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In this Issue
The HP PrecisionArchitecturedevelopmentprogram,known within HP
as the Spectrumprogram,is the largestsystemdevelopmentprogramever
undertakenby the Hewlett-PackardCompany.The programdevelopednot
only a new system architecture,but also all hardwareand softwarecomponents necessaryto constitutean entirely new computer system family. lt
encompassedarchitecture,VLSItechnology,the MPEXLcommercialoperating system, the HP-UX real-timestandard UNIX operatingsystem,a new
familyof optimizingcompilers,a new data base facility,and integrationwith
the HP AdvanceNet networking strategy.
;;fr-:-rr,'!
The paperspublishedin the August1985 and January1986 issuesof the HP Journaloutline
the reasonsfor the developmentof HP PrecisionArchitectureand describethe structureof the
next generationcompiler family. ln this issue of the HP Journal, we are happy to be able to
presentthe first of a plannedset of papers that explain key programelementsin greater levels
of detail. We intend these papers to be tutorial in nature, describingand explainingprogram
elementsand presentingthe basic researchand measurementresultsthat were achieved.
In this issue we begin with papers coveringan overviewof the processorarchitecture(page
4), a summaryof the l/O architecture(page23), a descriptionof the performanceanalysisactivities
used throughoutthe program (page 30), and a descriptionof the simulatortools that grew into
our generalsoftwarediagnostictools (page40). In subsequentissues,we plan to presentpapers
describinghardwarecomponents,softwaresystem components,softwareengineeringpractices,
and performanceresults.We expect that the collectedset of paperswill then constitutea good
technicaloverviewof the Spectrumprogramand the key researchresultsthat emergedfrom it.
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-William S. Worley, Jr.
Guest Editor

Cover
The cover photographshows a "block diagram" representingthe HP PrecisionArchitecture
executionengine,which is shown more conventionallyin Fig. 3 on page 7.

What's Ahead
Next month's issue will have a series ol articleson the design of the HP 9000 Series 300
modularengineeringworkstations,and a part historical,part tutorialtreatiseon implementinga
worldwide electronicmail system, based on HP's experiencewith its own HP DeskManager
product.

Journai,3000 HanoverStreet,PaloAlto,CA 94304 U.S.A.
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Hewlett-Packard
PrecisionArchitecture:
The Processor
Thisarticledescribesthearchitecture's
basicorganization,
executionmodel,controlflow model,addressingand
protectionmodel,functionaloperations,and instruction
formatsand encoding.
by MichaelJ. Mahon,Ruby Bei-LohLee,TerrenceC. Miller,JeromeC. Huck,and WilliamR. Bryg
"Everything should be mode os simple os possible,but not
simpler." Albert Einstein
HE HP PRECISION ARCHITECTURE development
program had the objective of designing a computer
architecturecapableenoughand versatileenoughto
excel in all of Hewlett Packard'scomputer markets:commercial, engineering and scientific, and manufacturing.
Such an architecturewould have to scale easily acrossa
broad performancerange,provide for sbaightforward migration of applicationsfrom existing systems,and serveas
the architecturalfoundation for at least the next decadeof
product development.
To address this problem, an unusual group of people
was brought together,from within and outside HewlettPackard, possessingunusually diverse experience and
training. Under the Ieadership of Bill Worley, this small
group of compiler designers,operating system designers,
performance analysts, hardware designers,microcoders,
and system architectswas forged into a team. The intent
was to bring togethermany different perspectives,so that
the team could deal effectively with design trade-offsthat
crossthe traditional boundariesbetween disciplines.
The design methodology was as unusual as the team. It
was an iterative, closed-loop, measurement-orientedapproach to computer architecture.The processbeganwith
data collection and analysis of what computers-HewlettPackard'sand others'-were actually doing during application execution. Early results validated the suggestionsof
some RISC architecture researchersthat simpler designs
were a better match to the actual behavior of machines.
and could substantially improve cost/performance.lThe
scalability and generality requirements provided further
incentives to reduce system complexity.
After a simple "core" architecture was postulated, the
team examinedit intensively through simulation and measurement.We evaluatedits suitability as a target for compilation and optimization, and as a host for modern operating systems.Logic designs were done simultaneously in
severalcircuit and packagingtechnologiesto evaluatethe
implications of the architectural decisions on hardware
realizations.
After a round of evaluation,the resultsbecamethe basis
for a series of proposed refinements to the architecture.
After critical study, the best proposalswere incorporated
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into the architecture,the simulator was updated, and the
evaluation processbeganagain.
This processcontinued for four major (and many minor)
iterations over a period of 18 months. At each successive
iteration, the architectureand all proposed changeswere
published internally for review by key technical people in
product divisions. As the project progressed,an increasing
proportion of the proposalsand evaluationscamefrom divisional participants.
The iterative designsometimesresultedin adding a function. For example,the frequent requirementto shift index
registersto index to half words, words, or double words
in a byte-addressed
machine led to the addition of a zero-tothree-bitpreshifterto scaleone of the inputs to the adder.
More frequently, iteration resulted in deleting mechanisms
revealed as too onerous or too little used. An example is
the deletion of the STOREINDEXEO
instruction, becauseit
was the only instruction that would haverequired a register
file capableof readingthreeregisterssimultaneously.Compiler strategieswere found that all but eliminated the need
for the STORE
INDEXED
instruction, which in any casecould
be simulated in two instructions. Another example was
the deletion of a rather irregular MULTIPLY
STEPinstruction,
when it was discoveredthat virtually all integer multiplications could be performedefficiently using SHIFTAND
ADD
instructions, which were a natural byproduct of the index
preshifter described above.
The result of this process is an architecture honed by
data, tested againstvarious implementation technologies,
and broadly tuned to a wide variety of systemand application tasks.

Overview
An HP Precisionprocessoris one element of a complete
system.The system also includes memory arrays,I/O devices, attachedprocessors,and interconnectionstructures
such as busesand networks.Fig. 1 shows a typical system.
The processorinterfaces to a central bus like any other
module and uses the bus to referencemain memory and
I/O devices,External interrupts are also transmitted over
the buses.

Main Processor

Flg. 1. HP Precision Architecture
systemorgantzatton.

ProcessorOvervlew
The processor module is organized as instruction fetch
and execute units with a tightly coupled high-speed cache
system. While a cache is optional, it is such a cost-effective
component that nearly all processors will incorporate this
hardware. The processor module may also include a
hardware address translation table called a tronslotion
lookoside buffer or TLB, and ossist hordwore for extra functions such as floating-point operations. The main data paths
are 32 bits wide, and the memory system is byte addressed.
The execution unit performs data transformations on
local registers and generates addresses to reference the
cache and main memory. It has a memory system interface
for moving data operands between the memory system and
the registers. The execution unit may be supplemented by
assist hardware----coprocessors or special function unitsto augment its capabilities for application-specific operations or data types. This is discussed further in the sections
on the execution model.
The fetch unit calculates the instruction address. fetches
the instruction, decodes it, and sends information to the
execution unit. The fetch unit greatly benefits from a reduced-complexity instruction set. Instructions are all fixedwidth 32-bit objects, simplifying decoding and calculation
of the next instruction address. The fetch unit is responsible
for the control flow in the processing of instructions. This
is discussed further in later sections on the control model.
HP Precision Architecture uses a memory hierarchy as
a cost-effective means of achieving nearly the speed of the
fastest (highest) memory level, with the capacity of the
Iargest (lowest) memory level. The highest level of the
hierarchy is the registers, followed by the caches. Main
memory is the next level and the I/O system provides the
largest and slowest level of storage. In HP Precision Architecture, the cache system is architecturally visible in
the sense that there are cache control instructions for cache
management. A virtual memory system is a characteristic
feature on all but the smallest HP Precision processors.
Virtual address protection and translation provide security
and a large, flat, global address space for all processes. This
is discussed further in the sections on the addressing and
protection model.

Provisions are made for attached processors, which interface to the system hierarchy at the memory bus level, and
typically have their own registers and local cache system.
Attached processors can provide such functions as I/O or
vector processing. Clustered and tightly coupled multiprocessing are also supported for modular expansion of the
system.

ProcessingResources
The processing resources are organized around three register arrays and a few specialized registers (see Fig. 2). The
general register array contains general-purpose registers
used for all computations. The space register array is used
to build virtual addresses. The control register array is a
collection of registers used for virtual address protection,
interruption processing, and other miscellaneous functions.
The general register array contains thirty-two 32-bit general-purpose registers. Register zero is special: it always
returns zero when read and discards any result when used
as a target register. This specialization is easily implemented
in hardware and eliminates the need for instructions for
unary or condition-testing operations. For example, a copy
operation is a logical oR with register zero and unary SUBTRACTalso uses register zero as a soutce. Registers 1 and
31 are also specialized as implied targets for a few instructions that have no space in the instruction for target register
specifiers.
The space register array contains eight registers. When
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Fig. 2, HP Precision Architecture processrng resourcesare
organized around three regrsterarrays and a few specialized
registers.
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one of these is concatenatedto a 32-bit addressoffset, a
virtual address is formed. Three levels of the architecture
are defined, according to the amount and degree of virtual addressingsupported.The level-zeroHP Precisionprocessordoes not support any virtual addressingand need
not implement the spaceregisters.When building a processor for a highly integrated,dedicatedsystem,it is a considerable savings in hardware cost to eliminate the virtual
addresshardware. General-purposecomputers, however,
require virtual addressing.A level-oneprocessorsupports
16-bit spaceregistersfor a 48-bit virtual addressspaceand
a level-two processorimplements 32-bit spaceregistersto
allow the full oa-bit virtual addressspace.
The control registerarrayconsistsof twenty-five registers
which contain systemstateinformation. Four of thesecontrol registersare usedby the virtual addresssystemto identify protection groups for the current process,The shift
amount for instructions that perform variable-lengthshifts
is storedin a control register.An interval timer is included
as a control register.The configuration of coprocessorsin
a systemis also stored in a control register.The remaining
control registers are used as temporary registers and to
record the state of the machine at the time of an interruption.
An HP Precision processoralso maintains registersfor
the current instruction address, the current instruction,
and the processorstatusword (PSW).The current instruction addressis divided into its virtual spaceidentifier (IAS)
and its offset (IAO) within the space.The instruction register (IR) contains the current instruction. The PSW holds
various flags for enabling virtual addressing,protection,
interruptions, and other status information.
Fig. 2 shows the processingresources.A complete context switch only involves the savingof the generalregisters,
the spaceregisters,and severalof the control registers.The
instruction addressregistersand PSW are savedin control
registers by the hardware at the time of any interruption.
Since the processstateis small and no extra manipulation
of cache or TLB (translation lookaside buffer) structures
is necessary,fast context switching is obtained.No additional resourcesare neededto save intermediatemachine
states,since interruptions are always taken at instruction
boundaries.
Data Types
I{P PrecisionArchitecture supports data types for arithmetic, Iogical, and field manipulation operations.All data
objectsmust be storedon their naturally alignedaddresses,
that is, 32-bit dataobjectsmust starton word-aligned (fourbyte) addresses,16-bit dataobjectsmust starton half-wordaligned addresses,and B-bit dataobjectsmust starton bytealigned addresses.This general alignment rule is easily
obeyedby softwareand significantly improvesthe cost and
speed of cache memory hardware. It also eliminates the
possibility of a cache miss or addresstranslation fault in
the middle of a data or instruction reference, thereby
simplifying the processorcontrol.
Signed and unsigned integers may be 8, 16, or 32 bits
long. Signedintegersare representedin two's complement
form. Charactersare 8 bits long and conform to the ASCII
standard.While bits are not directlv addressable.efficient
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support is provided to manipulate and test individual bits
and bit fields in general registers.Both packed and unpacked representationsof decimal numbers are supported
by software.Packeddatais alwaysalignedon a word boundary and consistsof z, ts,23, or 31.BCD digits, followed
by a sign digit.
Floating-point numbers are addressedas 32-bit (singleprecision) or 64-bit (double-precision)quantities.The coprocessorinterfaceallows this wider data path for loading
and storing double-precisionfloating-point operands.The
floating-point data format conformsto the ANSIIEEE 7541985 standard.

Execution Model
HP Precision Architecture assumes a register-based
execution model, with all operandscoming from registers
and all results going back into registers.The thirty-two
general-purposeregisters are used for local storage of
operands,intermediateresults, and addresses.
The executionengine for the basic HP Precisioninstruction set consists of a simple arithmetic logic unit (ALU)
and a shift-mergeunit (SMU), as shown in Fig. 3. The ALU
has a preshifter on one port and a complementer on the
other port. The SMU consistsof a shifterand a mask-merger.
It is used for implementing field manipulation operations.
The shifter concatenatestwo 32-bit operandsand performs
a right shift. The mask-mergerselectsa contiguousfield of
bits from the output of the shifter and mergesthis with the
other bits from its second input source,forming a 32-bit
result. The second input source to the mask-mergermay
be a mask of all zeros or all sign bits, or may come from a
generalregister.
The typical execution data flow consistsof reading two
operandsfrom general-purposeregisters,routing thesetwo
operands through the ALU or the SMU with the proper
function selected,and storing the result back into a general
register. This is the data flow for the basic three-register
model of execution, which facilitates single-cycleexecution, since no memory referencesare required.
Slngle-Gycle Execution
A primary design goal was that all functional computations in the basic instruction set could execute in one
machine cycle in a pipelined implementationof the processor architecture.Operationswere selectedfor inclusion in
the basic instruction set only if they could be implemented
in a reasonablysmall number of logic levels, to guarantee
a short cycle time. This doesnot necessarilymean that the
operation performed had to be primitive in function. In
fact, rather sophisticated operationswere allowed in the
architecture if they proved useful to the compilers, and
were implementable in a short machine cycle with relatively simple hardware.
Complex operations that are necessaryto support required softwarefunctions but cannot be implemented in a
single execution cycle are broken down into primitive operations,each of which can be executedin a single cycle.
operationswhich are
Examples are the DECIMAL
CORRECT
primitive operations for performing arithmetic on BCD
data, the SHIFTANDADDoperations which are primitives

Fig. 3. Ihe execution data path conslsts of a simple arithmetic logic unit (ALU) and a shift-merge unit (SMU).
for integer multiplication, and the DIVIDESTEP operation
which is a primitive for integer division.
Single-cycle execution was a design goal of the architecture, but is not a constraint on the implementations. For
example, an HP Precision microprocessor may operate with
slower memories, performing a load instruction in more
than one cycle.

lmmediates
A notable aspectof HP PrecisionArchitecture'sregisterbasedmodel of executionis its heavy use of the instruction
registeras a sourcefor operands,in addition to the thirtytwo general-purposeregisters.Many HP Precisioninstructions have an immediatefield embeddedin the 32-bitfixedlength instruction. These immediates are made maximallength, in the sensethat they fill up all unassignedbits in
the given instruction. This maximizes the probability that
a constant can be representedin the instruction as immediate data. Although immediatescome in various sizes
in different instruction classes,their sign bit is always in
a fixed position. An immediate operand is advantageous
since it does not have to be loaded to a generalregisterand
therefore savesboth a memory accessand the use of a
generalregister.
Although maximal-length immediates in an instruction
are capableof representingmost of the constantvaluesthat
are needed,it is desirableto have the capability of embedding fullJength 32-bit immediates in the instruction
stream.HP PrecisionArchitecture doesthis by meansof a
pair of instructions. First, a long-immediateinstruction is
used to load or add the most significant twenty-one bits of
the immediatevalue, paddedon the right with elevenzeros,
into a generalregister.A subsequentinstruction, using this
registeras the baseregister,supplies the low-order bits to
complete the 32-bit immediate. In this way, a 32-bit constant value can be placed in a generalregister,or a load or
store instruction can be performed with a full 3z-bit static
displacement.An alternativeapproach-creating a doubleword instruction-would have introduced the more complex possibility of a page fault occurring in the middle of
an instruction fetch.

Load and Store Operations
The general register array is the only level of the memory
hierarchy that interacts with the execution engine. The
generalregistersinteractwith the rest of the memory hierarchy via the LOADand StOne instructions.
The LoADand StOReinstructions are designedto execute
in a single cycle in a pipelined implementation of the architecturethat includes a data cachememory that operates
at the speed of the processor.This immediately excludes
the specification of multiple loads and storesor levels of
addressindirection in a single instruction.
Even with a fast cachememory, datamay not be available
until one cycle after the memory accessis initiated. Therefore, following a load instruction, the software tries to
scheduleone or more instructions that do not use the target
registerbeing loaded.However,the hardwaremust be able
to interlock the pipe if an instruction following a load
instruction uses the target register that has not yet been
loaded.
The size of the data item loaded or stored can be a byte,
a half word, or a full word. It is possibleto store any contiguous sequenceof bytes within a word, either starting
from the leftmost byte or ending with the rightmost byte,
using the STOREBYTESinstruction. For example,it is possible to storethe leftmost three bytes or the rightmost three
bytes of a registerinto three contiguousbytes of memory.
This instruction is a useful primitive for moving unaligned
strings of bytes from one memory location to another.
All addresscalculation in the LOADand StoRe instructions is based on the base register plus displacementaddressing mode. The displacement can be a long 14-bit
signed displacement,a short 5-bit signeddisplacement,or
an index register.An index register,if used,may optionally
be shifted left by 1, 2, or 3 bits to permit integeraddressing
to half words, words, or double words, respectively.Both
the base register and the index register used in address
calculation can come from any of the generalregisters.
Flexible Address Modification Mechanisms.Automatic addressmodification mechanismsallow one to walk through
a data structure more efficiently, by updating the address
register to the next item in the data structure to be referenced while fetching the current item.
Flexible addressmodification mechanismsare included
in HP PrecisionArchitecture, providing high-performance
functionality in a single cycle. For example, it is possible
to modify the baseregisterfor a subsequentload or store
instruction by adding to it the long or the short displacement value specified in the instruction itself, or the value
of an index register,optionally shifted to multiply by the
size of the object to be loaded or stored.
If addressmodification is specified,either premodification or postmodification can be performed. Premodificotion means that the addresscalculation is performed and
the result usedas the addressto initiate the memory access.
Postmodificotion means that the original content of the
baseregisteris used as the addressto initiate the memory
access.
An unusual feature of this premodify or postmodify addressing mode is that in the long-displacementinstructions, the sign bit of the displacementis also used as the
bit to select premodification or postmodification.This al-
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Floating-Point Coprocessor
HP PrecisionArchitecturegenerallyconformsto the concept
of a simple instructionset realizablein cost-effectivehardware.
However,certainalgorithmslikefloating-pointoperationsrealize
substantialperformancegainswhen implementedon specialized
hardware.The floating-pointinstructionset is an exampleof HP
PrecisionArchitecture'sinstructionextensioncapabilities,
Floating-pointinstructionsare supported through an assist
coprocessorto provide high-performancenumeric processing.
As a coprocessor,the floating-pointunitcontainsits own register
file and executes concurrently with the basic processor.
Operands from the caches are loaded or stored from any of
twelve floating-pointregisters.The data format, all operations,
and exceptionsfully conform to the ANSI/IEEE754-1985stancoprocessorscan be implemented
dard. Veryhigh-performance
by combininghardwarepipeliningwith the HP Precisionhighlevel languageoptimizer.
The floating-pointcoprocessoris organizedIikethe basic processor. All operands from main memory are referencedusing
coprocessorload and store instructions.Normalvirtualaddress
translationand protectionchecks are made and data is transferred between the cache (or memory) aM the lloating-point
registerfile. Both single-precision(4-byte)and double-precision
(B-byte)operands can be referencedwith a single instruction.
Quad-precision(16-byte)operandsare referencedusing a pair
coprocessormemoryreferenceinstructions.
ol double-precision
The basic processorpertormsIndex and shon-orsptacement
address calculationsfor the coprocessorload and storeinstrucinstructionsare not providedJorthe
INDEXED
tions.WhileSTORE
instructionsare
basic orocessor.copRocESSoRsroRE TNDEXED
providedsinceonlytwo generalregisterreadsand a nonconflicting coprocessorregisterread are required.
Floating-Point Register File
The registerfile containstwelve64-bit data registers,a 32-bit
status register,and seven 32-bit registersfor reportingexceptional conditions,as shown in Fig. 1. The twelve data registers
also form six 128-bitquad-precisionregisters.The data registers
are numbered from 4 through 15. Register0 holds the status
register.When registerzero is used as the target or sourceof a
coprocessorload or store,the statusregisteris referenced.But
when used as the source of an operation,registerzero returns
a floating-pointzero. This is used tor simpleassignments,arithmetic negation,and comparisonswith zero.
64 Bits Wide

frl5

Fig. 1. Floating-pointregister file.
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The status registerholds rnformationon the currenl rounding
mode, the exceptionflags, and exceptiontrap enables for the
five IEEEexceptions:overflow,underflow,divide by zeoo,invalid
operation,and inexact.lf the exceptiontrap is not enabled,then
a defaultresultis returnedand the correspondingexceptionflag
is set in the status register.lf the exceptiontrap is enabled, an
interruptionto the main processoroccurs, with the exception
and the instructioncausing it recordedin an exceptionregister.
On overflow,underflow,and inexact exceptions,the correctly
roundedresultis deliveredto the destinationregister.On invalid
operationand divide-by-zeroexceptions,the source registers
are preserved.Users can specify a trap handlerfor any of the
five IEEEexceptions,using the informationpreserved
The coorocessoruses an additionalnonmaskableexceotion.
called unimplemented,to pass off to software those operations
not implemented by the coprocessor hardware. The unimplementedtrap triggersa softwareemulationof the desiredoperationwith the originaloperands.
The Booleanresultof a floating-pointcomparisonis stored in
a bit in the statusword. This bit can conditionallynullifythe next
instructionwhentested.No conditionalbranchis allowed.A conditionalbranchwould haveincreasedthe criticaloath for branch
determination.
Floating-Point Operations
Thefloating-point
coprocessordefineselevenfundamentaloperations in three precrsions.All of the operations,except for
conversionsto f ixed-pointformats,producef loating-pointresults.
Sourceand destinationformatsare the same except lor conversionsthat haveexplicitsourceand destinationformats.Rounding
is specifiedby a mode field in the statusregister.The coPY and
ABSoLUTE
VALUE
operationsare nonarithmeticand do not cause
exceptions.The followingtable summarizesthe definedarithmetic operationstor single,double, and quad formats.
FADD
FSUB
FMPY
FDIV
FREM
FSQRT
FRND
FCMP

Addition
Subtraction
Multiplication
Division
Remainder
SquareRoot
Round
Compare

CONVERSION
instructionsfrom floating-pointformatsto fixedpoint formats and between floating-pointformats are also included.Whenconvertingf romfloating-point
to fixed-pointformat,
the currentroundingmodecan be temporarilychangedto roundto-zero.Many programminglanguagesdefine conversionto integer as roundingto zero. In accordancewith the standard,the
defaultroundingmode is roundingto the nearestinteger.
Scalability and Performance
HP PrecisionArchitectureis designedto adherestrictlyto the
IEEEfloating-pointstandard.The standard does not, however,
requirethatall f loating-pointoperationsbe performedin high-performancehardware,and does not specitythe instructionset level
presentationoJ the hardware.Wheneverthere is little performance advantageto be gained by performingan operationin
hardware, consideration should be given to simplifyingthe
hardwareand performingthe operationin software.The unim-

plementedexceptiontrap mechanismis employedto avoid hanand exceptional
conditionsin hardware.
dlingoperations
The simplestHP Precisionsystemsmay completelyexclude
a floating-pointunit. Each floating-pointinstructioncauses an
assistemulationtrap and systemsoftwarecompletelysimulates
the function.Specialcontrolregistersspeed the simulationof
can reduce
load and storeinstructions.
Someimplementations
the complexityol hardware control by supportingonly those
hardware.
Inthiscase,
thatuseavailable
f loating-point
operations
conditionsarisethatcan requireadditionalprocessexceptional
Forexample,the unimplemented
exing or softwareassistance.
ceptiontrap mechanismcan be used to handlethe square root
NaNs (not a
operationand cornercase operandslike infinities,
numbers.
number),and denormalized
The floating-point
coprocessoris architectedto be pipelined
Fundamennumericprocessing.
to allowvery high-performance
lf thecoprocessor
taltothisisthedelayingof exceptionreporting.
must informthe basic processorimmediately
that the current
instructionoverflows,then littleconcurrentprocessingand pipeliningis possible.In HP PrecisionArchitecture,
the coprocessor
operationindependentof any
can freelyaccept a non-load/store

lows the specification of premodification or postmodification without using up a bit of the long displacement field.
Memory accesses with long displacement fields perform
predecrement or postincrement, depending on the sign of
their displacements. In theory, this is less general than
allowing the specification of premodification or postmodification to be orthogonal to the sign of the displacement, as is true for the short-displacement load and store
instructions. In practice, however, the feature works very
well for maintaining stacks stored in the memory. For
example, for a stack growing in the direction of decreasing
memory addresses, pushing onto the stack from a register
is done by a store with predecrement and popping off the
stack is done by a load with postincrement.

CombinedInstructions
The basictypesof operationsin most instructionsets
fall into three categories: data transformation operations,
data movement operations, and control operations. In general, one instruction performs one of these operations. A
combined instruction performs more than one of these operations in one instruction. In HP Precision Architecture,
almost every instruction performs a combination of two of
these operations in a single cycle, with relatively simple
hardware.
HP Precision Architecture has two types of data transformation and control operation combinations. The first type
has a more general transformation operation combined
with a restricted control operation, whereas the reverse is
true for the second type. Examples of the first type are ADD
instructions that can conditionally skip the execution of
the following instruction. Examples of the second type are
COMPAREAND BRANCHinstructions.
The LOADand StORe instructions combine a data movement operation (moving data between a general register
and the memory system) with a transformation operation
(the accompanying address calculation and modification).
HP Precision Architecture's combined instructions allow
the execution engine to be used efficiently, since the data

earlieroperations,providedspace existsin the exceptionregisters to reportexceptions.This allowsseven instructionsto be in
executionsimultaneouslywhile the basic processorcontinues.
Load and store instructionsto independentdata registerscan
also be fullyoverlapped.The coprocessorneed only complete
pipelinedinstructions
whenthe resultis being requested.References to the statusregisterare specialand requireall operations
to be completed.
A minimallypipelinedmachinemight performonly a single
floating-point
operationat a time,but permitload and storeoperations to execute concurrently.This requires an interlock
againststoresof the singleresultregisterspecifiedin the executing operation,and an interlockon the sourceregistersduring
the periodthatthe sourceexceptionsare testedin the operations.
Thesecondinterlockmay neveroccur in someimplementations.
The floating-pointinstructionset is designedto allowsoftware
the optionof performingpipelinedoperationswithoutthe need
languageoptimizer
for complexhardwarecontrol.Thehigh-level
places instructionsin a sequence to avoid the most common
interlocks.
The use of resultsis delayedas long as possibleand
effectiveoverlapwith other integeroperationsis obtained.

transformation portion of a combined instruction is performed in the simple execution engine shown in Fig. 3.

Assist lnstructions
The architecture allows for flexible instruction set extensions by means of assist instructions. Assist instructions
are instructions in which the data movement functions are
defined between the processor or the memory and the assist
hardware, but the data transformation functions are left unspecified. An extension instruction is defined by specifying
in an assist instruction the data transformation operations
to be performed by the assist hardware. Assist hordwore
is optional hardware that accelerates the execution of a set
of assist instructions. In the absence of the assist hardware,
an extension instruction is emulated by software, using
a transparent assist emulation trap mechanism. Critical information required for emulation is saved in control registers, substantially reducing the emulation time.
HP Precision Architecture allows up to sixteen assists
in a system configuration, supporting sixteen logically differentiated sets of instruction set extensions. These are divided into two generic types of assists: the special function
units (SFUs) and the coprocessors (COPs).
Special function units use the general registers as sources
and targets of operations. They are coupled very closely to
the basic processor and its register buses.
Coprocessors provide functions that use either memory
locations or coprocessor registers as operands and targets
of operations. They are coupled less closely to the basic
processor. Coprocessors may also directly pass doubleword quantities between the coprocessor and the memory.
This is suited to the manipulation of quantities that are
too large to be handled directly in the general registers.
The HP Precision instruction set can be extended by
defining a set of assist instructions in applications where
specialized hardware is justified by its frequency of use or
by the resulting performance improvement. The architecture allows such instruction set extensions without compromising software compatibility. An example of such an
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instruction set extension is the instruction set for the floating-point coprocessor(seebox, page B).

Control Flow Model
HP PrecisionArchitecture defines a computer in which
the flow of control passesto the next sequentialinstruction
in the memory unlessdirectedotherwiseby branch instructions, nullification of instructions, or interruptions. These
three mechanisms can potentially alter the sequential flow
of control in instruction processing.
Branching
The architecturehasboth unconditional and conditional
branch instructions. All branch instructions exhibit the
delayed branch feature.
it is difficult to executea branch
In a pipelined prOcessor,
instruction in one cycle, since the branch target address
has to be calculated before the target instruction can be
fetched.Hence,takenbranchesfrequentlyresult in pipeline
interlocks,in the absenceof other prefetchmechanisms.
To minimize such pipeline interlocks, HP PrecisionArchitecture defines a one-instruction delayed branch. This
means that a deloy instruction, which is the instruction
following a branch instruction, is executed before the program control flow passesto the target instruction of the
branch. The delay instruction is not executedwhen it is
explicitly nullified by its preceding branch instruction.
This branch nullification feature is explained later.
The delayed branch mechanism allows compilers to
schedule a useful instruction in the cycle during which the
branch targetaddressis calculated.For example,this might
be an instruction that preceded the branch instruction.
Unconditional Branching. HP Precision Architecture defines locol branches, where the control flow passes to
another location within the cument virtual spaceand externol branches,where instruction processingcontinues at a
location that may be in a different virtual space.
The designof high-speedpipelinesis simplified if branch
target address calculations can be made before the execution of the branch instruction itself. In HP Precision Architecture, the most common branch instructions have
branch targets calculated relative to the address of the
branch instruction itself, with displacementsgiven in the
branch instruction. Theseare called relotive brancheswith
stotic displocements,Unconditional branch instructions
havea 17-bit signeddisplacernentfield, and the conditional
brancheshave a tz-bit signed displacementfield.
Although a 17-bit displacement will cover almost all
branch distances. it is insufficient in certain situations.
Furthermore, it is not always possible or convenient to
generatea static displacement at compile time for some
branches.Hence,the architectureincludes branch instructions with 32-bit dynomic displocementsspecified by the
contents of a generalregister.
Branchesare also neededto locationsthat have no relation to the addressof the branch instruction-for example,
to independentrelocatablemodules.This is called obsolute
branching, since the addressof the target instruction can
be anywhere in the addressspace.HP PrecisionArchitec-
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ture also allows absolute branches: the branch displacement is added to the contents of a general register called
the base register.
are
Subroutine Calls. The subroutine call primitives
BRANCHAND LINK instructions, which save the return address of the calling routine in a general register before transferring the control flow to the subroutine. Both local (intraspace) and external (interspace) subroutine calls are defined. The external subroutine calls must save a larger return pointer, indicating also the virtual space of the caller.
The external BRANOHAND LINK instruction uses implicit
link registers for saving both the caller's space identifier
and the offset within that space. Space register zero (SR 0)
is used for saving the space identifier and general register
thirty-one (GR 31) is used for saving the offset address.
This permits the maximum number of bits to be used for
encoding the static branch displacement.
Subroutine returns are accomplished by using an absolute branch instruction, specifying the general register used
to save the link address in the BRANCHAND LINK calling
instruction. If appropriate software conventions are used,
a uniform subroutine return sequence can be used for both
local and external calls.
Inter-Ring Branches. Four hierarchical protection rings are
implemented in HP Precision Architecture. Each ring has
a privilege level associated with it, the innermost ring
(privilege level O) being the most privileged ring and the
outermost ring (privilege level 3) being the least privileged
ring.
The architecture defines unconditional branch instructions that perform inter-ring crossings in one instruction.
Three of these are outward branches, causing a decrease
in the process privilege level. Only one branch instruction
(GATEWAY)is an inward branch, causing an increase in
privilege Ievel.
Conditional Branching. In many architectures, conditional
branching is accomplished by two separate instructions.
The first instruction calculates a condition. and saves the
result of this condition calculation in state flip-flops in the
processor called a condition code. A subsequent conditional branch instruction may alter the program's control
flow depending on the value of the condition code.
Statistics of instruction sequences show that in an overwhelming majority of cases, a conditional branch instruction is immediately preceded by the instruction that sets
the condition tested by the branch. HP Precision Architecture capitalizes on that fact by combining the two instructions into one instruction, thus achieving code compaction,
reduction of execution time, and elimination of condition
code flip-flops in the processor state. Each conditional
branch instruction includes a data transformation operation, which generates a condition that is used immediately
to determine whether the branch is taken or not. Such
conditional branch instructions also provide greater opportunities for an optimizer to reorder instructions, with less
bookkeeping.
There aie four kinds of operations that can be executed
with a conditional branch instruction. The ADDANDBRANCH
instruction is useful for closing loops. The COMPAREAND
BRANCHinstruction is useful for closing loops and for ifthen-else control structures. The BRANCHON BITinstruction

allows branching on the value of any bit in a general register. The MOVEAND BRANCHinstruction is useful for
reinitializing a register before branching away.
HP PrecisionArchitecturealso implementsa specialnullification scheme to optimize the use of the delay instruction following a conditional branch instruction.
Nullification
HP Precision Architecture defines a control flow feature
called the nullificotion of the immediately following instruction. When an instruction is nullified, it executesas
a no-operation (NoP),and the effect is as if it had never
been in the instruction stream. This means that no change
in any architecturally visible state, like general registers,
memory, control registers,or spaceregistersoccursbecause
of a nullified instruction. A nullified instruction does not
causeany traps to be generated,and it does not causeits
successorinstruction to be nullified. All branch instructions and data transformation instructions have the ability
to nullify the instruction to be executednext.
All branch instructions have a single-bit nullification
field. An unconditional branch instruction can "always
nullify" or "never nullify" the execution of its delay instruction by setting the value of the nullification field to
one or zero,respectively.A conditional branch instruction
can "conditionally nullify" or "never nullify" the execution of its delay instruction in the samemanner. The never
nullify feature is used whenever a delay instruction can
be found that can always be executed,regardlessof whether
the branch is taken or not.
A conditional branch is taken when the condition it
specifies evaluatestrue. To optimize the use of the delay
instruction following the conditional branch, the delay instruction is nullified for backward branches only if the
condition is false, and for forward branches only if the
condition is true. Since the compilers use the convention
that loops are closed with backward branches,the delay
instruction of this branch can now be "inside" the loop,
saving a cycle on each iteration. The following example
illustrates this.

instruction WVWV.
For forward branches,the nullification definition allows
shorter code sequencesfor if-then consbucts,as shown in
the following example.

,,|f,,
Code

I i'-

{

L "..

COMBT,C,n x,ry,THRU;

"Then" I
Code

I

L

UUU
THRU:

When the conditional branch instruction, COMBT'is executed, if condition C is true, the next instruction is nullified
and the branch is taken around the "Then" code to the
location THRU.Otherwise, the next instruction (TTT)is executed.
Every data transformation instruction has an implicit
conditional skip operation built into it. In a single cycle,
the function specified by the transformation instruction is
performed by the execution engine, and a condition
specified in the instruction is evaluated. If the condition
evaluates true, then the next instruction to be executed is
nullified. If the condition evaluatesfalse, then the next
instruction is executed,or not nullified.
The following example shows the use of nullification in
an ALU instruction to implement a compact control sequence for a high-level language construct.
High-level language:
if (a<b)thenb: b + r;
Equivalent HP Precision assembly language:

XXX
LOOPB:WY

1
I

:
777

SUB,> =

Loopbody

)

COMBT,C,n, 11,€,LOOPB;
XXX
IA/WW

As shown, the first instruction (XXX)of the loop body
can always be duplicated following the loop-closing
branch. COMBT.When the COMBTinstruction is executed,
if condition C is true. then the XXXinstruction is executed
and control passesback to LooPB.Otherwise,the next instruction (XXX)is nullified and processing continues with

ADDI

a,b,r0; Subtract[GRb] from IGRa]' discarding
the result, and nullify next instruction if
lGRal> tcRbl.
1,b,b; Add the immediatevalue 1 to [GRb] '
writing the result backto GRb.

Conditional Trap. In some instructions, the condition
specified in the instruction is used to causea conditional
trap, rather than the nullification of the next instruction'
An advantageof taking a conditional trap rather than conditionally nullifying a branch to a trap routine is that the
majority of instructions do not incur the penalty of a nullified instruction. For example, when an add or subtract
instruction is used to perform range checking, the penalty
of a conditional trap is taken only in the rare caseswhere
the range check fails.
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While it is a common feature of other architectures to
have an ALU instruction trap on arithmetic error conditions
like overflow, it is a special feature of HP Precision Architecture to allow trapping on defined conditions that are
not arithmetic errors.
Assist Nullification. In assist nullification, the condition
upon which nullification is performed is generatedby the
assisthardware rather than by the basic processor.Instead
of defining assistbranch instructions, the processor'sunconditional branch instructions are used for control flow
changesin assistprograms.The equivalent of conditional
branching is achieved using a pair of instructions: a data
transformationassistinstruction with its nullification field
set to one, followed by an unconditional branch instruction. The assistinstruction generatesa condition that determines whether the following branch instruction should be
nullified.
An assist can be defined with the nullification operation dependent upon the condition generatedeither in
the current assist instruction or in the previous assist instruction. The latter is called delayed nullificotion.
Delayed nullification allows other instructions, executed
by the basic processoror other assists,to be scheduled
during the time the assisthardwareis performing a lengthy
computation that generatesthe condition for determining
nullification.
Interruptions
Interruptions areanomaliesthat occur during instruction
processing,causing the control flow to be passed to an
interruption handling routine. In the process,certain processorstate savesand changesare made automatically by
the hardware.Upon completion of interruption processing,
a RETURN
FROMINTERRUPT
instruction is executed,which
restoresthe savedprocessorstate,and execution proceeds
with the interrupted instruction.
Traps, faults, checks, and interrupts are different anomalies that may happen during instruction processingon a
computer. In HP Precision Architecture, they are all handled by the samebasicmechanism.The term interruptions
is used in discussingthese anomaliesas a group.
The architectureimplements a single-levelinterruption
system. This means that once an interruption is chosen for
service, it cannot be preempted for service by a higherpriority interruption. It also implies that only one interruption is serviced at a time. If an instruction raisesmultiple
interruptions, the highest-priority interruption is serviced,
and then the instruction is reexecuted.which causesthe
other interruptions to be raised again. Then the next highest-priority interruption is serviced,and so on.
The nesting of interruptions is not excluded, since the
interruption handling routine can chooseto reenable other
interruptions once it has saved the appropriate state. Since
the machine stateis savedin registersrather than in memory when an interruption is serviced, interruption handlers
must leave intemrptions disabled until they have saved
the machine state in memory.
In certain pipelined processors,intenuptions are often
not precise, in the sense that they may not be serviced
immediately after the instruction that causedthe intenuption. This is becausein overlappedinstruction processing,
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severalsuccessiveinstructions may alreadyhavebeen partially or fully processedby the time the interruption caused
by an instruction is generated.This imprecision adds considerablecomplexity to interrupt handling routines.
In a nonoverlappedprocessor,preciseinterruptions are
easyto implement, since an instruction is fetchedand completely executed before the next instruction is fetched.
Hence,interruptions can be servicedbetweeninstructions,
that is, a{ter the instruction causing the interruption and
before the next instruction's processingstarts,
HP PrecisionArchitecture requiresthat interruption servicing appear the same for both overlappedand nonoverlapped processors.Hence, all implementations must provide precise interruptions, and resume execution at the
same instruction as a nonoverlappedimplementation.
Traps and Faults. Traps and faults are synchronousinterruptions, meaning that they are causedby the processing
of an instruction or a sequenceof instructions. A trop occurs when the function requestedby the current instruction
cannot or should not be carried out, or systemintervention
is desired by the user before or after the instruction is
executed,A foult occurs when the current instruction requestsa legitimateaction that cannotbe carriedout because
of a system problem, such as the absenceof a page from
main memory.After the systemproblem hasbeencorrected
the faulting instruction will executenormally.
In HP Precision Architecture, the overflow trap and the
conditional trap occur for arithmetic instructions. The
privileged operationor privileged registertrapsoccur when
certain system managementinstructions or control registers are accessedby a processwith insufficient privilege.
An illegal instruction trap is generatedfor undefined operation codes,or illegal instruction sequenceswhich could
otherwise cause security breaches.The assist exception
and emulation traps allow assist hardware to request the
processorto service assist-generated
traps, or to emulate
assistinstructions not supported by hardware.
Virtual memory faults and traps may also be generated
for instruction fetchesor data fetchesin virtual mode. For
example, if the virtual-to-physical addresstranslation is
not found in the hardware translation lookasidebuffer, a
TLB miss fault is generated.If a virtual memory accessfails
the protection checking required for the access,then a
memory protection trap is generated.Thesetraps are generated independently for instruction and data virtual accesses.The first time a pageis written, a TLB dirty-bit trap
occurs,which is used by the systemto distinguish unmodified pagesfrom modified (dirty) pagesat pagereplacement
time.
HP PrecisionArchitecture alsohasa rich setof debugging
support traps. A BREAKinstruction is defined in the architecture to allow the insertion of software breakpoints.
Whenever such an instruction is executed, a break trap
occurs.Any store instruction to a virtual addressmay also
generatea data memory break trap, if this trap is enabled
by a bit in the TLB entry. This allows the tracing of all data
updates to a given page. A similar facility traps on any
referencewhatsoever to a given virtual page. Traps may
also be generated,if enabled, after a branch is taken, or
when the privilege level of the running processis promoted
or demoted. Architectural support for software rollback

schemes is also implemented by means of a recovery
countertrap. A 32-bit control register,the recoverycounter,
can be initialized to any integer value. If enabled, the
counter is decrementedfor every nonnullified instruction
that is executed,and a recovery counter trap is generated
when a zero value is reached.The recoverycounter can be
used in {ault recovery,to permit an exact reexecution of
the instruction stream since the last checkpoint'
Checks and Interrupts. A check occurs when a hardware
malfunction is detected.Depending on the nature of the
malfunction, checksmay be synchronousor asynchronous
with respect to the instruction stream. HP Precision Architecture defines two types of machine checks: a highpriority machinecheckand a low-priority machinecheck.
An interrupt occurs when an external entity, like an I/O
device or the power supply, requires attention. Interrupts
are asynchronouswith respectto the instruction stream.
There are thirty-two external interrupt classes,each of
which can be individually maskedby privileged software.
The architecturedefines two control registersspecifically
for handling these external interrupts. The external interrupt request(EIR)registerand the externalinterrupt enable
mask (EIEM)registereachhavethirty-two bits, one for each
external interrupt class. A privileged instruction allows
the writing of any set of mask bits to the EIEM registerand
the clearing of any selectedbits in the EIR register.When
an externalinterrupt of any classoccurs,its corresponding
interrupt pending bit is set in the EIR register.If the conesponding mask bit in the EIEM register is also one, then
an external interrupt is taken. An EIR registerbit remains
set, Ieavingthe externalinterrupt pending, until explicitly
resetby an interruption handler.
Relative priority of these thirty-two external interrupt
classesis not assignedby the architectureor by the hardware. When multiple unmasked external interrupts occur
simultaneously,or when there are multiple external interrupts pending in the EIR register, the external interrupt
handler selectsthe order of service.
Interruption Parameters and Servicing. Six control registers are defined to saveinterruption parametersand expedite the processingof interruptions. The collection of information in these interruption parameter registers occurs
only when the interruption state collection enableilag (a
bit) in the processorstatusword (PSW)is set.
Theseinterruption parameterregisterssavethe processor
statusword of the interrupted process,the instruction that
is interrupted, and the data address(spaceand offset portions) for memory referenceinstructions.Two other register
pairs form two queues,savingthe spaceand offsetportions
of the addressesof the first two instructionsto be processed
upon returning from the interruption.
The two queuesare necessarybecausein an architecture
with delayedbranching,at leasttwo return addressesmust
be savedbefore jumping to the interruption handler' Two
are necessarybecausethe last instruction to be completed
beforethe interruption may be a taken branch. In this case
the next two instructionsto be executedmay not be contiguous, since one is the delay instruction and the other is the
targetinstruction. Thesequeuesare constantlyupdated by
the hardware whenever interruption parametercollection
is enabled.When an interruption is taken, the queuesand

other interruption parametersare preservedby disabling
further interruption collection.
Interruption servicing is implemented as a fast context
switch, which is much simpler than a complete process
swap. When an interruption occurs,the current processor
status,representedby the PSW, is saved.Then, the PSW
is clearedto zerosto disablefurther interruptions,to enable
real-mode addressing,and to freeze the information collected in the interruption parameterregisters.The current
privilege level is set to the highest privilege level. The
control flow then passesto a vectoredlocation in an interrupt vector table, which is dynamically relocatable.This
simple set of architecturally defined operationsfacilitates
a fast and uniform switch to interruption servicing for all
implementations.

Addressing and Protection Model
HP Precision processorsaccessmemory using byte addresses. Larger addressable units include half words,
words, and double words. An addressis either physical or
virtual. AII load and storeinstructions can be used in either
virtual or physical mode. Virtual mode is enabled sepaby two flags
rately for instruction fetchesand dataaccesses
in the processorstatusword.
A pointerto physical memory is a 32-bit unsignedinteger
whose value is the addressof the first byte of the operand
it designates.Physical addressesare used directly, with no
protection or accessrights checkingperformed.Virtual addressesare translated to physical addressesand undergo
protection and accessrights checking as part of the translation. This allows the hardwaresupport for accesscontrol
to be built into the storageunit.
The input/output (I/O) architectureis memory mapped.
That is, complete control of all system components (of
which I/O attachmentsare a special case)is exercisedby
the execution of load and store instructions to virtual or
physical addresses.This approach permits I/O drivers to
be written in high-level languages.Furthermore,since the
usual page-levelprotection mechanism is applied during
virtual-to-physical addresstranslation, user programscan
be granted direct control over particular I/O devices without compromising system integrity.
Virtual Memory Addressing
A virtual addressis defined globally and has the same
meaning when used by any process.This is in contrastto
other architectures,which permit use of the sameaddress
for different oblectsby different processes.The virtual addressspaceis so largethat processescan be assignedseparate addressranges for private data. Address translation
information doesnot needto changeupon a processswitch
and the information neededfor addresstranslation can be
represented more compactly. Global virtual addressing
therefore allows closely coupled processesto accumulate
a stableworking set of addresstranslationsin spite of frequent processswitching.
Virtual memory is structured as a set of addressspaces,
each containing 232bytes. A level-one processorimplements 216spaces(16-bit spaceregisters),and a level-two
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processorimplements 232spaces(32-bit spaceregisters).
A space is specified by a spaceidentifier, and is divided
into pages,each 2048 bytes in length.
For a level-two processor,the concatenationof a 32-bit
spaceidentifier and a 32-bit offset within the spaceforms
a virtual address.Alternatively, a virtual addressmay be
viewed as the concatenationof a 53-bit virtual pagenumber
and an 11-bit offset within the page.
For virtual addressing,spaceidentifiers are specified in
spaceaddressingregisters.Theseinclude the spaceportion
of the instruction addressregisterand the eight spaceregisters SR 0 through SR 7 (seeFig. ). One such register is
implicitly or explicitly selectedby every instruction that
generatesa virtual address.
SR 0 is used as an implied targetby the interspaceprocedure call instruction. SR 1 through SR 7 have no architecturally defined functions, but it is expectedthat their use
will be constrainedby the following softwareconventions.
SR 1 through SR 3 are used as scratch registers for the
manipulation of 64-bit virtual pointers. SR 4 tracks the
current program'sspaceand provides accessto literal data
contained in the current code space.SR 5 points to a space
containing processprivate data, SR 6 to a spacecontaining
data shared by a group of processes,and SR 7 to a space
containing the operating system'scode, literals, and data.
The conventions for SR 4 through SR 7 were chosen to
permit use of 32-bit virtual addresspointers (seebelow)
for almost all data references.
SR 5 through SR 7 can be modified only by code executing at the most privileged level. SR 0 through SR 4 can be
changedby an unprivileged user. Sharedlibraries or subsystems will be assigned individual code spaces, and
branching into those other spaceswill involve changing
S R4 .
Instruction and Data Addressing. Instruction addressesare
computed for instruction fetch, instruction cacheflush instructions,instruction TLB instructions, and branch target
calculations.Instructions that explicitly referencea space
registeruse the 3-bit S field, located in the instruction, to
designateone of the eight spaceregisters.
Data addressesare computed for load, store,semaphore,
probe,datacache,and dataTLB instructions.Dataaddresses
specify one of the eight space registers in an interesting
way: only a z-bit S field in the instruction is used. When
the z-bit S field is nonzero, it selects the corresponding
Instruction
Address
Space

Current Code Space lD

sR0

Link Code Space lD

sR1

64-Bit Pointers

sR2

64-Bit Pointers

sB3

64-Bit Pointers

SR4

Tracks lA Space

sR5

Process Private Oata

sB6

Job Common Oala

sR7

OS and Subsystem Code,
Literals. and Data

Fig. 4. Space register conventions
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space registers 1-,2, or 3. When the S field is zero, the space
register is designated by adding four to the two high-order
bits of the base register specified in the instruction. This
allows the selection of space registers 4 through 7.
Data references with the S field equal to zero allow
addressing of four distinct spaces selected by the high-order
bits of a 32-bit pointer. This is called short-pointer addressing (Fig. 5), since a 32-bit value both specifies an offset
and selects a space register. Only one fourth of each space
is directly addressablewith short pointers. This region corresponds to the quadrant selected by the upper two bits. For
example, if a base register contains the hex value 80001000,
the content of space register 6 is the space identifier and
the third quadrant of the space is directly addressable.
Short-pointer addressing allows the pointer data type of
conventional languages to be 32 bits in length. Therefore,
such pointers can be handled efficiently in the general-purpose registers. Also, pointers are the same length as the
standard integer data type, a situation assumed by a number
of existing high-level langauge programs. Long pointers are
48 bits or 64 bits in length, consisting of a r6-bit or 32-bit
space identifier together with a 32-bit byte offset within
the space, for level-one and level-two processors, respectively.

SoftwareVirtualAddressTranslation
TLBs (see box, page 16) do not contain the translations
for all pages in memory simultaneously. When they do not
have the desired translation, a TLB miss occurs. In many
architectures, TLB misses are handled in microcode. In HP
Precision Architecture, they may be handled in software.
When a TLB miss is detected, the hardware does not have
sufficient information to complete the instruction being
executed. Instead, an interruption is generated to invoke
the appropriate TLB miss handler. One miss handler handles
misses during instruction fetch, and another handles misses
during data access.The virtual address causing the miss is
directly available to the TLB miss handler in interruption
parameter control registers to expedite miss handiing.
Because of the critical effect on system performance of
the speed of address translation, all information required
to translate the virtual address of a page that is actually
present in physical memory must be permanently resident
in memory. Because of the size of the virtual address space,
tables describing all virtual pages cannot be kept permanently in memory. Thus the data structures used to translate valid virtual addresses (no page fault) describe only
physically present pages and have a size proportional to
the size of physical memory, consuming less than 2% of
the available memory. The information represents a one-toone mapping between physical and virtual pages. Thus it
cannot support memory aliasing (see box, page 16) or process-specific address translation. A desire to use these efficient structures was an important motivation for disallowing both features.
This address translation information resides in a physical
page directory (PDIR). The physical-to-virtual address
translation is obtained by using the physical address as a
direct index into the PDIR. The translation of a virtual
address to a physical address is accomplished using two
tables, the hash table and the PDIR. Each table is located

Base Register

Bytes
Bytes
Bytes
Bytes
4 ol 216or 232Spaces

by a pointer which defines its absolute starting address.
For efficiency, these pointers are kept in control registers
(assumedto be CR 24 for the PDIR addressand CR 25 for
the hash table address).
The purpose of the hash algorithm is to map virtual addressesto a smaller, denser name space.The number of
entries in the hash table is typically a multiple of the
number of entries in the PDIR, rounded up to the nearest
power of two. Since multiple virtual addressescan map
into the same hash table entry, they are linked together as
a chain of PDIR entries. The TLB miss handler hashesthe
virtual address,looks up the start of the chain in the hash
table, and looks through the chain in the PDIR until it finds
either the match or the end of the chain. If it finds the
match, it puts the information from the PDIR into the TLB
and retries the instruction. If it finds the end of the chain,
the page is not in memory and a page fault is signaled by
the software.
The physical page directory (PDIR) contains one entry
for each pageof physical memory, plus one for each physical or virtual I/O device. The entries for physical pages
are at nonnegative offsets from the location pointed to by
CR 24, and the VO entries are at negative offsets. This
arrangement corresponds to the layout of the 32-bit physical address spacewhich places physical memory at the
lower end of the spaceand memory mapped VO devices
at the upper end.
The design of the hash table and PDIR are such that later
implementations can service TLB misses in hardware, with
a reduction in the time spent servicingTLB misses.Control
registers have been reserved to contain the hash table address and PDIR address.
Paging Management. One function of an operating system
is to swap out pagesthat have not been accessedrecently,
to make room for pages being accessedthat are still on
disc. To help implement this, there is a reference bit for
each page, within the PDIR entry, even though there is no
hardware bit corresponding to it in the TLB. Instead, the
entry is only allowed to be in the TLB if the reference bit
is set. When the reference bit is cleared, the TLB entry is
also purged by software. The next time there is a TLB miss,

Fig.5. Short-pointerspace selection allows addressrng of four dis'
tmct spaces selected by program
data.

the miss handler will also set the referencebit in the PDIR.
Thus, the operating system can clear the referencebit, and
if the bit is still clear sometime later when it examines it
again, it knows that the page has not been accessedin the
meantime.
Each entry of the PDIR (and the TLB) has a dirty bit that
tells whether the page has been modified since it was
brought in from disc. When the page is first brought in,
the dirty bit is clear. As long as only reads are done to the
page, the bit will remain clear. However, the first time a
program tries to store data to that page, the TLB causesa
dirty bit update trap, which sets the bit to one in both the
PDIR and the TLB. This provides information to the operating system so that it can avoid writing out unmodified
pages,since the copy on disc is still valid.
Access Control
Access rights checking is based on the accessrights and
accessID fields in the TLB entry used to perform the translation. Access rights checking occurs with virtual address
translation, unless disabled by the P flag in the PSW. There
is no accesscontrol when using physical addressing.
Fields in the TLB entry for a particular page permit control of accessto the page in three dimensions:
r Which of data read, data write, instruction execute, and
inthe privilege level change function of the GATEWAY
struction are permitted (What)
r The privilege level at which the processmust be executing (When)
r The processor group of processesallowed to accessthe
page (Who).
These three dimensions are provided by two independent, simple mechanismsthat combine to provide the required protection which can be evaluated in parallel to
provide efficient access control. The combination is designed to support both conventional and virtual machine
operating systems.
Access Rights. The first two dimensions of accesscontrol
are provided using the accessrights field of the TLB entry
and the processprivilege level. There are four levels (0 to
3), with 0 being the most privileged. Associatedwith each
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HP Precision Architecture Caches and TLBs
An HP Precisionprocessortypicallyinterfacesto the memory
systemvia the translationlookasidebuffer (TLB)and the cache
memory.The architectureis designedto allow simple, highspeed implementations
by makingthe TLB and cachevisibleto
software,and by placing constraintson software.The architecture also explicitlyseparatesinstructionand data caches, and
instructionand data TLBs, althoughthis is not a restrictionon
hardwareimolementations.
A cache is a small, high-speed memory that shortensmain
memory access times by keeping copies of the most recently
accessed data. The cache is divided into blocks of data, and
each block has an addresstag that specifiesthe corresponding
block oJmemory.Whenthe processoraccessesdata, the block
is copied lrom main memory into the cache. lf the processor
modifiesthe data (by doing stores),the copy in the cache will
be more up{o-date than the copy in memory.The stale data in
the memory at the place specified by the tag is eventuallyupdated to correspondto the new data in the cache, using either
the copy-back or the write{hroughupdate strategies
Similarly,a fLB speeds up virtualaddresstranslationsby acting as a cache for recent translations.When the processor
accessesmemorywith a virtualaddress,the TLB checks for an
entry with that virtual page number. lf it is present,the correspondingphysicalpage numberis usedto generatethe physical
address.Otherwise,there is a TLB miss,which mustbe serviced
beforethe virtualmemoryaccess can be finished.
To allowthe implementation
of large,high-speedcaches,the
archrtecturedisallowsaddress aliasing,the capabilityof having
two differentvirtualpages mapped to the same physicalpage.
While address aliasingis of some use to software,it has severe
impact on cache design. Normally,a portion oi the address

process is a current privilege level.
The access rights information is encoded in seven bits
divided into three fields: type, first privilege level (elt),
and second privilege level (elz) fields. The type field defines the use of the page (data or code) and, for privilege
promotion instructions, the privilege level to which the
process will be promoted. PLt and PLe define the privilege
levels required for read, write, or execute access to the
page. The meaning of the type field and the interpretation
of pLt and PL2 are given in Fig. 6. Read and write fields
specify the least privileged levels allowed to read or write
the page, respectively. Xleastgives the least privileged level
allowed to execute instructions from that page. Xmostgives
the most privileged level allowed to execute instructions
from the page and is used to prevent privileged code from
inadvertently branching onto a page that cannot be trusted.
The privilege level mechanism allows a process to have
different access rights over time without the overhead of
changing TLB entries when access changes or at process
switch. Thus user programs (privilege level a) can invoke
the services of an operating system supervisor (privilege level
1) or kernel (privilege level O) using an efficient procedure
call and no interruption or process switch is required.
The entry to a more privileged routine can be implemented as a procedure call to a GATEWAYinstruction
that branches to the body of the routine. If a GATEWAY
instruction is fetched from a proprietary code page, then
when it executes it changes the privilege level to that
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calledthe index is used to specifya block or a smallgroup of
blocksto be examinedfor a matchingtag, insteadof examining
all blocks in the cache. Addressaliasingprecludesusing the
virtual page as part ol the index. Otherwise,a virtual access
could put data into the cache based on its index, and a later
virtualaccess, using the other (aliased)address,would not Jind
it in the cache becausethe indexwas differentin the virtualpage
portion. The second access would then go to main memory,
where it would get an inconsistentor stale copy.
Since HP PrecisionArchitectureorohibitsthe use of address
aliasing,the cache can use the virtualpage portionof the address
as part of the index, without causing the stale data problem
describedabove.Thisallowsthe cacheto be accessedin oarallel
with the TLB without restrictingthe size oJ the cache to that of
the page size multipliedby the set-associativity
of the cache
organization.
lf an object is to be reJerencedby both its virtualaddressand
its corresponding physical address, software must flush the
cache before accessing the data in the other mode. The one
exceptionis if the physicaland virtualaddressesare identical,
namely,the virtualaddress is in space zero and the oJfsetwithin
the space is the same as the physical address. Since the
addressesare identical,the index chosen by the cache would
be identical,thus avoidingthe above staledata problem.This
case is calledequivalentmapping.
Uniprocessor Cache Managemeni
HP PrecisionArchitecturemakes caches visible to software,
and supportsseparateinstructionand data caches when desirable for extrabandwidth,or a unlfiedcachefor reducedexpense.
It will also supportvery low-costsystemswithoutcaches,where

specified by the low-order two bits of the type field for
that page (if that level is more privileged than the current
level).The GATEWAY
instruction storesthe caller'sprivilege
level in the return address register so that it cannot be
"forged" by the caller.
The architecture defines two trap conditions (higher and
lower privilege transfertraps) that can be enabledto allow
an operating system to intercept privilege level changes.
Theseare provided to support languagesthat allow multiple processesto share a single stack with different access
rights.
Access ID. A second field in the TLB entry, the 15-bit
accessID, provides the third dimension of accesscontrol.
It allows each processsharing memory to accessdifferent
domains in memory without the overhead of changing
fields in the TLB (and associateddata in memoryJon processswitch.

Type

PL1

0
1
2
3
4-7

Read
Read
Read/Xleasl
Read/Xleast
Xleast

Write
Xmosl
Write/Xmosl
Xmost

Read-Onty Data page
Normal Data Page
Normal Code Page
Dynamic Code Page
Proprietary Code page

Fig.6. lnterpretationof access rlghts fields

the cache control instructionsare treatedas NoPs.
CACHEiNStTUCtiONS
FLUSHDATACACHEANdFLUSHINSTRUCTION
removea cache block and update memoryif necessary.PURGE
DATACACHEremovesa cache block withoutupdate. The latter
is used only when the data can be destroyed,for examplewhen
the page is removedat the conclusionof a program.
putsthe responsibility
cache
of uniprocessor
The architecture
consistencyon software,based on the assumptionthat the softwareknowswhenspecialactionis neededto ensureconsistency.
Softwaremust take special action when it is changing a page's
stream(sellvirtualaddress,when it is modifyingthe instruclion
modifyingcode), and when it is performingl/O.
Whenthe operatingsystemchangesa page'svirtualaddress,
it must flushthe rangeof addressesfor that page, to ensurethat
thereare no blocksin the cache usingthe old virtualaddress.
lf softwarestores into the instructronstream,the modification
would occur in the data cache, while instructions
are fetched
outof the instruction
cache.Ratherthanhavethecachesomehow
figureout thatsoftwareis doingthis,softwareis requiredto flush
the data from both the data cache (to update main memory)and
the instructioncache (to force the next fetch to go to memory)
after modification.
Since self-modifying
code is so infrequent,
the extratime requiredis negligible.
Fromthe standpointof the cache, l/O is like anotherprocessor
readingor modifyingmemory.lf the l/O system is readingdata
from memorythat is currentlyin the cache,it is readinga stale,
oufotdate copy. Other architectureshave solved this problem
eitherby havingl/O go throughthe cache,or by havingall l/O
transactionsinterrogatethe cache to see whetherit has a more
up{o-datecopy.Thiseitherusesup availablecachebandwidth,
thecachecycletime,slowdeprivingthe processor,
or lengthens
ing downthe entirecomputer.HP Precision
Architeclure
requires
softwareto flush the address range involvedin the l/O transfer
before it occurs, so that the cache does not need to do any

An access ID of zero defines a page with public access
allowed, subject only to access rights checking. A nonzero
access ID permits access to the corresponding page only
when one of the four protection IDs in control registers
matches the access ID.
The four protection IDs designate up to four groups of
pages that are accessible to the currently executing process.
Four are provided to facilitate the controlled transfer of
information between logical environments. The low-order
bit of each of the four protection IDs is the write disable
(wD) bit. When the wD bit is set to 1, writing is disallowed
for all privilege levels to the pages so protected. For example, the wD bit allows a single writer and multiple readers
for a group of processes.
Privileged software needs a mechanism by which it can
avoid performing, on behalf of a less privileged caller, actions not permitted the caller. This is provided by the
PROBEinstructions, which test the caller's ability to read
or write a particular page of memory.

Functional Operations
The data transformation instructions provide all of the
common arithmetic and logical functions. There are also
several uncommon functions that provide building block
instructions for complex operations and functions for efficient high-level language optimizations. The transforma-

checking.Theoverheadof f lushingfor l/O is a verysmallamount
and lessthan the impacton performanceincurredby the other
schemes.
loadand store
instructions
includea nondivisible
HP Precision
LOADANDCLEAR
woRD,which is similarto the
zero inslruction,
test and set operation in other architectures.This instruction
reads a word from main memory,flushingthe cache first if it is
present,then clearsthe word in memory,in one indivisible
oper
access
to synchonize
ation.lt is usedto implementsemaphores
to data structuresthat are shared betweenthe processorsand
the l/O modules,or for data structuresthat can be modifiedby
two or more processesoperalingasynchronously.
Multiprocessor Cache Management
For HP Precisionuniprocessors,software is responsiblefor
cache consistency.For multiprocessors,however,hardwareis
responsiblefor cache consistencysince the model presented
to softwareis one in which all the processorsshare a single
TLB,
instruction
cache,a singledata cache,a singleinstruction
and a singledata TLB. This is becauseit may be difficultfor
softwareto recognizeall data consistencysituationsin a multiprocessorand handle these situationseflicientlyfor both uniprocessorand multiprocessorsystems.Softwareis still responmodilicafor l/O,for instruction
consistency
siblefor maintaining
tion,and for virtualaddressmapping.
In an actualmultiprocessorsystem,each processormay have
its own cache and TLB.To maintainthe modelol a singleshared
cache and TLB among processors,standardcache consistency
methodsare used.In addition,the explicitcache and TLB flush
and purge instructionsare broadcastto all processors,so that
a f lush instructionexeculed by one processorwill affectall processorcachesor TLBs in the system.The broadcastflushesand
purgesstilldo not affectliO modules,allowingthem to remain
simple.

tion instructions form a powerful resource for compilers
to generate efficient code while defining an easily implemented hardware execution engine.
Each transformation instruction also specifies the conditional occurrence of either a skip or a trap, based on its
opcode and the condition field. An immediate source can
also be specified. The arithmetic/logical instructions are
not completely orthogonal. Only those operations and options considered useful were defined.

ArithmeticOperations
Addition and subtractioninstructionsoffer the widest
flexibility in operand specification, condition formation,
and testing. The two operands can come from two general
registers, or from one general register and an 11-bit signed
immediate. The SUBTRACTIMMEDIATEinstruction is a reverse subtraction to allow subtraction of a variable from
an immediate. Subtraction of an immediate from a variable
instruction. The carry
is performed with an ADD IMMEDIATE
or borrow bit can be included in the addition or subtraction.
Software will be able to construct any often needed function in a single instruction. Since a conditional trap or an
overflow trap can optionally be specified, many range violations and overflow checks required by high-level languages can be performed without extra instructions. For
some checks an additional instruction might be needed,
but generally the architecture provides for the optimization
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of the high-frequency execution path.
Studiesof largecollectionsof programsshow that integer
multiply and divide operations are infrequently used. Furthermore, when multiply is used, one of the operands is
usually a constantknown at compile time, Hence, instead
of implementing a general multiply or divide instruction,
HP Precision Architecture implements multiply and divide
primitives, which do not require additional execution
hardware.
The SHIFT
ANDADDinstructionsareusedasbuilding block
multiply instructions.They specify a one,two, or three-bit
shift of one of the source registers before adding it to the
other source.By combining a short sequenceof these instructions,multiplication by a constantcanbe donequickly.
The SHIFTANDADDinstructions are performed by the basic
executionengine,and sharethe use of the preshiftermultiplexers in the ALU data path with the addresscalculation
for the load and store instructions. These easily implemented multiply primitives are used effectively by the
software for a variety of constructs.
Multiplication by the constants 3, 5, 9, and any power
of 2 can be done in one instruction. Multiplication by other
small constants can be performed in two or three instructions. When it is necessaryto perform multiplication by a
variable, a specialized subroutine breaksthe multiplier into
four-bit piecesand forms the completeproduct in an average of twenty instructions.2
Division by small constantsis handled as special cases
by the compilers, while for generalcases,the DIVIDE
STEP
instruction implements a single-bit nonrestoring division
operation.A specializedsubroutineusesthirty-two of these
instructions. in combination with SHIFTDoUBLEinstructions, to produce the quotient and remainder.
The added hardware cost and potential increasein basic
machine cycle time, coupled with infrequent use, ruled
out the inclusion of division and multiplication in the basic
instruction set. The architected assist instruction extensions include integer multiply and divide functions for
applicationsrequiring higher frequenciesof multiplication
and division.
Logical and Field Operations
Logical operations are fundamental instructions for data
manipulation. OR,xOR,AND,and ANDCOMPLEMENT
instructions provide a full range of logical operations.The AND
COMPLEMENT
instruction ANDsa registerwith the complement of a secondregister.This operationreducesthe number of masksrequired for carrying out bit manipulation.
Boolean values are easily generatedusing the COMPARE
ANDCLEARinstructions. This instruction first assumesa
Booleanvalue of falseby always storing a zero in the target
register,and specifiesthe negation of the desired Boolean
condition for the conditional nullification of the following
instruction. The following instruction, if not nullified, will
set the target register to true. Other architectures often require branch instructionsto implement an equivalentfunction.
The field manipulation instructions, like EXTRACT,
DEPOSIT,SHIFTDOUBLE,
and BRnruCn
ONBlT,are implemented
by the shift-merge unit of the basic execution engine (Fig.
3).
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An EXTRACT
instruction takes a field from any portion
of a word and createsa result with the field right-justified.
The remainder of the target register is filled with zeros or
sign-extended,supporting both logical and arithmetic right
shifts as special cases.
A DEPOSITinstruction takes a right-justified field and
puts it into any portion of the target word, thus merging
the selectedfield with datain the rest of the word. DEPoslT
IMMEDIATE
depositsa sign-extendedfive-bit immediateinto
the target register, which is perfect for setting or clearing
a small number of bits in a register. ZEROANDDEPOSIT
clears the remainder of the target, which is useful when
the original target information is not wanted. DEPoslTinstructions can easily implement left shift operations and
multiplications by a power of two.
Fig. 7 illustrates the movement of an arbitrary field, A,
from general register x to another arbitrary field position
in general register y, using a pair of extract and deposit
instructions.Generalregisterz is used as a temporary register for this operation.
SHIFTDOUBLEinstructions concatenatetwo registers,
shift them 0 to 31 bits, and store the 32 rightmost bits into
the target. If one of the source registers is general register
zero, a left shift or right shift is performed. If both source
registersare the same,a rotate operation is performed. SHIFI
DOUBLEinstructions are useful for unaligned byte moves
or bit-block transfers, and for extracting data fields spanning word boundariesfrom packed records.
The fields for these operationsare specifiedby position
and length. The length is always an immediate in the instruction, but the position may be either an immediate or
the contents of a control register called the shift amount
register. This allows dynamically generatedshift amounts.
Unlike other architectures that specify the field position
by encoding the leftmost bit in the field, HP Precision Architecture specifies the rightmost bit position. This was
done to simplify the control logic for the shifter by making
the number of bits of right shift depend only on field position, not on both position and length.
Unit Operations
HP Precision Architecture includes a set of five instructions designedto support the parallel processingof small
units (digits, bytes, and half words) within a word. These
instructions make use of the seven low-order PSW carry/
borrow bits. They are included in the architectureprimarily
to facilitate string search (byte and half word units) and
decimal arithmetic (digit units). The half word units support the processingof fg-bit international charactersets.
ThE UNITXORANd UNITADDCOMPLEMENT
iNStrUCtiONS

GRx
1. Extract A lrom GR x into GR z.
GRz
2. Deposit A lrom GR z into GR y.
GRv

Fag.7. Movement of an abritrary field using extract and deDositinstructions.

can be used to compare conesponding subunits of two
words for equality or a less-thanrelationship. Theseoperations are particularly useful for scanning for byte or halfword values a full word at a time.
Packed decimal numbers represent each decimal digit
in a 4-bit field. When these numbers are to be added together, 6 must be added to each digit of one operand so
that carrieswill propagateproperly during binary addition.
After addition, each result digit must have 6 subtracted
from it unless the addition for that digit generateda carry.
AIso, when a repeatedsequenceof additions is to be performed, the bias must be restored to the result by adding
6 to each digit from which a carry was generated.These
CORRECT
correction steps are performed by the DECIMAL
DECIMAL
and tNtERttleDtATE
coRREcTinstructions, respectively.
Assuming that the bias value and operandsare in general
registers,BCD additions and subtractionsrequire three instructions to retire each B-digit word.

Instruction Formats and Encoding
In HP PrecisionArchitecture.all instructionshavea fixed
length of thirty-two bits, which is one word of memory.
Time-critical functions are placed in fixed-position fields,
so that they can proceed with minimal or no decoding.
Since all instructions are word-aligned, an instruction
never crossesa pageboundary.
The addressesof the two generalregistersourceoperands
for the executionengineare placed in fixed-position fields
(bits <6:10> and bits <11:15>), so that registerscan be
read before or during the decodephaseof the instruction.
If an immediate operand is required rather than a general
registeroperand,the selectionis done by a multiplexer in
front of the appropriateport of the ALU or shift-mergeunit.
In instructions with three register specifiers, the third
registerspecifieris placedin the last five bits of the instruction, bits <27:31>. However, any registersto be used as
sourceoperandsmust be specified in the first two register
specifier fields. A registerused as the target registerfor a
data transformation or data movement operation can be
specifiedin any of the three registerspecifierfields. Decoding the addressof a targetregisteris not time critical, since
the writing of a result occurs later than the reading of
operands.
The spaceregisterspecifierfield is also placed in a fixedposition field, sinceit is alsoused to supply an operandfor
virtual memory addressing.
The major operation code field fopcode)is placed in a
6-bit fixed-position field. The operationsare divided into
subclasses,each subclassoccupying one point in the code
space of the major opcode. Each operation in a subclass
occupiesone point in its suboperation(subop)code space.
The size of the subop field dependson the particular subclass of operations.The placement of the subop field is
done to minimize the impact on the fixed fields of more
time-critical operations.The encoding of the subop field
is done to minimize decoding within a subclass.Often,
bits in the subop field can be wired directly to control
points in the particular portion of the processorimplement-

ing this subclassof instructions.
In the caseof a subclassof operationswith a relatively
long immediate field in the instruction format, a subop
field would take away bits tlom the long immediate field.
So, each of these long-immediateinstructions is assigned
a point in the major opcode space.Examplesare the load
and store instructions with long displacementsand the
ALU instructions with long immediates.
Immediates embeddedin an instruction are sometimes
broken up into different fields so asnot to impact the placement of fixed fields, and to minimize the multiplexing
required for assemblingimmediates of different lengths.
Although immediates come in various sizes,their sign
bit is always in a fixed position: the rightmost bit position
of the immediate. This aspectof the instruction encoding
enables immediate sign extension to proceed without
lengthy decodingand selectionfrom various bit positions,
which would happen if the sign bit were placed in the
customary leftmost position of the variable-length immediate fields.
Formats
Fig. B shows the instruction formats used to encode all
HP PrecisionArchitecture instructions. The first three formats are for load and store instructions, followed by the
instruction formatsfor long immediateinstructions,branch
instructions,three types of ALU instructions,systemmanagement instructions, the DIAGNoSEinstruction, special
function unit instructions, and coprocessorinstructions.
The first format, for the long-displacementload and store
instructions, essentiallydetermined the positions of most
of the major fixed-position fields like the opcode,the two
source register specifier fields, and the space register
specifier field. It also determinedthe right alignment of an
immediate field, with the sign bit occupying the rightmost
instruction bit. The ALU3Rformat, for the basicthree-register data transformation operations, determined the positions of other fixed-position fields like the third register
specifier field, the condition field, and the falsify (condition negation)field.
The last three formats show the instruction extension
capabilities in the architecture. One major opcode is reinstruction. which can be used to
servedfor the DIAGNOSE
define implementation dependent instructions. Only the
major opcode of this instruction is defined. The next two
are assistinstruction formats,for the specialfunction unit
and coprocessortypes of assists,respectively.For example,
the floating-point coprocessoruses coprocessorunit identifier "zero" and encodesall its operationsin the u fields.
While DIAGNOSE
instructions are not portablebetweenimplementations, the assist instructions are fully portable,
with transparent software emulation of these instructions
in the absenceof hardware support.

Conclusion
HP Precision Architecture is frequently referred to as a
reduced instruction set computer (RISC)architecture.Indeed. the execution model of the architecture is RISCbased,since it exhibits the featuresof single-cycleexecu-
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tion and register-based execution, where load and store
instructions are the only instructions for accessing the
memory system.The architecturealso uses the RISC concept of cooperation between software and hardware to
achieve simpler implementations with better overall performance.
HP Precision Architecture, however, goesbeyond RISC
in many ways, even in its execution model. For example,
RISCmachinesemphasizereducing the number of instructions in the instruction set to simplify the implementation
and improve execution time. Only the most frequently
used,basic operationsare encodedinto instructions.However, frequency alone is not sufficient, since some instructions may occur frequently becauseof inefficient codegeneration, arbitrary software conventions, or an inefficient
architecture.
In designing the next-generation architecture for Hewlett-Packardcomputers,the intrinsic functions needed in
different computing environments like data base,computation intensive, real-time, network, program development,
and artificial intelligence environmentswere determined.
These intrinsic functions are supported efficiently in the
architecture. Minimizing the actual number of instructions
is not as important as choosing instructions that can be
executedin a single cycle with relatively simple hardware.
Complex, but necessary,operations that take more than
one cycle to executeare broken down into more primitive
operations,each operation to be executedin one instruc-
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Fig.8. HP PrecisionArchitecture
instruction formats.

tion. If it is not practical to break thesecomplex operations
into more primitive operations,they are defined as assist
instructions, by means of the architecture's instruction extension capabilities.If more than one useful operationcan
be executedin one cycle,HP PrecisionArchitecturedefines
combined operationsin a single instruction, resulting in a
more efficient use of the execution resourcesand in improved code compaction.
HP Precision Architecture's execution model has other
noteworthy features like its heavy use of maximal-length
immediates as operandsfor the execution engine, and its
efficient address modification mechanisms for the rapid
accessof data structures.The architecture also includes
some uncommon functions for efficiently supporting the
movement and manipulation of unaligned strings of bytes
or bits, and primitives for the optimization of high-level
language programs.
HP Precision Architecture has gone beyond RISC in its
control flow model with its conditional branch optimization features,its ring-crossingbranch instructions, its nullification features,its conditional trap feature, its debugging support, and its efficient interruption mechanisms.
The architecture'svirtual memory addressingand protection mechanismssupporta wide rangeof systemneeds,from
the smallestcontroller to the largestmultinetwork environment. Indeed,the HP Precisionprogramwas internally codenamed Spectrum,since its objectivewas to serve the full
spectrum of HP customers'informationprocessingneeds.

In summary, HP Precision Architecture representsan
evolution of the more successfulideas in past cornputer
architectures,combined with support for the anticipated
needs of future computer systems.
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CORRECTION
In prlntingthe June 1986 ssue,the photographsin Fig.3 on page 22, Fig.4 on page
23, and Fig.5 on page 24 were reproducedwithoutany gray tones,and thereloreare
not representative
of the displayqualityof HP'sUltrasoundlmagingSystem.Fig. 1 on
page 45 is much closerto what the displayreallylookslike
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HP PrecisionArchitecture:The
lnput/OutputSystem
A simple,uniformarchitecturesafisfiesfhe llO needsof
largeand smallsysiems,andprovidesflexibilityforfuture
enhancements.
by DavidV. James,StephenG. Burger,and RobertD. Odineal
HE HP PRECISIONVO SYSTEMwas defined to provide a flexible framework to leverageexisting VO card
designswithout restricting the capabilities of lowcost or high-performance I/O cards in the future. The HP
Precision Architecture developmentprogram provided an
opportunity to incorporateand achieveglobal objectivesof
scalability, leverageability,and flexibility in a corporateI/O
strategy.These objectives have been met by basing the I/O
of simplicity anduniformity.
systemon the designstrategies
Scalability is provided by a unified family of compatible
buses.A basic single-busconfiguration can be extendedto
include higher-performanceor lower-performancebuses,
or expandedto include additional busesof the sameper{ormance.
Leverageability requires interchangeableparts. Hardware interchangeabilityis achievedby using one physical
component in systems having similar requirements for
function and performance.Software interchangeabilityis
achieved by using one version of VO driver software for
functionally equivalent hardware componentsthat differ
only in performanceand capacity.
Flexibility is more than the useof leveragedcomponents.
A systemis flexible when it is implementedto meet existing
needs and is alterableto match the changingneeds of the
future with minimal perturbation of a customer'sexisting
system.A flexible I/O system allows the existing I/O card
designsto be leveragedfor the initial product shipment,
while also allowing the I/O system to be upgraded to support more demanding I/O requirementsin the future (e.g.,
multiprocessors,sharedperipherals,and memory mapped
graphics).Flexibility is also provided by minimizing configuration restrictions in the I/O system.
Levels of Design
The definition processfor the I/O systemincluded rigorous documentationat all levels of the design.Thesedesign
levels included the I/O architecture,the connect protocol,
and multiple definitions of bus standards.The I/O architecture defines the types of modules that connect to an HP
Precisionbus (including processors,memory, and I/O) and
defines the memory mapped registersused by other modules to control or observethe module's activity. This architectural interfaceis defined in sufficient detail to allow
the hardwareand softwareto be developedindependently.
HP Precision I/O Architecture includes the definition of
simple instructions fetched from memory and executedby
I/O moduleswith direct memoryaccess(DMA) capabilities,

but doesnot include the definition of instructionsexecuted
by the more general-purposeprocessormodule.
The connect protocol defines the standard set of bus
transactionsused to communicate between modules defined by HP Precision I/O Architecture. This includes the
definition of transactionfunctionality, transfersizes,alignment restrictions.and returned statusinformation. In addition to implementing the connectprotocol, eachHP Precision system bus definition includes the timing of signal
transitions, voltage thresholds of transceivers,power requirements,and other physical parameters.
The HP Precision program provided a unique opportunity to upgradeall levels of the I/O systemdefinition simultaneously. The method used to develop the system was
top-down definition coupled to bottom-up verification.
The steps in top-down definition are architecture,protocol, standards,and design.The I/O architectureis defined
around a model establishedto meet the objectives.The
architectural concepts define the required connect protocol. The bus standardsare defined basedon that connect
protocol, and the bus standardsare used in the design of
VO cards. Fig. 1 illustrates the process.
The simultaneousactivity in the architectureand design
phasesof the definition were coordinatedto provide constant feedbackbetweenthe intermediatelevels.The initial
designsrevealedflaws or incompletely specified portions
of the bus standards.Thesewere correctedin the bus standards and the correctionswere propagatedup to the appropriate higher level. Feedbackalso occurred between the
bus standardsand the connect protocol, and between the
connect protocol and the I/O architecture.This controlled
feedbackprocessprovided the designevaluationsrequired
to update the initial drafts of the VO architecture,connect
protocol, and bus standardsdocuments.Thesedocuments
are the basis for the design of the system components,or
modules.
Documents

Fig, 1, Feedback paths in the definitionprocess tor HP PrecisionIlO Architecture.
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Bus Options
HP PrecisionI/O Architectureis basedon functionalentities called modules. The minimal system consists of a
processor,memory, and I/O modules attachedto a single
systembus,asshown in Fig. 2. The single-busconfiguration
is sufficientto support low-rangeand midrangeproducts.
For high-end products, multiple buses are required, as
shown in Fig. 3. The processorand memory are connected
to a higher-performanceHP Precisionbus and the I/O modules areconnectedto other low-costbuses.In this example,
I/O connectionsto a "foreign" bus and a "native" system
bus are illustrated.The native systembus, or simply system
bus, implements the HP Precision connect protocol; the
foreign bus does not. The native and foreign buses are
connectedthrough a bus odoptermodule, and specialsoftware is requiredto support the connection.The bus adapter
architectureallows I/O cards developedfor other busesto
be leveragedin the HP Precision system products, as discussedlater.
Two native systembusescan also be connectedthrough
a bus convertermodule. This connection is transparentto
normal softwareoperation.
Based on the destination address of a transaction,the
bus converterforwards the transactionto remote modules
attachedto a physically separatebus. The bus converteris
not involved in local transactionsbetween modules attached to the same bus. Unless bus errors occur, the forwarding of a remote transactionis transparentto the module that originates the transaction. This allows the I/O
driver softwaredevelopedfor a local moduleto be leveraged
when the module is moved to a remote bus. Software
changes are limited to the optional recovery of errors detectedon the remotebus (thebus converterlogsand isolates
systembus errors).
The bus converteris implemented as a module pair; one
module is attached to each of the two systembuses.The
module pair can be physically separatedand connected
with a high-speedlink (e.g.,fiber optics), as shown in Fig.
3. This separationis required when the buses cannot be
physically adjacentbecauseof mechanicalpackagingconstraints or customer requirementsto support remotely located peripherals. This would be the case for large I/O
configurations, processor clusters, or remotely located
graphics and data collection peripherals.

used for module identification and initialization, are standardizedto support autoconfigurationand simplify operating system software.
A 256K-byteaddressspace,alignedto begin at a multiple
of 256K bytes, is provided for each system bus; this is
sufficient to support 64 modules. The physical properties
of card connectors,backplanes,and transceiversnormally
limit the number of card slots on a bus to 16. Thus. to
provide a complete set of 64 modules on a system bus,
hardware designers would be required to implement four
modules on each card. For example,a multifunction card
might consistof a processor,memory,and two I/O modules.
In general, not all cards have four modules and the bus
addressspaceis only partially used.
The initial addressspace allocated to memory and VO
modules is not generallysufficient to support normal module operation. For these modules, one of the registersin
the initial addressspaceis used for dynamically assigning
an extended address space, as shown in Fig. 4. The extended addressis always a power of two in size, and is
aligned to a physical address that is a multiple of its size.
To simplify configuration firmware and software, the extended addressspacecan be assignedindependently of the
module's initial hard addressspace.
The initial 4K-byteaddressspaceof an I/O module maps
to the supervisorelement. Additional registersets,or VO
elements, are required to communicate directly with the
attached devices. These I/O element registers are typically
locatedin an extendedaddressspace,which is dynamically
assignedby a writing to a supervisor element I/O register.
To simplify the I/O driver software, a single I/O element
(registerset) is allocated for each device to be controlled
by the software. Multiple devices are supported through
multiple VO elements.The architecture provides the design
freedom neededto achievea good match betweenphysical
hardware implementation and logical software interfacing.
For example, a disc controller implemented as a single
physical device can interface to software through the addressspaceof a single I/O element.A full-duplex terminal
controller can be assignedtwo I/O elements,one for data
input and one for data output, The software can thus service
the inbound and outbound data streamsindependently. A
terminal multiplexer with eight full-duplex ports can be
implemented as 16 I/O elements, allowing software to perform independent I/O operations on each data stream.

Module Addressing
When a systembus is initialized, each module initially
respondsto a 4K-byte "hard" physical addressrange.The
module's 4K-byteaddressspaceis divided into 10243z-bit
I/O registers.Access to these I/O registersis provided by
the read or write transactions defined by the connect protocol. For example,write transactionsare used to resetthe
system or a card, interrupt the processor,and initiate VO
operations.The more common VO registers,such as those

SystemBus
Fig. 2. Small HP Precision system configuration (up to 64
modules).
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Foreign Bus

System Bus

Fig. 3, Large HP Precisionsystemconfigurction.

Initial "Hard"
Extended "Soft"
Address Space Address Space
(Device0) o r r (DeviceN-1)

identify the proper diagnostic and I/O driver software for
the module. This is provided to support autoconfigurable
operating system software. Operator intervention is not required to configure a new physical card.
System initialization, or boot, involves the execution of
firmware code to initiate an I/O operation on one of the
boot devices,such as a disc. To minimize updates of processor ROMs, this firmware is split between the processor
and the VO modules. The portion of the code shared by all
VO modulesis locatedon the processormodule. The primitive VO drivers are provided by the UO modules, and are
called to initialize. test. and read data from the selected
boot device.A stableHP Precisioninstruction setsimplifies
the support of IODC on I/O modules; new ROMs ate not required for each upgrade of the processor hardware.
In addition to assisting system initialization, the IODC
ROM is used to distribute module self-test code, and can
be used to insulate standard I/O driver software from the
implementation dependent features of module identification, configuration, and error recovery.

Fig.4. Whentheinitialaddressspacea//ocatedto a memory
moduleor an llo moduleis too sma4 one of the registersin
theinitialaddressspacecanbe usedfordynamicassignment Address Space Allocation
HP Precision VO Architecture uses a single 32-bit physof an extendedaddressspace.A specialROM,IODC(llo
dependentcode),supportsautoconfiguration.
ical address space.When a physical module is accessed
through a virtual address,the translation to a physical address is performed by the processor,and a physical address
During normal operation, an VO device is controlled by
is used in the bus transaction. The physical address space
accessing VO element registers directly. When DMA or
is partitioned into two distinct spaces,the I/O addressspace
is
by
multiple
similar hardware on the UO module shared
and the memory address space, as shown in Fig. 5.
devices, the use of this shared resource is scheduled by
Address space is dynamically assigned. UO addresses
the VO module hardware, not the VO driver software. This
assigned from the high end of the physical address
are
simplifies software and generally provides a more efficient
space and memory addressesare assigned from the low
mechanism for scheduling shared hardware resources.The
end ofthe physical addressspace.This generatesa compact
I/O registers in the supervisor element are only used for
address space assignment that minimizes the page table
module identification, initialization, and error recovery.
required to map virtual memory accesses.
resources
Two sizesof I/O elementsare defined, 128 bytes and 4K
Initially, only the broadcastaddressspaceis defined. A
bytes. The packed version (128 bytes) allows up to 16 VO
broadcast write transaction is used by a processor to inelements to be packed into a single 2K-byte page. In the
itialize the 256K bytes of addressspacefor its bus. Addiunpacked 4K-byte version, two pagesare provided for the
tional
address space is assigned to other buses and exsupport of privileged and unprivileged I/O registers. Untended module address spacesas required. The extended
privileged registers are accessible through both pages;
address space for I/O modules and memory modules is
privileged registers are accessibleonly through the lowerallocated from the available VO addressspaceand memory
addressedpage.The higher-addressedpagecan be mapped
addressspace,respectively.
virtual
without
comaddress space
directly into the user's
The words in the I/O address space correspond to I/O
promising system security. This allows many of the VO
registers. Software references to these registers are proelement registersto be accesseddirectly, without the overcessed differently from memory transactions; the load or
head of calling operating system software,
store instruction triggers a bus transaction rather than a
maps
address
space
On a memory module, the extended
data cacheaccess.The fixed partitioning of I/O and memory
to the module's RAM. Becausethe extendedaddressspace
addresses simplifies the processor hardware required to
is automatically assigned, hardware switches are not reidentify the I/O register accesses,which bypass the data
quired to configure memory addresses.This improves the
cache.
and
eliminates
service
calls
caused
reliability of the card,
The dynamic allocation of the address space allows the
by improperly selectedswitch settings.After initial configaddress space to be assignedto additional buses or I/O
uration, the supervisor element registers are read periodielements as required to support the selectedhardware concally to update the system's memory error log.
figuration. Although the total physical address space is
limited, the number and size of modules that can be supl/O Dependent Code
ported arequite large,asshown inthe tableonthe nextpage'
As illustrated in Fig, 4 for VO and memory modules,
each module contains card specific ROM called IiO dependent code, or IODC, which is accessiblethrough standardized UO registers. The content of the IODC is sufficient to
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HP PrecisionArchitectureGonfigurationLimitations
(Approximate)
l/O Address Space
Total I/O AddressSpace
SystemBuses(256Kbyteseach)
ProcessorModules (4Kbyteseach)
PackedI/O Elements(128byteseach)

256MBytes
7024
64K
2M

MemoryAddressSpace
TotalRAMConfigured

3.75GBytes

ConnectProtocol
HP Precision I/O Architecture defines a standard software interface to module registers,independent of the
physical bus standard.To implement this interface,and to
supporttransparentforwarding of transactionsthroughbus
converters,a single connectprotocol is defined for all system buses.
The connect protocol definesthe required and optional
transactionsfor all system buses. These transactionsare
initiated by a master,and invoke a responsefrom one or
more slaves.For a read transaction,datais transferredfrom
the slave to the master. For a write transaction, data is
transferredfrom the master to the slave. For a broadcast
transaction,datais transferredfrom the masterto all slaves'
Although the datatransfersizesare different for I/O and
memory transactions,the basic format of the transactions
is maintained, as shown in Fig. 6.
During the addressphase,the addressof the transaction
is assertedon the bus.The bus addressof the master(master
ID) follows, and is sufficient to identify the module initiating the transaction.The masterID is transmittedwhile the
slave is decodingits address,and generallyhas a minimal
impact on system performance.
The masterID field is required to resolvepotential deadlock conflicts when transactionsareforwardedthroughbus
converters.The field is also used by the smart-cacheprotocols to maintain consistent copies of data in the cache
lines of processorsattachedto separatebuses.
Only a small set of data transfer sizes is defined. The

-1I

Memory
(1s/16)

-f-tI

basic4-byteand r6-byte sizes,and the largeroptional transfer sizes(32,64,...) are all powers of two in size,and are
describedIaterin this article. Support of additional transfer
size options in the memory addressspacewould have increasedthe cost of memory modules, since they support
all of the options.
At the conclusion of the transfer. status is transferred
from the slave (or slaves) to the transaction master, If the
slave detectsan error (such as a double-bit memory error),
an error condition is reportedto the master,to prevent the
use of corrupted data. For transactionsthat are correctly
specified, but cannot be completed immediately, a busy
status is returned and the transactionis automatically retried by the master. The busy status is required to avoid
deadlocksin bus convertersand is also used by the special
transactionsprovided to maintain cache consistencyin a
multiprocessorenvironment.
Parity or alternative forms of error checking protect the
transactionand slaveaddresses,masterID, data,and status
signals.When control signals cannot be parity protected,
their values and timing are designedto simplify the detection of faults through alternative mechanisms (bus timeouts, for example).
Separate transaction types are provided in the I/O and
memory addressspaces.This allows the data transfer size
to be optimized for its intended use. Thd read and write
transactionsin the I/O addressspaceare designedto access
I/O registers,which are words (four bytes in size and alignment). Simple cost-sensitivecards may implement only
the least-significantbyte of each I/O register.
Transaction Types
Basedon the requirementsof processorsand DMA-based
I/O modules,transactionsin the memory addressspaceare
optimizedfor burst datatransfers.The CPUsuseburst transfers to read or write cachelines. The DMA-basedI/O modules use burst transfers to processbuffered data packets
efficiently. Nibble-mode and static column RAM technologieshave minimized the cost of supporting the high-performanceburst-modetransferson memory modules.
All busessupport the smallest(16-byte)memory address
spacetransaction.This quad-word transfer typically uses
50% of the peakbus bandwidth. Largerburst transfers(e.g.,
32 and 64 data bytes) are options, and are not defined for
all systembuses.If the transfer size is defined in the bus
standard, it is supported on all modules responding as
slavesin the memory addressspace,and is optionally used
by the transactionmasters(processors,the DMA-basedI/O
modules, and bus converters).In general, the low-cost
DMA-basedI/O module designsuse 16-bytetransfers,and
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Fag.5. Partitioning of the physical address space.
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Fig, 6. Easic format of llO and memory transactions

high-performance DMA IiO module designs use the largest
transfer size defined by the bus standard.
Two special types of transactions are defined by the connect protocol: broadcast and semaphore. To simplify their
implementation, the architecture constrains the use of
these nonstandard transactions. Broadcast transactions are
only used to update I/O registers in the supervisor element.
A write to a register offset in the broadcast portion of the
I/O address space is equivalent to a sequential set of writes
to the same register offset in each of the supervisor elements. Broadcast transactions to I/O elements or to the
memory address space are not defined. These and other
generalized uses were not required; supporting them would
have needlessly complicated the module designs.
On many of the industry standard buses, semaphore operations are implemented by the processor, which requires
the definition of an indivisible read and write transaction
pair. Although this transaction pair has been used successfully in previous designs, it is difficult to forward through
bus converters, and increases the complexity of highbandwidth pipelined bus standards.
In the HP Precision connect protocol, the semaphore
operation is implemented by memory module hardware,
and has minimal impact on the complexity of bus standards. The semaphore transaction has a unique command
code, but is otherwise identical to the quad-word read
transaction defined in the memory address space. Like the
read, the semaphore is recognized by the memory controller, and four words of data are returned from RAM. The
semaphore transaction is distinguished by an important
side effect-the first word at the quad address in RAM is
cleared as the transaction completes. This is sufficient to
implement the semaphores defined by the HP Precision
instruction set.

ModuleInterrupts
In any computer, when a module such as an I/O device
requires special service from a processor, the other tasks
must be interrupted. The interruption mechanism enables
the processor to respond quickly to high-priority interrupts
while queuing and eventually servicing large numbers of
Iow-priority interrupts, all with minimal performance overhead on the processor.
HP Precision I/O Architecture defines a very simple interrupt system that requires little special hardware and
allows great flexibility in the processor's response to each
interrupt. A key aspect of this interrupt system is the assignment of interrupt control to software. The architecture gives
software the power to assign arbitrary interrupt priorities
to all modules, direct each module's interrupts to any processor in the system, and selectively process or queue individual interrupts or priority levels.
When a module needs attention or service from a processor, the module communicates its need to the processor's
external interrupt request register by using the same singleword, memory mapped write transaction used for all other
intermodule communication. This ensures interrupt requests can be passed from any module in tlre system to
any processor in the system without requiring specialized
interrupt hardware. Also, since the connect protocol defines broadcast transactions to be a special case of single-

word write transactions, a module can broadcast its interrupt request simultaneously to all processors in the system.
Like the other transactions defined by the connect protocol,
the interrupts propagate transparently through bus converters, and can be sent to a processor on any system bus.
Interrupts in HP Precision I/O Architecture differ from
most other designs, which interlock the low-priority devices while the high-priority tasks are being executed. This
interlock was discovered to be inefficient for uniprocessors
and unreliable for multiprocessors. For uniprocessor configurations, this interlock would require that the interrupting module retry the write to the processor's interrupt register until it is completed successfully. The repeated transactions are an inefficient use of bus bandwidth. For a twoprocessor configuration, this interlock generates a potential
hardware deadlock. For example, when two processors are
executing separate high-priority tasks, and software on each
processor sends a lower-priority interrupt to the other, both
processors become deadlocked.

InterruptGroupsHardware
HP Precision processor interrupts are based on hardware
support of 32 interrupt groups. Software assigns one of
these groups to an I/O element before an I/O operation is
initiated. The value of the interrupt group is returned to
the processor when an interrupt occurs. Software can independently disable any one or more of the interrupt groups,
delaying their processing to a more convenient time' This
is simpler and more flexible than architectures that set the
interrupt priority in special-purpose hardware, restricting
the ability of software to modify the order in which interrupts are processed.
Fig. 7 shows the functionality of the interrupt hardware
that supports the interrupt groups. The interrupt system
hardware consists of one register (the external interrupt
message or EIM register) on each I/O element that generates
interrupts, and two registers (the external interrupt enable
mask or EIEM register and the external interrupt request
or EIR register) on each processor. Before an I/O operation
is initiated, software writes a 32-bit value to the EIM register
ProcqqsoJModule
Software'
control ..

Softwtre
Interrupl.

Fig.7. HP Precision interrupt hardware

JouRnnr 27
T ACKARD
A U G U S T1 9 8 6T E W L E T P

of the I/O element. This value includes both the address
of the processorto be interrupted and a five-bit encoding
of the interrupt group assignedto the I/O element. When
an elementneedsservice,the singleword in its EIM register
provides both address and data for a single-word write
transaction. The address determines thd processorto be
interrupted, and five bits of the data specify the interrupt
group bit to be set in the processor's32-bit EIR register.
Each bit of the EIR registeris continuously ANDedwith the
correspondingbit of the EIEM register,and if any bit of the
result is true, the processoris interrupted. Software has
complete control of the EIEM registerto specify the interrupt groupsthat are recognized.As softwareserviceseach
interrupt, it clearsthe associatedbit of the EIR registerto
prepare for the next interrupt. Software running on one
processoris able to interrupt another processorsimply by
writing the appropriate data value to the processor'sEIR
register.
Although the architected interrupt system is fast and
flexible, the information provided to software is minimal
(only the interrupt group is known). In a systemwith many
I/O elements,each of which must interrupt the processor
to signal its completion of an assignedtask, many of the
interrupt group bits in the EIR register are shared.Unless
an alternativemechanism is provided, the processorsoftware would be burdened by the overhead of polling the
VO registers on VO elements to resolve the source of interrupts that map to a shared interrupt group bit. A more
efficient mechanism is the status chain feature.which is
associatedwith DMA modules and is describedbelow.
DMA Module Capabilities
Direct memory access,or DMA, is defined as an optional
featureof an I/O element in HP PrecisionI/O Architecture.
DMA is simply the transfer of data between the I/O element
and systemmemory without intervention by a processor.
The primary objective of DMA is to minimize the effort
required of the processorto support I/O transfers.A highperformanceDMA model allows the data to be transferred
efficiently to systemmemory, minimizing the need to provide operating system specific data processinghardware
or firmware on the VO card.
A uniform DMA model is defined by the I/O architecture
and supportedby the connectprotocol. The DMA modules
accesssystemmemory using the samebus transactionsthat
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processorsuse.All DMA elementspresentthe samememory mapped registerinterfaceto software,and softwarecommunication to initiate DMA activity uses the single-word
memory mapped transactionsdefined for communication
with other I/O registers. A uniform definition of the VO
registersin the DMA hardware interface simplifies the software interface, since many of the DMA software utilities
can be sharedby all of the DMA-based VO software drivers.
To simplify the connect protocol and processorcache
designs, all DMA transfers are performed directly to memory, and are not aflected by the contents of the instruction
or data caches.Shared utilities in the I/O driver software
use the cache flush and purge instructions to maintain
consistentcopiesof data in the processorcachesand memory module RAM.
The DMA element activity is initiated by writes to two
of the I/O registerson the DMA element. The first VO register holds the addressof the DMA command data structure
in memory. The write to the second I/O register triggers
the fetching of these DMA commands from memory for
execution by the DMA element. The command data structures in memory are organized as a sequenceof DMA requests,as shown in Fig. 8. Each DMA requestis organized
as a sequenceof four-word data structures, or quads. The
quads are aligned to an addressthat is a multiple of their
size.
The data structures are based on linked lists of quads,
rather than a less flexible set of sequential table entries.
The four words of the quad include a pointer to the next
quad in the chain, a command for the DMA element and
two arguments for the command. The DMA element executes the successivecommandsin the chain of quads,automatically advancing from one quad to the next without
processorintervention. The quad chains can be of arbitrary
length, and can be dynamically extended as required to
queue additional DMA requests.This is accomplishedby
changing the pointer in the final quad from its previously
null value to the addressof the first quad in the chain to
be appended.
Each quad chain consistsof one or more DMA requests.
In general,each requestcorrespondsto a separatecall of
the I/O driver software.For shared I/O devices.such as a
file system disc, the I/O driver software is expected to append multiple requestsfor sequential processingby the
DMA element. Each request is typically partitioned into

Fig. 8. Dala structures for DMA
commands are organized as a sequence of four-word quads.

three phases.The quadsin the initialize phaseprovide the
parameters for the following data transfer, such as the
media address and length of the total disc transfer. The
quadsin the datatransferphasedefinethe physicalmemory
addressesinvolved in the DMA data transfer.The quad in
the statusphase is used to inform the processorwhen the
requestcompletes.
The chaining of quads in the data transfer phaseallows
the datato be transferredto noncontiguousrangesof physical addressesin the memory addressspace.This is useful
in the virtual memory environment provided by HP Precision Architecture. An VO request processedby the I/O
driver software typically involves a transfer to or from a
contiguous range of virtual addresses.Software converts
the virtual addressrangeinto a set of noncontiguousphysical addresses,and generatesthe correspondingchain of
quads for use in the data transfer phase of an operation.
Only data transfersto or from the memory addressspace
are defined, and DMA input is aligned to a multiple of 64
bytes. Arbitrarily aligned DMA data transfers and transfers
to the I/O addressspaceare not required, and would have
complicated the hardware design of DMA modules.
The status phase of a DMA request returns a summary
of the DMA element'sstatusto an entry storedin memory.
The statusinformation is sufficientfor softwareto complete
the processingof successfulDMA requests.Unless errors
occur, this summary is sufficient to allow a DMA element
to continue processingadditional requestswithout software intervention. The status phase generally consists of
a single quad, called the link status quad. The link status
quad instructs the DMA module to write its own status to
a completion entry in system memory (the entry address
is specifiedby Arg2).The completion entry is inserted into
a linked list in memory (the value of Argt specifies the
addressof the list head),and a processorinterrupt is optionally generated.The linked list of completion entries is
called the completion list. The ordering of entries in the
completion list is LIFO (last in, first out) to minimize the
complexity of the hardware implementation. By software
convention, each of the completion lists is assignedto a
unique processorinterrupt group.
Hardware updates four words of the completion entry,
and software conventions define additional words of data
in the entry, such as the address and argumentsfor the
interrupt service routine. Before the DMA request is initiated, theseparametersare savedin the spacereservedfor
the completion entry. When an interrupt is received,software decodesthe interrupt group to selectthe completion
list to be processed.The data saved by software in the
completion eniry is used to dispatch quickly to the proper
interrupt service routine.
Bus Adapters
Foreignbusesarebusesthat do not conform to the specification of the HP Precision connect protocol. They can be
connectedto a systembus through a bus adapter.The bus
adapterallows HP to preservethe investmentin previously
developed products when migrating to the HP Precision
I/O system. Cards developed for the proprietary HP-CIO
backplaneare used in the first HP Precision products. By
allowing the use of proven VO technologiesand systems,

the bus adapter has acceleratedthe design cycle of the
initial HP Precision Architecture implementations.
The first bus adapterto be developedfor the HP Precision
VO systemis the HP-CIOchannel adapter(seeFig. 9). This
adapter is fully compatible with all existing HP-CIO VO
cards, and with HP-CIO cards currently in development.
Although the HP-CIOprotocol differs from the HP Precision
connect protocol in many ways, the bus adapter maps all
of the necessaryHP-CIOfunctions into the standardregister
interface through which it communicates with the HP Precision I/O system.In accordancewith the HP-CIOprotocol,
the channel adapter servesas a central time-sharedDMA
controller on the HP-CIO bus. The adapter is the initiator
of all HP-CIO bus transactions, and it is the arbitrator that
managesthe allocation of the HP-CIO bus bandwidth. As
a bus adapter,the HP-CIO channel adapter provides data
buffering and address generation as it transfers data between the I/O modules on the HP-CIObus and the memory
modules on other buseswithin the HP PrecisionI/O system.
The adapter also translates interrupts and error messages
into the protocol used by the HP PrecisionI/O system.By
handling all normal DMA transfers and the majority of
error conditions in complete autonomy,the HP-CIOchannel adapter can greatly reduce the processoroverheadrequired to operate the HP-CIO bus. Except in the rare error
casethat requires software intervention, the HP-CIO channel adapterappearsto the HP PrecisionVO systemas a set
of DMA I/O elements that conform to most of the specifications of HP Precision I/O Architecture.
In the future, the bus adapter module can also be used
to support other foreign buses,such as VME. To support
these cards, bus adapter hardware and I/O driver software
are required to convert between the HP Precision I/O Architectureand connectprotocol and the conventionsof the
foreign bus. For example,interrupts and DMA transferprotocols are usually different, and need to be converted.Although other foreign buses share many properties, their
featuresrequire special considerations in the design of each
bus adapter.
The leverage of foreign I/O card designs is not achieved
without cost. Special bus adapter hardware is required,
autoconfiguration capabilities are reduced, and software
complexity is increased. Autoconfiguration features are
generally not available on foreign buses. This typically
limits the assignmentof boot devicesto preallocatedslots
on the bus, or requiresa bus adapterROM updateto support
Logical
Channel0 .

Logical
ChannelN-l

cto
Bus
Adapter

System Bus

Fig.9. HP-CIO bus adapter with centralizedDMA protocols

29
AUGUST
1986HEWLETT-pACKARo.-touRruar

new boot devices.Access to foreign VO cards is indirect,
and involves software interactions with sharedbus adapter
resourcesto initiate an VO operation,implement the DMA
transferto memory, or convertbetweeninterrupt protocols.
This overhead increasesthe complexity of I/O driver software.
l/O System Summary
By adhering to the strategiesof simplicity and uniformity, many benefits were realized.
Simplicity is illustrated by the alignment of addresses
and addressranges,the minimal number of transactions
defined in a single connect protocol, and the implementation of processorinterrupts (the EIR and EIEM registers).
Uniformity is illustrated by the transfer of interrupts between modules(anexistingword write transactionis used),
the definition of standardmodule VO registersfor identification and configurationof modules (including processors
and memory), and the use of a single connect protocol for
all bus standards.
The verification of the architecture through actual designs has shown the benefitsof meetingthe original objectives. Scalability is achieved through simplicity, and the
architecturemakes things "as simple as possible,but not
simpler." "Not simpler" meansthat conceptsand compo-

nents are designed to meet the global objectives, rather
than only the needs of a local design center.Components
in the systemare interchangeable,so the cost of developing
them is amortizedby their useon many different systems.
The biggestbenefit HP's customerswill seecomesfrom
the flexibility and the identical support of common components.Identical support for common componentsprovides
transparent migration to faster components,and more or
fasterbuses.This migration canbe accomplishedwith minimal perturbation of the customer'ssoftwareand/or working environment.
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HP PrecisionArchitecturePerformance
Analysis
Pertormanceanalysiswas crucialto instructionset
and sysfem
CPUdesign,MIPSdetermination,
selection,
performancemeasurement.
by JosephA. Lukes
EWLETT-PACKARD PRECISIONARCHITECTURE
is a key component in Hewlett-Packard'scomputer
strategyfor systemswell into the next decade.This
article is intended to be a brief overview of the contributions of a collection of peoplefrom HP's performanceevaluation community in the evolution of this strategy.It describesthe role of these performancegroups in the design
and measurementof the architecture, and in the CPU design
and systems measurement techniques that have led to the
computer systemsbasedon this architecture.Presentation
of measured performance data will not be done in this
article, but will be left to later papers in this and other
journals.
Selection of the Instruction Set
The creation of HP Precision Architecture combined the
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expertise of highly experienced specialists in computer
hardware design, compilers, operating systems,architecture, and performance analysis. The architecture team had
investigateda number of paperson reducedinstruction set
computersl and the generalconclusion was that a reduced
instruction set computer was a feasiblevehicle with which
to migrate HP from its HP 1000, HP 3000, and HP 9000
Computersto a common architecture.The purpose of this
section is to describe the efforts of the HP Laboratories
performance analysis team in creating the data used to
selectthe instruction set of the new architecture.
A team of performance analysts was chartered to extend
the studies describedin reference2. To achievethese objectives, an Amdahl V6 computer was acquired and an
interpretive instruction tracer program similar to that described in reference 2 was created. This program operated
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Fig. 1. An exampleof the type of data gatheredto aid HP
instructionset se/ectlon.
PrecisionArchitecture
under the IBM VM/CMS operating system and gathered
raw data from a variety of benchmarkprogramsrun on the
V6 by interpreting and simulating each instruction. Specifically, we gatheredthe following data:
I Instructions executedand sequencein which executed
r Virtual addressof instructions
I Virtual addressof each operand
r Identification of registersused by the operation
r Contentsof each operand for certain operations.
This basic data allowed us to derive valuable statistics.
among which the following were of greatestvalue:
r Dynamic frequency of instruction occurrences
r Address traces for instruction sequencesand for data
referencedby these instructions
r Characteristicsof operations such as the number of
charactersused in a move operation, operand values in
arithmetic operations,distancesbranched, etc.
r Frequencyof operationpairs.
Fig.1 illustratesthe type of datagathered.Herethe distribution of classesof instructions for COBOL, Fortran, and
Pascalbenchmarksis shown. Fig. 2 shows the distribution
of time spent in these benchmarks per instruction class.
Note that the bulk of the operationsaresimple loads,stores,
and branches.Other operationsoccurrelativelyinfrequently
but can take a much larger amount of time. By distribution
in time, floating-point operations for Fortran and Pascal,
move operationsfor COBOL are imand storage-to-storage
portant instructions. (Storage-to-storage
moves can be
simulated by a sequenceof load/storeinstructions).
Most of the programswe tested exhibited these charac-
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Instruction

teristics. The bulk of operations, both in frequency of use
and time, are simple and dominated by the load, store, and
branch operations. Since simple operations appear to dominate the frequency of instructions in a computer, the concept of cycle-per-instruction architectures has arisen.
Such information is just beginning to appear in computer
science literature.l Reference 3 points out that the fairly
complex instruction sets of most computers are really not
as helpful to the compiler writer as might be thought. Instructions such as the IBM 370 MVC (move character) and
MVCL (move character long) are examples of instructions
that might profitably have been left to a simple set of load
and store operations. These instructions move any number
of contiguous bytes (from one to sixteen million). However,
Fig. 3, derived from our benchmark studies, shows that
storage-to-storage moves really only move a small quantity
of data. Reference 2 found the same central truth. Why
bother with really sophisticated movers of characters like
MVC and MVCLwhen a simple load/store combination in a
small loop can outperform the more sophisticated move
instructions?
Another interesting observation made from looking at
the instruction mixes of a variety of benchmarks is that the
typical mix does not seem to be much a function of the
type of work that is being done. For example, technical
work (such as large Fortran simulations or CAD/CAM) and
commercial work fsuch as old master in, new master out
or data base work) show the same characteristics: loads,
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stores and branches make up the bulk of operations.
Fig. 4 shows the instruction mix from an HP 3000Computer during a peak period (predominantly data baseintensive).Comparethis with Fig. 2 and you will find that, other
than the extensive use of floating-point operations in scientific work, they are very similar. One myth that did not
seem to be borne out by the benchmark work that we did
is that commercial (COBOL) jobstreamsrequire a large
amountof decimalarithmetic.We cannotfind any evidence
to back this assertion.
Another rather nonintuitive result of the early benchmark measurementsis that a specialized integer multiply/
divide coprocessor,unlike the results for floating-point, is
probably not worth the extra expense. Fig. 5 shows the
results of the measurement of a large Fortran program's
use of multiply operations and the associatedoperand
value distributions. At least one operand in the vast majority of casesis small (lessthan 500),making the techniques
mentioned in reference3 quite feasible with a net improvement in performance.
As a result of these studies and a variety of others, the
compiler, architecture, hardware, and operating system
teams established and refined the architecture to a set of
instructions for HP Precision Architecture. The architecture, since it was basedon measurementsof a largesample
of workloads, evolved from a simple RISC machine to the
far more sophisticated operation set and computer organization outlined in reference1. In summary,the conclusions
drawn by the team selecting the instructions for HP Precision Architecture were:
I Simple instructions are most of what is executedin a
wide variety of work.
I There are complex instructions that occur frequently
enough (e.g., floating-point) to justify a special set of
hardware to execute them. In HP Precision Architecture
CPUs these are known as coprocessorsor special functional units.a
r Load/store(movea 32-bitword) architecturesmakesense
since they permit high-speed generalregistersto be used
effectively as the first level of the storagehierarchy.
I Simulate complex but infrequent operationsso that the
underlying instruction set can be as simple as practicable.
The next section describesthe efforts involved in selecting the parameters associated with the family of cenhal
processingunits basedon HP PrecisionArchitecture.

HP PrecisionArchitectureComputers
The previoussectionoutlinedhow a setof instructions
was chosen,each of which, with few exceptions,executes
in one major cycle of the central processingunit's clock.
For example,a centralprocessingunit (CPU)with a 10-MHz
(MIPS)
clock would be a 10-million-instruction-per-second
processor with a cycle-per-instruction architecture. This,
of course, assumesno delays as a result of cache or TLB
(translationlookasidebuffer) misses.Complex instruction
set computers (CISC),on the other hand, sacrifice cycles
of the CPU to execute more functionally complex instructions sets, generally through the aid of microcode.
Before describing how the CPU family associated with
HP Precision Architecture was designed, a few words need
to be said about computer system performance. A very
popular measure of the power of a computer system is to
specify the number of MIPS (millions of instructions per
secondJ that the system's central processing unit(s) can
execute. This measureis an estimate of the capacity of the
CPU to execute the work asked of it. The higher the MIPS
value, the faster the work is done by the CPU. However,
computer systemsare not just CPUs.Indeed, they consist
of peripherals, interconnections, main storage, applications, operating systems, data communications subsystems, data base subsystems,compilers, and an entire set
of policies for scheduling and billing that affect the performance of the computer system,Becauseof this plethora of
variables in the equation that determines the performance
of a given computer system,people have tended to concentrate on the relative simplicity of MIPS.
The customer who purchases a computer system is generally not really interested in the capacity of any one component of that system, such as the CPU, to do work. The
customer is concerned with the responsetime with which
work is completed,the throughput in jobs per unit of time,
the number of active terminals connected to the svstem,
Range of Absolute Values of the
Smaller Operand in Multiply Operations
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and so on.
The next section will describe how we extended the
metricsusedto evaluatethe HP PrecisionArchitectureCPU
family to systemsperformance.The rest of this sectionwill
concentrate on how we determined the MIPS performance
of the first membersof the HP PrecisionArchitecture CPU
family.
In creating a new architecture,the engineersand scientists chargedwith its development are faced with a large
problem-how do you measurethe effectsof the architecture on MIPS, systemthroughput, responsetime, working
set size, etc., when you do not have a CPU built from the
architecture? To be sure, one can prototype the architecture, but the cost becomesprohibitive for all but a small
number of prototypes. What follows in this section is a
description of the hierarchical approachtaken to develop
the HP PrecisionArchitecture processorfamily with minimum possible cost and maximum performance.
Let us first examine the MIPS value. It is relativelv easv
to calculate:
MIPS : [(cyclesper instruction) x (CPU cycle time)]-1
The CPU cycle time is the period of the major clock in
the CPU. This value varies from 100 to 200 nanoseconds
for transistor-transistor(TTL) logic, and from 20 to B0 ns
for emitter-coupled(ECL)or HP NMOS-III logic. The MIPS
capacity of a CPU can be increasedby reducing the CPU
clock time by means of new technologies.Many examples
of this trend are seenin the current offeringsof many computer vendors, including HP.
The other variable in the MIPS equation is the number
of cycles per CPU instruction. The lower this number, the
higher the MIPS value will be. As obvious as this seems,
there is still raging controversy over the efficacy of the
cycle-per-instruction architectures (i.e., RISC architectures), since critics of the reduced-complexity approach
claim that numerous things can happen that tend to lower
systems performance when one attempts to reduce the cycles per instruction (CPI) to one. It is not the purpose of
this paper to argue either side. All of our work at HP so
far, however, has pointed out that the HP Precision Architecture does not appear to limit the ability to make very
high-MIPS computers from existing technologiesthrough
reductionsin the CPI (cyclesper instruction) and that such
CPUs are capable of offering systemsperformance comparable with CISC machinesof the sameMIPS rating. Details
of this work will accompany specific product announcements.
Simulator and Prototype
An earlier section describedin part how the instruction
set was chosen.At first, a proposedset of instructions was
chosenfrom the collection of written data on cycle-per-instruction architectures.Then experimentswere run on instruction mixes derived from other architecturesthat could
be measured(i.e., the IBM 370 set on the Amdahl V6 and
the HP 3000). Finally, analyseswere done to select the
instruction and registersets.
Since analysisalone could not take into account the effects of various design alternativesof the architectureand

the CPUsdesignedto implement it, a simulator was written
(seearticle, page 40). The simulator extended our ability
to evaluate design trade-offsby allowing the user to program simple kernel programs,either by hand or through
the use of a portableC compiler.Thesekernelswere chosen
for their lack of I/O ( no operatingsystemexisted)and for
their simplicity of compilation (only primitive compilers
existed).A number of invaluable experimentswere run on
the simulator and continue to be run on it even today.
However, a simulator is relatively slow and expensive
to use and the number of experimentsinvolved in choosing
the parametersof the CPU family becametoo much for the
simulator alone. Another problem with simulators is that
they do not convincethe skepticalthat a revolutionary new
architecture can actually be implemented in existing
technologies such as CMOS, TTL, ECL, or NMOS, As a
consequence,a prototype HP Precision Architecture CPU
was built. It was named the LESS(low-end Spectrumsystem) and, although very simple comparedto the products
recently announced,it was a fully functioning HP Precision
Architecture CPU that achievedabout 0.8 MIPS.
The LESS prototype gave software developers very early
accessto the architecture.and served as a vehicle for experimentation for the architecture, hardware, compiler,
operating system, and performance teams. An interesting
and useful tool that came out of the LESS prototype was
an analyzerboard that could be connectedto the HP 64000
Logic DevelopmentSystem (more about this later).
As useful as the simulator and the LESSprototypewere,
there were parametersof the CPU designsthat thesetechniques could not determinewithout untoward expenseand
time. Only very simple jobs could be run through the
simulator and prototype since there were no operatingsystems or product-level compilers available.Consequently,
the technique used in selectingthe instruction set for HP
Precision Architecture was used again, that is, traces on
the Amdahl V6 and on HP 9000 and HP 3000 Computers.
The instruction mixes for these computer systems were
measured and used to simplify the CPU designs for
minimum cyclesper instruction. In addition, addresstraces
were used to generate families of cache and translation
lookaside buffer (TLB) statistics.sThese measurements
were then used to calculate the cycles per instruction for
a proposed CPU design.
The cyclesper instruction (CP! value is, in simple terms,
a function of the instruction mix, the parametersof the
cache and TLB, and the CPU design:
CPI: basicinstruction time + fr(cache,TLB)+ fr(interlocks)
where the basic instruction time is L cycle for most HP
Precision Architecture instructions, fr(cache,TlB) is the
contribution to CPI of cacheand TLB misses,and fr(interlocks) is the contribution to CPI of the CPU design.CISC
machines tend to have basic instruction times of 4 to 10
cyclesfor the averageinstruction.The cacheand TLB penalties and interlock penalties are not really affectedby the
architecture to any great extent.
MIPS Model
We havedevelopeda relatively simple model of the MIPS
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performanceof HP PrecisionArchitectureCPU implementations based upon the mixture of instructions and miss
ratesof the differentcacheand TLB sizesand organizations.
Fig. 6 illustrates the instruction mix and Fig. 7 the cache
and TLB curves for one benchmark measured on the Amdahl Vo. Beforefully functioning HP PrecisionArchitecture
systemswere available, such curves were used to design
the CPUs.
For example,Iet the cacheand TLB designsbe such that
the cost of a cachemiss is 20 cyclesand that of a TLB miss
is 100 cycles.Assume that we are calculatingthe MIPS of
a processorwhose basic instruction times are 10 cyclesfor
floating-point operations and 1 cycle for all other operations. Moreover, the pipeline design dictates a load/use
penalty of 1 cycle per occurrence (here a load/use pair
consistsof a load followed by either a load or a storeoperation).
Using the workload characteristicsof the Fortran program depicted in Fig. 6, the basic instruction time is
10(0.126)+ 1(1-0.126) or 2.13 cyclesper instructionfor
instructions alone.
From Fig. 7, the cache and TLB misses,assuming the
memory system designsdepicted in Fig. 7, are
Cachemiss rate : 3.5% (for an BK-bytecache)
TLB miss rate : O.2lo (for a 512-entryTLB)
Consequently,the cachecontribution to f, (cache,TLB) is
(0.035)t1
+ 0.348+ 0.154)(2o),where the first factor is the
miss ratio of this particular cache,the secondis the number
of instruction and data referencesper instruction (one for
the instruction itself and a probability of 0.348 of the instruction's being a load or 0.154 of its being a store),and
the third factor is the penalty of a miss, or 20 cycles.Thus
the contribution of cache missesto the number of cycles
per instruction is 1.05 cycles per instruction.
In like manner, the contribution to the CPI of the TLB
missesis 0.3 cycles per instruction.
Finally, for this very simple model of the components
of MIPS, the contribution of interlocks to the CPI consists
of the above-mentionedload/use interlock, (0.06)(1cycle
per instruction), plus the penalty paid for no-op (no operation) instructions,aor (0.02)(1cycle per instruction), for
a total contribution of f, (interlocks) : 9.6t.
The value of CPI, the cycles per instruction for this
machine design and this benchmark, is CPI
2.13+ 1.05+ 0.30+ 0.08 : 3.56cyclesper instruction.Note
that this workload has a very high-floating point content,
so the CPI value is larser than for most workloads.
Instruction
Load
Store
Floating-Poini
Load/Use
Branch
No-Op

7oOccurrence
34.8
15.4
12.6
6.0
12.3
2.0

Fig. 6. /nstruction mix for a large Fortranbenchmark run on
the Amdahl V6 with HP Precision instructions.
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The MIPS value for a 100-ns clock implementation of
this design and benchmarkwould be (100 ns per cycle x
3.56 cycles per instruction)-1 : 2.81 million instructions
per second.
If one could replace the floating-point operationswith
integer operations, and if each integer operation took 1
cycle per instruction, the MIPS value of this designwould
be 4.10 million instructions per second, since the CPI in
this casewould be 2.44 cycles per instruction instead of
3.56.
The ideal RlSC-designprocessorwould have a MIPS rating of t0 or more, assumingone cycle or less per instruction.
Measurements on Actual Processors
Today we base our instruction mixes, cache and TLB
curves,and other CPU parameterson measurementsmade
on the HP 3000 Series930 and HP 9000 Model 840 processors. Figs. B and 9 are examples of these measurements.
Future HP Precision Architecture machines are being designedwith this data.The logic analyzerboard mentioned
above and the HP 64000 Logic DevelopmentSystemhave
been invaluable tools in debugging, analyzing, and tuning
the new HP 3000 and HP 9000 processors.Fig. 10 shows
a curve of MIPS versus time for the HP 9000 Model 840
derived using the logic analyzerboard. Figs. B and 9 were
also measuredby the analyzerboard.
In practice,the MIPS performanceof a CPU varies with
time and workload. HP has used heavilv loaded values,as

2-Way Associativity
Single Instruction and Data Cache
Cache LRU Replacemenl
BlockSize=SWords
'|
0,000 Instructions/TaskSwitch

E
o
.6

=
o
o

(.)

-.

0.6

€

o.s

2-Way Associativity
Single Instruction and Data Cache
TLB LRU Replacement
10,000Instructions/TaskSwitch

o

'2

o.q

o
J

0.3

16

32

54

128

256

512

TLB Entries
Fig.7.

Cache and TLB miss ratios for the benchmark of Fig. 6

measured with the analyzer, for the specifications for the
new HP 3000 and HP 9000 CPUs. However, a computer
system consists of far more than the central processing
unit. The next section will describehow the entire computer systemis tracked through its designwith extensions

of the techniquesused in desigrringthe architectureand
processors.
SystemsPerformance
The previous section emphasized the estimation and op-
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rate measurementfor the HP 9000
Model 840, an HP Precisionprocessor. (a) lnstructions.(b) Data.
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timization of the CPU capacity as measured in millions of
instructions executed per second. As pointed out in that
section, an increase in MIPS does not necessarily guarantee
a similar increase in system performance measures, such
aE an increase in system throughput or a decrease in user

responsetime. Examples of reasonswhy system performancemay not increaseproportionally to MIPS are serialization on softwarequeuescreatedto guaranteedataconsistency (locking or latching), or an input/output subsystem
not designedto support the increasednumber of usersthat

HP gOOO
/EqO ]NSTFUCTIONTLB MISS FATE
H P - U XM u l t i p n o g n a m m i nW
g onkload

tine

(seconds)

HP 9OOO/840DATA TLB MISS RATE
H P - U XM u l t i p n o g n a m m i nW
gonkload

(b)

time (seconds)
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Fig.9. Exampleof a TLB missrate
measurement for the HP 9000
Model 840 processor. (a) lnstructions.(b) Data.

HP gOOO
/840
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H P - U XM u l t i p n o g n a m m i n gw o n k l . o a d

50
tlme

100
(seconds)

an increase in the capacity of the central processing unit
would dictate.
It has been pointed out that something in a computer
system has to be a bottleneck since a perfectly balanced
computer system is probably impossible to achieve.6 It
would seem to be common sense that the best choice of
the component of the computer system selected to be the
bottleneck would be the most expensive component. To
choose any other would be to waste the most expensive
component and would not maximize performance and
minimize cost. Usually, the most expensive component of
the computer system is the CPU, hence the choice of MIPS
as the metric of computer system performance. But, it
should be realized that it takes a lot of hard work to make
the CPU the bottleneck in all but the simplest systems.
This situation presumes a highly-tuned operating system,
data communication system, data base management system, and set of applications. Therefore, although it can be
understood why MIPS is so often used as the performance
metric of choice, this measure must be tempered by other
measures.
An effort was begun in HP Laboratories in 1982 to characterize the environment in which HP computer systems were
operating. This study concentrated on the characterization
of HP 3000 and HP 1000 installations, since the HP 9000
was too new at the time to characterize clearly. Fig. 11 is
a synopsis of the type of data gathered by measurements
of actual HP customer installations (in this case an HP 3000
installation). From this data, HP engineers have created a
set of workloads used to characterize the high end of the
HP 3000 and HP 1000 environments. From these model
workloads, benchmarks have been created to study system
performance by measurements of the new software compo-
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nents of the computer systemsbasedon HP PrecisionArchitecture. Fig. 72 is a high-level view of this process.
It must be mentioned that by "workloads" is meant written descriptions of snapshotsof actual installations. Fig.
11 is such a snapshot.This form of description of a computer systemis useful for analytic and simulative modeling
of possible future alternatives based on this computing
environment. Reference6 further describesthe processof
gathering and using workloads in systems performance
studies.Reference7 is excellent in its depiction of system
models.
Estimation Using Workload Data
A very simple example of how systemsthroughput can
be estimatedusing data from workloads is as follows.
Let us predict the throughput of a proposed computer
systemwith a new COBOL compiler and a databasemanagementand file system redesignedfor increasedsystem
throughput. Assumethat the current DBMS (databasemanPeriodof Observation 3600seconds
1 9 7 1s e c o n d s
T o t a lc P U
3t05
Transactions

Site: Sample

Percent of Dynamic Path Length
DataBase:
Fife System:
I'O:

10.43
12.82
33.76

OSKernel:
Misc:
User:

26.48
6.11
10.4

lrO Intormation
Total l/O:
D i s cl r O :
Non-Disc:

134940
9 12 3 8
43702

O a t aB a s e l / O :
Non Oata Base l/O:

39611
51627

Flg. l'f . Data gathered from an actual HP 3000 installation.
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agementsystem) has an emergingbottleneck for systems
with increasedCPU power becauseof serializationon its
buffer pool, and that the new design alleviates this
bottleneck,but costsmore in instructions.Assumethat the
computer system that this system is to replace has the
workload characteristicsshown in Fig. 11 and that the
central processingunit of the current systemhas one fourth
the processingability (MIPS) of the new system's CPU.
Estimatesshow that the new DBMS and file systemmust
execute approximately twice the number of instructions
(dynamic path length) to achievethe sametransactionrate
as the current DBMS and file system.Also, the new COBOL
compiler is assumedto have a 10% reduction in dynamic
path length. What is the throughput of the new system
relative to the current system?
The following simple model is indicative of the techniques HP designengineersare using to evaluatethe kinds
of options depicted above.Using Fig. 11, let us define several terms (using the techniquesoutlined in reference6):
P:time of observationof the system under measurement
C:seconds the CPU is active during the measurement
period P
T:number of completed transactions observed during
period P
tr:transactions per second : T/P
0:seconds of CPU time per transaction : C/T.
System PerformanceCycle

Fig.12. The processusedto determine systemperformance
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If we assumethat we have a uniprocessorCPU system,
then p6pu : \0 : C/P : CPU utilization.
If we assumethat the new systemis operatedat the same
CPU utilization as the old one (to keep responsetimes
roughly the same,for example)then
troldOold:\r"* 0."-.
That is, the ratio of transaction throughput of the new to
the old systemis equal to the ratio of the old CPU seconds
to executeT transactionsto the new CPUsecondsto execute
T transactions,or the throughput ratio of the new system
to the old (for approximately the same responsetime) is
inversely related to the ratio of CPU times to executethe
samenumber of transactions.The value of the original CPU
secondsto executethe observedT transactionsin P seconds
is made up of the componentsshown in Fig. 11.
For example, the data base component from Fig. 11 is
205.6seconds,or 10.43%of the 1971secondsthat the CPU
is active during the observationperiod P. In like manner,
the file systemcomponent in the current systemof Fig. 11
is 252.7 seconds.The 1971 secondsof active CPU time
during the sampleperiod of 3600 secondsrecordedin Fig.
1L is thereforemade up of six component parts:the DBMS
subsystem,the file system, the low-level I/O subsystem,
the operating system kernel, the user application code
(which we know is written in COBOL), and the effect of
direct terminal connection,which, although not shown in
Fig. 11, is representedin the I/O counts shown in Fig. 11
as "non database."
If the system software making up the current system were
perfectand allowed increasinglevelsof multiprogramming
and multiprocessingwithout penalty, then the new computer system under considerationwould have four times
the throughput for a comparableresponsetime as the old,
since the only limiting factor in this "perfect" computer
system is the power (MIPS) of the system CPU. However,
an increasein CPUpower of a factor of four from the current
system would, for this example,allow an increasein data
basethroughput of only 10% becauseof the seriousserialization mentioned above. The factor of two increasesin
dynamic path length for the new DBMS and file system
seem to be a high price to pay for increasedthroughput,
however.Let us use the datain Fig. 11 to test the sensitivity
to this supposition.
For the new CPU and software,the 1971 secondsis reduced to 1971 seconds+4--492.8secondsbecauseof the
increasedprocessingpower of the new CPU. However,the
COBOLcompiler costslessin computertime and the DBMS
and file systemcost more. So, the actual figure is 492.8 +
- (0.1X205)/4: 61.2.5seconds.
(205.6+252.7)14
Consequently,the new systemhas a throughput relative
to the old of tgzt seconds/612.5
secondsor 3.22:'1.
instead
of the expected4.0:1. However, the current design of the
DBMS and file system would evolve into an increaseof
only 10% for an increaseof q00% in CPU power, whereas
the new system design allows 3.2214.0or 81% of the raw
CPU power to be realized. This particular example points
out some not so obvious factors in computer system designs:
I Transaction throughput may not track linearly with the

power of the system CPU.
I One may haveto executemore instructionsin somecomponents of the software system to realize the power of
an enhancedprocessor'scapacity.
I Don't spend disproportionatetime in tuning a component that doesn't have much affect on system performance (such as the COBOLcompiler in the aboveexample).
Estimation Using Benchmarks
The benchmark, as distinguished from the workload is
a set of programs,data, and user interactionswith the system that simulatesan actual computing environment. The
simpler benchmarks,such as Whetstonesor Linpacks,sattempt with one batch programto depict a diversemultiuser
environment with possibly hundreds of active users.We
have felt that such benchmarks are unrealistic and have
extended benchmarking to include realistic benchmarks
that model actualcomputerinstallations.Thesebenchmarks
are driven by test setupsthat use terminal simulators,and
a system executing interactive and batch benchmarks.
Two benefitshavebeenderivedfrom the HP Laboratories
study of customers'use of HP computer systems.One is a
data base of customer measurementslike those shown in
Fig. 11 upon which we can baseworkloadsand benchmarks,
and the other is the formalization of the tools gatheredto
createthis data baseinto tools and servicesthat are being
sold today, such as HP CapPlan, HP Snapshot, and HP
Trend. The invaluable information gatheredby this effort
has allowed us to profile a large portion of HP's customer
set. Our workloads and benchmarks,as a consequence,are
much more complex than the industry standardssuch as
Whetstones and Linpacks. To measure system performance, HP development engineershave had to integrate
performance measurement tools into the software and

hardware of the HP Precision Architecture family. The
analyzer board and the HP 64000 are examples of such
instrumentation. Further examples include software instrumentation that parallels but extends that familiar to
the usersof HP 3000 systemsand new instrumentationfor
the HP 1000 and HP 9000 user.
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The HP PrecisionSimulator
Designedfor flexibility,portability,speed,and accuracy,
the simulaforis usefulfor both hardwareand software
development.
by DanielJ. Magenheimer
HE HP PRECISIONSIMULATOR is an internal tool
used heavily throughout the research,design, and
developmentstagesof HP PrecisionArchitectureand
its systemssoftware.In addition to functionally simulating
the architectureat the instruction set level, the simulator
provides an interactive screen-orientedmachine statedisplay and userinterface,a combinationthat makesit particularly useful in compiler and operatingsystemdevelopment.
The simulator can alsobe used asa performanceevaluation
tool, since it can easily model different hardware implementations and record statistical results for comparison.
Finally, the ability to setcode and databreakpoints,change
registers and memory locations, and record branch histories makes it an effective assembly-leveldebugger.

to simulate itself.
Speed and accuracy were the most important requirements. Simulation speedsof thousandsof instructions per
secondwere necessaryto provide timely feedbackfor performance measurement.but since the simulator was the
only implementationof the instruction setbeforehardware
prototypesbecameavailable,complete and accuratesimulation of each instruction was mandatory.Of course,these
goals often conflicted. For example, top speed can be obtained by coding in assemblylanguage,but then portability
is lost. Nonetheless,a reasonablesimulator was created
which has all of the desired characteristicsand satisifies
the needs of a large class of design and development engineers.

Development
The goalsin the developmentof the simulator were four:
flexibility, portability, speed,and accuracy.Flexibility was
truly a requirement-in the early research phases of the
architecture,insbuctions were added and deleted nearly
on a weekly basis and bit fields were shuffled frequently.
Timely results were necessaryto evaluatethe new instruction sets,so changesto the simulator were frequent.Portability was also needed,becausesimulations were done by
design engineers in their daily work environment as well
as batchedon powerful mainframes.To this end, all coding
was done in the highJevel C languageand use of library
routines was limited to those present in the portable C
Iibrary. This design choice allowed ports to several HP
machines, two Digital Equipment Corporation machines,
and an Amdahl mainframe,and evenallowed the simulator

User lnterface
The simulator presentsa screencontainingfour nonoverIapping windows (see Fig. 1). One of these windows is
used for user command entry and messagereporting. The
three other windows contain useful machine stateinformation as follows:
I The registerwindow shows the contentsof either of two
sets of registers-the general registers or the space and
systemcontrol registers-all in eight-digit hexadecimal
format.
I The program window provides a nine-instruction view
into the programspace.Eachline of the window contains
the addressof a word, both in hex and symbolically, the
word itself (in hex), and a symbolic disassemblyof the
instruction. The first two columns indicate whether a
breakpoint is set at that instruction and where the pro-
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Fig. 1. TheHP Precisionsimulator
screen has four windows showing
commandsand messages,reglsters,program lines,and data.

gram counter is currently positioned.
I Sixteen words are presentedin hexadecimalformat in
the data window. Each line is precededby an address,
possibly symbolic.
When the four-window format is too restrictive,for example when displayinglists or tablesof information,the screen
is clearedand information is presenteda screenat a time,
prompting the user to hit a carriagereturn to seethe next
screenful.
The screen and windows can be manipulated for fine
adjustmentsor major changesof context with simple commandsgiven in the simulatorcommandlanguage.The command languageis simple enough that a beginner can pick
up the essentialsquickly, but extensible so that the advanceduser can accomplish taskswith a minimum of keystrokes.Each command is given with a set of arguments
(sometimes optional). Frequent commands can be abbreviated, and a command can be repeated easily. For

assign value to register,/data
address
display assist registers
set breakpoint
bD
delete all breakDoints
bd
delete breakDoint n
blist
list
breakpoints
program
contin
continue
get indirect
cd
files
from given directory
jump to specified
dj
address in data window
db
move data window backward n words
df
move data window forward n vrords
dbD
delete aII data breakpoints
dbd
delete data breakooint
n
dblist
Iist
data breakpoints
dbs
set data breakpoint
disasm dunp memory disassernbted as instructions
do
execute indirect
connand file
dascii
enter/exj.t
ascii mode in data window
dstack
enter/exit
stack node in data window
gr
display general registers
grclr
clear alI general registers
jnl
open journal file
Ioad
load executable file
fron dis
macro
define rnacro
macdel delete (pop) nacro definition
naclist
list
macros
memdumpdunp memory in hex fornat
to file
jump to specified
pj
address in program window
pb
move progratn window backward n words
pf
nove program window forward n words
page
create/change
access protection
for page
quit
quit (?! )
run
run program
redraw
redraw screen
reglist
list
registers
to fil-e
step
(or n) instmction(s)
execute single
save
save simulator
status in file
space
create/change
bounds/protect
of specifj.ed
space
sr
display special registers
stack
display stack trace
print
stats
statistics
for nost recent run
stop
stop execution
of program
sFnbol
define synbol
symdel delete (pop) symbol definition
symlist list
symbols
tblist
List last fev/ taken branches
generate address trace to file
trace
update
update screen
pass command string
!
to systen
convert hex to deci:nal
#
<
take application
input frorn file
>
write application
output to file
goto labeJ.
.goto
,if
conditionally
execute rest of line
:
target of goto (and else in .if-else)
(connent)
ignore line
;
ar

Flg.2.
ence.

The simulator provides a help facility tor quick refer-

example,
'sr
displaysthe spaceand systemcontrol registersin the register window. while
'pj

@(%main+0.4)

repositions (jumps) the program window to the first word
(four bytes) following the symbol main.
A help facility is also provided for quick reference(see
Fig. 2).
Program Simulation
As the name implies, the primary function of the
simulator is to simulate HP PrecisionArchitecture instructions and programs built from these instructions. To accomplish this function, several commands and features
provide the ability to load and execute programs.These
capabilities are complemented by a full statistics gathering
mechanism.
Although small programs can be entered entirely by
hand, it is much more efficient to be able to load a binary
programfrom the underlying file system.The binary object
file contains sufficient information to allow the simulator
not only to load the program and its data,but also to build
a symbol table and initialize the screen and program
counter properly.
There is an additional problem: when an operatingsystem loads a program and preparesit to run, it must map
the virtual addressesof the program to physical memory
locations, determine program protection, and enter this
information in internal data structures.On the simulator,
there is no operatingsystemto perform thesetasks.It must
do the mapping and information storageitself by making
assumptionsaboutthe programit is loading.Theseassumptions can be overridden or completely determined by the
user, but reasonabledefaults are selectedwhich are generally sufficient.
Programscan be run from start to finish without interruption, stopped at appropriate places and continued, or
single-steppedfor debuggingor educational purposes.In
any case,the effect of each instruction is completely and
accuratelysimulated and statisticsare gathered.For example,
' run
invalidates entries in the cache and TLB (translation
lookaside buffer), resets statistical counters, and starts
execution of the program, and
'contin
startsthe programwithout any initialization (for example,
after encounteringa breakpoint).
'step 10Oupdate
single-steps100 instructions, updating the screenfollowing each, while
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. step0 .if !%r1stop

vided to set, delete, and list current code and data breakpoints. For example,

continues steppingforever until generalregister1 is equal
to 0.
In addition to virtual memory mapping, the simulator
must also provide other functionality normally associated
with an operating system. All interruptions must be appropriately handled.For some,such asthe TLB miss faults,
reasonableaction takes place to correct the problem and
program execution continues. For many others, such as
insufficient privilege traps,a programbug is indicated.The
simulator notifies the user with a descriptivemessageand
stops the program.
Another exampleof requiredfunctionality beyond direct
instruction simulation is I/O. Even the simplest benchmarks require reading from a file or writing to the screen.
To support this, the simulator recognizescertain pseudoinstructions asHP-UX systemcalls.By recodingthe system
library to use these pseudoinstructions,it is possible to
run many large programs (including the simulator itself)
and measurethe user component of their performance.
Debugging Features
To be able to observechangesin machine state as one
steps through a program is often sufficient to debug a program, but more sophisticatedfeaturesare always helpful.
The simulator allows assignmentto any registeror memory
Iocation at any point in the program execution. This can
be used to patch or skip portions of code, changedata or
parametersto procedures,and simulate external events
(e.g.,interrupts). In addition, a large set of internal simulator variables can be changed to modify the behavior of
the simulator or remember important values.
Another useful featureis the ability to set code and data
breakpoints. Codebreakpoints are marks within the executable code of a program that causeexecution to be halted
when they are encounteredin the normal flow of a running
program. When a breakpoint is hit, the program stops and
control is returned to the user at command level. Data
breakpointscan be viewed as temporaryaccessrestrictions
on a region of data.Accessof data within the region causes
a running program to halt at the instruction that attempted
the access.The region can vary in size from one byte to an
entire space and can be specified to cause a break either
on writes or on both readsand writes. Commandsare pro-

-- I-ast l-0 taken
DeLay slot
address

branches --Branch

0 0 0 0 0 0 0 0. 0 0 0 0 0 8 5 4
0 0 0 0 0 0 0 0 .o 0 0 0 0 8 5 8
00000000 . 000008ab
00000000.00000923
0 0 0 0 0 0 0 0 .0 0 0 0 0 9 5 7
00000000.0000092f
00000000. 000008b7
0 0 0 0 0 0 0 0 .0 0 0 0 0 8 6 3
0 0 0 0 0 0 0 0 .0 0 0 0 0 9 7 3
00000000. 000008ab
REflJRN to continue...

target

" bs o/oprint

sets a code breakpoint at the memory location associated
with the symbol print.
.

bs o/otoo5O .il lo/"r2 : "/ouo o/"u0*1

sets a code breakpoint such that the program will stop only
on the 50th time that the instruction at the beginning of
the foo procedure is executed and will count how many
times (out of 50) that general register 2 is equal to 0 at that
point, recording the result in a user temporary register.
Another common bug that can be detectedwith the help
of the simulator is the wild branch, a branch that has a
false target far outside the program, or worse, a target at a
random place within the program.When this happens,the
simulator can provide a list of up to the last twenty taken
branches to assist in determining what went awry (seeFig.
3). The simulator can also display the current stack trace,
a list showing what procedures called the current procedure, along with parametersand local variables.Finally, a
command can be given to dump a region of memory to a
file. either in hex or in disassembledinstruction format.
Performance Analysis
Beforehardwarebecameavailable,the simulator was the
only tool capable of analyzing performance on a native
instruction stream.As mentioned above,statisticsare collected during program execution to provide cycle count
and instruction distributions.Often,however,performance
issuesgo well beyond the instruction set. To this end, the
simulator is equipped with a large set of parameters and
flagswhich allow a performanceengineerto analyzedifferent cache and TLB sizes.Operational characteristicssuch
as cache and TLB miss overhead and replacement algorithms can be analyzed,and various memory delaysand
interlocks can be modeled.
Using these parameters,studies were done to estimate

address

0 0 0 0 0 0 0 0 . 0 0 0 0 08 5 8
00000000.00000873
00000000. 000008bb
00000000.00000933
00000000.00000927
0 0 0 0 0 0 0 0. 0 0 0 0 0 8 a f
0 0 0 0 0 0 0 0 . 0 0 0 0 0 85 b
0 0 0 0 0 0 0 0. 0 0 0 0 0 9 5 b
00000000.00000873
0 0 0 0 0 0 0 0 .0 0 0 0 0 8 b b

123455789
Benchmark

Fig.3. Wild branches can be detected with the help of the
taken branch /ist, a /rst of up to twenty of the last taken
branches.
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Fig.4. Simulator estlmates compared with actual machine
measurements.

the benefits of cache control hints, critical-word-first cache
algorithms, and two-level TLBs and to compare the performance of a small instruction cache against an instruction
lookahead buffer. Other studies accurately estimated the
performance of different implementations before they were
built. Fig. 4 compares simulator estimates with actual
machine measurements.
Lastly, the simulator can provide instruction execution
traces to feed into other present and future performance
analysis tools.

MiscellaneousFeatures
Many

features are provided

to assist the advanced

Remote Debugger
RDB is a remote debugger, a tool thal runs on an HP 9000
Model220 Computer(the host machine)but allowsmanipulation
of programs on a different(remote)machine.This capabilityis
especiallyimportantin the earlystagesof testinga new machine
implementationand developing and bringing up an operating
system on it. The tool has been used extensivelyfor these purposes.RDBconsistsof threemajorcomponents:a userinterface,
an intermachineinterface (including hardware and software),
and a smallsoftwaremonilorwhichrunson the remotemachine.
The user interface was extracted from the HP Precision
simulatorand. exceot ior a few minor differencesin the list of
commands, an inexperienceduser would be hard-pressedto
tell them apart. Besidesleveragingthousandsof linesol code,
this approach minimizedthe learningeftort for engineerswho
used both tools. As with the simulator,registersand memory
locationscan be changed and code breakpointscan be set
(data breakpointsare not supported).The sameinterruptionhandling and HP-UX system call support as in the simulatorare
used,thus allowinglargeprogramsto be run and measuredon
new hardwarewithoutoperatingsystemsupport.
The intermachineinterfaceconsistsof two l/O drivers,one on
the hostsystemand one on the remotesystem,that communicate
througha GPIO 16-bitparallelcard.The hostcontrolsthe communicationby issuinga smallset of commands:READa variable
amount of data from a physicaladdress,wBtTEdata to an address,and lock and releasesemaphores.The remoteprocessor
is started by writing to a continuationflag at a fixed memory
location,and is stopped by assertingan externalinterrupt.
The monitoris a small (less than 1K bytes) operatingsystem
subsetthat catches interrupts,traps, and faultsand notifiesthe
host processorof the type of interruption.Sincethe host processor can only read from and write to memory,not registers,the
monitoris alsoresponsible
for savingthe machinestatein memory and restoringit on continuation.
Acknowledgments
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= $u29 O ; Put stack marker unwind back to Q.
.if
$u28^d0d0caca .goto trans
: $us ( (rI2-rI3)
/2) ; Delta P.
: $u31 $u5 ; P for display.
.goto stat
: trans
= Su5 pc ; translator
pc.
: stat
= $u4 rs&ffff
; STATUS.
: $u30 $u4 ; STATUS for display.
dj --sr5. (13-6) db ; Show stack around Q.
.if
$u28^d0d0caca .goto rn2
: $cmdfecho$ t ; Emulator
do crncurm. ss
.goto showern
= Scrndfecho$ 1 ; TransLator
do qncurtm.ss
: showern
# Su3o
.if
$u28^dodOcaca .goto done : # $u31
: done
Fig.5. An example of a simulatorcommand program. (Courtesy of Tony Hunt.)
simulator user. Indirect command files can be executed to
avoid repetitive command sequences. These files can be
nested, can be commented, and can contain if statements
and goto statements which raise the command language to
the power of any high-level programming language (Fig.
5). Other commands provide for saving and restoring of
the simulator's state fso a session can be resumed at a later
time), recording of command sequences in a journal file,
macro definition and use, and an HP-UX shell escape.

Progeny
Work on the simulator influenced the development of
severalother tools. Foremostamongtheseis RDB (seebox),
a remote debugger,which is still being used for low-level
operatingsystemand I/O developmentand bootingof newly
developedhardwareimplementations.The instruction disassemblercomponent of the simulator has been extracted
and used in HP-UX's assemblylanguagedebuggeradband
in the high-level languagedebuggerxdb.The user interface
has been borrowed for a hardware support monitor and for
the MPE-XL native and compatibility mode debuggers.
Other work is in progressto extendthe simulator to handle
multiprocessingconfigurations.
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ReaderForum
The HP Journalencouragestechnicaldiscussionol the topicspresented
in recentarticlesand will publishlettersexpected
to be of interestto our readers.
Lettersmust be brietand are subjectto editing.
Lettersshouldbe addressedto:
Editor,HewletlPackard Journal, 3000 Hanover Street,
PaloAlto.CA 94304.U S.A.

Editor:
I read about the Spectrum program in a recent issue of the
HP /ournol ("Compilers for the New Generation of HewlettPackard Computers," January 1986). In that article you talked
about the primitive instructions that will be accepted. You
wrote that the instructions that reference only registers are
faster than those that imply access to memory.
You said that among the instructions that take more than
one cycle in their execution are the loads. The order of execution of an operation, such as addition, might be:
1.
2.
3.
4.

Load first operand, a, in register p;
Load second operand, b, in register r;
Perform the operation between registers p and r;
Store the result if necessary.

Why is it not possible to have an instruction that loads both
operands at the same time, in one step? This implies a dual
access to memory in reading only. (The casesthat would imply
dual writingto memory are very rare.) With such an instruction,
the order of execution now is:
1 . Load, by dual access,the two operands a and b in registers
p and r;
2. Perform the operation between registers p and r;
3. Store the result if necessary.
This way the computer saves a step, since it takes only a
single step to load the operands in the two registers.

D. ing. Dejan Claud
Romania
Maramures,

AddressCorrectionRequested
Hewlett-Packard
Company 3000 Hanover
Street.PaloAlto California
94304

As you noted, some instructions ore permitted to toke longer
thon one cycle to comp)ete. In most implementotions, however,
LOAD executes in o sing.le cycle. Additionol cycies moy be
required i/ the next sequentiol instruction re/ers to the register
iooded by the LOAD.This is on "inter.lock" situotion thot could
toke between one cycle (if the data is olreody in the coche)
ond mony cycles (if the dato must be fetched from moin memory), The foster cose is usuo.l.ly scheduled by the optimizing
compilers in such a way lhat the register .looded is not referenced by the immediately following instruction. In this woy,
the interlock is ovoided, ond use/u.l computotion is performed
in porolle.l with completion of the LOAD.
You osk why it is not possible to implement on instruction
thot loods two operonds to two registers ot the some time. In
fact, LoADs ore less frequent thon your exomple suggests. Frequently one or more operonds ore olreody present in registers,
ond do not require occess to memory.
To carry out simultoneously oil o/ the octions required to
implement o "doub.le lood," consideroble odditionol hardwore
wou.ld be required. Providingfor duol occess to the coche wou.ld
require the duplicotion of essentiol.ly the entire coche ond virtuol oddress tronslotion hordwore. Memory systems ore inherently serio.l devices, becouse oll memory e.lements shore common oddressing, checking, ond control hordware. It is possible
to design memory systems that are truly duoi-ported (not just
o "multiplexed" single port), but the cost in decreosed speed or
capacity is consideroble.
Of course, to fully support "double load," the oddress ond
doto buses, the effective oddress odder, ond the doto-addressing ond register-specifying content of the instruction itself
would oll have to be duplicoted. In short, the orchitecture
supports the highest-performonce LOADthot is commensurote
with o high-speed implementation. Any odd.itional function ossocioted with LOADwould increose cost more thon it increosed
performonce, and so wouid be inodvisoble.
A key chorocterist.ic of HP Precision Architecture is thot,
unlike most microcoded mochines, the performonce of implementotions is .limited by the hordwore's obility to perform
the requested operotion, not by the controi unit's obility to
decode instructions, speci/y registers, ond sequence signais.
The best thot one con hope for is thot oll for muchJ of the
mochine's hordwore con be kept busy on each cyde by most
progroms. In generol, this objective is better sewed by simpler
hordwore configurotions thon by complex ones.

Michael J. Mahon
Manager,ComputerLanguagesLaboratory
TechnologyGroup
Information
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