsg

he
er
an
nit
nt

d.
ts

(which cannot be associated with an outstanding request transaction). On a responder-only

ndde, all responses are unexpected; these responses shalkbe accepted (a nodeld addressi

ng

erfor is not generated), but shall be discarded .and should increment the nodg¢'s

ERROR_COUNT register when the response packet is processed.

3.p Transmission errors
3.p.1 Error isolation
3.p.1.1 Error containment

Tq help locate the source of errors,«nodes are responsible for detecting errors at their inp
ufddating an error-count register when the error is detected, and "correcting” the error before
prppagates to the node's output. ("Correcting” in this context does not repair the bad data, &
changes the CRC so that the packet no longer causes errors to be detected.) Since the er
cgndition is corrected on the-hode's output link, the error is logged at only one location, whe
thg error was first detected. By reading the node's ERROR_COUNT register the link th
ggnerates the errorg_can be readily identified. The different forms of error correction 3
illistrated in figure~89:

any node

errorLog = 1; error
occurs

it
ut
or
re
at

cand-oracho

STTTOOTCTTro

¢ ¢
(new CRC) & stomp bad CRC | good CRC

- send{8*N]
send[8*P] send[M]
-t echo[4]
echo[4] echo[M]
- - idle
previous idle bad parity | good parity

Figure 89 — Response timeouts (request and no response)
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For correctly sized packets the CRC value is checked when the packet passes through
intermediate nodes. If the CRC value is incorrect, a stomped value is substituted for the
incorrect value. The stomped value is the expected CRC value (new_CRC) exclusive-ORed
with a constant 16-bit STOMP value. An error is only logged when the incoming CRC value is
incorrect and is different from the stomped CRC value. Only a few multiple-bit errors (about 1
in 216 error-burst sequences generate the "stomped" CRC value) will not be logged using this
error-correction strategy.

Send packets are constrained to be multiples of 8 symbols in length and echo packets are
constrained to he 4 e\llmhnle in Inngth If an error corrupts the flng Qign::l’ which marks the
start and end of packets, the observed length of a send or echo packet may differ from ofie|of
these legal packet lengths. When passing through a node such packets are extended |or
trygncated to a legal packet length and an error is logged.

Idle symbols are protected by parity, which is checked when the idle symbol“is processegd.
When the parity is incorrect, the idle symbol is discarded and an error is logged. The previous
idle symbol with good parity is substituted for a discarded idle symbol.

3.D.1.2 Error logging

An error condition may be detected during each symbol period. Errors are counted using the
ERROR_COUNT register, but this register is only updated once ‘every 64 symbol periods. The
infrequent counter updates simplify the implementation of thieyERROR_COUNT register (which
changes at a slower clock rate), while providing a reasonable estimate of the number of errorg.

Tq implement this slower counter, a detected error condition immediately sets an errorLog hit.
Every 64 symbols the errorLog bit is checked and cleared. When the errorLog bit is one, the
ERROR_COUNT register is incremented and an error status bit is set in the node's error-status
symmary register (STATE_CLEAR.elog), as ilustrated in figure 90.

STATE_CLEAR.elog J— QD OR (errorLog)
<
S clock/64
- 0
increment QD
S clock/64

error

Figure 90 — Error-logging registers

The ERROR_COUNT register and bits within the STATE_CLEAR register may also be modified
by CSR write transactions; these external-access update capabilities are not illustrated.

The ERROR_COUNT register should be implemented and the STATE_CLEAR.elog bit shall be
implemented. Vendors may have additional vendor-dependent error logging registers to
identify the error type and parameters (such as the packet's address). However, the definition
of these registers is beyond the scope of the SCI standard.
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3.9.2 Scrubber maintenance
3.9.2.1 Recoverable scrubber errors

A minimal ringlet has one requester, one responder, and one scrubber (although all three may
be the same node). The scrubber is responsible for deleting damaged packets, returning
nodeld addressing errors, and maintaining the self-calibrating ringlet timeout counters.
Although many nodes can have scrubber capabilities, only one scrubber is activated on each
ringlet; the ringlet initialization process assigns the scrubber node.

Altiougtam mptenmentatiom wittgemneratty combimescrutberfumctions—wittrtheTTorratog e -
fupction hardware, a node should act as though its scrubber functions are independenb|of
other functions. Thus, the scrubber is logically a separate node but may be precéded |or
followed (internally) by a node that transmits and receives packets.

The scrubber is selected by a voting protocol during the ringlet initialization process. After the
ringlet has been initialized, the scrubber is responsible for performing a. variety of ringlet-
maintenance functions, as illustrated in figure 91.

output scrubber input
- -
idle = < idle
idle.cc=not(x) x=idle.cc
idle = < idle
idle.ac=not(x) x=idle.ac
idle = L idle
idle.old=1 idle.old
send[N] <= | send[N]
cmd.old=1 cmd.old==0
cmd.phase=NONE
idle[N-4] == - send[N]
idle.old=0 cmd.old==1
echo[4] <= | echo[4]
cmd.old=1 cmd.old==0
idle[4] - = echo[4]
idle.old=0 cmd.old==1

Figure 91 — Scrubber maintenance functions

When aniidle passes through the scrubber, the values of its counters, idle.cc and idle.ac, gre
cgmplemented. The ringlet effectively forms a variable-length ring counter, where the peripd
of|the’ counter depends on the delays of the idle.cc or idle.ac bits when passing through the
other nodes. These counters are used for various timeouts that protect against waiting forever
(deadlocking) after certain failures. For example, idle.cc is a ring circulation count, used to
detect missing echoes (or dropped packets). The idle.ac counter keeps track of allocation
opportunities, and is used in the busy-retry mechanism.

When an idle passes through the scrubber, its age bit idle.old is set to 1. Other nodes clear
the idle.old bits to 0 while their FIFO is being emptied or their idle-consumption debts are
decreasing. For certain timeouts, the absence of idle.old bits at the scrubber's input is
interpreted as a sign of ringlet activity.
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The scrubber's processing of send packets is influenced by the age bit in the command
symbol, command.old. If command.old is 0, its value is set to 1 (the packet's age is
increased). If command.old is 1, the send packet is stripped and replaced with idles and an
echo. An error status is provided by the echo's command symbol: command.phase shall be
set to NONE and the command.mpr, command.spr, and command.old fields shall be set to 0.

The scrubber's processing of echo packets is influenced by the age bit in the command
symbol, command.old. If command.old is 0, its value is set to 1 (the packet's age is
increased). If command.old is 1, the echo packet is discarded and replaced with idles.

3.p.2.2 Unrecoverable scrubber errors

Transmission errors may result in the loss or corruption of idle symbols. If all of the idleflg
(Iqw-go) bits are lost, the ringlet activity will cease (permission to transmit is based on thelse
gq bits). A scrubber that detects this condition may optionally clear the ringlet (to discgrd
cgrrupted idles and distributed allocation state) and inject new idle.lg and idle.hg bits when
reptarting the ringlet activity. A circulation-count-based timeout, a two-bit(IgTimer counter,|is
uged to detect this condition, as illustrated in figure 92.

output scrubber input

IgTimer

<
-

if (packet || idle.lg || idle.eld == 0) lgTimer = 0

output scrubber input

IgTimer += 1;

-
if (node.saved_cc != idle.cc) 1lgTimer += 1;
nosync |= (lgTimer == 4);

Figure 92 — Detecting lost low-go bits

ThHe counter is cleared when a packet passes through, a low-go bit passes through
(idle.lg==1), or.other ringlet activity is sensed (idle.old==0). The counter is incremented evgry
ringlet-circulation time, i.e., whenever idle.cc changes. The error condition is detected by pn
overflow ofthe IgTimer (counting past the value of 3).

Specialtimers are not needed to detect when idle.hg (high-go) bits are lost, since these bjts
arp“only used by unfair nodes, and the idle.lg bit regenerates an idle.hg bit when passipg
through unfair nodes.

3.9.3 Producer-detected errors
3.9.3.1 Ringlet-local address errors
SCI protocols are optimized for directed transaction transmissions to existing node addresses.

During system initialization, and after certain privileged-software (operating-system kernel) or
hardware errors, transactions might be directed to nonexistent addresses.
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If the nodeld portion of the address is correct, but the address offset is not implemented, then
the responder status field status.sStat in the returned response packet informs the requester
of the error. Packet transmission protocols are not affected by these address-offset errors;
with the exception of the status code in the response-send packet and the lack of requested
data in the response-send packet, these are normal transactions.

If the nodeld portion of the address corresponds to a nonexistent node address, the packet
may be accepted by switches or bridges and forwarded to another ringlet, but at some point it
will not be forwarded further and will circulate around that ringlet and be marked old by setting

th

o command.old bit as the In:\r‘l(nf passes the ringlnt scrubber \When this old p:\r‘l(nt retur

S

to

illbstrated in figure 91.

TH
th
ag

w
re
er
er
re

w
ev

3.

A

us, the ringlet scrubber is a pseudo-responder for nonexistent nodeld addressés."Note th
bse addressing errors are quickly detected, since the delays in setting the ¢gmmand.old
d only a small amount of latency compared to waiting for a response timeoUut.

hen an echo with a NONE status is returned, the producer convertsha’response-expect
juest to a response packet that returns an error status to the source. Thus, addressin
ror status is returned to the requester in two forms: a locally deteCted address error retur
ror status in an echo and a remotely detected address etrror returns error status in
sponse, as shown in figure 93.

& (matching entry) &

echo[4]

|

if (command.bsy == 04&& command.phase == NONE)
if (Responseless’command)
DiscardSendPaeket () ;

else

ConvertRequéestToBadResponse () ;

Figure 93 — Producer's address-error processing

hen an echo with aNONE status is returned, the producer discards responseless (move a
ent) requests.

D.3.2 Eche.timeouts

produecerretains a send packet until the corresponding echo packet is returned. If the ec

is
ill

damaged or lost, a timeout mechanism is needed to discard the producer's send entry,
strated in figure 94. This rapid timeout quickly releases expensive queue resources for u

the scrubber, it is converted into an echo packet (with the NONE error status), as previQus

D

y

at
bit

-
ns

b thaor tranc o ona
)' otrreTtrartsat troTTsST

output input
4& (activity entry) &

ccTimer

idle.cc

-

if (node.saveCc != idle.cc) ccTimer += 1
if (ccTimer == 4) DiscardSend() ;

Figure 94 — Producer's echo-timeout processing
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The echo timeout period is measured as four transitions of the ringlet-circulation count (the
idle.cc bit in the idle symbol, see 3.2.11). This self-calibrating circulation count is maintained
by the scrubber and propagated around the ringlet in idle symbols.

Except for optional error logging, the echo timeout only has the effect of discarding send
packets. Thus, the higher-level response timeout (described previously in this clause) is still
needed to detect the loss of corrupted send packets. A transaction may still complete
normally after an echo timeout has occurred, if the send packet was transferred successfully
but the returned echo was corrupted.

3.p.3.3 Fatal ringlet-state errors

An unexpected echo, which is returned with a good CRC and has no matching active send
pdcket, is one form of ringlet-state error (that could be generated after a circulation-coynt
fallure). When attempting to transmit (and therefore preventing its output idlea€value frgm
changing), a node's input allocation-count (idle.ac) should change at most oncej-an additional
change is a ringlet-state error (an allocation-count failure). A producer may optionally detect
these ringlet-state errors and initiate an initialization sequence to clear the'ringlet's interfacgs,
aq illustrated in figure 95.

output (no match) input
echo[4
< [4]
if (EchoMatch (input) == NULL)
noSync = 1;

output | (blocked entry) input

- -
last.ac
- idle.ac
if (idle.ac != tlast.ac) {last.ac = idle.ac; acCheck += 1;}
if (acCheck #=M) noSync = 1;

Figure 95 — Producer fatal-error recovery (optional)

3.p.4 Consumer=detected errors

When many Rodes send packets to a congested consumer, they are stripped but retry echoes
arp returnéd’to the producers. To ensure forward progress the consumer reserves its quepe
ertriesor the (older) set of the busied packets. When the source is reset or a re-sent packet
is [losty.these queue-entry reservations need to be cancelled quickly.

When space is reserved for it, a packet shall be re-sent within the next allocation-count
interval, to ensure forward progress. Transactions not retried within four allocation-count
intervals shall have their reservations cancelled.

The discard of a consumer's reservation is based on updating a reservation-confirmation
timeout value (acTimer) while monitoring the allocation-count value. The acTimer value is
cleared whenever a reservation is used, or when a reservation is confirmed (the send is
resent, but is once again busied). If four arbitration counts are observed and no reservations
are used or confirmed, the older reservations are cancelled, as illustrated in figure 96. This
figure illustrates how the timeout applies to the RETRY_A state; a similar timeout is applied
when in the RETRY_B state.
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output RETRY A input
- - -«
acTimer
send[N]
if (command.phase == RETRY_A) acTimer= 0;
output RETRY_A inmn
-] . -«
acTimer
- idle.ac
if (last.ac != idle.ac) acTimer += 1;
if (acTimer == 4) state = RETRY_NB;

Figure 96 — Consumer error recovery

Eyery node shall use this reservation timeout to determine ‘when its reservations dre
discarded. A higher-performance node may optionally maintain reservation counts, which gre

ingremented when a reservation is made and decremented, when a reservation is utilizgd.
Wijth a reservation count, the consumer reservation timegut)need only be utilized when the

regervation count overflows or when resets or errors{cancel an expected send-pacKet

refransmission.

No¢te that a reservation timeout when the counteridid not overflow is an error that should
logged by incrementing the ERROR_COUNT register.

3.10 Address initialization
3.10.1 Transaction addressing

SCI uses the 64-bit-fixed addressing model defined by the CSR Architecture. The 64-
address space is divided into. subspaces, one for each of 64 K equal-sized nodes,

bit

illlistrated in figure 97. The(hijghest 16 subspaces are reserved for special uses. The highest

eight are used during system initialization.

node[0]

node[n]

initial node
addresses

node[64K-16]
to
node[64K-1]

Figure 97 — SCI (64-bit fixed) addressing
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The scrubber assigns sequential addresses to each node in its ringlet and then starts the
ringlet operating normally. At this stage, each ringlet's nodes have the same set of sequential
addresses. Software then initializes and starts the agents that connect the various ringlets
and finally assigns a new address to each node so that node addresses will be unique in the
system. These software address-assignment algorithms are beyond the scope of the SCI
standard.

Defined nodeld addresses are used as the target address to label special-send (initialization-
related) packets, as listed in table 13.

Table 13 — Defined SCI nodeld addresses

nodel d name description
FFFF16 SYNC special synchronization format, all nodes strip on reegipt
FFFE CLEARH clear packet, from fixed scrubber
FFFD RESETH1 reset packet, from fixed scrubber, phase==
FFFC RESETHO reset packet, from fixed scrubber, phase==0
FFFB STOP first symbol of stop and abort packets
FFFA CLEARL clear packet, from candidate scrubber or other
FFF9 RESETL1 reset packet, from scrubber.of other, phase==1
FFF8 RESETLO reset packet, from scrubberor other, phase==0
FFF7- FFFO special ld reserved nodeld addresses
FFEF SCRUB_I D scrubber's initial(Modeld address
FFEEI ower (ot her Ids) initial nodeld addresses assigned by scrubber to others

The specialld values are reserved for«future definition, and should not be assigned by system-
canfiguration software. Note that.the address decoders need not detect these specialld
addresses, since they always pass_through nodes that have their nodelds properly assigned|

The sync packet (whose injtial symbol is SYNC) and the abort packet (whose initial symbol|is
STOP) are both special, (inythat the final packet symbol (which would otherwise have beer a
CRC) is zero and the flag bit has a unique pattern. For the sync packet, the first symbol has
fldg=1 and the final(seven symbols have flag=0. For the abort packet, the first six symbagls
hgve flag=1 and the"final two symbols have flag=0. The abort packet is used to terminate
pdcket transmissions unambiguously during link shutdown. It is always followed immediatgly
by a sync packet.

The ST.OR symbol is also the first symbol of a stop packet, which has a CRC and the same
fldg-ceding as the other send packets (four symbols flag=1 and four symbols flag=0). The
stpppacket is used to force downstream nodes into the dead state (see figure 102).

A node design may allow one component (such as the processor) to access another node-
local component (such as a memory) using node-local transport protocols. On such nodes,
the SYNC address should be used to address other node-local components when the node's
nodeld value may be unknown or changing. In normal operation, software is not expected to
use the SYNC address, since this address cannot be shared by other nodes.
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3.10.2 Reset types

There are several types of reset. A power_reset (which is triggered by a real or apparent loss
of power for more than one second) discards all volatile node state. If random uniqueld values
are used during ringlet initialization, a new uniqueld value is also generated. Note that one
node's power_reset quickly initiates a linc_reset of other nodes on the same ringlet.

A warm_reset (which is triggered by a loss of power for less than one second) resets most of
the linc and the node, but leaves the uniqueld and phase-bit values (which are used to select

th

o scrubber) unchanged. A warm reset is optional; if not implemented, the node's appar

nt
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inftialization packet is observed.

TH

wer-loss shall always be greater than one second (i.e., a short power-recovery is™
ssible).

command_reset (which is triggered by a write to the node's RESET_START register) has
ect on the queued packets or the control bits that affect their routing. However, the res
ects the node state, as defined by the CSR Architecture. From a software\perspective, t
mmand_reset differs from a power_reset or warm_reset in that 1) the reSet only affects t
dressed node and 2) the contents of the NODE_I DS and ERROR_COUNT registers are 1
anged.

linc_reset (which is triggered by a vendor-dependent signal) is used to clear the lin
erface-circuit (linc) queues, arbitration logic, arbitration/counts, etc. From a softwg
rspective, the linc_reset differs from a power_reset or warm_reset in that the contents
b ERROR_COUNT registers are not changed.

eues, arbitration logic, arbitration counts, etc.;Avlinc_clear has no direct affect on regis
hte. However, the clearing of the linc queue state may force the discard of previou
eued packets, which may indirectly affect local and remote error-logging registe
inc_clear is optional; if not implementedyt a node shall enter the dead state when a clg

ese forms of reset are illustrated jn figure 98.
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node node node
nid | err | uid,ph nid | err | uid,ph nid | err | uid,ph
linc linc linc
power_reset |< | |= |
node node node
nid | err | uid,ph nid | err | uid,ph nid | err | uid,ph
linc linc linc
warm_reset |< | |< |
node node node
nid | err | uid,ph nid | err | uid,ph nid | err |‘uid,ph
linc linc linc
command_reset |< | |< I
node node node
nid | err | uid,ph nid | err | wid,ph nid | err | uid,ph
linc linc linc
linc_reset |< l |< |
node node node
nid | err | uid,ph nid | err | uid,ph nid | err | uid,ph
linc linc linc
linc_clear |< | |< |
l:‘ affecied components
Figure 98 — Forms of node resets
3.10.3 Unigue node identifiers
A werking system needs each node to have a unique address and each ringlet to have exac|
onerode serving as scrubber The jnitialization process SCl uses {0 meet these requiremer

tly

ts

needs a unique identifier for each node. This identifier is not used as the node's address;
address assignment is a software responsibility that can be carried out once SCI has started

up and made the nodes accessible.

Soon after the SCI links have started operating, and before normal transactions can beg

in,

the ringlet scrubber node is selected. After initialization is complete the scrubber performs a
variety of housekeeping functions: it maintains two self-calibrating ringlet-local time counters,

detects and reports nodeld-addressing errors, and deletes damaged packets. Several of the

se

functions depend on having only one scrubber per ringlet. For example, the scrubber sets a
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command.old bit in each packet it sees go by, and if the command.old bit is set in an incoming
packet, that packet is discarded (because it circulated more than once around the ringlet). If
there were two scrubbers, every packet would be discarded by the second scrubber it
encountered. However, if a second scrubber is somehow erroneously enabled, timeouts will
cause the ringlet to be re-initialized (which will eliminate the problem).

On some backplane-based interconnects (not SCI) the assignment of unique identifiers is
based on specialized backplane wiring, i.e., geographical addressing. Basing the scrubber-
selection process on backplane wiring would complicate the design of serial versions of SCI,
and would introduce the possibility of failure when the system is improperly configured (e.g.,
the special scrubber slot Is not occupied).

Sgrubber selection protocols are therefore based on 80-bit unique identifiers (called-UlQs)
cgntained on each node. During the initialization process, the node with the largest\UID valpe
is|selected to be the scrubber. The most-significant part of UID (stableld) may beprovided py
14 backplane signals or 16 bits of nonvolatile memory and the least-significantpart of UID|is
prpvided by a 64-bit random number (randomld) or by a fixed humber known to be unique.

When the most-significant 16 bits of the UID are uniquely assignedi;\the scrubber selectipn
prpcess is deterministic and the highest UID identifies the preferred>scrubber node. When the
mepst-significant 16 bits of the UIDs of two or more nodes are inadvertently assigned the same
vdlue (and this is the largest value on the ringlet) the less-Significant portion of the UJID
ensures that the UIDs will (almost always) be unique.

3.10.4 Ringlet initialization

The SCI initialization protocols uniquely identify.the scrubber (which has unique cleanpup
regponsibilities on each ringlet) and assign initial*nodeld values to all nodes on the ringlgt.
Inftial (ringlet-unique) nodeld values are assigned during the scrubber-selection process,
bgsed on the distance of each node from the\scrubber. The robust scrubber selection procelss
avoids the use of specialized backplane~wires or manual selection switches, since mandal
sdlection mechanisms are susceptible to*human-induced configuration errors.

Eqch SCI ringlet is initialized independently, which will result in the same sequence of nodgld
vdlues being assigned to each of the various ringlets. Higher-level software that configures
the bridge or switch address=#acceptance lists is responsible for changing the initial nodelds|to
ngnconflicting values.

Inftialization on each-ringlet involves reset generation, input checking, nodeld checking, and
startup steps (some.ef-which are performed concurrently), as described in 3.10.4.1 to 3.10.4.4.

3.10.4.1 Resétgeneration

Eqch node\generates a stream of training (sync) packets to synchronize the receiver of jts
dgwnstream neighbour. The training packets are interleaved with reset packets. Nodgs
inftially. output reset packets with their own unique identifier (UID) values and a distancgld
VJJIIP of SCRUB 1D

3.10.4.2 Input checking
Although all input packets are stripped during the initialization process, the nodes monitor

incoming initialization packets and output the maximum of their UID value and the last UID
value received, as illustrated in figure 99.
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2) max(myUid,inUid) 1) reset,sync
- |

node_A node_B node_C bridge

I I U ) P

»
-

Figure 99 — Receiver synchronization and scrubber selection

on

Ré¢sets with a Tower UID value than the node's own UID value are ignored. Observing a [es
with a higher UID value than the node's own UID value removes the node from the scrubbs
selection process, and the node forwards the higher UID value to the resets it sepds)in
oytput packet stream.

Infmost cases (all except perhaps those involving multiple rapid independentcpower up/do
transitions at various nodes) ringlet closure is ensured when a node observes an input reg
pdcket with its own UID value. That node then becomes the scrubber,)and outputs ig
symbols (with their idle.lg and idle.hg bits cleared), to flush reset packets/from the ringlet,
illdstrated in figure 100.

4) out=idles (no go bits) 3) in=reset/myUid

- |-
node_A node B node € bridge
(scrubber)

Figure 100 — Reset-closure generates idle symbols

3.10.4.3 Nodeld assignment

et
Br-
its

VN
et
le

The distanceld value in each init"packet is decremented by each nonscrubber node, then
sgved as that node's (potential) nodeld value, as shown in figure 101. The decrementgd

distanceld is sent on to thé next node as the reset packet is passed on. The last distance
vdlue received comes from’ a reset generated by the scrubber (with nodeld SCRUB_| D), sq

Id
it

cqgrrectly sets all nonscrubber initial nodeld values. A distanceld value of zero indicates pn
erfor has occurred_(perhaps a large UID was erroneously generated and circulated, blockihg

every node from bgcoming the scrubber) and the initialization sequence is restarted.

3.10.4.4 Startup

After receiving the first of its own reset packets, the scrubber outputs idle symbols. After gn
idle symbol is received, the scrubber changes to a running state and injects idle.lg and idle.hg

bits'into the idle symbols that it generates, as illustrated in figure 101.

6) out=idles (with go bits) 5) in=idles
|

- |
node_A node_B node_C bridge
FFEE FFEF FFEC FFED
(scrubber)

Figure 101 — Idle-closure injects go-bits in idles
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3.10.5 Simple-subset ringlet resets

A simplified subset of this general model is also provided: one node on each ringlet may

be

configured by a means not specified by SCI (perhaps a jumper option) to be the scrubber.
This node always considers itself to have the highest UID, and it emits RESETH and CLEARH

packets that cause the other nodes to consider that they have lower UIDs. Thus this no

de

always wins the scrubber competition, even if many other nodes have scrubber capability.
Nodes of this type that are configured not to be scrubbers, and nodes with no scrubber

capability, always lose the competition.

3.[06 Ringletresets

The previous subclauses illustrated how all nodes participate in the ringlet initializati
agtivity. The following subclauses illustrate the behaviour of state machines in the «individu
SCI nodes.

Ringlet-local initialization begins when primary power is turned on. Each.node generates
(presumably) unique 64-bit random number and concatenates this ,after a 16-bit val
prpvided by nonvolatile storage (or the backplane status signals, if nofvelatile storage is 1
prpvided) to form its UID. The node then sets its phase bit ph to. zero, and sends a res
pdcket (RESETLO) that contains this UID and the distanceld value’ SCRUB_I D, followed
sync (training) packets.

A hode continues sending its reset and sync packets (state reset) waiting for its own RESET
pdcket to be returned. If its own RESETLO packet is observed, the node changes its state

winning) and outputs idle symbols. If a larger effective UID value is observed, the no
changes state (to losing) and forwards reset packets (decrementing and saving th
distanceld values) until an idle is received at its input, as illustrated in the reset state diagra
of|figure 102.
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C,S,lost
DEAD
. (out=stop)
R,rst
. ! . <R,C,rst power on
id=SCRUB_ID;  — b Ot i)
| | 'Jl I—U,UGLUIU(/,
RESET «— [d=SCRUB_ID;
(out=my_reset)
>R 1 ;E— not(ph);
>R R
_ GCS LOSING <R, #R, WINNING Cs
(out=input) rstlost | rst,lost (out=idles)
Idle
Idle lg=hg<1:
A A\
- OTHER aR,rst >l Rirst SCRUBBER -
C,S,lost C,S,lost
Terminology: Compare result:
ph — phase bit < —less than
rst  — node-initiated reset < — less than or equal
clr — node-initiated clear > — greater than
idle —idle symbol received > — greater than or equal
S — stop packet received = —equal
lost —input-sync lost # — different (not equal)
xR  —reset init-packet
xC  —clear init-packet

(where x is compare result)

Figure 102 — Initialization states

e UID comparisorn-is’ performed as follows: Nodes with scrubber-competition capabil
mpare the incoming 80-bit UID with their own UID. If the incoming effective UID is grea
N their own UID;"the comparison is greater than. Nodes that have no scrubber capability
it are configured not to be scrubbers always generate greater than. Nodes that 4
nfiguredto{ always be the scrubber generate less than until they receive a RESETH
EARH,.whereupon they generate equal.

ity
er
or

or

e_chosen scrubber waits until its idle symbols return, then enters its operational st3

(w

TITTeT), and mjects dtetgfidte-hgbitstoenmattetransmissions by other modes:

The reset sequence fails if a clear packet is observed in the LOSI NG or W NNI NG states (only
reset packets or idles should be observed), and the node enters the DEAD state (an explicit
reset is required to leave this state). Similarly, a node enters the DEAD state when input
synchronization is lost.

If the reset process is restarted after a node has entered the W NNI NG or SCRUBBER states
(perhaps because of power cycling), the node's phase bit (ph) has been complemented. The
phase bit is copied to the LSB of the first reset packet symbol, to distinguish old reset packets
(created before the reset was restarted) from the new (that are used to ensure ringlet
closure). When looking for its own reset packet, reset packets with the incorrect phase bit are
ignored.
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3.10.7 Ringlet clears (optional)

Nodes may optionally provide a ringlet-clear capability that allows the flushing of packets and
state bits from the linc when state-error or synchronization-error conditions have been
detected. A ringlet clear may be initiated by the node's processor or other logic, or may be
autonomously initiated by the node interface logic when a state error or synchronization error
is detected, as illustrated in figure 103.

™ C,S,lost
(out=stop) =
R,rst
ph=0,SetUid(),
RESET -
id=SCRUB_ID;
(out=my_reset) R
>R A ph= not(ph);
>R =R
. ™
C,S LOSING <R, #R, WINNING CsS
N (out=input) rst,clr,lost | rst,clr,lost (out=idles)
Idle
Idle lg=hg=1;
Y A SC.S
=C,S =L,
- _ OTHER R,rst A R,rst SCRUBBER B >
B,<Cclr,lost | #C,clr,lost <C,clr,lost B,<C,clr,lost
\ Y
~=C,S LSTART Rrst | Ryrst WSTART >C,S
B (out=my_clear) N (out=my_clear) -
A A
<C,clr,lost >C =C <C,clr,lost
Y A
=C,S >C,S
- LWAIT aR,rst R,rst WWATT >
- (out=input) s (out=idles) >
idle idle
lg=h =1,'
-C _ 9=hg
Jetminology: Compare result:
ph  —phase bit < —less than
FSt fode-ntiatedreset = loss-than-orequal
clr — node-initiated clear > — greater than
idle —idle-symbol received 2 — greater than or equal
S — stop-packet received = —equal
B — bad idle-consistency check # — different (not equal)
lost —input-sync lost
xR —reset init-packet
xC  —clear init-packet

(where x is compare result)

Figure 103 - Initialization states (clear option)
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During the initial phase of a ringlet clear, nodes output clear packets containing their own UID
values. This continues (in the state LSTART or WSTART) until the appropriate clear packet is
observed at the input. A node in the LSTART state moves to the LWAI T state when a clear
packet with a higher UID (which might be from the scrubber) is observed. UID comparisons
are performed as explained in the previous subclauses.

The scrubber moves from the WSTART to the WAAI T state when ringlet closure is ensured a
clear packet with an equal UID (from the scrubber itself) is observed. The scrubber then
outputs idle symbols (with go bits cleared), until idle symbols are observed at its input. Ringlet
operation is then activated by injecting go bits into the scrubber's output idles.

3.1L0.8 Inserting initialization packets

Ddring the initialization process, input send and echo packets are discarded and\a-periodlic
sgquence of init packets is output. Several types of init packets are output, asyillustrated|in
figure 105. When a node is reset or cleared, it initially outputs an abort packet’immediatgly
followed by a SYNC packet to cleanly terminate any currently active packet-transmissions.

The node then outputs packets containing its own UID, illustrated as nline. Each received ipit
pdcket is initially stored in save, then transferred to the pass bufferyafter the CRC has bepn
checked and the initialization state has changed appropriately. Nonscrubber nodes eventually
oJtput packets from pass, after they observe an incoming UID, value higher than their own.

The initialization sequence involves inserting init packets/bétween sequences of 1 023 sync
pdckets, so the downstream neighbour can properly synchronize its receiver circuits befgre
pdrticipating in the initialization process. This affects*the data paths of the output multipleXer
and the counters that are needed to properly sequence the output data symbols. The countgrs
arp expected to support sequencing through init.and sync packets as illustrated in figure 104.

1024

| packets |

o o} 0} [
o £ ® @ : :
| @ | syncs | S | syncs | o.| syncs | o.| syncs | |dles&syncs| inputs J

RESET RESET

LSTART LSTART LOSING LOSING WINNING | SCRUBBER
WSTART WSTART LWAIT LWAIT OTHER
DEAD DEAD

operational state
ABORT MINE FIRST AGAIN IDLE THRU

initialization counter (MSBs)

Figure 104 — Output symbol sequence during initialization
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- input
- abort (constant)
output | MUX sync (constant)
-
mine (contains UIDs)
pass save

(stripper fills)

Figure 105 — Insert-multiplexer model

3.10.9 Address initialization

O
as
In
pr
m
m
pr
fo

Bg
pr
S€E
S€
rir

h a single- or multiple-ringlet system, the ringlet initialization processselects the scrubb
signs the initial ringlet-local addresses and enables transmissions~from nodes on the ringl
a multiprocessor system, processor firmware is responsible fof selecting at most o
pbcessor on each ringlet to participate in the initialization process; this processor is called t
bnarch. Since memory is not yet available, special lock registers are expected to support t
bnarch selection process. However, the details of the/special lock registers and t
bcessor's access protocols are beyond the scope of the ‘SCI standard. Note that the proce

cause switches or bridges between ringlets_are initially disabled, the monarch selecti
bcess can be performed independently on-®each ringlet in the system. The node that
lected to be the monarch may be the same@s or different from the node that was previous
lected to be the scrubber. The initial nedeld values are distinct for all nodes on the san
glet, but may be the same for nodes,on different ringlets, as illustrated in figure 106.

scrub,

selecting the monarch processor is independent of the*process used to select the scrubbet).

Br,
b1,
he
he
he
he

monarch monarch
FFEB FFEAﬂJFFEE FFEﬂJFFEB FFEA
A FIF
[ ] I . ]
- E|E |-
ringlet[3] D[E ringlet[2]
scrub 1
FEFEC FFEF
FFEB FFEA
A
ringlet[1] F[F ringlet[0]
- E E
jnf) BsA
AlB
FFEC FFED FFEF FFEC FFED FFEE FFEF
monarch  scrub scrub

Figure 106 — Nodelds after ringlet initialization and monarch selection

Note that a bridge may have two or more node interfaces, one on each ringlet connection.
Each of these node interfaces has a nodeld value that is initialized independently by the
ringlet initialization process. The scrubber's initial nodeld address is SCRUB_I D, and the other

ini

tial nodeld values are assigned sequentially in decreasing order.
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In a tightly coupled system, the monarch processors execute a distributed selection protocol
to select one of the monarchs (called the emperor) that continues the initialization process.
The emperor is responsible for establishing the ranges of addresses that is forwarded by each
bridge and sets the initial nodeld addresses to be consistent with this address-forwarding
plan, as illustrated in figure 107.

emperor
FFBF| [FFBEE m FFBC - rrac| [Frap| [Frae| [Frar
| | | | | g g; | | | | | | |
- B|B|=
N FFAX, FF8X — »
= <— FFBX,FF9X s Y
FFBA 2 o DFEAA
FF9A g zg FF8A
A [y FFAX,FF8X —» o
3 < FFBX, FFOX .
»F|F >
5|8
I e e =4 < e e =) e
rror | [FroE| [FFoD| [Froc rrsc| [Frep| [FrsEe]| [FrsF

Figure 107 — Nodelds after emperor selection, final address assignments

In[figure 107, a shorthand notation specifies which of ‘two address ranges (FFAX or FF8X)]|is
fofwarded through the bridge from ringlet 3 toJxinglet 2. The first three digits specify the
17 MSBs of the nodeld addresses that are forwarded to the adjacent ring; the X digit indicates
that the 4 LSBs are ignored.

Note that more complex topologies (such as multidimensional grids) and different routipg
prptocols are possible. The fastestctrouting decisions are based on the packet's targeild
address, which is in the first symbolof every packet. Slower routing decisions may be baspd
or] the packet's command, sourceld, or control symbols as well. Other configurations aphd
ropting protocols may require. additional request/response queue pairs to avoid quepe
dgqadlocks. However, the détails of these alternate queue designs (often called virtual circuifs)
arp beyond the scope of this standard.

Sipce the emperoris“expected to fetch its address-configuration software from nonvolatjle
memory (such as disk storage), the address assignment protocols can be customized to mget
the requirements-of a particular system.

3.11 Paeket encoding

The~encoding specifies how packet types, packet lengths, and idle symbols are uniquely
idéentified—Eor flnvihilify in-the Ir_\hycir\::l nnr\nriing Inymr (\I\Ihir‘h might cnlr_\lr_\nrf any of several
data-path widths), the logical encoding is specified in terms of the receiver output signals. For
example, if the physical layer specifies that the data are transmitted 8 bits at a time, the
receiver would be responsible for merging pairs of 8-bit data items into 16-bit SCI symbols.

3.11.1 Common encoding features (L18)

The size of the fundamental SCI symbol is 16 bits. In addition, a clock signal is needed to
define symbol boundaries, and a flag signal is needed for locating the starting and ending
symbols of packets. Depending on the physical-layer encoding, some or all of these logical
sighals may be encoded and sent on one physical signal path.

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

ISO/IEC 13961:2000(E) — 141 -
IEEE Std 1596, 1998 Edition

A zero-to-one transition of the flag signal is used to mark the beginning of each packet, and
the one-to-zero transition of the flag signal specifies the approaching end of each packet. The
flag signal returns to zero for the final 4 symbols of send packets and for the final symbol of
an echo packet as illustrated in figure 108. A zero flag always precedes the CRC of any
packet, so the zero-to-one transition can always be used to identify the start of the next
packet (even when there is no idle symbol between them).

This logical encoding is the basis for the definition of the logical protocols defined by the SCI
standard. A physical encoding may differ, but shall define the conversions necessary to

caohvert-between the physical encoding-and-this logical-encoding
L P4 ~J ~J ~J

t=T symbol groups t=T+N
send packet i |i]| echo packet | sync packet
S 1(1) 4 8
flag
>0 S-4 4 11 3 11 7

increasing time ——
Figure 108 — Flag framing convention

3.11.2 Parallel encoding with 18 signals (P18)

The simplest encoding, called P18 encoding (parallel encoding, 18 signals) uses 18 signals|to
sgnd one symbol (16 data bits, the flag, and d¢he clock). The clock signal is used by the nofe
inferface to establish the phase difference between its internal clock and the clock associatpd
with the incoming data. The flag signaluniquely delineates the start and end of SCI packels,
sd no special start or stop symbols arelneeded.

The flag signal directly transmits the logical flag signal, which is used to delimit the startihg
arld ending symbols within apacket. The use of the data and flag signals in the P18 encodipg
is [the same as in the logical symbol encoding L18.

The logical sync-packetencoding, which allows it to be readily distinguished from other sepd
pdckets by its flag-bit‘transition, is also useful for synchronizing the P18 receivers. The 3ll-
ones symbol followed by the seven zero symbols provides a well-defined high-to-lpw
transition for Calibrating phase detection hardware in the data receivers. (Relatively large
skews may. ‘be produced by inexpensive cables, and automatically compensated for py
advanced\SCI interfaces when circuit technology permits.)

3.1%:3"Serial encoding with 20-bit symbols (S20)

For the S20 (serial, 20-bit symbols) encoding, 16 data bits, flag, and clock are encoded into
one 20-bit unit that is transmitted one bit at a time, and the encoding ensures that the signal
has no long-term d.c.-offset value. This encoding is much easier to map to its P18 equivalent
than serial-encoding schemes that insert extra symbols to mark the transitions of the flag line.
Thus, one may be able to use P18 chips within an S20-based node design.
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A transition is guaranteed between the third- and second-from-last bits of each encoded S20
symbol. Implementations are expected to use this transition to maintain synchronization of the
receiver with the data stream. During initialization this transition is always 0-1 and there is
only one 0-1 transition per encoded symbol. During normal running the transition may be
either 0-1 or 1-0.

With the exception of sync-packet symbols, the encoding of a 20-bit S20 symbol involves
postpending the 16 bits of data with four additional bits, and complementing the 20-bit
guantity as required to minimize the transmitter's cumulative d.c. offset value. If the flag bit is
hi ,h, the 16 hits of data are r\ncf'r_\nnrlnrl with- a 1011 value before the r‘nm'r_\lnmnnf decision. is
made. If the flag bit is low, the 16 bits of data are postpended with a 1101 value beforée“the
cdmplement decision is made, as illustrated in figure 109.

S20 encoding L18 encoding
edata tag f Idata
16 4 1 16
Idata 1011 fe—0__
1 Idata

~ldata olool«—

Idata 1101 fe—0__

0 Idata

~ldata oo1ole=T

increasing time —»
Figure 209 — S20 symbol encoding

In|these figures, the left-most bit of each S20 symbol is always sent first. The 16 bits |of
erjcoded data are sent first(imost-significant bit first) followed by the 4-bit tag value (whopge
bits have no arithmetic significance).

Either complement de¢ision may be used when the symbol has a zero d.c.-offset value (the
nymber of ones minus the number of zeros) or when the transmitter's accumulated d.c. offget
is|[zero. When the)intermediate 20-bit symbol has a nonzero d.c. offset and the transmittef's
adcumulated._d<c:-offset value is also nonzero, the complement decision shall act to reduce
the transmitter's accumulated d.c.-offset value when the symbol is sent. Thus, an all-zero |or
all-one symbol value may temporarily increase the magnitude of short-term excursions frgm
the d,e.\output value of zero, but does not cause any long-term imbalance to accumulate.

WIth The exception of sync-packet symbols, the decoding of a 20-bit 520 symbol 1S based on
its postpended 4-bit data value, called the tag. If the tag is 1011 or 0100, the decoded flag bit
is one; if the tag is 1101 or 0010, the decoded flag is zero, as illustrated in figure 110. For all
legal SCI signal encodings, the tag shall be one of the 1011, 0100, 1101, 0010, or 0011 (sync
packet symbol, see following discussion) values; other tag values are illegal and indicate the
symbol value has been corrupted.
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S20 encoding L18 encoding
edata tag > f Idata

16 4 1 16

edata 1011 > 1 edata
edata 0100 > 1 ~edata
edata 1101 > 0 edata
edata 0010 > 0 ~edata

increasing time —»
Figure 110 — S20 symbol decoding

e tag value also influences the interpretation of the encoded data. If the tag is 1011
01, the decoded L18 data-bit values are the same as their’ corresponding S20 data-

vdlues. If the tag is 0100 or 0010, the decoded L18 datasbit values are the complement

th

TH
o
re
rin
SY
of

pir corresponding S20 data-bit values.

e encoded sync packet contains 8 repetitions “of a unique encoded symbol vald
metimes called fill frame 0 (see 6.5.3.4). These(symbol values are designed to simplify t
ceiver's phase-locked loops, which are provided with blocks of 1023 sync packets while t
glet is being initialized. Phase-locked loops,should easily be able to synchronize on the

these symbols, and the transition is always at the same place, as illustrated in figure 111.

tag
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011
1111111100000000 0011

or
bit
of

e,
he
he
S5e

nc-packet sequences, since only one low-t0-high (zero-to-one) transition occurs within eagch

increasing time —»

Figure 111 — S20 sync-packet encoding

The S20 sync packet is defined to be the same length as a P18 sync packet in order to make
the interface between these two encodings as simple as possible, with a simple block
substitution and a constant ratio of clocks between the two encodings.
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3.12 SCl-specific control and status registers
3.12.1 SCl transaction sets

SCI follows the CSR Architecture. Certain transaction-set specifications are required by the
CSR Architecture. Although the CSR Architecture specifies address-space formats and
transaction-set requirements, a compliant standard is required to specify which address-
space format is used and which optional transactions are implemented, as discussed in this
clause.

The 64-bit fixed address-space model is used. Note that the sixteen (16) highest nope
aqddresses, FFF0,4 FFFF 4, are used for specialized purposes (see table 1), and shall{never
be assigned by software. SCI uses command codes to specify whether a transaction is| a
brpadcast, so special broadcast addresses are not required.

Infaddition to the transactions required by the CSR Architecture (table 8), the SCI transactipn
sgt also supports several optional transactions, as described below in table 14. Cohergnt
repd, write, and update transactions can be used to support the optienal” cache-coherenge
prptocols. Selected-byte reads and writes can be used to access unaligned noncoherent data.

Table 14 — Additional SCI transaction types

transaction size align description
crgad 64 64 coherent processor-to-cache read transactions
cwrite64 64 64 coherent processor-to-cache write transactions
mread 00/64 64 coherént processor-to-memory read/control
myritel6 16 16 eoherent processor-to-memory write (subline)
myrite64 64 64 coherent memory write (line)
readsb* 1-16 1 read selected (contiguous) byte addresses
wrftesb* 1-16 1 write selected (contiguous) byte addresses
nrgead256 256 64/256 read 256-byte block
nwrite256 256 64/256 write 256-byte block
logk4 4 4 indivisible 4-byte updates
lodk8 8 8 indivisible 8-byte updates
event00 - - clockStrobe signal
NPTES
The readl, read2{réad4, and read8 transactions are variants of readsb.

—

e writel  write2, write4, and write8 transactions are variants of writesb.

—

e nread256/nwrite256 transactions access an unaligned 256-byte block, but the starting address is 64-byte
allgned,

SCI supports the 4-byte and 8-byte lock transactions defined by the CSR Architecture, as
specified in table 11. In addition, SCI reserves 8 lock-transaction subcommands for possible
future extensions to the SCI standard.

SCIl also supports several types of responseless transactions, including directed moves,
broadcast moves, and events. For move transactions, the command (rather than the address)
is used to distinguish between the directed and broadcast versions. Events are a special form
of directed move, which is used to transport signals and can never be busied. One of these
transaction types (event00) provides the clockStrobe synchronization signal. These
transactions are described in tables 9 and 10.
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A response subaction (when provided) returns a 4-bit completion-status code to the
requester. The various forms of error status are encoded into this 4-bit status.sStat field, as
summarized previously in table 5.

3.12.2 SClresets

SCI supports several types of reset, in addition to the power_reset and command_reset
defined by the CSR Architecture. The warm_reset is a variant of power_reset, and is expected
to be processed identically by software.

Thelinc—treset-andlinc—clearforms—-of reset-atre-distinet-SCl r\:\pahilifine which arg initiatad y
- L

sending_special packet_s and affect all nodes on the attached ringlet. Both of these cleanjall
gyeues and allocation state (i.e., they provide a bus-clear functionality). The linc_reset also
regets node state.

Nodes are expected to initiate a linc_clear after fatal node-transmission failurés-~Nodes gre
exXpected to initiate a linc_reset if the milder linc_clear does not succeed. See 3.10.2 for details.

3.12.3 SCl-dependent fields within standard CSRs

SCI follows the CSR Architecture. Certain register fields in that tandard are reserved for
dgfinition by the using standard. Such register fields and other SCi-specific details are given
in|this clause, which should be viewed as a supplement to the(CSR Architecture and should
bg read in conjunction with it.

Fqr all CSRs, including those fully defined by the \€ESR Architecture, SCI places some
minimum performance constraints on CSR accesses “Without such performance constraintg it
would be impossible to accurately set the SPLI T (Tl MEOUT register in SCl-based systems.
When accessing a CSR-Architecture-standard-defined or SCl-defined CSR, the access should
take no longer than 10 us and shall take no longer than 100 ps.

3.12.3.1 NODE_IDS register

Inftial nodeld values are assigned:by the scrubber during the ringlet-initialization process,
which is invoked when the system is powered on. After a power_reset, the ringlet scrubber|is
agsigned an initial nodeld value of SCRUB_I D. Other nodelds are assigned sequentiglly
dgcreasing values, based ontthe node's distance downstream from the ringlet scrubber (the
clpsest node has the highestinitial nodeld value).

The nodeld value is Aot/ changed by a command_reset, but can be read or written when the
ndde responds to jts\address space, as illustrated in figure 112.

definition
| nodeld | initialld |
16 16
after power-on
| distanceld | distanceld. !

after cmd_reset
| last-value | distanceld |

read value
| last-value | distanceld |

write effect

| new-value | ignored |

Figure 112 — NODE_IDS register
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The initial values of the nodeld and initialld fields are the same and both are generated by a
power_reset. The initialld field depends on the node's location relative to the scrubber; the
scrubber's initialld field is equal to SCRUB_I D. The initialld value of the scrubber's
downstream neighbour is one less, the next downstream neighbour is two less, etc. These
initialld values are summarized in table 15.

Table 15 — Initial nodeld values

nodeld name description

FFEF,. ¢ SCRUB |1 D scrubber's initial nodeld (address)

FFEE¢ down1-ld first downstream neighbour, initial nodeld value

FFED,¢ down2-1d second downstream neighbour, initial nodeld value
other ringlet-local nodelds

The initialld field is read-only from a software perspective, and is provided for discoveripg
which nodes are on the same module. The nodeld field is compared\to a packet's targetld
s;élymbol when selecting which packets are processed by the nodes. The nodeld field may pe
wilitten as well as read, to relocate the node's initial address space:

3.12.3.2 STATE_CLEAR register

The STATE_CLEAR register provides bit fields that can<be'used to log special bus-dependgnt
events. SCI reserves 8 bus-dependent bits, as illustrated in figure 113.

definition
unit_depend bus_depend state
16 8 8
reserved
8

Figure 113 — STATE_CLEAR fields

The CSR Architecture defines several optional state bits, including lost and dreq. On SCI, the
lo$t bit shall )be implemented on all nodes and the dreq bit shall be implemented on all nodes
thpat can_generate request subactions.

Special bits are not required for identifying the scrubber on each ringlet, since the
NODE_ I DS.initialld addresses provide an equivalent functionality. When multiple nodes are
implemented on one module, the matching of node addresses to module locations is assisted
by a ROM entry that identifies the initial, intermediate, and final nodes on the module.

3.12.3.3 SPLIT_TIMEOUT register
The SPLI T_TI MEOUT register provides the default split-response timeout value for SCI

nodes. On SCI, only the 16 most-significant bits of the SPLI T_TI MEOUT_LO register are
required, as illustrated in figure 114.
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definition
integer seconds
fraction of a second |
16
read value
zeros
last-write | zeros
WrTte effect
ignored
stored | ignored

Figure 114 — SPLIT_TIMEOUT register-pair format

3.12.3.4 ARGUMENT register
The ARGUMENT register provides the address for a remote range ©f memory addresses th

can be used during node tests. SCI reserves 11 of the bus-dependent bits within this regist
ag illustrated in figure 115.

last-write values

remote_address-hi

remote_address-lo bus-depend enb

20 11 1

reserved

11
Figure 115 — ARGUMENT register-pair format

3.12.3.5 Unimplemented registers

NJ;ne of the extended address registers is implemented. These unimplemented registers 3
listed in table '16.

Table 16 — Never-implemented CSR registers

=

e

register description

UNI TS_BASE_HI unit address extensions (base registers)
UNI TS_BASE_LO unit address extensions (base registers)
UNI TS_BOUND_HI unit address extensions (bound registers)
UNI TS_BOUND_LO unit address extensions (bound registers)
MEMORY_BASE_HI memory address extensions (base registers)
MEMORY_BASE_LO memory address extensions (base registers)
MEMORY_BOUND_HI memory address extensions (bound registers)
MEMORY_BOUND_LO memory address extensions (bound registers)
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3.12.4 SCl-dependent CSRs

Certain registers in the CSR Architecture are reserved for definition by the using standard.
Those registers and other SCI-specific details are given in the following, which should be read
in conjunction with the CSR Architecture.

3.12.4.1 CLOCK_STROBE_ARRIVED register

The optional CLOCK_STROBE_ARRI VED registers are defined by the CSR Architecture. In SCI,
these registers sample the CLOCK_STROBE_VALUE registers at the time the clockStrobe

sigmatTs created-or teceived by theode—See— 346 —andthe € SR—Architecturefor further
dgtails.

3.12.4.2 CLOCK_STROBE_THROUGH register

The CLOCK_STROBE_THROUGH provides a measure of the time taken by the’ clockStrope
trgnsaction to pass through the node. For the clockStrobe master, this register measures the time
bgtween the creation and transmission of the clockStrobe packet. For the clockStrobe slaves, this
register measures the time between the arrival and departure of the pass-through clockStrope
pgdcket. The format of the CLOCK _STROBE_THROUCH register is shown in figure 116.

definition
samplelnteger SampleFraction
24 8
read values

most recent of last<Update and last-write

write effect

stored

Figure 116 — CLOCK_STROBE_THROUGH format (offset 112)

CLIOCK_STROBE_ THROUGH:

Ogtional(RW): Required.

Inifial value: 0]

Read4 value: - '‘Shall return the most recent of the last-write or last-update values.
Wilite4 effeets,” Shall be stored.

Writessto the CLOCK _STROBE_THROUGH register are expected to be used only for diagnostic
purpases, since this register is updated by the clockStrobe packet during normal system

operation.

3.12.4.3 ERROR_COUNT register

The optional ERROR_COUNT register, shown in figure 117, provides an inexpensive method of
logging transmission errors that are not returned to the requester. The ERROR_COUNT register
is incremented once for every error-interval (64 16-bit symbol times) during which an error
was detected. Unlike most CSRs, this register is cleared by a power_reset or warm_reset, but
is not affected by a command_reset, linc_reset, or linc_clear.
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definition

error-interval count

32

read values

most recent of last-update and last-write

write effects

stored

Figure 117 — ERROR_COUNT register (offset 384)

Note that the STATE_CLEAR.elog bit is also set whenever the ERROR_COUNT register

in
st

3.

TH
pg
Af
ap
bi

cremented. However, reads and writes of the ERROR_COUNT register have no effect on t
hte of the STATE_CLEAR.elog bit.

12.4.4 SYNC_INTERVAL register

e mandatory SYNC_| NTERVAL register specifies the.time interval at which the special sy
ckets should be generated. A default value is set.during the ringlet initialization proceg
ter ringlet initialization, software is expected tocupdate this register with a time inter
propriate for normal operation of the particulardmplementation. Only the 24 most-significa
s of the SYNC_I| NTERVAL register are required, as illustrated in figure 118.

definition
fraction.of.a'second reserved
24 8
read value
last-write zeros
write effect
stored ignored

is

nc
S.
al
nt

I:igllrn 118 — SYNC INTERVAI rpgicfpr (offset 51 ’))

Unlike other CSRs, this register is initialized by a power_reset, warm_reset, or ringlet_reset
and is unaffected by a command_reset or linc_clear. For the 18-DE-500 link, the initial value
of this register is set to 0000400044 (and for the 1-FO-1250 or 1-SE-1250 links it is set to
000200004¢).
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3.12.4.5 SAVE_ID register

The SAVE_I D register provides access to the 16 bit stableld value, which forms the most-
significant portion of the 80-bit unique identifier (UID). This UID value is used during system
initialization to determine which node becomes the ringlet scrubber. The most-significant
16 bits of this register are reserved. If the node supports a nonvolatile identifier, the format of
this register is illustrated in figure 119.

definition
reserved stableld
16 16
read value
zeros last-write
write effect
ignored stored

Figure 119 — SAVE_ID register(offset 520)

If ]la nonvolatile identifier is not supported, the bhghaviour of this register is identical to that
dgfined for the SLOT_I D register (see 3.12.4.6).

Unlike other CSRs, this register is unaffected'by a power_reset, warm_reset, command_resgt,
ringlet_reset, or linc_clear.

3.12.4.6 SLOT_ID register

The optional SLOT_I D register, provides read-only access to a maximum of 16 backplahe
signal values. The slotSignals field is obtained from signals provided by the backplane. The
mest-significant bits of this)field may be partially implemented; any unimplemented bits shjll
bg zero. The format of(this register is illustrated in figure 120.

definition
reserved slotSignals
16 16
read value
zeros last-write

write effect

ignored

Figure 120 — SLOT_ID register (offset 524)
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On the Type 1 Module version of the standard, these bits are hard-wired to zero or connected
to backplane-provided geographical addressing signals. An implementation may connect less
than 16 geographical address signals; the signals that are connected shall correspond to a
contiguous range of least-significant bits within the slotSignals field.

On the bit-serial Type 1-FO-1250 or Type 1-SE-1250 versions of the standard, the slotSignals
field shall be zero.

3.12.4.7 Vendor-dependent registers

Vendor-dependent registers may be placed in the CSR-offset range of 768 to 1020. Thege
addresses are expected to be used for node-related purposes. Unit-specific registers’ dre
eXpected to be assigned to other register addresses (starting from address-offset 2048).

3.12.5 SCIl-dependent ROM
3.12.5.1 Overall ROM format

The CSR Architecture provides a framework for defining the location;fermat, and meaning|of
ndde-supplied ROM information. The term ROM is used to describe-the read-only nature |of
th|s information, which could be physically located in nonvelatile memory or could pe
inftialized by a vendor-dependent support processor. The ‘CSR Architecture defines|a
bys_info_block, whose length and format are bus-dependentifor SCI, this is 32 bytes in sige
and has the format illustrated in figure 121.

4 "' '5' '9' '6'
8,12,16 busName

20 CsrOptions

24 LincOptions

28 MemoryOptions

32 CacheOptions

Figure 121 — SCI ROM format (bus_info_block)

The first four bytes are ASCII numerical characters that uniquely identify SCI by its projegct
nymber. The_following 12 bytes are null-terminated character strings that specify whigch
physical standard is implemented, as shown in table 17.

Table 17 — Physical standard description

name description
T-18- DE-500 18 signals, differential ECL, 500 Mperiods/second
T-1- SE- 1250 1 signal, differential ECL, 1250 Mperiods/second

Note that the T-1-FO-1250 option is not explicitly supported in ROM, since its functional
behaviour is expected to be identical to the defined T-1-SE-1250 option. Vendor-dependent
implementations that intend to closely imitate the capabilities of the SCI standard should use
names that begin with the two characters V- , to avoid confusion with the SCI names that
begin with the two characters T—.
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The bus_info_block contains four additional quadlets called CsrOptions, LincOptions,
MemoryOptions, and CacheOptions, whose formats are specified in 3.12.5.2 to 3.12.5.5.
These quadlets specify which SCI options are implemented. Although most of these options
have no effect on system software, identifying the implemented options is expected to be
useful for diagnostic, verification, and initial configuration purposes.

3.12.5.2 Format of CsrOptions

The CsrOptions quadlet specifies which of the optional CSR registers (or portions of registers)
are implemented, as illustrated in figure 122

splitTimeout
errorCount
savedld
throughRead
throughWrite
arriveRead
arriveWrite

nodePosition
slotld

nodeMemory
nodeCache
slotBits
clockTick

reserved
12 11 2 1111 4 1 1(1H1 4

Figure 122 — ROM format, CsrOptions

If the nodeMemory bit is 1, the node supports SCI memaorysand the following MemoryOptions
gyadlet shall be nonzero. If the nodeMemory bit is 0, the node does not support SCI memary
arld the following MemoryOptions quadlet shall be zero: If the nodeCache bit is 1, the nofle
SAFports a coherent SCI cache and the following CacheOptions quadlet shall be nonzero| If

the nodeCache bit is 0, the node does not support a coherent SCI cache and the following
CacheOptions quadlet shall be zero.

The 2-bit nodePosition field is provided te help identify nodes that are physically located pn
the same module. If the module has anlyvone node on this ringlet, its nodePosition value is|0.
If fhe module has two or more nodes(attached to the same ringlet, the nodePosition value ig 1
fof the most-upstream node and 8 for the most-downstream node. If the module has three |or
mpre nodes attached to this pode's ringlet, the nodePosition value is 2 for the other nodes
atfached to the same ringlet.

If [the splitTimeout bit~is™ 1, the 64 bits of the SPLIT_TI MEOUT register pair shall pe
implemented. If the splitTimeout bit is 0, only 16 bits of the SPLI T_TI MEOUT_L O register shjall
bg implemented.

If the errorCeunt bit is 1, the optional ERROR_COUNT register shall be implemented. If the
saveld bitisL, the optional SAVE_I D register shall be implemented.

—

If the"slotld bit is 1, a portion of the SLOT_I D register shall be implemented, and the value|of
slptBits+1 shall specify the number of implemented least-significant bits within this register] If
slotld is 0, the SLOT_| D register shall not be implemented and the value of slotBits shall be 0.

If the throughRead bit is 1, the CLOCK _STOBE_THROUGH register shall be read-only. If the
throughWrite bit is 1, the CLOCK _STROBE_THROUGH register shall be readable and writeable.
The throughRead and throughWrite bits are mutually exclusive, in that one and only one of
these two bits shall be 1.

If the arriveRead bit is 1, the CLOCK_STROBE_ARRI VED register pair shall be read-only. If the
arriveWrite bit is 1, the CLOCK_STROBE_ARRI VED register shall be readable and writeable. The
arriveRead and arriveWrite bits are mutually exclusive, in that at most one of these two bits
shall be 1; if both bits are zero the CLOCK_STROBE_ARRI VED register is not implemented.
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The clockTick field shall specify the approximate size of the clock-tick period (in 32-bit
fractions of a second). If the arriveRead and arriveWrite bits are both zero, the value of
clockTick shall be zero. Otherwise, the value of clockTick shall be the smallest integer for
which the following inequality is true: clockTickPeriod<(1<<clockTick), where clockTickPeriod
is the time period between clock updates measured in units of 2732 s.

3.12.5.3 Format of LincOptions

The LincOptions quadlet specifies which of the optional linc capabilities are implemented, as
illustrated in figure 123

[0}
S .":.":'q)
SwoE _EES <

(0] CDD:""""E'H = o]

-— =0 0 X ()
285555533 2E228%,8 3
O>-C_C(ﬁOCD:D: O EOCOO T s Qax

()] = s © P b QL 2 @©
SEEESXECS =L CEEaTO 2000
Eo5LO8EESSr Qe = 538
m_Q'O'O'O(UO’ELHUJFCmmEOw > q_)'c'c'c
eSS QLOCE35GESEERSSE 3 ES G o
— S —
W 8EEo8ocnoalESSHnO e = IR
reserved
6 11111111111 1111111 4 1111

Figure 123 — ROM format, LincOptions

The clearing bit is 1 if the node supports the optional linc_clear capability. The stableVote bit
is|1 if a 64-bit stable identifier is provided, and&<that identifier is used during system
inftialization to select the ringlet scrubber. The randemVote is 1 if a random 64-bit identifier|is
uged during system initialization to select the ringlet scrubber. The fixedEither bit is 1 if the
linc chip can be selectively configured to beveither the scrubber or a nonscrubber nofde
regpectively. The fixedOther bit is 1 if thedlidc chip can only be a nonscrubber node. The
stableVote, randomVote, fixedEither, and.fixedOther bits are mutually exclusive, in that ope
arld only one of these four bits shall be setto 1.

If the broadcast bit is 1, the nodelaccepts broadcast send packets. If the targetRoute bit is|1,
the node's routing decisions.are only influenced by the packet's targetld symbol. If the
cgmmandRoute bit is 1, théshode's routing decisions are only influenced by the targeild
arjld command symbols (fer.example, requests and responses have different routes). If the
sdurceRoute bit is 1,-the’ node's routine decisions are only influenced by the target|d,
cgmmand, and sourceld symbols (for example, the packet's route depends on where| it
orjginated). If the, cantrolRoute bit is 1, the node's routing decisions are influenced by the
tafgetld, command;“sourceld, and control symbols (for example, the packet's route depends
or] the send packeét's control.transactionld field.

The targetRoute, commandRoute, sourceRoute, and controlRoute bits are mutually exclusiye,
in[that ane and only one of these four bits shall be set to 1. If the broadcast bit is 1, either the
sdurceld or the controlld bit shall be 1 (routing of broadcast packets is influenced by the th|rd

S 1ol raa-kb-ab)
Soufreeta SYyHTouUT)

If the passTransmit bit is 1, the node uses the pass transmission protocol and the elasticldles
bit shall be 0. If the fairTransmit bit is 1, the node uses only the low-transmission protocol,
and only two packets (one request send and one response send) are simultaneously active
(packets have been transmitted, but no echo has been returned). If the manyTransmit bit is 1,
the node uses only the low-transmission protocol but more than one request send and one
response send may be simultaneously active. If the unfairTransmit bit is 1, the node uses both
the low- and high-transmission protocols to support prioritized send-packet transmissions.
The passTransmit, fairTransmit, manyTransmit, and unfairTransmit bits are mutually
exclusive, in that one and only one of these four bits shall be set to 1.
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If the unfairReceive bit is 1, the node uses priority to selectively bypass the send-packet
acceptance protocols (i.e., priority packets are busied less often). The unfairReceive bit shall
be zero if the unfairTransmit bit is zero, and should be 1 if the unfairTransmit bit is 1 (the
unfairReceive capability is an optional extension of the unfairTransmit capability).

The sameClock bit is 1 if the node's clock is the same as its input clock and insertion/deletion
of idle symbols is not performed. The syncldles bit is 1 if the node's clock may be different
from its input clock, and insertion/deletion of symbols can occur only during sync packet
inputs. The elasticldles bit is 1 if the insertion/deletion of idle symbols can occur between any
inpLt In:ml(an as_well as dllring ihr\llf sync r\:ml{nfc The sameClock, Qynnlrilney and
elasticldles bits are mutually exclusive, in that one and only one of these three bits shallpe
sqt to 1.

If the busyMax bit is 0, the node's busy-retry protocols do not count the number ©f previousgly
bysied subactions. If busyMax is nonzero, the node's busy-retry protocols count the numper
of|previously busied subactions, using a binary counter with busyMax bits.

=

the timeOfDeath bit is 1, the node supports time-of-death checks on~gueued send packets
arld (if requester capabilities are provided) can initialize these to(nonzero values when| a
reguest-send packet is generated. If the send288 bit is 1, the node . can accept the largest SCI
pdckets (an extended header plus 256 bytes of data). If the send96 bit is 1, the node cpn
adcept 64-byte SCI packets with extended headers. If the/send80 bit is 1, the node cpn
adcept 64-byte SCI packets without extended headers. The send288, send96, and sendBO
bils are mutually exclusive, in that one and only one of these three bits shall be set to 1.

3.12.5.4 Format of MemoryOptions

If memory is not supported, as indicated by the.nodeMemory bit within the CsrOptions quadlet,
thé MemoryOptions quadlet shall be zero. Otherwise, the MemoryOptions quadlet specifies which
of|the optional memory capabilities are implemented, as illustrated in figure 124.

-— ey
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S o 3
o o [oe)
240 2 Qxw©o
o2 s £ Buo®
s{scee @m e’
SE8066 9 E£600
CEzE B2 o =7 N7 N7}
reserved
18 111111 4 1111

Figure 124 — ROM format, MemoryOptions

If the vendorLock bit is 1, the node's memory supports the vendor-dependent variant of the
ndncoherent locksb transaction. If the littleAdd bit is 1, the node's memory supports the
LITTLE _ADD variant of the noncoherent locksb transaction.

If the wash bit is 1, the node's memory supports the coherent MS_WASH memory state. If the
fresh bit is 1, the node's memory supports the coherent M5S_FRESH memory state. If the gone
bit is 1, the node's memory supports the coherent MS_GONE memory state. If the noncoherent
bit is 1, the memory controller supports only the noncoherent accesses. The wash, fresh,
gone and noncoherent bits are mutually exclusive, in that one and only one of these four bits
shall be set to 1.

The tagBits field specifies the number of tag bits used to identify the owner of each coherently
cached line; these nodeld values are saved as sign-extended values in a field that has
tagBits+1 bits. If one of gone, fresh, and wash is 1, legal tagBits values shall include 7, 11,
and 15; otherwise the tagBits field shall be 0.
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If the timeOfDeath bit is 1, the memory controller supports time-of-death checks on queued
send packets and (if requester capabilities are provided) can initialize these to nonzero values
when a request-send packet is generated. If the send288 bit is 1, the memory controller can
accept the largest SCI packets (and extended header plus 256 bytes of data). If the send96
bit is 1, the memory controller can accept 64-byte SCI packets with extended headers. If the
send80 bit is 1, the memory controller can accept 64-byte SCI packets without extended
headers. The send288, send96, and send80 bits are mutually exclusive, in that one and only
one of these three bits shall be set to 1 if a memory controller is supported.

3.12.5.5 Format of CacheOptions

Iflcache is not supported, as indicated by the nodeCache bit in the CsrOptions quadlet;-the

CacheOptions quadlet shall be zero. Otherwise, the CacheOptions quadlet specifies-which|of

the optional cache capabilities are implemented, as illustrated in figure 125.
<
3

e .3 2 2 88gg

0-F2P508 5723 He BN BE22E

S820328338s0efs & £388

reserved
9 111111111111 141 4 1111

Figure 125 — ROM format, CacheOptions

The qolb, pair, weak, robust, purge, flush, wash,.cleanse, clean, local, write, read, modify,
frash, and dirty bits specify which of the cache™options are supported. See the C code for
dgtails.

The tagBits field specifies the number (of tag bits used to identify the other entries in| a
cdherence sharing list; these nodeld values are saved as sign-extended values in a field that
hgs tagBits+1 bits. If cache is 1, legaltagBits values include 7, 11, and 15; otherwise tagBjts
shall be zero.

—

If the timeOfDeath bit is 1, the cache controller supports time-of-death checks on queugd
sgnd packets. If the send?88 bit is 1, the node can accept the largest SCI packets (pn
eXtended header plus 256 bytes of data). If the send96 bit is 1, the node can accept 64-byte
SCI packets with extemded headers. If the send80 bit is 1, the node can accept 64-byte S(CI
pgckets without éxtended headers. The send288, send96, and send80 bits are mutually
eXclusive, in thatigne and only one of these three bits shall be set to 1 if cache is supported

3.12.6 Interrupt register formats

A|single SCI system may include processors from many different suppliers. With sharpd
memory, processors are expected to pass messages by writing the data to memory apd
interrupting another processor or processors. Software mailbox conventions, which are
beyond the scope of this standard, are expected to standardize the format and meaning of the
data structures in shared memory.

Although the architectures of various processors are likely to differ, standard interrupt and
memory-controller architectures are intended to simplify the implementation of standard
shared-memory-based message-passing protocols. Standardizing the processor's interrupt
architecture is also expected to simplify monarch selection protocols, which may be defined in
future extensions to this standard.
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A node that contains one or more monarch-capable processors shall implement the
| NTERRUPT_TARGET register, as defined in the CSR Architecture. This provides an address
for broadcasting interrupts to all monarch-capable processor units on the node. A write to this
target address is distributed to all processors on the node, and shall be processed (as defined
by the CSR Architecture) by all monarch-capable processors on the node. For interruptible
uniprocessor nodes, this is the only required interface to the processor interrupt capability.

For nodes with two or more monarch-capable processors, a DI RECT_TARGET register shall be
defined in the unit architectures of each monarch-capable processor (so that processors can

be-selectively interrunted)
P4 L 7

A \write to the processor's DI RECTED_TARGET register is routed to an individual processor pn
the node. For that processor, a write to the DI RECTED TARGET register and a write’ to the
ndde's | NTERRUPT_TARGET register (with the | NTERRUPT_MASK register set(to“all ongs)
shall be processed equivalently, as defined within this subclause.

The 32 data bits of a write4 transaction correspond to 32 interrupt-event priorities, where the
mpst-through-least-significant bits of the data correspond to the highest{p[0]) through lowest
(p[31]) priority interrupt-event respectively, as illustrated in figure 1286,

definition
p[0] | p[1] | pI2] p[30] | p[31]
1 1 1 27 1 1
read value
zero

write effect

sets selected interruptBit value(s)

Figure 126 — DIRECTED_TARGET format

DIRECTED_TARGET:

Odtional(WO): One should\be provided on each interruptible processor.
Inifial value: 0

Read4 value:  Shall return 0.

Wlite4 effect: (The write-data value is ORed with the processor's internal interruptBits.

Units that>respond to DI RECTED_TARGET writes are expected to provide one bit to quepe
edch_dnterrupt event. When the DI RECTED_TARGET register is mapped to a unit with less
than-32 mterrupt pr|or|ty levels, each prlorlty bit in the unit shall be mapped to a contlguous

DTN T AL
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priority interrupt bits shall be mapped to more-significant bits within the DI RECTED_TARGET
register), and all of the DI RECTED_TARGET bits shall be mapped to a unit interrupt bit.

When the DI RECTED_TARGET register is written, the write data are sent to the processor unit
and may be ORed with the bits in the processor's internal interruptBits register. The enabling
of processor interrupts is expected to be based on the bit position of the interrupt bit, and the
processor is expected to provide mechanisms for selectively clearing bits within the internal
interrupt-pending register. However, these internal processor-architecture details are beyond
the scope of the SCI standard.
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3.12.7 Interleaved logical addressing

Supporting interleaved addresses is an optional capability of a requester. However, having a
common model supports interoperability between nodes made by different vendors.

On high-performance systems, memory interleaving is a cost-effective way of improving
effective memory-access bandwidth. To simplify the hardware (and to improve burst-transfer
rates), SCI supports interleaving on a cache-line (64-byte) granularity.

The interleaving is performed by a transformation of the logical DMA address (as specified in

th
tre

pr
ag

TH
bi
Sp

TH
m

e DMA-command chain) to a physical DMA address (as used on SCI). Since the interlea
nsformation is performed inside the DMA controller, it has no effect on the data-trfans
ptocols defined by the SCI standard. Simple processors are assumed to use the’sa
dress-translation protocols, for compatibility with standard interleaved DMA contrellers.

s is specified by the interleave width w and the location of the affected address bits
ecified by the interleave shift parameter s, as illustrated in figure 127,

logical address

16-s—w w s 2 40-w w 6
add1 in add2
16
\
(enable)
16 decode » mask |e—w

16 shift s

|

XOR (16 bits)

add3 out add2

physical address

Bigure 127 — Logical-to-physical address translation

bmory controllers with noncontiguous nodeld values. To make use of this interlea

cgpability,Sipitialization software is required to configure the nodelds of the 2" interleav,

m

bmory.controllers to nodeld addresses that differ by only an n-bit field.

TH

e upper two bits of the address offset field selectively enable the interleave operation. If t

Ve
er
he

e interleaving involves an exclusive-OR of address bits. The width of the jaffected address

S

e interleave)shift field, s, provides flexibility for interleaving memory addresses frgm

Ve
ed

e

upper two bits are 00 or 11, interleaving is disabled. This supports noninterleaved access of
the lowest or highest portion of the physical address space. If the upper two bits are 01,
interleaving is enabled and the access address is mapped to the lower half of the address-
offset space, as specified by table 18. If the upper two bits are 10, the address interpretation

is

vendor-dependent.
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Table 18 — Interleave-control bits

in out enable
00 00 0
01 00 1
10 vd vd
11 11 0

on

4| Cache-coherence protocols

4.1 Introduction

SCI supports multiprocessing with cache coherence for the very general-distributed-shargd-
memory model. Use of cache coherence is optional, and there are also”optional featurges

within the cache-coherence model that interoperate compatibly but offer“various tradeoffs
pgrformance versus cost.

S@me applications may choose to maintain cache coherence under software control instead
uging SCl's automatic coherence mechanism, and others may. prefer to use message-passi

of

of
ng

sghemes. SCI supports all these styles efficiently and eoncurrently, so long as the system

sdftware correctly manages mixed-system operation.

4.1.1 Objectives

The set of cache-coherence states and transactions that is described in this document includ
a humber of optional subsets. These optionsvare available to improve the performance of t
fregquent forms of cache sharing between~entries in relatively short sharing lists. Performan
enhancements for long sharing lists are under development for a future extension to SCI. T
ofdtions included in this document are Subject to the following constraints:

1)| The coherence options can-be implemented without significantly increasing the size
tags in the memory directery or caches.

2)| The options work with/the’basic SCI transaction-set (request/response) definitions.

3)| The options shaould) ‘not affect the correctness of the basic SCI cache-coheren
specification.

4.1.2 SCI transagtion components

SClI's highsperformance design goals (1 Gbyte/s per node) forced a migration from bus
bdckplanes“to a unidirectional point-to-point-link interface. The interconnection possibiliti
fof theselinks range from rings, through meshes of rings, to switch networks.

les
he
ce
he

of

In order to support arbitrary interconnection mechanisms, SCI does not depend on broadcast
transactions or eavesdropping third parties. Experienced switch-network designers claim that
broadcasts are nearly impossible to route efficiently. Broadcasts are also hard to make
reliable; with the large number of nodes on SCI (and therefore a high cumulative error rate)

reliability and fault recovery are primary objectives.

Therefore, SCI cache-coherence protocols are based on directed point-to-point transactions,
initiated by a requester (typically a processor) and completed by a responder (typically a
memory or another processor). Most transactions consist of a request subaction followed by a
response subaction. For example, the request subaction transfers the address to a memory
controller and the response subaction returns data or caching status from the memory

controller to the processor, as illustrated in figure 128.
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request subaction )
requester . transaction
response subaction

(requester responder)

Figure 128 — SCI transaction components
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| .3 Physical addressing

r simplicity and interoperability, the SCI coherence protocols assume that ,a physiq
dress is sufficient to extract cache entries from a cache. Although primary caches' will oft
virtually indexed, SCI expects that large secondary caches will isolate thelinterconne
m the virtual addresses generated by the processor.

hough virtually indexed caches are not supported by the SCI standardy’a sufficient numh
reserved fields is provided that such capabilities could be defined by extensions to t
hndard. With such extensions, virtual index bits could be transferred among compatik
bcessors in fields reserved for vendor-specific uses. If standard DMA devices are uss

nsfers, as is done in some existing RISC architectures, Xendor-dependent DMA controllg
at supply both the physical address and the virtual index<bits could also be used.

l.4 Coherence directory overview

buses that support caches, coherence is usually achieved by eavesdropping or snoopir
processors listen to the bus and invalidate or update their caches when data are writt
o memory. Noneavesdrop cache-coherence protocols, which scale beyond a bus, 4§
nerally directory-based. The following-coherence properties form the basis for most
bse schemes:

Sharing readers. Identical copies of a line of data may be present in several cachg
These caches are called readers.

Exclusive writer. Only one ‘cache at a time may have permission to write to a line of da
This cache is called the)writer.

all readers to invalidate their copies.

AccountingnFoer each addressed line, the identity of all readers is stored in some kind
directory:

limitedseonfigurations the directory could be centralized at the memory controller. Howev
C| distributes the directory among the tags associated with coherently cached copies a
b (memory directory. By distributing the directory updates among multiple processors rath
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Invalidate on write.-When a cache gains permission to write into a line, the writer notifies

of

pr,
nd
er

th

dIm uUSing - a centrat directory, SCHatso distributes the hrousekeepimgcommmumication ano

19

the sharing processors. This is preferable to concentrating that communication at a heavily

sh

ared memory controller.

The SCI cache-coherence overview assumes that there is always one processor/CPU for
each cache and that this processor executes the cache-coherence protocol. In an
implementation there might, of course, be several processors with distinct primary caches that
share a common secondary cache. In such configurations, the cache-coherence protocols are

ex

pected to be performed by a specialized cache controller, not the processor/CPU.
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With SCl's distributed sharing lists each coherently cached line is entered into a list

of

processors sharing that line. Other lines may be locally cached, and are not visible to the
coherence protocols. For illustrative purposes, both coherent and noncoherent lines are

shown in figure 129.

processors

execution
units

caches

. Coherent line
l:l Non-coherent line
Figure 129 — Distributed sharing-list direétory

Noncoherent copies may also be made coherent by higher<evel software, perhaps on a pag
leyel basis. However, the details of such software coherénce protocols are beyond the sco
of|the SCI standard.

Fqr every line the memory directory keeps associated tag bits. Some of these identify the fi

prpcessor in the sharing list (called the head)y Double links are maintained between oth
prpcessors in the sharing list, using forwardéand backward pointers. The backward pointe

support independent (and perhaps simultaneous) deletions of entries in the middle of the li
e.f., when a processor needs to free a caeche line for use by a different address.

4.1.5 Memory and cache tags

Memory tags include a lock hity a 2-bit memory-state field, mState, and a 16-bit forwld fie
With the basic memory mode),” which only supports the caching of apparently dirty data, the
bils may be located in the data store (which is not used when the data are cached). T
forwld field specifies_the first node in the sharing list in terms of the 16 most-significant b
(npdeld) of an SCI address.

Each cache entry’contains the 7-bit cache state, cState, and two 16-bit pointer fields, forw

arld backld,.which usually point to the adjacent sharing-list entries. The extra memory-tag a
cache-tag.storage represent overheads of approximately 4 % and 7 %, respectively. The
tap bitsyare illustrated in figure 130.
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processors

exc_ecution
units

caches

i) forwld |backld FE&s)

addressOffset |48b

ITIcITiory

3b

data[64]

(about 4% extra)

data[64]
o

(about 7% extra)

Additional coherence
protocol state

Figure 130 — SCI coherence tags (64-bytedine, 64K nodes)

Edch cached entry has an address that is partitioned¢ito a 16-bit memory-controller identifler
memld and 48 bits of addressOffset. For entries atthe head of the list, the backld field is not
ngeded, since the memld field is part of the line*address. For these head-list entries, the
bdckld pointer is not part of the basic sharing-list structure, but is used by an optional part|of
the coherence protocols.

SCI assumes a fixed 64-byte cache-line‘size, which is near optimal for most systems, for the
following reasons:

1) Small tag overhead. The -sizes of memory-directory and processor-entry tags 4gre
significantly less than thessize of a line of data.

2)| Reasonable efficiency: TFhe 64-byte SCI transaction is relatively efficient; approximate
two thirds of the copsumed bandwidth is used for data.

y

3)| Uniformity. The 64=byte size is shared by other bus standards (Futurebus+).

Having one fixed. size dramatically simplifies the coherence protocols, which compensates for
the use of aonoptimal size on some systems. Although smaller line sizes could reduce the
amount offalse sharing (which can occur when two or more independent variables happen|to
bqg in thessame line), smart compilers are a more effective solution to this problem.

4.1'6) Instruction-execution model

The cache-coherence protocols describe a set of actions used to change cache-line states.
For a load instruction, the cache-line data must be converted to a readable state; for a store
instruction, the cache-line data must be converted to an exclusive writeable state; for a flush
instruction, the cache-line data must be returned to memory.

For this specification the processor's memory-access instructions are expected to have four
phases: the allocate phase, the setup phase, the execute phase, and the cleanup phase. For
example, the simplified C code of the following listing illustrates the four phases within a
coherent store instruction.

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

- 162 — ISO/IEC 13961:2000(

E)

IEEE Std 1596, 1998 Edition

/* Listing 1: store_instruction illustration */

voi d
Execut eSt ore( ProcParaneters *procPtr, AccessMdes nopde,
Quads2 address, Byte *grBuf, int size)
{ CacheTags *cTPtr;
int of fset= address. Lo%%4;
cTPt r =Fi ndLi ne( procPtr, node, address); /* Fetch matching entry */
St or eSet up( procPtr, node, addr ess) ; /* Setup cache-line state */

- - tToffset;
gr Buf , si ze) ;

/* Execute phase */
Cl eanup(procPtr, node, cTPtr); /*

Cl eanup phase */

In|this example, the allocate phase consists of Fi ndLi ne(), which finds or fetehes a cach
Iige entry for the addressed cache line. If a cache-line entry is found in a\usable state
cache hit), no transactions are generated.

e-
(a

The setup phase (which may involve the generation of mulfiple transactions) c
Stlor eSet up() to convert from the previous cache-line state teOone of the instructio
ugable cache states. For example, the setup phase of a load instruction would be used
cagnvert a cache line from the state | NVALI D to one of the readable cache-line states.

The execute phase of an instruction calls Store() and might involve an immediate change
cgche-line states. For example, the execute phase of. a\store instruction changes a modifial
cache-line entry (ONLY_CLEAN) to a modified cache-line entry (ONLY_DI RTY). The execu
pHase of a store instruction may also change a modifiable cache-line entry (HEAD_DI RTY)
a modified intermediate state (HEAD_MODS). Similarly, the execute phase of a flush instructi
would mark the cache-line for flushing during@he cleanup phase.

The cleanup phase of an instructionc”(which may involve the generation of multig
trgnsactions) calls Cl eanup() to change a transient cache-line state to one of the staf
cache-line states. For example, after data in the sharing-list head is modified, the clean
pHase of a store instruction is responsible for purging the other sharing-list copies.

Processors may enforce weak or strong ordering constraints for the execution of memo
adcess instructions. Weak’ ordering constraints generally allow the pipelined execution
other instructions during/the cleanup phase and strong ordering constraints do not. To supp
weak ordering constraints, the SCI C code updates a done code when the execute phase
ar| instruction completes. However, the details of how this affects other pipelined-instructi
inferlocks are ©eyond the scope of the SCI standard.

4.1.7 Cehefence document structure

The~coherence protocols support a rich set of interoperable performance enhanceme

lIs
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of
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options—These npfinnc have heen rincignnrl so that nodes imlr_\lnmnnting different sets

Uill

interoperate correctly in all cases, but the enhanced performance the options offer may not
realized if they have not been implemented by all participating nodes.

The full set of options will probably not be used in initial implementations, but provides a ri

be

ch

set of design choices for customizing the protocols to meet specific system requirements. To

simplify understanding of the cache-coherence protocols, three sets of implementati
options are outlined in this overview: the minimal, a typical, and the full sets.

The minimal set can be used to maintain cache coherence in a trivial but correct way that has

on

no

provision for read sharing. This model could be useful for small multiprocessors where appli-
cations infrequently share data, and manage coherence of shared instruction pages by software.
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The typical set has provisions for read sharing, robust recovery from errors, efficient read-only
(fresh) data accesses, efficient DMA transfers, and local (noncoherent) data caching. This

op

tion set is likely to be implemented even in the first SCI systems.

The full set implements all of the defined options. In addition to the provisions of the typical
set, the full set supports clean cache-line states, cleansing and washing of dirty cache-line
states, pairwise sharing, and QOLB. This more complex option set is expected to be

im

Th

plemented on general-purpose processors as implementors gain experience with SCI.

ese three option sets are described in 4.2 to 4.5

4.p Coherence update sequences

4.p.1 List prepend

Td
frd
en

the instruction can be executed. The mread64 (coherent memory read) \transaction consists
reguest and response components; the memory accepts the request Q1, performs an upda

ag

TH

illustrate the coherence protocol components, consider the conversion ,ofba sharing |

try in CPU_B is initially invalid, a modifiable cache line must be fetched from memory befd

tion (Al) to update its cache-tag state and pointers, and returns the response S1.

e memory-tag-update action leaves the memory tag poipting to CPU_B and the old poin

ist

m a one-entry (ONLYP_DI RTY) list to a two entry list (HEAD_EXCL and TAI L_STALE). If the

re
of
te

er

vdlue (which identifies CPU_A) is returned to CPU_B in<he’transaction response S1. While
waiting for S1, CPU_B is left in the PENDI NG state. Thisssequence is illustrated in figure 131,
uging a shaded line (from requester to responder) tocspecify transactions and a solid line(to
specify sharing-list links.
new old new old
CPU_B CPU_A CPU_B CPU_A
INVALID ONLYP, DIRTY PENDING ONLYP_DIRTY
A S A
Y Q1 Y
GONE-A (AT)
Befere Step-1 GONE-A
memory memory
new old new old
Q2
CPU_B A2 CPU_A CPU_B CPU_A
,,,,,,, S S 72 P — S bl PN
WULULLDL U UINT VINDLD LJLIND L LIILALY LA LT LALL o LALILL
y
GONE-B GONE-B
Step-2 After
memory memory

Figure 131 — Prepend to ONLYP_DIRTY (pairwise capable)
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The response S1 returns to CPU_B the previous state of the memory-line and a pointer to
CPU_A. Based on these values, CPU_B initiates a cread64 (coherent cache read) transaction
to the old sharing-list head (CPU_A). The old sharing-list head accepts the request subaction
(Q2), performs an update action (A2), and returns a response subaction (S2). The update
action (A2) leaves CPU_A in the TAI L_STALE state (tail of the list, data are stale and
unusable). The processing of the response S2 leaves CPU_B in the HEAD_EXCL state (head of
the list, data are exclusive and modifiable).

In this example the Q1 request is the first half of an mread64 transaction; if the data had been
uncached this would have returned 64 bytes of data from memaory The mread64 request is
14 bytes long; it contains the 16-bit nodeld of the memory controller responder (resld);the
7-pit transaction command (cmd), the 16-bit nodeld of the requester (reqld), and a.\48-pit
address offset (A00,A16,A32), which includes the 6-bit memory-update operand (mop), Thegse
transaction components, which are many of the request subaction fields, are illustrated|in
figure 132.

The S1 response is the second subaction in the mread64 transactiany When data dre
urfavailable, this response subaction returns the 4-bit storage-status (sStat), which is used|to
report data-storage and transmission errors, the 8-bit memory status (mStat), which is used|to
refurn the previous memory-tag state, a 16-bit forward pointer (ferwld), which points to the
previous sharing-list head, and a 16-bit reserved field (for futurekextensions to the coherence
prptocols). The sStat field is expected to be used for reporting ECC errors in RAM; the mStat
figld indicates how the sharing list was previously owned.

Q1: Memory mread request (16 bytes)

resld | cmd | reqld ctrl A00,A16,A32-(mop) crc

S1: Memory mread response (16 bytes)

reqld | cmd | resld ctrl ;Sst?ati forwld | resv crc

Q2: Cache-cread request (32 bytes)

resld [ cmd [ regld ctrl A00,A16,A32 (cop) newld | memld|pad[12]| crc

S2: Cache cread response (80 bytes)

sStat,
cStat

regld=| cmd resld ctrl forwld | backld data[64] crc

Cioura 132 Mamaornsmraad - and cachaaxvtandad craad componants
=gt~ wreR-o-Hy—H-eat—ah e+ teR-eea—-cieat HH-o-R-eh+

The Q2 request is the first subaction of an extended cread64 transaction that requests data
from the remote cache (CPU_A). The extended request is 32 bytes long; the first half contains
the 16-bit address of the cache responder (resld), the 7-bit transaction command (cmd), the
16-bit address of the cache requester (reqld), the 48-bit address offset (A00,A16,A32), which
includes the 6-bit cache-update operand (cop), and 16 bytes of extended-header information.

The extended portion of the header contains an unused 16-bit identifier (newld), a 16-bit
memory identifier (memld), which provides the address of the memory controller, and
12 bytes of pad data. The pad data, which extends the packet to a uniform multiple of
16 bytes, contains reserved fields.
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The S2 response is the second subaction in the cread64 transaction. This response subaction
returns the 4-bit storage status (sStat), which is used to report data-storage and transmission

errors, the 8-bit cache status (cStat), which is used to return the previous cache-tag state,

a

16-bit forward pointer (forwld), which points to the next sharing-list entry, a 16-bit backward
pointer (backld), which points to the previous sharing-list entry, and 64 bytes of (optional) data.

Note that the memory controller can always add a requesting node to the pending queue, and
ownership is then passed sequentially to the new heads of the queue. The addition of new
sharing-list entries is thus performed in FIFO order, as defined by the arrival of coherent

requests at the memory controller. Note that ownership implies that the cache-line's data m

ay

bg immediately modified, although some delayed purging may be required after the data.gre
modified.
4.p.2 List-entry deletion
Tq illustrate other coherence protocol components, consider the deletion of the*initial sharirg-
list entry, which occurs when the cache-entry storage is needed for ,another cache-line
address. If the cache line in CPU_B is initially in a head/exclusive state-(HEAD_EXCL), an
extended cwrite64 transaction (see table 27) is used to return the data\from CPU_B to CPU |A.
The cwrite64 transaction consists of request and response subactions; the remote cache
agcepts the request Q3, performs an update action (A3) to update’ its cache-tag state apd
pdinters, and returns the response S3. The cache-tag-update action leaves the cache tag|of
CRU_Ain the ONLYP_DI RTY state, as illustrated in figure 133
old new old new
Q3
CPU_B CPU_A CPU_B A3 CPU_A
HEAD_EXCL | | TAIL_STALE HX_FORW_HX Si TAIL_STALE
GONE=B GONE-B
before step-1
memory memory
old new old new
CPU_B CPU_A CPU_B CPU_A
HX \BACK_IN ONLYP_DIRTY INVALID ONLYP_DIRTY
\S 4 [\
Q4 Y Y
(A4
T GONE-A
step-2 GONE-B after
memory memory

Figure 133 — Deletion of head (and exclusive) entry

The response to CPU_B returns the cache's previous cache-line state and pointer value.
Based on these values, CPU_B initiates an extended mread00 transaction to memory.
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The memory accepts the request subaction (Q4), performs an update action (A4), and returns
a response subaction (S4). The update action (A4) changes the memory pointer to point to
the new sharing-list head (CPU_A). The processing of the response Q4 leaves the cache-line
entry at CPU_B in the | NVALI D state, so it may be used to cache other cache-line addresses.

In this case, the extended cwrite64 request (Q3) is the first subaction of a cwrite64
transaction. The cwrite64 request is 96 bytes long; it contains the 16-bit nodeld of the cache
responder (resld), the 7-bit transaction command (cmd), the 16-bit nodeld of the cache

requester (reqld), a 48-bit address offset (add_offset), which includes a 6-bit cache-update
operand (r\nln), and 16 hyfnc of extended-header information —as shown in figurn 134

Q3: Cache cwrite 64 request (96 bytes)

esld | cmd | reqld ctrl A00,A16,A32 (cop) newld | memid |pad[12]| dataf64] crc

S3: Cache cwrite response (16 bytes)

teqld | cmd | resld ctrl iSSttaatt’ forwld |backld | crc

Q4: Memory extended mread request (32 bytes)

esld | cmd | reqld ctrl A00,A16,A32 (mop) |newld |pad[14]| crc

S4: Memory mread response (16 bytes)

sStat,
mStat

eqld | cmd | resld ctrl forwld | resv crc

Figure 134 — Cache cwrite64 and memory-extended mread components

The extended header containstan unused 16-bit identifier (newld), a 16-bit memory identif|er
(memld), which identifies theyaddress of the memory controller, and 12 bytes of pad data. The
pdd data, which extends the packet to a uniform multiple of 16 bytes, contains reserved fields.
The Q3 transaction is(called an extended cwrite64 because an extended 32-byte header|is
reguired to hold the.extra memld value.

The cwrite64 response (S3) is the second subaction in the cwrite64 transaction. This response
sUbaction returns the 4-bit storage status (sStat), which is used to report data-storage ahd
trgnsmission errors, the 8-bit cache status (cStat), which is used to return the previous cache-tag
s’t{te, and two 16-bit pointers (forwld and backld), which point to the previous and followihg

sharing-list entries. The sStat field is expected to be used for reporting ECC errors in cache-RAM;

the cStat field indicates how the sharing list entry was previously used.

The Q4 request is the first subaction of an extended mread00 transaction. The extended
request is 32 bytes long; its first half contains the 16-bit nodeld of the cache responder
(resld), the 7-bit transaction command (cmd), the 16-bit nodeld of the cache requester (reqld),
the 48-bit address offset (A00,A16,A32), which includes a 6-bit memory-update operand
(mop), and 16 bytes of extended-header information.

The extended header contains a 16-bit new-cache-nodeld identifier (newld), which identifies
the new sharing-list owner, and 14 bytes of pad data. The pad data, which extends the packet
to a uniform multiple of 16 bytes, contains reserved fields. The Q4 transaction is called an
extended mread00, because an extended 32-byte header is required to hold the extra newld
value. Note that control operations (which transfer no data) are called zero-length reads
(mread00 or cread00, when accessing memory or cache respectively).
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The S4 response is the second subaction of an extended mread transaction. This response
subaction returns the 4-bit storage-status (sStat), which is used to report data-storage and
transmission errors, the 8-bit memory status (mStat), which is used to return the previous
memory-tag state, a 16-bit forward pointer (forwld), which points to the next sharing-list entry,
and a 16-bit reserved field.

4.2.3 Update actions

The responder's processing of each coherent request (Q1-Q4) initiates an indivisible action
(Al1-A4) in the responder. These actions conditionally update the responder's tag state, based
orfthe parameters provided within tne request subaction packet.

Fqr this example, the subaction Q1 contains the memory-command value CACHE_DI RTY. The
memory's processing of this command (A1) normally converts the memory state frgm HOME|to
GONE (if the data was previously uncached) and changes the forwld value to(point to the
sHharing-list head.

Similarly, the subaction Q2 contains the cache-command value COPY_STALE. The (CPU_|A)
coﬂlche's processing of this command (A2) normally converts the{,cache state frgm

LYP_DI RTY to TAI L_STALE, simultaneously changing the backld painter in CPU_A to pojnt
to[the requester (reqld).

Some of the update actions (A3 and A4) are conditional; these two update actions are nullified
unless either the tag's backld or forwld value matches the request subaction's reqld field (the
identity of the requester). These conditional actions maké’it’possible to maintain consistency
even though any or all processors may be concurrently trying to change the pointers ahd
states in various ways. These (simplified) update actions are summarized in table 19.

Table 19 — Memory and.cache update actions

initial states final states
pdate_command state forwid backld state forwld backld
A1:CACHE_DI RTY HOVE forwld - GONE reqld -
A1:CACHE_DI RTY GONE forwld - GONE reqld -
A2: COPY_STALE ONLYP_DI RT\ forwld backld | TAIL_STALE regld reqgld
A3: NEXT_EHEAD TAI L_STALE forwld backld ONLYP_DI RTY forwld backld
A4: PASS_HEAD GONE forwld - GONE newld -

Note that table 49, an oversimplified update-action table; other possible initial states hayve
ndt been incldded in the table. This simplified description does not include the effects |of
cache-line loeks, which are used to block most memory- and cache-update actions during pn
erfor-recovery process.

Although it would be possible to specify the memory-update and cache-update actions jas
state=transition tab:ca, palt;bu:al:y i—these D;Illp:;f;cd CasStTsSy thcy hrave—been opcx,;ficd Yy
executable C routines instead. This simplifies the document considerably and provides a
convenient mechanism for testing the specification by computer simulations.

The specification code includes tests of memory-tag and cache-tag lock bits. Also, a variety of
implementation options is specified by execution-time conditional code execution. Execution-
time conditionals are used rather than compile-time ones to make it easier to test the
interactions of nodes that implement differing sets of options.

4.2.4 Cache-line locks

Error-recovery considerations have heavily influenced the design of the coherence protocols.
During error recovery, software-based protocols utilize lock bits (one per cache line) to
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stabilize the cache-line status. The error-recovery process (which is beyond the scope of this
standard) is expected to proceed as follows:

1)
2)

3)

Lock lines. The lock bits in the affected memory line and matching cache lines are set, to
inhibit spontaneous state changes during the recovery process.

Copy. The currently cached (and now locked) entries are copied to a memory-resident
table. After being copied, the previously cached entries are invalidated.

Recovery. Process the newly created memory-resident sharing-list table, in an attempt to
recover the cached (and possibly modified) line. The recovery process completes with one

of the. fnlln\l\ling status codes:

4)

(

implemented.

Td
L(
P

de

E

I\Hte that the unrecoverable status is only expected when the option called POP_ROBUBST

a) Corrupted. The sharing-list structure was corrupted (hardware failure).

b) Unrecoverable. The possible locations for the most recently modified data)are not
unique; system software is expected to recover from a previous checkpoint.

c) Recovered. The data has not been modified, or the most recently modified copy of the
line was located. If modified, the dirty data was returned to memory.

Unlock memory. The memory line is unlocked, returning it to the HOMVE state.

hich increases the complexity and latency of returning a dirty_cache line copy) is not

implement error recovery, there is one lock bit foryeach cache line. When set by| a

DCK_SET command, the lock bit disables most changes to the associated state and data.
ocessors are expected to bypass the cache (te.avoid generating additional, possibly

pendent, errors) when executing the recovery software routines.

cept for other LOCK_SET and LOCK_CLEAR‘commands, accesses to these locked cache-

line addresses return an error status in the“response subaction status.sStat field. For the

s
up

4

Ea
st
H(
W
th
pr
st

..5 Stable sharing lists

ecialized LOCK_SET and LOCK_CLEAR-commands, the error status is not returned, but the
date-action status is returned in the response transaction's status fields.

ich of the stable sharing-lististates is defined by the state of the memory, mState, and the
htes of the entries in the-Sharing list, cState. In normal operation, the memory state is either
DVE (no sharing list), [ERESH (read-only sharing list), GONE (sharing list can be modified), |or

SH (transition from-GONE to FRESH). The minimal protocol uses the HOME and GONE statgs,

b typical protocelhuses only the HOME, FRESH, and GONE states, and the full coherengce
btocols use atl\oef the memory-directory states. The stable and semistable memory-tag
htes are sumparized in table 20.

Table 20 — Stable and semistable memory-tag states

name description
HOME. N i Lict
re-sharretst
FRESH sharing-list copy is the same as memory
GONE sharing-list copy may be different from memory
WAsSH 1) transitional state (GONE to FRESH)
1) WASH is a semistable state.

The sharing-list state names have two components. The first component specifies the location

of

the entry in a multiple-entry sharing list (HEAD, M D, or TAI L), or identifies the only entry in

the sharing list (ONLY). The second component specifies the entry's caching properties

(F

RESH, CLEAN, DI RTY, VALID, STALE, etc.). The stable and semistable cache-tag

states are summarized in table 21.
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Table 21 — Stable cache-tag states

name description
ONLY_DI RTY only one, writeable, modified
ONLYP_DI RTY only one, writeable, modified (pairwise capable)
ONLY_CLEAN only one, writeable, unmodified
ONLY_FRESH only one, convertable, unmodified
HEAD_DI RTY head of several, purgeable, modified
HEAD_CLEAN head of several, purgeable, unmodified
HEAD_WASH 1) like HEAD_CLEAN (but list is in transition to HEAD_FRESH)
HEAD FRESH head of several, changeable, unmodified
M D_VALI D middle of many, readable, modified
M Pp_COPY middle of many, readable, unmodified
TAI L_VALID tail of several, markable, modified
TAl L_COPY tail of several, markable, unmodified
HEJAD_EXCL head of two (exclusive), writeable, modified
HEAD_VALI D head of two (shared), markable, modified
HEAD_STALEO head of two (stale), transferable, previously valid data
HEAD_STALE1 head of two (stale), transferable, previously valid data
TAI L_EXCL tail of two (exclusive), writeable, modified
TAI L_DI RTY tail of two (shared), purgeable, modified
TAI L_STALEO tail of two (stale), transferable, previouslyalid data
TAl L_STALE1 tail of two (stale), transferable, previously.valid data
ONLYQ_DI RTY only one, writeable, modified (QOLB-history)
HEAD_| DLE head of several, transferable, waiting for data
MP_I DLE middle of many, transferable, waiting for data
ONLY_USED only one, writeable, lock seti\none waiting
HEAD_USED head of two, writeable, lo¢k/set, none waiting
HEAD_NEED head of two, writeable, fock set, other is waiting
TAIL_I DLE tail of two, transferable, waiting for data
TAl L_USED tail of two, writeable, lock set, none waiting
TAl L_NEED tail of severalywriteable, lock set, others waiting
1) |HEAD_WASH is a semistable state
NQTES
seyeral two or more sharing-listentries
mgny three or more sharing-list entries
changeable data may be read) but not written until memory is informed and rest of list is purged
copvertable data may be read, but not written until memory is informed
m4grkable data may ‘be modified after other copy has been marked stale
pufgeable datarmay be read, but not written until rest of list is purged or marked stale
reddable dataymay be read immediately
transferable data may not be read or written, until fetched from another entry
wrfteable data may be read or written
unmodified data are the same as memory
mqdified data could be different from memory

Since the head normally administers the return of dirty data to memory, it differentiates
between FRESH (must be the same as memory) and the other (can modify without informing
memory) states. The protocols generate the stable sharing-list states shown in table 22.
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mem head (other) tail description
HOME - - - none or noncoherent copies
FRESH ONLY_FRESH - - convertable unmodified copy
FRESH HEAD_FRESH M D_BOTH TAI L_BOTH changeable unmodified copies
GONE ONLY_CLEAN - - writeable unmodified copy
GONE ONLY_DI RTY - - writeable modified copy
GONF HEAD DI RTY MD VAILD TALL VAIID purgeable modified copies
GONE HEAD_BOTH 1) M D_BOTH 1) TAIL_BOTH 1) purgeable unmodified copigs
GONE HEAD_WASH 2) M D_VALI D TAI'L_VALI D purgeable unmodified.copiés
(pairwise-sharing option)
GONE ONLYP_DI RTY - - like ONLY_DKRTY, pairwise
capable
GONE HEAD_EXCL - TAI L_STALEO writeable, modified copy
GONE HEAD_EXCL - TAI L_STALE1 writeable modified copy
GONE HEAD_VALI D - TAI L_DI RTY pUrgeable modified copies
GONE HEAD_STALEO - TAI L_EXCL writeable modified copy
GONE HEAD_STALE1 - TAI L_EXCL writeable modified copy
(QOLB option)
GONE ONLYQ_DI RTY - — like ONLYP_DI RTY, QOLB hisfory
GONE ONLY_USED - - writeable modified copy, lockgd
GONE HEAD_USED - TAI L_STALEO writeable modified copy, lockdgd
GONE HEAD_USED - TAI L_STALE1L writeable modified copy, locked
GONE HEAD_STALEO - TAI L_USED writeable modified copy, locked
GONE HEAD_STALE1 — TAI L_USED writeable modified copy, locked
GONE HEAD_NEED - TAIL_I DLE writeable modified copy, locked,
waiting
GONE HEAD_I| DLE - TAI L_NEED writeable modified copy, lockdd,
waiting
GONE HEAD/ 1 DLE MID_IDLE TAI' L_NEED writeable modified copy, locked,
waiting
D| When heterogeneous eptions are implemented, unmodified lists may contain the following:
HEAD_BOTH either HEAD_CLEAN or HEAD_DI RTY;
M D_BOTH eithér-M D_COPY or M D_VALI D;
TAI L_BQTH,either TAI L_COPY or TAI L_VALI D.
2)| semistable state, transitioning between HEAD_DI RTY / HEAD_CLEAN and HEAD_FRESH states.

The processors within the sharing lists may implement different sets of optional cache
capabilities. Thus, an entry at the head of the list may know that a cache line is fresh
(HEAD_FRESH), while the other sharing-list entries believe the sharing-list could be dirty
(M D_VALI Dor TAI L_VALI D).
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No
bit

te that two types of stale states (STALEO and STALE1) are provided. The extra sequence
that distinguishes these two states is needed to support software-based fault recovery

protocols that are invoked after transmission failures.

4.3 Minimal-set coherence protocols

4.3.1 Sharing-list updates

Th
(m

e minimal set of coherence options supports the conversion of an invalid cache-line to the
odifiable) ONLY DI RTY state. Fetching of read-only data (such as ONLY FRESH) and

support of multiple-entry sharing lists (HEAD_DI RTY, M D_VALI D, TAI L_VALI D) are~rot
egsential for loading or storing data, and can thus be viewed as optional performance
enhancements. However, some additional states (ONLY_FRESH and TAI L_VALI'D) 4dre

ngeded in order to be compatible with the optional performance enhancements.

4.8.2 Cache fetching

Inftially, memory is in the HOME state and all cache entries are | NVALI'D (have no usable
ddta). The sharing-list creation begins at the cache, where an entry NS changed from the
| NVALI D to the PENDI NG state. A dirty cache-line copy is fetched{1)/from memory using gn

m

ead64.CACHE_DI RTY transaction, which leaves a newly (created cache line in the

ONLY_DI RTY state. This sequence is illustrated in figure 135;*'using a shaded line (frgm

reguester to responder) to specify transactions and a solid line to specify sharing-list links.

CPU_A CPU_A
PENDING ONLY_DIRTY
mread64 A
CACHE_DIRTY Y
HOME GONE
memory memory
before after

Figure 135 — ONLY_DIRTY list creation (minimal set)

Modifications of«caeche lines in the ONLY_DI RTY state can be performed immediately, withqut

ch

Fd

anging the caehe-line state.

r subseguient accesses, the memory state is GONE and the head of the sharing list has the

(ppssibly-dirty) data. A request for data from memory provides (1) a sharing-list pointer apd

thecnew requester then prepends (2) to the old sharing-list head to get the data. After

+h Lol haoria 1 Ldatad (29\ b, +h L d

Banadaa—ka malaetad o PIT-W- I FP=X 3 nirog ox HAALA-H
pruHCIIUIIIU mMaS~ CUOUTTTPTCTC O~ O~ OTU— STIiar g~ 1ot CTtTc S AT Tvarmoa™

B-EAAL
CU— (O Oy OIC—1Icuv 1TCT

These steps are illustrated in figure 136.
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cread00 cread00
COPY_VALID VALID_ INVALID
new old new old
@) (3)
CPU B CPU_A CPU B A3 CPU A
PENDING old head HD_INVAL_OD TAIL_VALID
A
(1) mread64 Y
CACHE_DIRTY
GONE GONE
before during
memory memory
new old
CPU B CPU_A
(othenjinvalid
ONLY_DIRTY INVALID eniries...)

L

done

GONE

memory

Figure 136 — GONE_N'st additions (minimal set)

might appear that the prepend and-invalidation steps could be combined into a single
nsaction that returns the (possibly:-dirty) data and leaves the old head in the invalid state.
However, separate prepend and._invalidate transactions are needed for recovering fram

nsmission errors. The perfermance penalty of this extra transaction can be avoided

plementing the pairwise-sharing option.

e minimal protocols need to interoperate with other options as well, and the typigal

prptocols may leave“the memory in the FRESH state. In this case, a new requester receives

(1) the data directly)from memory and invalidates (2) the old sharing-list entries, as illustrated
inffigure 137.
cread00
FRESH_INVALID
new old new old
cPB— 2 1——cPuA cPU—B CPU—A
PENDING old head ONLY_DIRTY INVALID
<_
A
(1) mread64 Y
CACHE_DIRTY
FRESH GONE
before done
memory memory

Figure 137 — FRESH list additions (minimal set)
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An old head may also be in a PENDI NG state, in the process of adding itself back into the
same sharing-list. In such cases, the transaction status returns the PENDI NG state from the
next pending-queue entry. The new head's prepend transaction is retried until the old head's
pending status changes.

4.3.3 Cache rollouts

An ONLY_DI RTY sharing list may be collapsed, e.g., when the cache-line storage is needed
for use by another cache-line address (cache-line rollout). In the case of an ONLY_DI RTY
entry, only one transaction (1a) is needed to collapse the sharing list. This transaction returns
th ity data t0_memory and updaies the memory-iag state (from 0 as
illistrated in figure 138. To be interoperable with other options, the minimal option returns
ownership of an ONLY_FRESH line to memory (1b) in a similar way.

The memory-directory update is nullified if the directory points to a previousyor to a new
sharing-list head. In this case, memory is polled until the sharing-list ownershipyis returned|to
CRU_A or until the cache-line in CPU_A is invalidated by another prepending processor.

only only only
CPU_A CPU_A CPU_A
ONLY_DIRTY ONLY_FRESH INVALID
A
(1a)mwrite64 (1b)mread00
LIST_TO_HOME LIST_TO_HOME
A A |
GONE FRESH HOME
memory memory memory
before after

Figure 138 — Only-entry deletions

RIcovery from an arbitrary/number of detected transmission errors is not guaranteed wher| a
single write transaction Is'used to collapse an ONLY_DI RTY sharing list. If one transaction|is
uged to simultaneously return ownership and data, several transmission errors could leayve
the sharing list withCone entry in the PENDI NG state and two entries in the OD_RETN_I N state.
Although oneysofvthe OD_RETN_I N lines is known to have the valid data, it cannot pe
ddtermined which one has the dirty copy and which one has a stale copy. To reliably retdrn
dirty data,‘one transaction is needed to cleanse the cache line (convert from ONLY_DI RTY|to
ONLY_CLEAN) and another is needed to convert from ONLY_CLEAN to | NVALI D, as described
in{4.4x,

Although the TAI L_VALI D and ONLY_FRESH states are not directly generated by the minimal
protocols, these states may be created after a more complex node prepends itself to an
ONLY_DI RTY list. When deleting itself (1), a TAIL_VALI D entry is converted into an
intermediate state (called TV_BACK I N), and one sharing-list transaction is used to delete the
entry from the list, as illustrated in figure 139.
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cread00
head PREV_VTAIL tail
CPU B (1) CPU_A
before
HEAD DIRTY | TV_BACK_IN
(to memory) head
CPU_B CPU_A
after

ONLY_DIRTY INVALID

N\

(to memory)
Figure 139 — Tail-entry deletions

nce the linked list is distributed and doubly linked, multiple entries can be deleti
bmselves concurrently. To ensure forward progress whenadjacent deletions are initiat
ncurrently, the entry closest to the tail has priority and is,deleted first.

.B.4 Instruction-execution model

r efficient cache operation, a processor must edmmunicate the nature of its access to da

well as the address of the data. Somesprocessors at present lack the appropria
btructions for this and must simulate them by using special addresses or instructi
guences. Generic instructions that provide the needed information are assumed in t
lowing.

e processor is expected to(check and change cache-line states before and af
structions are executed. These checks and changes are modelled by the cache-execd
Litines listed in table 23.

Table 23 — MinimalExecute Routines

ng
ed

ta
te
bn
he

er
te

name generated by the execution of

M pi mal Execut ekoad() a load memory-access instruction

M hi mal Execut’eSt ore() a store memory-access instruction

M pi mal Execdt eFl ush() the global flush cache-control instruction (which
collapses the sharing list)

M hiCral'Execut eDel et e() the local flush cache-control instruction (which deletef
the-tecal-cache-entry)

M ni mal Execut eLock() the fetch&add, compare&swap, and mask&swap
instructions

NOTE The M ni mal Execut eLoad() routine is equivalent to the Ful | Execut eLoad() routine, with the proper
set of option bits. However, separate routines are provided so that this basic functionality is not obscured by the
generality of the Ful | Execut eLoad() routine (which documents all options).
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4.4 Typical-set coherence protocols

4.4.1 Sharing-list updates

The typical set of coherence options supports the sharing of fresh or dirty data and provid
special DMA read and write optimizations. This is a useful set of options that efficien

es
tly

supports the sharing of read-only instructions/data as well as read/write data. This option set
better illustrates the complexity of a typical implementation. Note that implementations are

free to select other subsets of the coherence options, which might include fewer, more,
alternative options.

or

4.4.2 Read-only fetch

Inftially, memory is in the HOVME state and all caches are | NVALI D. When fetching a read-only

cgpy, the sharing-list creation begins at the cache, where an entry is changed from t
| NVALI D to the PENDI NG state, and an mread64.CACHE_FRESH transaction (is-generated
oltain a coherently cached copy. The read updates (1) the memory-directory state (from HO
to|FRESH), and the new entry state is changed accordingly (from PENDI)NGto ONLY_FRES
aq illustrated in figure 140.

CPU_A CPU_A

PENDING ONLY_FRESH

\
(1) mread64

CACHE_FRESH

HOME FRESH
memory. memory
before after

Figure 140 — FRESH list creation

Lgaving the memory in-a FRESH state minimizes the memory-access latencies for subseque
repds, since FRESH~-data can be provided by memory before the new sharing-list he
atfaches to the existing sharing list.

Fqr subsequent accesses, the memory state is FRESH and the head of the sharing list has t
unmodified data. When read-only data are accessed (1), fresh data are returned from memg
and the<new requester then attaches (2) to the old sharing-list head. These steps 3
illistrated in figure 141 for an mread64.CACHE_FRESH request when memory is in the FRE
state-

he
to
VE

),

nt
ad

ry
re
5H
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ONLY_FRESH=TATIL_VALID
HEAD_FRESH=MID_VALID

Figure 141 — FRESH addition to FRESH list

b GONE state.
cread64
COPY_VALID
new @) old
CPU_B CPU_A
PENDING old head
<_
A
(1) mread64 Y
CACHE_FRESH
GONE
beforeg
memory
old head

hen the memory state is GONE, the head of the sharing list hasithe (possibly modified) da
e fresh data that is requested (1) cannot be returned from snemory, but the dirty sharing-I
py is returned (2) when the new requester is attached_to)the old sharing-list head. The
bps are illustrated in figure 142, for an mread64.CACHE{ FRESH request when memory is

new old
CPU_B CPU_A
HEAD_DIRTY _ old head
GONE
after
memory

ONLY_DIRTY=TAIL_VALID
HEAD_DIRTY=MID_VALID

Figure 142 — FRESH addition to DIRTY list
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cread00
PEND_VALID
new @) old new old
CPU_B CPU_A CPU_B CPU_A
PENDING old head HEAD_FRESH old head
lt—— !
A
(1) mread64 ¥
CACHE_FRESH
FTRESH FREGH
before after
memory memory
old head

a.
st
Se
in

The final state of the old sharing-list head is a function of the old head's initial state. The state
of the new sharing-list head is HEAD_DI RTY. The states of the other mid and tail entries are
unaffected by sharing-list additions.
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4.4.3 Read-write fetch

If a later write is expected, a data-cache miss may be designed to fetch a modifiable (but not
yet modified) copy. In this case, the read64.CACHE_CLEAN transaction is used (1) to fetch
modifiable (but not immediately modified) data from memory. A FRESH memory state returns
its data before the memory-tag state is changed to the GONE state. After prepending (2) to the
old sharing list, the sharing list is left in the HEAD_DI RTY state, as illustrated in figure 143.

cread00
PEND_VALID
new @) old new old
CPU_B CPU_A CPU_B CPU_A
PENDING old head HEAD_DIRTY old head
lt—— —
A
(1) mread64 ¥
CACHE_CLEAN
FRESH GONE
before after
memory memory
old head

ONLY_FRESH=TATIL_VALID
HEAD_FRESH=MID_VALID

Figure 143 — DIRTY addition to FRESH list

The read64.CACHE_CLEAN transaction couldfaccess (1) a GONE memory state. In this cage,
the memory state is unchanged and ne- data are returned. The dirty data are eventudlly
refurned (2) when attaching to the old _sharing list, as illustrated in figure 144.

cread00
COPY_VALID
new @) old new old
CPU_B CPU_A CPU_B CPU_A
PENDING old head HEAD_DIRTY old head
- > -
) A
(1) mread64 Y
CACHE_CLEAN
GONE GONE
before after
memory memory
old head

ONLY_DIRTY=TAIL_VALID
HEAD_DIRTY=MID_VALID

Figure 144 — DIRTY addition to DIRTY list
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4.4.4 Data modifications

Data in the HEAD_DI RTY state may be modified immediately, before the remaining sharing-list
entries are invalidated. After data are modified, the head of a modifiable sharing list
(HEAD_DI RTY) purges the remaining sharing-list entries. For the typical set of options, the
initial transaction to the second sharing-list entry purges (1) that entry from the sharing list
and returns its forward pointer. The forward pointer is used to purge (2) the next (formerly the
third) sharing-list entry. The process continues until the tail entry is reached, as illustrated in
figure 145.

writer reader reader
CPU_C CPU B CPU_A
before
HEAD_DIRTY [* ™| MID_VALID | MID_VALID
<> | TAIL_VALID
\ (1) cread00
(to memory) VALID_INVALID
CPU B
INVALID
writer reader
2 creadog\
durin CPU_C VALID_ INVALID CPU_A
g HD_ INVAIL,_OD » MID_VALID
- - > TATL_VALID
(to memory)
wiriter reader reader
CPU _C CPU B CPU_A
after
ONLY_DIRTY INVALID INVALID

p

(to memory)
Figure 145 — Head purging others

Concurrentdeletions may temporarily corrupt the backld pointers in one or more of the
sharing-list entries. Since the head-initiated purge uses only the forwld pointers, the purgges
arld_deletions can safely be performed at the same time.

The purging state (HD_I NVAL_QOD) is similar to the PENDI NG state, in that new sharing-list
additions are delayed while the purges are being performed. Note that purge latencies
increase linearly with the number of sharing readers. Since purge lists are often short, the
linear latencies may be acceptable in many systems.

An ONLY_FRESH entry is changed to the ONLY_DI RTY state before the data are modified.
This requires an additional memory-access transaction (1) mread00.LI ST_TO_GONE, which
changes the memory-directory state from FRESH to GONE, as illustrated in figure 146.
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CPU_A CPU_A
ONLY_FRESH ONLY_DIRTY
A A
(1) mread00
LIST TO_GONE
FRESH GONE
memory memory
before after

Figure 146 — ONLY_FRESH list conversion

milarly, a HEAD_FRESH entry is changed to an intermediate modifiable’{HEAD DI RTY) st3
fore the data are modified and the other sharing-list entries are invalidated. The memo
cess transaction (1) mread00.LI ST_TO_GONE is used to change-from the HEAD_ FRESH
EAD DI RTY state, the data modifications are performed, and the“cache-line state is chang
an intermediate HD_| NVAL_OD state. The other copies are then invalidated (2),

CPU_A CPU_A
HEAD_FRESH BD_INVAL_OD
(2) cread00
VALID_INVALID
(1) mread00
LIST_TO_GONE
FRESH GONE
memory memory
before after

Figure 147 — HEAD_FRESH list conversion

e mreadO0Q.KI'ST_TO_GONE transaction's update of memory state is conditional; if t

llificatioh'is detected by the sharing-list head, which then deletes itself from the sharing |
d re-attaches in a modifiable (ONLY_DI RTY or HEAD_DI RTY) state.

y-
to
pd

he

bmory directory points to a newly queued cache entry the update is nullified. This

ist

4.45 Mid and head deletions

Entries can also be deleted from the list by their own controller when they are needed to
cache data at other addresses (cache-line rollout). The sharing-list deletions involve the
update of the backld in the next (closer to the tail) entry, and the forwld pointer in the
previous (closer to memory) entry. Before the deletion begins the entry is converted into a
locked state. A M D_VALI D entry is converted into the locked MV_FORW MW/ state and
transactions (1 and 2) to the adjacent sharing-list entries are generated, as illustrated in
figure 148.
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cread00 cread00
PREV_VMID NEXT_VMID
head 2 mid (1) tail
CPU_C CPU_B CPU_A
before
HEAD DIRTY ~ | MV_FORM_MV | | TAIL_VALID
(to memory)
CPU_B
INVALID
head tail
CPU_C CPUA
after
HEAD_ DIRTY TATL) VALID

A

(to memory)
Figure 148 — Mid-entry deletions

He¢ad entries can also delete themselves from the list,)e.g., when they are needed to cache
ddta at other addresses (cache-line rollout). The sharing-list deletions involve (1) the update
of|the backld in the next (closer to the tail) entry,*and (2) the forwld pointer in the memary
directory, as illustrated in figure 149.

-

cread00
NEXT_DHEAD
head (1) middle
CPU_B CPU_A
before
HEAD_DZFRTY ~| MID_VALID
(2) old head new head
| HOME
mread00
CPU_B CPU_A
PASS_HEAD memory _ _
INVALID HEAD-DIRTY
same
after
memory

Figure 149 — Head-entry deletions
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Recovery from detected transmission errors

is usually possible when a single write

transaction is used to collapse an ONLY_DI RTY sharing list, but cannot be guaranteed.
Multiple transmission errors during a particular set of sharing-list transitions can leave the
sharing-list in an uncorrupted (the data won't be incorrectly recovered) but unrecoverable (the

co

rrect data can't be recovered) state.

Therefore the fault-tolerance of the SCI system may optionally be improved by using two
transactions: the first transaction returns (1) the dirty data and the second transaction
collapses (2) the sharing list. These two steps are illustrated in figure 150.

4.

(@]
co
fe
re
sh
(o0

only only only
CPU_A CPU_A CPU_A
ONLY_DIRTY OC_RETN_IN INVALID
_ K
(1) mwrite64 (2) mread00
LIST_TO_GONE LIST_TO_HOME
GONE GONE HOME
memory memory memory
before during after

Figure 150 — Robust ONLY" DIRTY deletions

.6 DMA reads and writes

without joining the sharing.list, as illustrated in figure 151.

h a read, a DMA controller needs a_coherent copy of the data but has no need to cache t
py for future use. Therefore, a special read64.ATTACH_TO_GONE transaction is used (1)
ch the data from memory. Ifcthe addressed location is HOME or FRESH, the data 3
urned directly from memory; otherwise the controller's cache is prepended to the previo
aring-list head, from which\it fetches the most-recently modified data. Thus, the DN
ntroller can often fetch_(ts 'data from memory (when it is in the HOME or FRESH statg

he
to

us
A

s)
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TNVALID head- (-——) INVALID head- (-——)
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(1) mread64
ATTA (‘T-T_'T‘(\_f“ﬂ'l\T'LT‘
before HOME / after same
FRESH

Figure 151 — Checked DMA reads



https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

- 182 -

ISO/IEC 13961:2000(E)
IEEE Std 1596, 1998 Edition

A DMA-write option supports writes of partial or full cache-lines that need not be cached by
the DMA controller. The DMA controller writes (1) its data to memory using a mwrite64.
FRESH_TO_HOME transaction. If the memory line was in the HOME state, the write is performed
and the memory state remains unchanged. If the memory line was in the FRESH state, the
memory state is changed to HOVE and the pointer to the old sharing-list is returned (2, 3, ...)
for purging by the DMA controller, as illustrated in figure 152.

old
cread00
FRESHINVALTD CPU A
INVALID
new (@) old new
DMA B CPU A DMA B (3) other purges
INVALID HEAD_FRESH PURGING o)\l
A
(1) mwrite64
FRESH_TO_GONE
FRESH ) HOME
before during
memory memory
new old
after DMA_B QoU_A (others also invalid)
INVALID INVALID
HOME
memory

If the memory state\was GONE, the DMA controller attaches to the old sharing list (1 and
pyrges the remaining entries (3, ...), and (eventually) generates a transaction (N) to return
difty copy to memory, as illustrated in figure 153.

Figufe 152 — Checked DMA write (memory FRESH)

)

its
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old
cread
00 CPU_A
PEND_VALID
5 INVALID
new @) old new \
(3,...) cread
DMA_B CPU_A DMA_B VALID_INVALID
4_
INVALID old head HD_INVAL_OD -
[T) MWITE64 —
FRESH_TO_GONE \
GONE ) GONE
before during
memory memory
new old
after DMA_B CPU_A (othersialso invalid)
ONLY_DIRTY INVALID
(N) mwritee:\
LIST_TO_HOME N
(if not copied
to new head) memory

Figure 153 — Checked DMA write (memory GONE)

The mwrite64.L1 ST_TO _HOME transaction is not necessarily generated; the data may pe
fefched by another processor before being returned to memory.

The DMA-write optimization can generate a temporary condition where memory is in the HOME
state while fresh copies df the data exist in caches. To ensure sequential consistency, higher-
leyel 1/O driver-software protocols (interrupts and DMA-completion messages) are expected|to
test for the completion of the purge process. Processors that use the DMA-write option gre
expected to providerequivalent forms of testing for the completion of the purge process.

447 Instruction-execution model

Far efficient cache operation, a processor must communicate the nature of its access to dgta
aq wellf as the address of the data. Some processors at present lack the approprigte
ingtructions for this and must simulate them by using special addresses or instructipn
sequences. Generic Instructions that provide the needed Information are assumed In the
following.

The processor is expected to check and change cache-line states before and after
instructions are executed. These checks and changes are modelled by the cache-execute
routines listed in table 24.
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Table 24 — TypicalExecute Routines

on

name generated by the execution of
Typi cal Execut eLoad() a load memory-access instruction
Typi cal Execut eSt ore() a store memory-access instruction
Typi cal Execut eFl ush() the global flush cache-control instruction (which collapses
the sharing list)
Typi cal Execut eDel et e() the local flush cache-control instruction (which deletes the
local cache entry)
Typi cal Execut eLock() the fetch&add, compare&swap, and mask&swap
instructions
NPTE The Typi cal Execut eLoad() routine is equivalent to the Ful | Execut eLoad() routine, with the proper
sgt of option bits. However, separate routines are provided so that this basic functionality is not ohscured by the
génerality of the Ful | Execut eLoad() routine (which documents all options).
4.5 Full-set coherence protocols
4.5.1 Full-set option summary
The full set of coherence options includes the typical set plus clean sharing lists, efficignt
cache control (flush, purge, and cleanse), pairwise sharing, \and QOLB. Implementations gdre
ngt expected to implement the full set of options. Howewver, the full set is interoperable wjth
any subsets (only the resulting efficiency varies) and_provides a wide range of options frgm
which to choose a nearly optimal subset.
ThHe code for the full option set is part of the sp&cification, from which the minimal and typigal
ofdtion sets can be derived. The special operations of this set are described in this subclauge;
the detailed specification can be found in the C code.
4.5.2 CLEAN-list creation
Inftially, memory is in the HOME-state and all caches are | NVALI D. The sharing-list creatipn
bggins at the cache, where antventry is changed from the | NVALI D to the PENDI NG state. o
fefch a modifiable copy (which is not immediately modified), a clean copy is fetched (1) frgm
memory using an mread64,CACHE_CLEAN transaction. This leaves a newly created cache lipe
in[the ONLY_CLEAN state, as illustrated in figure 154.
CPU_A CPU_A
PENDING ONLY_CLEAN
A
mread64
EACHE—CHEAN
HOME GONE
memory memory
before after

Figure 154 — CLEAN list creation
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Clean sharing lists minimize the latencies for subsequent writes, since the data may be
immediately written. An ONLY_CLEAN state is more efficient than the nearly equivalent

ONLY_DI RTY state, since the data need not be returned to memory when the sharing list
collapsed.

4.5.3 Sharing-list additions

is

For subsequent accesses, the memory state is either FRESH or GONE and the head of the
sharing list has the (possibly dirty) data. When fetching (1) read-only data from a (possibly)
madified sharing list, a pointer is returned from memory and the new requester fetches (2) its

ddqta when attaching to the old sharing-list head. These steps are illustrated in figure 155.

cread64
COPY_VALID
new (@) old new old
CPU_B CPU_A CPU B CPU A
PENDING old head newhead [ | (old head
(1)mread64 ‘ \
CACHE_FRESH )
GONE GONE
before after
memory memory
new head old head

HEAD_CLEAN ONLY_CLEAN = TAIL_COPY

HEAD_DIRTY ONLY_DIRTY = TAIL_VALID
HEAD_CLEAN HEAD_CLEAN = MID_COPY
HEAD_DIRTY., HEAD_DIRTY = MID_VALID

Figure 155 — FRESH addition to CLEAN/DIRTY list

No¢te that the preyiously clean head entries are left in the M D_COPY or TAI L_COPY stg
after the prepene~coempletes. These optional copy states indicate that the data are the sa
ag memory. Thislinformation may be used by the cleanse cache-control instructions (only di
cgche lines.need be returned to memory).

When, fetching (1) clean data from a fresh sharing list, the fresh data are returned frg

ne
'ty

m

memory before the new head attaches (2) to the old sharing list as illustrated in figure 156.
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cread00
PEND_VALID
new @) old new old
CPU_B CPU_A CPU_B CPU_A
l— -
PENDING old head new head old head
A
(1)mread64 \
CACHE_CLEAN A
FRESH GONE
before after
memory memory
new head old head
HEAD_CLEAN ONLY_FRESH = TAIL_COPY
HEAD_CLEAN ONLY_FRESH = MID_COPEY.

Figure 156 — CLEAN addition to FRESHist

is
Id

When fetching (1) clean data from a clean or dirty sharing list, a sharing-list pointer
refurned from memory and the data are fetched (2) when the new head attaches to the d
sHharing list as illustrated in figure 157.
cread64
COPY_VALID
new @) old new old
CPU_B CPULA CPU_B CPU_A
l— -t
PENDING old head new head old head
A
(1)mread64
CACHE_CLEAN
GONE GONE
before after
memory memory
new head old head
HEAD_hLEZ\;N QONL V_(“‘T EAN _— ‘T‘ATT_(“‘D'DV
HEAD_DIRTY ONLY_DIRTY = TAIL_VALID
HEAD_CLEAN HEAD_CLEAN = MID_COPY
HEAD_DIRTY HEAD_DIRTY = MID_VALID

Figure 157 — CLEAN addition to CLEAN/DIRTY list
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4.5.4 Cache washing

Read-only data are most efficiently accessed when in the fresh state; memory can return a
data copy for use while a new head is prepending to an existing sharing list. However, most
cache lines will be written before being used (for example, a cache line is written when pages
are fetched from disk), and (if the cache line remains cached) a written cache line is left in the
dirty state.

An optional washing protocol is provided to convert a dirty sharing list to the FRESH state, to
improve the efficiency of accessing data that has become read-only, After a write has been
pgdrformed, the washing protocol is performed by readers when they prepend themselves |to
the dirty sharing list.

A write will generally leave a previously written cache line in the ONLY_DI RTY state: The fifst
repd64.CACHE_FRESH of the ONLY_DI RTY line (which is not affected hy‘“Jthe washipg
prptocols) leaves the sharing list in the HEAD_DI RTY/TAI L_VALI D states (steps 1 and 2|of
fiqure 158. After the second successive read64.CACHE_FRESH attempt (3 and 4),|a
wilite64.LIST_TO_FRESH transaction returns the dirty data to memory (6), In the absence |of
additional reads, this would convert the memory and sharing-list states\to fresh.
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cread00
COPY_VALID
reader C reader_B reader A (2 writer
CPU_C CPU_B CPU_A CPU_W
INVALID INVALID PENDING ONLY_DIRTY

(1)mread64 /

CACHE_CLEAN

GONE
before reads
memory
cread64
COPY_VALID
(4)
CPU_C CPU_B CPU_A CPU- W
>
PENDING PENDING HEAD_DIRTY TATL/ VALID
(3)mread64, CACHE_FRESH \
(6)mwrite64, L.IST_TO_FRESH
GONE
(5)mread64, CACHE_FRESH memory
cread64
COPY_VALID
(7)
CPU_C CPU_B CPU_A CPU_W
QUEUED_ HEAD_WASH [+ | MID_VALID [*™| TATIL_VALID
CLEAN
WASH
& (8)mread00, WASH_TO_FRESH memory
6PUC |_ | cpuB | | cPUA | | CPUW
HEAD _FRESH| | MID_copy | | MID_VALID TATL,_VALID
FRESH
> memory

after reads

Figure 158 — Washing DIRTY sharing lists (prepend conflict)
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However, another processor (CPU_C) may get a modifiable copy of the data from memory (5)

before the LI ST_TO _FRESH update (6) has been processed. This form of prepend confl
delays the washing process, leaving the memory and the sharing list in the WASH a
HEAD_WASH states respectively. When entering the HEAD_WASH state, the sharing-list he
(CPU_B) saves the identity of the conflicting reader (CPU_C) in its backld pointer.

ict
nd
ad

After prepending to a HEAD_ WASH list (7), the third reader (CPU_C) checks the returned backld
value. If equal to its own nodeld value, CPU_C generates the read00.WASH_TO_ FRESH

transaction to convert memory from the WASH to FRESH states. Since memory's forwld val

additional readers that prep_end_to the same sharing list at nearly the same time.

Umder light loading conditions, the washing process uses one extra transacti
(mwrite64.L1 ST_TO_FRESH) to convert the sharing list from the GONE to the (MASH sta
Under heavy loading conditions (when the cache line is being concurrently-accessed
multiple readers), the washing process uses two extra washing~ transactio
(mwrite64.L1 ST_TO_FRESH and mread00.WASH_TO_FRESH) to convert sharing lists from t
HEAD_ DI RTY to the HEAD FRESH state.

4.5.5 Cache flushing

A flush operation collapses the sharing list and returns dirty data’(if any) to memory. After t
flUsh has completed, the memory directory is normally left in"the HOVE state. When cache-li
addresses are flushed, a memory transaction is necessary to confirm that copies that 3
locally invalid are globally invalid as well.

Fqr example, a cache line of the flushing procesSer (not in the sharing list) could be in t
I NVALI D state if the data are being read-shared by others. The flushing processor sends
mfead64.ATTACH_TO_LI ST transaction to memory, which prepends the flushing processor
ar| existing sharing list.

If Inemory is in the HOMVE state, no sharing list exists and the flush is completed when t
memory response is returned. If theememory is in the FRESH state, the data are returned
frgm memory and the processor purges (2, 3, ...) the remaining sharing-list entries befd
refurning the sharing-list ownership, as illustrated in figure 159. Data are requested frg
memory, in case another_sharing-list prepend occurs (and requests the shared data) befg
the flush operation completées.

ue
by

pn
e.
by
ns
he

ne
e

=

he
an
to

he
1)
re
m
e

=

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

If

fe
ol
sh

—190 - ISO/IEC 13961:2000(E)
IEEE Std 1596, 1998 Edition
cread00 cread00
FRESH_INVALID VALID_INVALID
new @ old new @) old
CPU_B CPU_A CPU_B CPU_A
[.— l<-—
PENDING HEAD_FRESH QF_FLUSH_IN|e»| MID VALID
(1)mreadé4 4 (N)mread00 \
ATTACH _TO_LIST TITST-TO_HOME s
FRESH GONE
before during
memory memory
new old
CPU_B CPU_A . i
INVALID INVALID (others alsq linyalid)
HOME
done
memory,

aring-list ownership, as illustrated in figure 160.

Figure 159 — Flushing a FRESH list

memory is in the GONE state, a list)pointer is returned (1) from memory and the data g
ched (2) when the processor attaches to the old sharing list head. After invalidating (3,
| entries, the old data (which .may have been modified) is returned (N) to memory with t

re

)

e
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cread00 cread00
COPY_VALID VALID_INVALID
new @ old new 3.--) old
CPU_B CPU_A CPU_B CPU_A
[.— l<-—
PENDING HEAD_DIRTY HD_INVAL_OD|e®{ MID VALID
(1)mread64 4 (N)mwrite64 \
ATTACH _TO_LIST TITST-TO_HOME s
GONE GONE
before during
memory memory
new old
CPU_B CPU_A vl
INVALID INVALID (others alsq linyalid)
HOME
done
memory,

Figure 160 —-Rlushing a GONE list

The cache-purge instruction similarly;‘collapses the existing sharing list, but discards difty
ddta rather than returning them tormemory. A cache-purge instruction would be used to retdrn
ownership of coherent copies to memory before the data are noncoherently overwritten; for
example, a purge instruction.could be used to release the contents of a stack frame or a data
bdffer before a noncoherent DMA input transfer.

4.5.6 Cache cleansjng

A [dirty cache line;may be cleansed by the execution of a cleanse cache-control instructign,
wiich copies dirty’ data to memory, but does not necessarily collapse the sharing list. Cache
cleansing is expected to be used with specialized memory, such as a graphics frame-bufter
memory of\nonvolatile memory (batteries maintain memory, but not the cache, when power|is
lost). Fera graphics frame buffer or nonvolatile memory, cleansing a cache line puts the mgst
repent.updates on the screen or in checkpointable memory, while leaving the data efficiently
cdched for further updates. r

The cleansing of an ONLY_DI RTY cache line involves a write to memory (1), during which the
ownership is checked. If there is a new sharing-list owner (3), the cleansing cache then
attempts to delete (2 and 4) itself from the list. This deletion is necessary to ensure forward
progress, since otherwise writes and cleansing could constantly change the cache line
between the ONLY_DI RTY and ONLY_CLEAN states and a new prepender could be delayed
indefinitely by these continual changes. These cleansing steps are illustrated in figure 161.
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cread64
COPY_VALID
new old new &) old
CPU_B CPU_A CPU_B CPU_A
|«
PENDING ONLY_DIRTY PENDING OC_RETN_IN

—

\ 1)mwrite64 \ (2)mwrite64
LIST TO HOME

EFEST—TOo—GONE

GONE GONE
before step 1
memory memory
cread00
PREV_VTAIL
new (4) old new old
CPU_B CPU_A CPU_B E€PU_A
HEAD_CLEAN [*®™| TAIL_VALID ONLY_CLEAN INVALID
GONE GONE
step 2 after
memory memory

Figure 161 — CleansingsDIRTY sharing lists (prepend conflict)

A [HEAD_DI RTY cache line is cleansed by copying the previously dirty data to memory. If the
ownership has changed, the old“head remains in the list (in the HEAD_CLEAN state) aphd
forward progress is still guaranteed; the next write converts the head to ONLY_DI RTY, for
wipich forward progress is assured (as described previously).

Tq minimize the number of cleansing-related transactions, special mid- and tail-entry states
(M D_COPY and TANLZCOPY) are defined. When a new entry is prepended to a HEAD_CLEAN
orfONLY_CLEAN-entry, the head of the old sharing list is left in the M D_COPY or TAI L_COpPY
states, respectively. The M D_COPY and TAI L_COPY entries indicate that the sharing list|is
clean, so that-cleansing instructions to these cache-line addresses need not change the
sharing-list\state.

4.5 Pairwise sharing

The pairwise-sharing option supports direct cache-to-cache transfers between the head and
tail entries in a two-entry sharing list. The pairwise-sharing option reduces memory
bottlenecks, since shared data can be transferred directly using cache-to-cache transfers.

Several types of cache-to-cache transfers are used to transfer data and ownership of cache
lines between the head and tail sharing-list entries. For example, a store miss in a processor
with a HEAD DI RTY copy uses the cread00.TAI LV_TO _STALE transaction (1) to convert
the pair of sharing-list entries from the HEAD DI RTY/ TAI L_VALI D to the HEAD_EXCL/
TAI L_STALEO states, as illustrated in figure 162.
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(1)
CPU B cread00. TAILV_TO_STALE CPU_A
HEAD_DIRTY [ » TAIL_VALID
(2)
CPU B cread64. HEADE_TO_DIRTY CPU_A
HEAD_EXCL [« » TAIL_STALEO
(3)
CPU_B cread00. HEADD_TO_STALE CPU_A
HEAD_DIRTY [« » TAIL_VALID
(4)
CPU B cread64. TAILE_TO_STALEO CPU ‘A
HEAD_STALEO|= > TAIL-EXCL
CPU B (repeat cycles) CPU_A
HEAD_EXCL [ > TAIL_STALEQ

Si
trg
HE
Cr
TA
trg
ST
HE

TH
:
th
TA
cr
He

Figure 162 — Pairwise=sharing transitions

milarly, a load miss in the TAI L_STALEO state generates a cread64.HEADE_TO DI RIY
nsaction (2), which converts the “entries from the HEAD_EXCL/ TAI L_STALEO |to
AD_DI RTY/TAI L_VALI D states; a.(store miss in the TAIL_VALID state generates| a
ead00. HEADD_TO_STALE transaction (3), which converts from the HEAD DI RTY/
| L_VALI D to the HEAD_STALEO/ TAI L_EXCL states. An exclusive copy can be directly
nsferred as well; a store miss in the HEAD_STALEO state generates a cread64.TAlI LE_TD
ALEO transaction (4) which converts from the HEAD STALEO/ TAlI L_EXCL states to the
FAD EXCL/ TAI L_STALEO states.

ere is a potential for conflict if the cread00.TAILV_TO STALE and creadqO.
FADD _TO_STALE transactions are generated concurrently. When such conflicts occur,
b dirty copy\as precedence; the head and tail entries change to the HEAD_EXCL anpd
| L_STAEEQO states respectively. Similarly, when the cread00.HEADV_TO STALE apd
pad00-JAFLD _TO_STALE transactions are generated concurrently, the entries change to the
FAD, STALEO/ TAI L_EXCL states.

T

€ EXISIENCE Of palTwiSe snaring alfects the prepend process, as iustirated in figare 1o03.

After accessing memory (1), when prepending (2) to the HEAD EXCL/ TAlI L_STALEO or
HEAD_EXCL/ TAI L_STALEL1 sharing-list states, an extra cread00.TAI L_I NVALI D transaction
(3) is required in order to purge the old tail entry after the new head has prepended to the old
sharing-list head.
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cread64
COPY_STALE
new (2) old head old tail
CPU_C CPU_B ] CPU_A
PENDING HEAD_EXCL | |TAIL_STALEO
A
(1)mread64
CACHE DIRTY
GONE
before
memory
old head
new CPU B old tail
CPU C TAIL_STALE CPU-A
QUEUED_ |41 ™ TaTr STALE
DIRTY
(3)cread00
TATIL_INVALID
) GONE
during
memory
old head
NEW CPU B old tail
CPU C TAIL_STALE CPU A
HEAD_EXCL |a&"1 INVALID
GONE
after
memory
Figure 163 — Prepending to pairwise list (HEAD_EXCL)

Prepending to the HEAD_STALEO/ TAlI L_EXCL or HEAD_STALE1/ TAI L_EXCL sharing list also
takes one more step, as illustrated in figure 164. After accessing memory (1), when
prepending (2) to a HEAD_STALE entry, the old head entry is changed to the SAVE_STALE
state and provides the pointer to the tail, from which the data are returned. After prepending
(3) to the old tail entry, the new head purges (4) the old sharing-list head (which was left in

the transient SAVE_STALE state).
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(2)cread64
COPY_STALE old head
new CPU B old tail
CPU_C HEAD_STALEO o CPU_A
PENDING |41 T ~ | TATL_EXCL
(1)mread64 (3)cread64
CACHE DIRTY \

CoOpPY _STAT |

GONE
before

memory

(4)cread00  old head
TAIL_INVALID

new CPU_B old tail
CPU C SAVE_STALE CPU“A
QUEUED_ TAILN\STALEQ
DIRTY >
] GONE
during
memory
old head
new CPU_B old tail
CPU_C INVALID CPU_A
HEAD_EXCL TATI,_STALEO

GONE
after

memory

Figure 164 — Prepending to pairwise list (HEAD_STALEO)

A pairwise tail sets its forwld pointer equal to its backld value, to simplify the prepend process
for the new sharing-list head. From the new head's perspective, the prepend process always
involves the deletion of initial entries (which have invalid data), the transfer of (potentially
dirty) data, and the post-invalidation of a remaining stale copy.

Copyright 0 1998 IEEE. All rights reserved.


https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

~ 196 - ISO/IEC 13961:2000(E)
IEEE Std 1596, 1998 Edition

4.5.8 Pairwise-sharing faults

The pairwise sharing protocols support the efficient transfer of an exclusive (i.e., modifiable)
cache line between the head and tail of a two-entry sharing list. In the event of transmission
failures, the response (which contains the exclusive copy of data) may be dropped and the
entries can both end up in similar externally visible stale states, as illustrated in figure 165.

CPU_B CPU_A
HEAD EXCT, TATT, _STATEQ
(1a)

CPU B cread64. HEADE_TO_STALEL CPU A
HEAD_EXCL | » TSO_Move_TE|
(1b)

CPU B response discarded CPU/ A
HEAD_STALEL TS0 Move_TE
(2a)

CPU B cread64. TATILE_TO_STALEO CPU A
HEAD_STALE1|« = »lTS0_Move_TE

(2b)
CPU B response discarded CPU_A
HS1_MOVE_HE TS0_Move_TE

Figute 165 — Two stale copies, head is valid

In|this example, the only.valid copy is originally owned and retained by the head entry, jas
inglicated by the shaded boxes. The tail entry initiated a cread64.HEADE _TO_ STALEL
transaction to fetch\the data from the head entry (1a). This transaction is processed by the
hgdad entry, whichi:changes to the HEAD_STALEL state and returns a response. The responge
is [destroyed byya.transmission failure (1b), and never returns to the tail entry. The head enfry
atfempts to tfetch its exclusive copy from the tail, using a cread64.TAl LE_TO STALEO
transaction, which is delayed by the tail waiting for its previous response (1b). This leaves the
hdad and-tail entries in the HS1_MOVE_HE and TSO_Move_TE states, respectively.

With-these similar head and tail entry states. sequence bits (which differentiate between the
HEAD STALEO/ HEAD_STALE1, TAIL_STALEO/ TAI L_STALE1, HSO_MOVE_HE/ HS1_ MOVE_HE,
and TSO_Move_ TE/ TS1_Move_TE state pairs) are necessary to identify the location of the most-
recently modified data (which could be in the head or tail entry).

To illustrate the operation of the sequence bits, consider an example where the exclusive
copy is originally owned by the tail entry and the head is in the HEAD_STALEO state. In this
case, the only valid copy is originally owned and retained by the tail entry, as indicated by the
shaded boxes, in figure 166.
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CPU_B CPU_A
HEAD_STALEO TAIL_EXCL
(1a)
CPU B cread64. TATLE_TO_STALEQ CPU A

HS0_MOVE_HE

A

»| TAIL_ EXCL

(1b)

CPU B response discarded CPU A
HSO_MOVE_HE TAIL_STALEO
(2a)

CPU B cread64.HEADE_TO_STALEL CPU A
HSO_MOVE_HE |« »| TSO0_Move_TE

(2b)
CPU_B response discarded CPU_A
HSO_MOVE_HE TS0_Move_TE

Figure 166 — Two stale copies, tail is valid

The head entry initiates a cread64.TAl LE “FO_STALEO transaction to fetch the data from t
ta|l entry (1a). This transaction is proecessed by the tail entry, which changes to t
TAlI L_STALEO state and returns a response. The response is destroyed by a transmissi
fallure (1b), and never returns te\the head entry. The tail entry attempts to retrieve
eXclusive copy from the head,. using a cread64.HEADE_TO STALE1 transaction, which

dglayed by the head waiting for' its previous response (1b). This leaves the head and t

ertries in the HSO_MOVE_HE"and TSO_Move_TE states, respectively.

The sequence bits depend on whether the valid data are left in the head or in the tail state

Re¢covery software.is-expected to check the sequence bit in the head and tail entries. If t

two values differAas’ in the first of these two examples), the modified data are recovered frg

the head entryQlfvthe two values are the same (as in the second of these two examples), t
medified datayare recovered from the tail entry.

4.5.9 ,QOLB sharing

SCl also supports efficient synchronization primitives for large scale multiprocessors. One. f
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gueued-on-lock-bit (QOLB) concept, provides FIFO access to shared variables. The rationale

for QOLB is to offer local spin-waiting on exclusive data structures. Since linked cache entri
form the QOLB queue, little additional hardware is needed to implement this scheme.

The QOLB protocols offer synchronization on a per-memory-line basis. Using QOLB,
processor can request an exclusive copy of a memory line in its cache, and once granted, t

es

a
he

line will stay in the cache until it is either rolled out or explicitly released. The processor that
has such an exclusive copy of the line is called the QOLB owner of the line. If no other
processor has requested the line, then the state of the exclusive copy is ONLY_USED. When a

new processor uses QOLB to request the line for exclusive uses, it prepends to the shari
list, by sending a cread64.COPY_QOLB transaction to the old head.
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When the cache line is owned by the old sharing-list head, the read64.COPY_QOLB transaction
returns that status. The prepending processor then waits in the | DLE state, until the
previously owned line is released (or rolled out). Other processors requesting QOLB access to
the line will also join the sharing list as idle waiters. The sharing list will then consist of a head
entry, mid-entries, and a tail entry, in the HEAD_|I DLE, M D_I DLE, and TAIl L_NEED states,
respectively.

QOLB only guarantees exclusive use of cache lines that remain cached and are not rolled out
for other uses. To ensure exclusive use despite rollouts, a lock bit is expected to be set in a
linewhen the line is received for exclusive use. \When the pLocessor has rnmlr\lnfnri its use,
the lock bit is expected to be cleared. After the lock is cleared, the QOLB ownership|is
released and the line is sent to the next exclusive user.

The coherence protocols could support out-of-band lock bits, but such specifications haje
bgden deferred to extensions of this standard.

Wijth QOLB the efficiency of shared locks is improved because the lock/owner keeps the
cdche line while the lock is owned. The original QOLB concept used a“special out-of-band
(npt part of a normal data item) lock bit. However, out-of-band bits{would have complicated
the 1/0 system, since a simple byte-sequential data access modelis assumed by most IJO
pdripherals. SCI therefore implements the flow-control aspects ofithe QOLB scheme, but dos
ndt use memory-resident out-of-band lock bits.

Tq implement QOLB-like protocols we assume the availability of specialized enqgolb, deqqlb
and reqolb instructions. The enqolb instruction is used\to request ownership of a QOLB line;
the cache-line is returned in an idle state when that-access is delayed. The deqolb instructipn
is|used to release ownership of a QOLB linexXThe reqolb instruction is a more efficignt
implementation of the deqolb/engolb sequenceithe ownership of a QOLB line is only releaspd
when needed by other idle lines waiting for its/release.

The enqolb instruction leaves an unshared cache line in the ONLY_USED state; the distinctipn
bgtween ONLY_USED and ONLYP_DI'RTY indicates the cache line has a QOLB owner.| If
arjother enqgolb is executed whilé,in the ONLY_USED state, the new processor joins the
sHharing list in the HEAD | DLE state, as illustrated in figure 167.

(2) cread64

COPY’ QOLB

new old new old
CPUCB CPU_A CPU_B CPU_A
PENDING ONLY_USED HEAD IDLE [*™| TAIL_NEED

() mread64 # (_
CACHE_DIRTY
GONE GONE
:JCfUI C© dUI 1T
memory memory

Figure 167 — Enqgolb prepending to QOLB-locked list

While in the HEAD | DLE state additional enqgolb instructions are completed locally (with an
unsuccessful status code). Polling of the TAI L_NEED node is not required, since the next entry
is informed when the deqolb operation completes. For long QOLB lists, the deqolb operation
converts an (N+1)-entry QOLB list into an N-entry QOLB list by transferring the tail's dirty data
to the previous entry. This is illustrated in figure 168, for a three-entry sharing list.
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(2) cwrite64
PREVI_TO_NEED

head old mid old tail
CPU_C CPU_B CPU_A
HEAD_IDLE | | MID_IDLE TarL_ngep | P°fore

———

(to memory)

If
ta

pa

Fd
trg
to
th
st

TH
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an
Ad

list, while new QOLB operations turn the list back into a QOLB list (with one owner and zd

or

head old mid old tail
CPU_C CPU_B CPU_A
after HEAD_ IDLE ~ TAIL_NEED INVALED

———

(to memory)
Figure 168 — Deqolb tail-deletion on QOLB sharing list

there are only two entries in the QOLB list, the exclusive«data ownership is returned but t
| remains in the TAIL_STALE state. Thus, the read/write performance advantage
irwise sharing is applicable to QOLB lists as well.

r pairwise sharing, QOLB contention on a logked data structure generates at most t
nsactions for each transfer of ownership. Thg first transaction is generated by the check
fetch an exclusive or idle copy. The secopd*transaction is generated by the owner (wh
b lock is released) and converts the remate copy from the | DLE to the USED or the NE
hte. These steps are illustrated in figure_169.

e QOLB protocol also ensures graceful transformation between QOLB use and normal u
a memory line. A normal read/write prepend to a QOLB sharing list breaks down the |
d leaves the prepender as\the only member of the list (in the state ONLYQ DI RT
ditional read or write operations from other processors turn the list into a normal shari

he
of

Vo
by,
en
ED

Se
ist
).
ng
ro

more waiters).
time
other l other
state state
-+— enqolb
stale cread64.COPY_QOLB used
nnqnlh >
enqolb —= idle cwrite64.PREVI_TO_USED need
engolb —» - deqolb
enqolb —=| used cread00.HEADU_TO_NEED stale
-«+— enqolb
need idle

Figure 169 — QOLB usage
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4.5.10 Cache-access properties
The read/write properties of the cache-line states, which affect their usefulness when read or
written, are indirectly specified by the instruction execution model and associated routines.

That specification is illustrated in a more human-readable form in table 25. Note that there are
other (unreadable) states, like TAI L_STALEO, that are not included in this table.

Table 25 — Readable cache states

cache state R/W clean write actions post-write state
ONLY_DI RTY RW differs done same
ONLYP_DI RTY RW differs done same
ONLYQ_DI RTY RW differs done sdme
HEJAD_EXCL RW differs done Same
TAI L_EXCL RW differs done same
LQCAL_DI RTY RW differs done same
ONLY_USED RW differs done same
HEJAD_USED RW differs done same
HEJAD_NEED RW differs done same
TAl L_USED RW differs done same
TAlI L_NEED RW differs done same
HX]| XXXX_0D RW differs dohe same
TX] XXXX_0D RW differs done same
OO spin_IN RW differs done same
ONLY_CLEAN RW same change ONLY_DI RTY D
LQCAL_CLEAN RW same change LOCAL_DI RTY
QUEUED_MODS RW differs purge same
QUEUED_DI RTY RW differs purge same
HO | NVAL_OD RW differs purge same
HO MARK_HE RwW differs purge same
TO mar k_TE RW differs purge same
QUEUED_CLEAN RW same purge QUEUED_MODS
HE[AD _CLEAN RW same purge HD_I NVAL_OD 2
HEAD_WASH RW same purge HD_| NVAL_OD 2
HEAD_DI RTY RW differs purge HD_I NVAL_OD 2
TAI L_DI RTY RW: differs purge TD_MARK_TE
TAI L_VALID R differs NA NA
M D_VALI D R differs NA NA
HEAD_VALI D R differs NA NA
O0 _CLEAN_OC R differs NA NA
HO_CLEAN_HC R differs NA NA
HO_WASH_HF R differs NA NA
HV_MARK_HE R differs NA NA
HX | NVAL_'©X R differs NA NA
M_f or isiW R differs NA NA
HX FORW OX R differs NA NA
QUEUED _ERESH R same NA, NA.
ONLY_FRESH R same NA NA
HEAD_FRESH R same NA NA
M D_COPY R same NA NA
TAI L_COPY R same NA NA
HW WASH_HF R same NA NA
OF_MODS_0D R same NA NA
HF_MODS_HD R same NA NA
QF_FLUSH_IN R same NA NA

1) Or state ONLYP_DI RTY, if pairwise sharing supported
2 Or state HD_MARK_HE, if pairwise sharing supported
NA means not applicable
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The R/W column specifies whether the cache state is read-only (R) or readable and writeable
(RW). The Clean column specifies whether the data may be different from the copy in memory

(di

ffers) or is the same as the copy in memory (same).

For the writeable cache-line states the write actions column specifies actions that must be

pe

rformed on the cache-line state after the data has been modified. The write may require no

further actions (done), may require a local cache-state change (change), or may require

pu

rging of other sharing-list entries (purge). For the read-only cache-line states this column

may not be applicable (NA).
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.p.11 Instruction-execution model

r the writeable cache lines the post-write-state column specifies the new cache-line stgte
mediately after the write has been performed. Note that writes may be performed texsome
the transient states; subject to the processor's (vendor-dependent) write-instructipn
ecution-ordering constraints, data can be accessed while sharing-list purges™are being
rformed.

r efficient cache operation, a processor must communicate the natureof its access to dgta
well as the address of the data. Some processors at present lack the approprigte
structions for this and must simulate them by using specialN-addresses or instructipn
guences. Generic instructions that provide the needed infanmation are assumed in the
lowing.

e processor is expected to check and changelgache-line states before and after
btructions are executed. These checks and changes are modelled by the cache-execute
Litines listed in table 23.
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Table 26 — FullExecute Routines

name generated by the execution of

Ful | Execut eLoad() a load memory-access instruction

Ful | Execut eSt ore() a store memory-access instruction

Ful | Execut eFl ush() the global flush cache-control instruction (which collapses the sharing
list)

Ful | Execut ePur ge() the global purge cache-control instruction (which returns ownership to
memory, but may discard the data)

Ful | Execut eCl eanse() the global cleanse cache-control instruction (which copies dirty datal
back to memory)

Ful | Execut eDel et e() the local flush cache-control instruction (which deletes the local cache
entry)

Ful | Execut eLock() the fetch&add, compare&swap, and mask&swap instrlictions

Ful | Execut eEnqol b() the engolb instruction, which converts a cache line to Qolb-owned (i
unowned); otherwise adds the line to the Qolb ‘queue

Fu] | Execut eDeqol b() the deqolb instruction, which releases Qolb, ownership of a cache line

Fu] | Execut eReqol b() the reqolb instruction, a more efficient-eguivalent of a deqolb/engoll
instruction sequence

Ful | Execut eAccess() the privileged cache-line/memgry-line locking instructions, as used By

fault-recovery software

4.6 C-code naming conventions

Previous subclauses have illustrated how subsets of the coherence protocol could pe
implemented. The coherence specifications\hds provisions for supporting a wide range |of
implementation options, and all options are designed to interoperate with each other. Rather
than providing a separate specification, for'each allowable subset, one coherence specificatipn
is[provided and the vendor is allowed-to specify several static and dynamic implementatipn
ofdtions.

Most of the coherence protoCols are defined in terms of C-code routines that specify changes
bdtween cache states. Routines that initiate transitions between states include the word Jro
bgdtween the initial and final states; the library routines that are shared by two or more of thejse
roptines include the waord Do between the initial and final states, as illustrated in listing 2.

/¥ Listing 2: Routine_nanes.h illustration -/

Onl yDi rtyToknval i d(procPtr, node, cTPtr); /*transition specification */
Onl yDi rt yDol nval i d(procPtr, node, cTPtr); /* library routine */

The cache-state names are formatted in several ways, but always begin (in the C code) wjth
the characters CS_, to distinguish them from other defined constants. The stable cache state
ndmes have two other character fields that describe the sharing-list position and the cache-
access rights.

Transient cache states have three other character fields: the first and last of these are
abbreviations of the initial and final cache states. The middle field describes the action that is
being performed, and the capitalization of the middle name describes the response to prepend
and invalidate actions. If the middle field is fully uppercase, prepends and invalidations to the
transient cache state are delayed. If only the first letter is uppercase, prepends are delayed but
invalidations are not. If none of the letters are uppercase, neither prepends nor invalidations are
delayed. These naming conventions are illustrated in listing 3.

Copyright 0 1998 IEEE. All rights reserved.



https://standardsiso.com/api/?name=cc37cb26a5fd271a3b0630d9583740a4

ISO/IEC 13961:2000(E) - 203 -
IEEE Std 1596, 1998 Edition

/* Listing 3: Code_notation.h illustration */

enum CacheSt ates {
CS LI ST_ACCESS, /* Stable cache state */
CS_LO_ACTI ON_L1, /* Transient, nullifies prependsé&i nvalidates */
CS L2 _Action_L3, /* Transient, nullifies prepends */
CS L4 _action_L5 /* Transient, accepts prependsé& nvali dates */

h

With one exception, an implementation shall behave as though all of the C code were
ex indivisibly. Th X ion allow her h he while waiting for a
transaction to complete (after a request subaction has been sent and before the response
baction has been returned) or while waiting for the cache-line state to change. Specifically,
the routine of listing 4 need not be executed indivisibly.

[ Listing 4: Divisible routines F/

~

Chi pWai t sFor Event () ; [* Waiting for time or queue-state change ¥

4.¥ Coherent read and write transactions

The detailed format for the coherence transactions is specified in the logical protocqls,

clause 3. A subset of these transactions is used to maintaincache coherence, as illustrated|in
taple 27.
Table 27 — Coherent transaction summary
transaction name requester, responder description
cread/cop proc,proc coherent cache control/read (for prepending to dirty|
list)
cwrite64/cop proc,proc coherent cache write (for exclusive-entry deletions)
mread/mop proc,mem coherent memory control/read (basic and extended
header)
mwrite64/mop proc,imem coherent memory writes

NQTE The 6-bit cop and mop coherence-command codes are the 6 LSBs of the address.

Fqr the noncoherent response-expected transactions (readsb, writesb, locksb, nread4,
nread256, nwrite64, nwrite256) the coherence checks are bypassed. Events apd
responselessiransactions behave the same way, except that there is no provision for
refurning €rror status.

The.coherent memory transactions are also directed to memory and transfer data to or fromjit.
Inl addition the coherence mode also affects the memory access (the data transfer may pe
nullified) and the updates of the coherent memory tags.

For the coherent memory access transactions (mread00, mread64, and mwrite64), the least
significant bits of the 48-bit addressOffset specify the coherence check mode. This
information, in conjunction with the basic command.cmd field and the identity of the requester
(sourceld), specifies which coherent actions are performed. These fields are illustrated in
figure 170.
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request packet

tgt | com | src |cont | AOO | A16 | A32 |data[0,16,64] crc

addressOffset(msbs) s|r | mop

42 11 4

on

Figure 170 — Basic mread/mwrite request

hored by the responder when the request-send packet is consumed.

coherent memory transactions the previous state of the directory is lalways returned
htus in the response subaction packet. The status includes a command-nullified field (cn)

hte (mState), and the old head pointer value (forwld), as illustrated’in figure 171.

status

tgt | com | src |cont | stat [forwld| resw | data[0,64] cre

\‘
sStat vStat &n co reserv | mState

4 4 11 4 2

Figure 17— Memory-access response

e extended mread00 and-mread64 transactions are directed to memory to perform the mgd
mplex updates of the-sharing-list directory. These extended transactions pass an additior
byte newld parameter/in the 16 bytes of extended header, as illustrated in figure 172. T

it coherence-option bit (co), a 4-bit reserved field (reserved), the‘old memory-directd

ly.
is

as

=

y
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offset address

tgt | com | src | ctrl A00,A16,A32| ext data[0,16,64]| crc

addressOffset(msbs) s|r |mop

42 11 4

other information

tgt | com | src [cont [AO0,A16,A32| ext data[0,64] ere

newld reserved

16 112
Figure 172 — Extended coherent memory read request

The newld parameter is used when the head delete§’itself from a multiple-entry sharing list.|In
thls case, the newld value is needed to identify‘the new sharing list head, which is differgnt
fram the transaction's requester. The newld value is used to identify the new sharing list hepd
in[other transactions as well. This generalization is intended to support future extensions |of
the standard.

The size bit, s, is 0 or 1 for the O-byte mread00 or 64-byte mread64 extended transactiohs
regpectively. The reserved bit, r, is)always set to 0 when the request-send packet is creatqd,
byt is ignored by the responder when the request-send packet is consumed.

4.Y.2 Cache cread and cwrite64 transactions

The cache-access tfansactions are directed to other caches to perform the more complex
ufddates of the diStsibuted sharing-list. The cache-access transactions are implemented s
eXtended cread\ transactions; two additional parameters are passed in the 16 bytes |of
extended header, as illustrated in figure 173.
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offset address

tgt |com | src |cont |[A00,A16,A32( ext data[0,64] crc

addressOffset(msbs) cop

42 6

Far the cread00, cread64, and cwrite64 transactions, the response status returns the previo
tag state, as illustrated in figure 174.

In
an

In|the request subaction the physical cache address is specified by the addressOffset (A(
Al16 and A32) and the memld field. The tag update operation is specified by the cache-tg
ogeration, cop, and the newld field. The remaining 12\bytes of data contain 4 reserved byt
and 8 vendor-dependent bytes.

other information

tgt |com | src |cont |A00,A16,A32| ext data[0,64] crc

newld | memid reserved

16 16 96

Figure 173 — Cache cread and cwrite64 requests

status
tgt | com | src |‘cont | stat fid bid data crc
sStat vStat ch cState
4 4 1 7

Figure 174 — Cache cread and cwrite64 responses

addition to returning the cache's 7-bit coherence state (cState), two nodeld fields (forw

Oa

=N}

Id
bit

d-backld, abbreviated as fid and bid respectively) are returned. The command-nullified

(cn) Is set to 1 when the cache command has not changed the cache-tag state.

4.7.3 Smaller tag sizes

Products may implement 8, 12, or the full 16 bits in the nodeld fields in their cache-tag and
memory-tag storage, which are visible in several of the request and response fields (newld,
forwld, and backld). If this subset is implemented, the upper (unimplemented) bits of the
nodeld field shall be assumed to be all ones and the product shall be said to have an n-bit
nodeld configuration constraint, where n is the number of bits implemented.
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5 C-code structure

5.1 Node structure
5.1.1 Signals within a node

From the perspective of this International Standard, a node consists of a linc (link interface
circuit) and one or more components. These components may be implemented as separate
integrated circuits, or as separate portions of a single integrated circuit. This standard
spetifresthebetaviourof thesecomponents—how-they aremptemented—isbeyond-the—scope
of|this standard.

On a node containing a single linc, the linc is expected to generate signhals based on'packegts
that it receives from its input port; these signals include arrived and reset. The. arnived signal
is[generated when a clockStrobe packet is created or received at the input porb(these may pe
uded to synchronize time-of-day clocks on the attached units). The reset signal, which|is
ggnerated while the linc is being reset, may be used to reset the\ state of attachpd
cgdmponents.

These signals are expected to be distributed to the other components on a node, as illustrated
inffigure 175.

component[0] component[1]
arrived, \ ) reset,
reset state
A
Y
linc

]

scrubPin slotPins
SCl-output SCl-input

Figure 175 — Linc and component signals

From thexinc's perspective, a unit may also generate signals directed to the linc. The reget

ignalNis used to reset the interface to the linc. From the linc's perspective, this signal comes
fram-one . however, with the proper wi ircui )
these ringlet activities.

Depending on the physical model, the linc may also be provided with static configuration-
control signals, scrubPin and slotPins. The scrubPin signal is used to statically configure the
scrubber or other node, when the node does not support a dynamic scrubber-selection
process during system initialization. The (up to) 16 slotPins may be provided by the
backplane, to provide the node with an identifier that can be read by software to determine
the node's physical location.
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1.2 Packet transfers among node components

During normal operation, these linc-related signals are not used. Communication is performed
by passing packets among queues located on the linc and its associated components, using a
vendor-dependent packet-transfer interconnect. Separate request and response queues are
provided, to avoid queue-dependency deadlocks. The linc has receive queues, transmit
gueues, and CSR-access queues, as illustrated in figure 176.

component{Q] component[1]
n| O] 0| O] n
(0] KO) (0] g () o
0| H
A A i
<! Y -
Yy packet-transfer
interconnect
. 0| T i
Goooeny (|8 22 (8 (e
a CSRs q
I linc
SCl-output SCl-input

Figure 176 — Linc and component queues

In] this illustration, component[0] has requesterftesponder capabilities and component[1] only

hds responder capabilities. As examples, cemponent[0] could be a processor (which is
reguester when fetching data and a .résponder when its cache is interrogated) ahd

cdmponent[1] could be a memory controller (which never generates requests). Note that the linc

a

n

5.

The SCl_standard specifies the behaviour of send packets in the linc and in a stands
memary>eontroller, as well as the behaviour of coherent traffic between processors and oth

c
p

dde may be viewed\as one unit architecture.

1.3 Transfer-cloud components

jches. To accurately define the behaviour of these components without overspecifying t

I$0 behaves like a responder unit, when packets are sent to its CSRs. Within the context of the
logical code specification, the terpr “chip" is used to describe the linc and any of its attached
cdmponents (which could be implemented on the same or different integrated circuits).

Infmany cases, a node cemponent (which has its own queues) may be the same as a uit
(which has its own contrel registers and state). However, a unit may consist of multiy
cgmponents (a coherent multiprocessor has process and cache components) or the ent

le

rd
er

he

at

transfers signals and packets between the linc and other node components, as illustrated in
figure 177. Within this illustration the source and destination for coherent request packets are

S

hown with dark arrows.
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execution unit(s) processor memory
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Figure 177 — One node's transféf-cloud model

The detailed specification of the cache-coherence mechanism is expressed primarily |in
Ccode so that it can be made unambiguous,.can be tested thoroughly, and can be used|to
verify the behaviour of actual implementatiof's. In its most general case, a coherent nofde
cdntains processor, cache, and memory components. There may be one or mdre
(stperscalar) processor subcomponentsithat share the node's cache. Coherent memory may
bg located on the same node, which improves the performance of local-memory accesses.

Although some transfer-cloud ‘behaviour is specified by the SCI standard, its detailpd
bghaviour is vendor-dependent."A vendor may accurately simulate a variety of packet-transter
inferconnects (dual request/response buses, cross-bar switches, etc.) by supplementing the
cdde in this specification with different forms of transfer-cloud routines.

Tq simplify the intérface between node components (such as processor, cache, memory, ahd
linc), a standard. qQueue structure is defined for all components (although not all queues gre
implemented.of0~all components). The standard queue interface supports six queues: input-
reguest (KQYREQ), input-response (I Q_RES), CSR-input-request (I Q CSR), CSR-outpyt-
regponse-(OQ_CSR), output-request (OQ_REQ), and output-response (OQ_RES), as illustrated|in
figures178.
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Figure 178 — The linc packet queues

e transfer cloud is expected to transfer request-send packets. from the OQ REQ queue
e component into the 1 Q REQ or 1 Q CSR queue of anether component. Similarly, t
nsfer cloud is expected to transfer response-send packets\from the OQ_RES or OQ_CSR
e component into the | Q_RES queue of another.

eue on the same component (as is done on the”linc). Similarly, a response-send pack
hy be transferred from an OQ_CSR queue to an. | Q_RES queue on the same component.

P A node's linc component
.1 Alinc's subcomponents

is International Standard specifies the functional behaviour of an SCI node, but does 1
fine how this behaviour shall be implemented. The operation of an SCI node is illustrat
the hardware blocks described in this clause; the functional behaviour is specified by t
code. Although the implementation shall have the same observable behaviour as t
code specification, the implementation may implement other hardware structures than tho

linc is expected to have paired transmit and receive queues, each having one queue
uests andrene queue for responses (as shown in figure 179). In addition, there is a bypa
FO, which 'delays pass-through packets while a transmit-queue packet is being se

Td
(r

gyeue must be at least N symbols long. For certain options, the bypass FIFO needs to be o

accept packets of N symbols the receive queues must be at least N symbols long. To se
guest or response) packets of N symbols the corresponding (request or response) trans

of
he
of

SR
et

ot
ed
he
he
se

or
SSs
nt.
nd
nit
he

symbol longer than the maximum transmitted packet. (T'he extra space Is needed for inserting
an idle between back-to-back packets, to support the elastic-buffer protocols).

The receive hardware (which is located near the upstream or incoming port) contains an
elastic buffer, a parser and a stripper. The elastic buffer synchronizes the input clock to the
local clock, inserting or deleting idle symbols as required. The parser uses the flag bits on
incoming symbols to label symbol types within each packet. The stripper checks the nodeld
and strips those packets addressed to this node.
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The transmit hardware (which is located near the downstream outgoing port) contains a
bypass FIFO, a saveldle buffer, a multiplexer, and a CRC encoder. The bypass FIFO is used
to save incoming packets while other symbols are being output. The saveldle buffer is used to
save the needed information from incoming idle symbols while other symbols are being
output. Note that multiple incoming idle symbols can be merged and saved in the single-
symbol saveldle buffer.

Each node requires one CRC checker and one CRC generator. The stripper has a CRC
checker, which delays processing of a node's received echo until its CRC has been verified.
The cfrilnlnnr is also rnc'r_\nncihln for man(inrJ CRC errors in pnnl(nfc that pass thrmlgh the node
or| are saved within it. The transmitter is responsible for creating new CRC values for(hew
pdckets in the queue or for newly created echoes. The transmitter is also responsible for
creating stomped CRC values when CRC errors are detected by the stripper. These functional
cdmponents are illustrated in figure 179.

B o [
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Yy v [
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8132 \\ o| 3
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Figure 179 — Node interface structure

The node interfacé4nodel has two high-speed receive queues, so that request and responke
pdckets can immmediately be accepted before being processed. When receive queues dre
filled, fair nodes selectively accept packets based on their age, using a simple A/B ageihg
sgheme.

Selective acceptance (queue allocation) protocols ensure that all packets are eventually
agcepted. Independent processing paths for requests and responses ensure that all queupd
sends are eventually processed. Thus, twO receive queues are sufficient to ensure forward
progress. Nodes may provide additional queue entries so that additional packets can be
gueued while others are being processed. The number of implemented receive queues is
based on system performance requirements, which are beyond the scope of this International
Standard.

Incoming data passes through an elastic buffer that inserts or deletes idle symbols based on
the phase difference between the incoming data and the node-local clock. To avoid corruption
of packets, only idle symbols (or an intermediate symbol of a sync packet) may be deleted,
and only idle symbols may be created (and only between packets). Special symbol
information is passed from the elastic buffer to the stripper, to identify symbols that have been
inserted and to pass residual information from symbols that have been deleted.
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The elastic buffer's output passes to the stripper, which labels and selectively strips packet
symbols. The stripper uses the flag-signal value to identify and label the packet symbols
(SS_HEADO, SS HEAD1, etc.). The stripper strips selected packets and, for robustness,
truncates overly-long accepted packets (to avoid overflowing the initially allocated receive-
gueue space). The stripper is also responsible for detecting excessively long pass-through
packets (generated by fatal transmission errors) and for clearing the ringlet when such errors
are detected.

The stripped symbol stream is routed to a receive-queue entry or (if the queue is full) is
discarded. Packet symbols that are not stripped are routed into the bypass FIFO or are
multiplexed directly to the output. Idle symbols are saved, modified, or directly routed to.the
oytput. A separate saveldle storage is used for saving the information from the idle symbols
(which can be consumed and regenerated) and the packet symbols, which sometimes pass
thfough the bypass FIFO.

Fgir nodes are expected to use FIFO queues, processing the packets in the order in which
they are received. Prioritized nodes are expected to change the processing order of packet
erjtries in the receive or transmit queues, based on their packet prigrities. When receive
gyeues become full, prioritized nodes are also expected to selectively\accept packets basgd
on their priority and their age. Some fairness is required in the re-ordering and acceptange
prptocols to ensure forward progress for lower-priority transmissions:

5..2 Alinc's elastic buffer

The elastic buffer code specifies how idle symbols are inserted or deleted when the ingut
clock drifts from the local clock reference. The El asti city() routine uses its previously
calculated delay value (myDelay) to control a fraction-of-a-cycle delay block (variableDelay).
The flag associated with the output symbol value provides an input to the control stgte
machine which (along with bits within the nextssymbol) determines when idle symbols can pe
inserted and deleted. These functional blocks<are illustrated in figure 180.

local clock
hg,lg, 4’_ phase
_ junk inDelay compare
‘qé EType control | myDelay )
g O I
Ig,hg,flag S
& (next symbol) 3
out '
- variableDelay e e [
Elasticity()

Figure 180 — Elasticity model

The El asticity() routine's output symbol, out, is processed by the Stri pper () routine.
These symbols are labelled to identify the out symbols that should be ignored (they were
created by idle-insertions or they are the tail of a stripped sync packet). When idles are
deleted, their idle.hg and idle.lg bits are passed to the Stri pper () routine and propagate to
the transmitter.
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5.2.3 Other linc components

The Stri pper () is responsible for selectively copying the desired packets into the receive
buffers and labelling packet symbols for other downstream components within the linc.

The I nserter() routine is responsible for inserting initialization packets in the output
symbol stream during the node's initialization process.

The Transm tter () routine is responsible for selecting packets fro

m the transmit buffers
A 6 abted- i Haf—redes—the
Trlansm tter () also updates the priority of the idles and selective send packets based)pn
the linc's blocked-transaction priorities. Note that the priorities of packets emanating from the
linc's own source FIFOs are not updated, so that the priorities on the local ringlet can be mqre
adcurately sampled.

The Encoder () routine is primarily responsible for re-inserting the flag symbol (FT_LOWor
FT_HI GH), based on the symbol labels generated by the St ri pper () and.(possibly) modifiped
by the I nserter() or Transm tter () routines. The Encoder () routine also provides the
check value for idle symbols and generates the CRC for new packets(

While the node is initializing, the Transm tt er () component is~idle and the El asticity(|),
St|ri pper (), and Encoder () components remain operational.

5.B Other node components
5.8.1 A node's core component

Sipce the cloud is only an agent for performing.data transfers, it has no I/O queues. However,
edch component on a cloud has a pointer tota shared node component, called the core. The
cdre data structure also contains a bit~map of the outstanding transaction identifigrs
(tnansldBits), and provides queues for alleeating this transaction-identifier resource.

The node's CSRs may be located~on the linc or on other components connected to the
trgnsfer cloud. The CSRs that intimately affect the linc's behaviour (STATE_CLEAR,
STATE_SET, NODE_I DS, RESET_START, CLOCK_STROBE_THROUGH, and SYNC_| NTERVAL)
arp expected to be located on the linc. Other registers, such as the SPLI T_TI MEOUT aphd
CUOCK_STROBE_ARRI VEDJCSRs, can be accessed through the transfer cloud and may pe
logated on other node ‘components.

5.8.2 A node'sdanemory component

Tq provide cammon support for other SCI requesters (typically processors and DMA), the SCI
standard specifies the functional behaviour (but not the performance) of standard memory upit
architectures. The specification code assumes that two memory queues are needed, one|to
hqld-request-send packets (I Q_ REQ) and another to hold response-send packets (OQ_REY),
aq illustrated in figure 181.
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Figure 181 — A memory component's packet-queues

A [memory unit is not expected to have output-requestior input-response gueues, since| it
typically has no need to generate transactions. A minimal implementation shall provide |at
le@st one queue entry, to be shared between input-request and output-response queues.

One of the GONE, FRESH, and WASH option hits is set when a coherent-memory option|is
specified. The GONE option minimizes the tag’storage requirements (the tag is saved as data
when a line is coherently cached). The FRESH option supports efficient fetching of coherently
cached read-only fresh data, which is returned immediately from memory. The WASH optipn
sypports the efficient conversion of data from the dirty state (the data must be fetched from a
prpcessor) to a fresh state (the dataumay be fetched from memory).

The Menor yAccessBasi c( ).routine performs the requested RAM-update action and returps
the requested data. Thel DolLocks() routine implements the coherent memory lock
ogerations. An SCI memory controller shall implement the defined lock operations js
specified by this routine, but may also provide additional support for a vendor-dependent lock
oferation.

5.8.3 A node‘s~exec component

The SCI standard specifies the functional behaviour (but not the performance) of standdrd
prpcessear execution-unit architectures. The specification code assumes that two procesdor
gyeues ‘are needed to support each processor-initiated transaction, one to hold outgoihg
reguest-send packets (OQ REQ) and another to hold incoming response-send packets
(I Q_RES), as illustrated in figure 182. Note that one processor (proc) may have many
attached execution units (execs).
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Figure 182 — An exec component's packet queues

5.B.4 A node's proc component

Tq provide common support for coherent SCI processors,{the SCI standard specifies the
fupctional behaviour (but not the performance) of a.fstandard cached processor upit
architecture, abbreviated as proc. The specification code ‘assumes that two cache queues gre
ngeded, one to hold request-send packets (I Q REQ)and another to hold response-sepd
pdckets (OQ_RES), as illustrated in figure 183.
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Figure 183 — A proc component's packet queues
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