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SECTION 1 Abstract

Silicon Graphics designs, manufactures and markets computational systems used bv engineers, scientists and animation pro-

fessionals for design and analvsis of iD objects and for general-purpose technical computing. By emploving RISC technology

and proprietary VLSI components to provide both high performance computing and high performance graphics. Silicon Graphics

continues to deliver the most powerful systems for engineering and sdentific applications.

The POWER Series Systems

POWER Seriesr" g'sten15 are avail:ible in three major categories: 1) POWER Station" servers which utilize advanced processor

technologi from Silicon Graphics and 2 ) POWER IRIS "' systems which couple that processing technologv with Silicon Graphics'

state-of-the-art GTX graphics subsystem and 3) POWER Center Servers and graphics systems provide the most expandable

packaging for server and graphics applications. Combining 5 new proprietary parts with an innovative architecture allows the

POWER Series to increase dr:imatical[v the compute power available in a deskside system.

Any Silicon Graphicb IRIS 4D superworkstation may be upgraded to the POWER Series with the fullv compatible

4D GTX upgrade.

The CPIi subsistem mav be configured to include any one of the following

• No 16.7 MHz RISC processors and two floatilig point coprocessors.

• One 25 MHz RISC processorandone floating point coprocessor.

• TWo 15 Mliz RISC processors and two floating point coprocessors.

• Four 25 MHz RISC processors and four floating point coprocessors

• Eight 25 MHz RISC processors and eight Aoating point coprocessors.

All POWER Series svstems also include a fully semaphored, threaded UNIX" kernel (IRIX™) and:

• 8-128 MB ECC memon'

• 170 MB to 9.6 GB disk capacitv

The GTX Graphics subsutemincludes:

• 64 image bit-planes (including 24 color bit-planes and 8 optional alpha bit-planes. double buffered )

• 24-bit Z-buffer forbidden surface removal

• 4 bit-planes foroverlavor underlaY

• 4 window ID bit-planes (not user accessible)

• Access to 16.7 million colors in double-buffered RGB mode

• 1280x1024 screen resolution

Hardwaresupportisincludedlor:

• Pixel-blending capabilitv for tri[isp:irericy effects

• Advanced lighting models

o Multiple colored light sources (upto 8)

o Ambient, diffuse. and specular lighting models

o Phong lighting

o Local viewer and infinite light Jource positioning

• Pan and zoom capabilities

• Multiniode wiiidowing environment

• Flatand Gouraudshading

• Anti-aliased lines

• High-Speed Graphics IMA



SECTION 2 Pou mpatb Multiprocessor Arcbitecture

The POWER Series provides a level of processingcapabilitynever before achieved in agraphics supenvorkstation. Combining an

advanced CPU subsystem with an enhanced version of Silicon Graphics' industry leading GTX graphics architecture, the POWER

. Series user hasthepowerrequired by today'smost demanding users. Specifically the 4D,/280GTX systemdelivers 160 MIPS

and 28 MFLOPS i sustained performance, 100,000 Z-buffered 4-sided, Gouraudshaded, Phonglighted, independentpolygons per

second, and a frame bufferaccessrate of 8 Millionpixels/second. This new level ofprocessing power is madepossible by 5 new

proprietaryVLSI parts fortheCPUas well as 7 proprietaryVLS! parts in thegraphicssubsystem.

. 2.1 TECHNOLOGY ADVANCEMENTS

The sheer speed of the new GTX graphics architecture demanded high performance processing over a high bandwidth bus.

A 3D graphics userrequires more memory, more processi ng, and more 1/0 throughput than previously available. It was vital for

Silicon Graphics tosignificantlyenhance the computation portion of the system. The result is the POWERpath™ multiprocessing

architecture, a high-power sptemdesign forthedemanding user.

POWERpath Architecture

Couplingthe world's fastest RISC microprocessors(the MIPS R2000/2010 and R3000/3010) with Silicon Graphics' proprietary

chipsandcustoms,stemarchitectureleadsto a highefficiency, highthroughputsystem. lhegoatof thearchitectureistomaximize

the resourcesavailable to the user as needed. Usingdedicated subsystems and buses forspecifictasks (1/0, memory, graphics,

etc.) avoidspenalizing otherfunctions ithe system when using the full performance of any subsystem.

Proprietary Processors

Five new prop(ietary VLSI parts in the CPU subsystem and seven proprietary parts in the graphics subsystem made this new archi-

tecturepossibleand led to reduced cost with increased reliabilityand manufacturability.

SRAM

The latest RAM technology is used to provide zero wait-state :iccess and large cachesizes for maximum cache hit rates.

ECC Memory

A new proprietary EEC chip provides"blow by" errordetection forthe memory subsystem. This allows the added ECC feature

withnomemory'speedpenaltyorextrasystemcost. »

PC Board

Silicon Graphics' own graphics technology wasused in designingthe fournew CPUatem cards. This allowed two processors

to be placed on one card, lowering cost and size requirements.

2.2 CPU SUBSYSTEM HARDWARE

The fundamental design is a tightlycoupledsymmetricshared memorymultiprocessing architecture. TheCPUsinthe 4D/210,

40/220,4D/240, and 4D/280 systems are the MIPS designed RISC processor, the R3000, coupled with a companion R3010 floating

point chip. The CPUs in the 4D/120GTX and 40/120S are the R2O00 and its companion R2010 floating point coprocessor.
Figure lis a blockdiagram of the majorcomponentsof the sptem. Several of the important busesof the system are shown

in this diagram The Sync Bus provides high speed synchronization between the main processors of the stemin support of

ftnegrain parallelism. The processor bus allowsfull speed access (zero waitstate) to instructionsanddata from the individual

first levelcachesof themainprocessors. The read and write buffersallowfortheefficientflow ofinformationbetweenthe

processors and the mainmemoryofthesystem. Thesecondleveldata cacheprovidestheadditionalbandwidthneededwithsuch

high speed processorstosupport an automaticallyconsistentshared memory computing model. The MMink Bussupportsprotocols
for consistent data sharing and high speed block data transfers among the processors, main memory, the UO systern, and the

graphicssubs)stem.



2.2.1 Processor Bus

Each processor provides both an address and a data bus(known as the Processor Bus) that can supponsustained data transfers

at 8 bytes every clock cycle. Thus aneight processorsystem has a total processor-to-cache bandwidth of 1600 megabKes per second.

The first level caches, separate instruction and data, are each 64 kilobhtes. The instruction caches are fed by a custom read-

bufferthat allows extremely fast access tosequential instructions. Thedatacache drives out through acustom write-bufferthat
buffers off the MMink Bus.

These buffers also provide a convenient point for an asinchronous interface between the processors and the Milink Bus.

The R3000 processors runat 25 Mhz, asynchronous from the MPIink Bus. Thus the speed of the CPUs in the sistem can be

increased overtime without changing the bus or memorytimings. Thisensures that POWER Series buyers can upgrade later

without replacing a large ponion of the system.

Each second level data cache is256kilobytesinsize, organizedas16linesof 16 bes each. (Second level caches in the

4D/120GTX and 4D/120S are 64 kitob,tes. The 40/21(S and the 4W210 Gn[ do not require a second level cache.) This cache provides

block transfer capability forthe MPIink Bus and provides the additional bandwidth necessary to keep all individual caches in a

consistent state.

The second level data cache watches everytransactiononthe MPIink Bus and checks for transactions involvingdam in its

data storage. Thischecking is performed by matchingevery'address on the MMink Bus with the addresses in the tagstorage
sectionof thesecondleveldatacache. Theltrst leveldatacacheis alwaysasubsetof thesecondleveldatacachesodataconsistency

isguaranteed.

In addition, since all thecaches are physical address caches ratherthan virtual addresscaches, there are noaliasing

problems caused by mapping different virtual addressestothesame physical address. The difficult system level issuesthat arise

whendealing with multiple virtual addresscachesare not present in thiss,stem.

2.2.2 The Sync Bus

The Sync Bus is designed for the smchronization needsof a multiprocessor supporting efftcient Ane-grained parallelism. It is

implemented asa proprietary Silicon Graphics VLSI part. Thegoal is for a singleapplication to be able tomake efficient use of

parallel processors evenat theindividual looplevel, inaddition tothekinds oflarger-grained parallelism foundinmany system

simulation applications and the even larger-grained parallelism found in the process structure of a UNIX™ sstem.

The Sync Busprovides65,000 individual test-and -set variables. These variables are in a special part of the phisicat address

space. They are addressed as memory and can be allocated to individual applications by the operatings)stem. They are arranged

64 toapageandcanbemappedintothevinualaddressspaceof anapplication. Theoperatingsjstemitself makesuseofthem

to provide very fine grained locks forthe control variables oftheoperatingsystem.

Figure 1; Power Series System Diagram (emplAD/2109,=4
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Theoperatings»tem is thus a very·parallel, fullysmmetric multiprocessing operatingsstem. In other words, the Silicon

Graphics version of U NIX V.3 is a well developed parallel processing application on the POWER Series-itsspeeddemonstrates
thepowerof this approach to high speed computing.

Because the Smc Bus canprovideslnchronizationoperationstoapplications with an overhead ofonlya fewcirles, many
programming and compiler techniques developed for vectorprocessors are also suitable for this kind of parallel processor.
For example, strip mining-the technique of taking a long vector and breaking it into a number of strips for use bya vector
register-can be used by taking along vector and breaking it into8strips, one foreach processor.

The Sync Busalsoprovides forthe distribution of interrupts fromone processor to another, or from the 1/0 system to
appropriateprocessors. The flexibility of the interruptdistributions,stem means that the operating system can provide scheduling
algorithms that support the power of private caches rather than disrupt it.

The MPIink Bus

The MPtink Bus is apipelined, block transferbus that supports the cacheconsistencyprotocol as well as providing64 megabytes
of sustained data bandwidth betweenthe processors, memory, 1/Osystem, and the graphics subsystem. Because the Sync Bus

provides forefftcientsmchronization between processors, the cache consistencyprotocol isdesigned tosupport emcient data
sharing between processors. If a cache consistencyprotocol had tosupport smchronization as well assharing, a compromise in
the efficiency of the data sharing protocol would be necessary to improve the efficiencyof the synchronization operations.
With separate buses foreach ithese separate functions, each buscan bedesigned foroptimal performance without compromise.

Thecacheconsistency'protocolusedissometimescalledthelltinoisprotocol. Eachsecondleveldatacachemainminsthe
state values foreachcacheline. A linecanbeinoneof fourstates: invalid, privateread, shared read, or private write. If aprocessor

writes into a shared read line, the processor must first invalidate othercopies of that cache line before the write can be completed.
Simultaneous writes into a shared read line byseveral processors will result in write missesin all theprocessorsexcept the one
which successfully acquired the Mllink Busand issued an invalidate operation on it. In addition, any sjnchronization operation

performed byaprocessoron the Sync Bus must not complete until all pending write activity by that processor is complete.
With thesesimple rules enforced bythe hardware protocolsithe Sync Busand the MPIink Bus, efficient synchronization

anddatasharing areachieved withasimple shared memorymodelof parallelprocessing. Theonlydatarnot visibletoanyprocessor
are the data in another processor's registers. These sorts of invisible data are handled bythe usual safeguards in modern
optimizing compilers.

The phsical structure of the MMink Busis 32 address lines and 64 data lines, An MPIink Bus transaction issix cycles in

length although thelast twodata transferc>rles canoverlap with the Brst two grlesof the next transaction, resulting in a
sustainable data transfer rate of 64 megal»tes per second in a veryeconomical configuration. New data arrivesin the lasttwo
cycles. Old data fromaswapped cache line is carried inthemiddle twoc, les. Addresses :ire transferred in the first twocycles.
Bus arbitration is pipelined and doesrit add to the c>rte cost of transactions.

I/0 Buses

The POWERpath™ architecture also incorporates three separate 1/0 buses; VME, Ethernet, and SCSI (Small Computer System
interface). These busesoperate independently to maximize the 1/0 throughput of the total system. The VME bus issupported via a
proprietarySGI chip (DMAP) as a full functioning, full performance VME interface. VMEsupport includesdouble and triple high
Eurocard formats asbusmastersand block mode transfer. The SCSI busprovides a low cost, standard interface for disk and tape.
The built-in Ethernet provides access to TCP/IP and DECnet™ networks.



SECTION 3 irix Opei·atiiig Systei„ A}·cbitectin·e

rhe IRIXTU kernel is designed to operate a simmetric shared memory multiprocessor efficientl· and reliabh. This is accomplished

through a software architecture which allows each processor to Independentlv execute kernel code. Independent execution allows

full use ofeach processorbythe process whichisexecuting on it. Kernel data structures are protected vialocks andsemaphores,

which allows data structures and 1/0 paths to be shared and used in parallel.

3.1 LOW LEVEL SYNCHRONIZATION

Low level smchronization b achieved through hardware-supported spinlocks. Each spinlock provides atomic access to a single-bit

flag which indicates ownership ofaresource I f thelockisheld brone processor. other processors will busy-wait. looping on

the lock until it is freed bv the owning processor. This form of synchronization is ver' useful when the waiting time will be
short, tvpically less than the time itwould take to switch contexts.

Ifaresourceistobelocked foralongerperiodoftime, asem·aphoreisusedinstead The semaphore queues a process for

access to a resource and provides fur the process to be unblocked when the owning process releasa the resource.

3.2 DATA STRUCTURE ACCESS

All shared kernel data structures, such as inodes. buffers, or process table entries, are protected via some form of lock. This

allows multiple process()rs to access the data structure in parallel without interference. This locking has been fine-tuned through-

out the svstem. The use and format of shared data structures hits been optimized to eliminate or minimize the amount of

spinlocking required

Figure 2: Multi-threaded Kernel Allows Overlapping
Computation and 1/0 Processing

Figure 3: IRIS GIX Graphics Architecture
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The kev limiter ofperformance in a multiprocessor kernel is the contention that mav occur for data structures. A fully
configured IRIX™ kernel uses over 4000 spinlocks. Lock and semaphore metering are used to insure that these synchronization
utilities are effectively utilized.

3.3 SELF-SCHEDULING PROCESSORS

The kernel maintains i single run queue for all processes. Each processor is self-scheduling. When a process blocks, that processor
can immediately search the run queue for new work and dispatch it without interaction with other processors. Each processor

is capable of executing any process which might be runnable. providing fast response and automatic workload balancing.

3.4 1/0 HANDLING

The 1/0 subsystem of the kernel is constructed to allow each processor to independently access the drivers or support code.
For instance, the buffer cache is multi-threaded. High performance drivers, such as the disk drivers, are fullv parallelized,
resulting in higher !/0 throughput. A transparent driver locking scheme is incorporated to enhance portability of existing drivers.

3.5 REAL-TIME PERFORMANCE FEATURES

The trap and svstem call handling paths in the kernel have been highlvoptimized. Exception condition handling is optimized for
the no-exception case. unlike most other UNIX based sistems. Self-scheduling processors provide an additional level of response.
since a processor can be dispatched to handle an event more quickly.

The system run queue has been reorganized asa sorted list of processes based on process priority. This provides 0(1)
algorithmic performance for dispatching processeb. which is extremely important in a self-scheduling system where multiple
processors maybe accessing the runqueue simultaneouslv Normal UNIX™scheduling is 0(11), where nis the numberof
runnable processes

3.6 PARALLEL PROGRAMMING SUPPORT

The kernel supports parallel programming bv providing a low-level resource sharing model. Parallel programming is aided bv
getting the operating svstemout ofthewin andallowing processesto synchronize independently of the kernel. Systemcalls are
expensive in anv system, and should be avoided i f the programmer desires the best performance possible from his application

The IRIX™ kernel introduces a new programming paradignisimilar to threads or lightweight processes. with little of the

additional programming burden caused bv these schemes. This paradigm, called process share groups ( ·· Beyond Threads:
Resource Sharing in UN IX,' Winter 1987 USENIX Con ference ), allows a process to share manv of its resources, such as the virtual
memory address spice, file descriptors, user and group IDs, working and root directory and others. Within the kernel, virtual
address sharing is acconiplished by sharing the kernel memorv management structures between the processes, and providing simple
locking for those structures,

Since other resources mav be shared as well it is possible to construct many sophisticated applications, such as network
servers or asynchronous ]/0 handlers, with a minimum of effort.

3.7 TRANSLATION LOOKASIDE BUFFER SYNCHRONIZATION

The translation lookaside buffer (TLB) b a cache of virtual to phvsical address translations that is used bv the processor to speed
virtual memory handling. This cache is managed entirely bv software. Hardware smchronization is costly in terms of both dollars
and performance. IRIX™ manages all TLBs in all the processors as a distributed resource. ("Translation Lookaside Buffer

Management in a Multiprocessor Svstem,+ Winter ]987 [SENIX Conference Proceedings). TLB flushing is minimized through a
sophisticated algorthm The usual, low performance solution of TLB flushing on context smtch is totally avoided.

3.8 GRAPHICS SUBSYSTEM SUPPORT

Support of the GTX graphics subsuten] is integrated into the IRIX multiprocessor kernel. The graphics subsystem can be driven
from anv processor on deniand. Access to the graphics pipe is achieved through direct mapping of the pipe to the user's address
space. Management of graphics context switching is handled fullv bv the kernel.

['he graphics subs ystem 15 also capable of direct DMA to the frame buffer. This is supported in the kernel through direct
mapping of the user's buffer for DMA operations, which avoids at] data copying.



SECTION 4 Grapbics SystemArchitecture

4.1 GRAPHICS HARDWARE ARCHITECTURE

The Gn[ graphics architecture is an enhanced implementation dfthe industry leading GT architecture from Silicon Graphics.
Through its useiparaltelprocessing technology and 50 proprietarygraphics processors, the GTX architectureallowsusers to
interact with complex 3-dimensional images in real-time, under direct input device control.

Graphics data are processed by four pipelined graphics subsystems before being displayed on the screen:
• Geometry Subs,stem

• Scan Conversion Subsystem

• Raster Subsystem

• Display Subsystem

The Geometry Subsystem converts the 32-bit or64-bitgraphicaldata toscreen space data. The Scan Conversion Subsystem
then breaksdown points, lines and polygons into pixel data which are then fed to the Raster Subsystem, where the Z-buffer
removes the hidden surfaces. The Raster Subsystem alsoperforms various blending functions on apixel-by-pixel basis asthe
pixels are writtentothe image bit-planes, or frame buffer. The Display Subsystem then displays the contents of the frame buffer
on the color monitor.

4.1.1 Geometry Subsystem

The geometry subsystem is connected to the CPU subs)·stem by the 64-bit MMink Bus. This subsystem performs the specified
transformations and lighting computations on the world coordinate geometric data before sending the screen-space data to the
Scan Conversion Substem. The graphics processing in the Geometry Subsptem is performed in the GeometryPipeline7 a serial

configuration of proprietaryprocessors capable of delivering 100 million floating point operations per second (MFLOPS) ofgraphics
processingpower.

Geometry Pipeline

The Geometry Pipeline™ processes a stream of high levelgraphicscommands with five Geometry Engines(GB), each of which
is a proprietary processor capable of 20 million floating point op erations per second (MFLOPS). Every Geometry, Engine in the
pipeline includes local memory for loadable microcode and dam.

The first GEuses

• a 4x4 coordinate matrix stack to rotate, translate and scale 2D and 3D homogeneouscoordinates,
. a 3x3 normal matrix stack to transform surface normals

Thesecond GE performs lightingcalculations. it supports up toeightpoint-source lights; material specifications including
ambient, diffuse andspecular reflectance; and lighting model information. The resultof the lighting calculation is eithera
quad set of four 8-bit red, green, blue and alpha values(in RGB mode) ora single 12-bit color index(in color index mode).

The third GE clips coordinates to a 6-plane bounding box, A fast accept/reiect clip-checking algorithm eliminates the need
forcomplex clipping calculations inmostcases. When complex clipping is required, the affected vertices are forwarded tothe
fourth GE, which performs the actual clipping calculation. The fourth GE also performs perspectivedivision.

The fifth GE calculates depth-aued color values and clips color components to a maximum value before converting all
coordinates to screen space integers.

4.1.2 Scan Conversion Subsystem

Screen coordinates sent from the Geometry Pipeline™ to the Scan Conversion Subsystem specify the verlices of points, lines and
polygons, The Scan Conversion Subsystemperforms thecalculations required toreduce vertexdam to individual pixels. Each pixel
is assignedan X, Yand Z coordinate and an R, G, B and Alpha value. Color data are always linearlyinterpolated between venices
and between the edges ipolygons.



Thetaskof scan-converting polygonsisperformed inthreestages. each performed byoneof three specialized processors:

• Polmon Processor

• Edge Processor

• Span Processors

The Polgon Processor sorts the incoming verticesof polygons from left to right. The sorted vertices are then decomposed

into the vertices of trapezoids before being used to calculate slopes and Z,R,G,Band alpha values.

The Edge Processoruses the vertexandslope information tocompute X, 3; and Z coordinates and color values foreach

pixel that lies between the twovertices. The results of these calculations are used bythe Edge Processortocalculate Z coordinates

and color values foreverypixel alongeach vertical span of 1024 pixels.

The Edge Processor passes span coordinates andslopes to one of Ave parallel span processors. Span Processor 0 manages

spans 0,5,10, etc. Span Processor lmanagesspans 1,6,11, etc. Since spans generated fromasingle polygon are alwaiadjacent

the span processing load is evenly distributed across the live processors.

4.1.3 Raster Subsystem

The Raster Subsystem contains 20 Image Engines, each of which controls 1/20thof thepixelsonthescreen in aninterleaved

pattern of 2-dimensional sections. A single Image Engine owns 65,536 of the screen pixels; each pixel is associated with 96 bits
ofdata. Each pixel's96 bits are organizedas follows:

• image bit-planes: 32 bits of R, G. B and optional Alphal information per buffer (2 buffers); supports either double-buffered

32-bitcolor (R, G, Band optional Alpha) ordouble-buffered 12-bit color index modes of operation.

• Depth planes: 24 bit Z-buffer

• Overlay/Underlayplanes: 4 bits

• Window planes: 4 bits

An additional featureofthe Raster System is the fast pixe! read and write rate. The pixelwrite rate is 16 million pixels per

second in image mode. This allows the hardware to implement a real-time pan and zoom capability by reading pixels from the

frame buffer, replicatingthem, and writing them back to the frame buffer.

4.1.4 Display Subsystem

Five Multimode Graphics Processors (MGPs) concurrently read thecontents of the Image and Window Planes. These MGPs allow

simultaneous display of up to 64 different windows in variouscolor modes. This allowsusersto display both static and dynamic

images without having to consider the under],ing color representation scheme.

The GTX graphics subsystemdisplaysmultiple imagessimultaneously in an overlapping window environment, in single

buffered RGB, double buffered RGB, single buffered coloNndex and double buffered color-index color modes.

(Formore information on thegraphicsarchitecture, see "IRIS GT Graphics Architecture: A Technical Repon.")

4.2 GRAPHICS SYSTEM SOFTWARE ARCHITECTURE

The IR]X™ graphics system software manages the graphics subs}stem, as well as providinga high-speed path fordelivery of

graphics data to the subsystem.

4.2.1 Graphics OMA

To achieve the graphics performance possible with the GTX, it isnecessarythat an orderof magnitude more data bedelivered to

thegraphics system in the same amount of time. One keyelement in delivering this data isoptimization of the graphics hardware

toaccept venices asthebasic drawing primitive. Takentogether, asetof vertices describes apolygon that thehardwaredraws

and fills asappropriate. Each venexmay haveseveral pieces ofinformation, such as location, color and normals for lighting.

Each piece iinfonnationcan be delivered tothegraphicssubsystemthrough a DMA transaction, which allows overlap

between moving the dam andsetting up the next vertex. Each transactiontypicallymoves four 32-bit words ofdata. These four

words are enough to describe the location (<x, y,z,w>), orthecolor(<r,g, b, a>).

This DMA transaction is initiated by tile processor through a single load instruction to prime the DMA engine, followed by a

store instruction to the addressof the vertexinuser virtual memory. This triggers the DMA transaction immediately. This allows

the user total freedom in placementofgraphicsdata in his address space. Atl this occurs within the Graphics Library, transparent

to tile user application, requiring nospecial coding techniques.



Pipe Access and Feedback Areas

Thegraphics pipe ismappedintotheuseraddressspace, along,Yth aseparateponionimemorycalledthe feedbackarea,
Thepipecan thus be accessed either directly(forshoncommands) orindirectly through graphics DMA (forhigh speeddrawing).

In addition, each process usinggraphics has a private communication area with the graphics mapped into its addressspace.
This feedback area is used to return results of queriesor other interaction with thegraphics subs,stem.

Graphics Context Switching

The graphics subsystem supports up to 16 contexts in p aral lel within the graphics subsystem. Additio nal contexts maybe managed
in a"virtual context" mannerbyswappinganentiregraphics hardwarecontext asneeded.

As the kernel context switches among processes using thegraphics hardware it informs the subsystem of each host context

switch, which resultsin a parallel context switch within the subs>xtem.

Graphics processes without a current context in the subsystem have the pipe and feedback areas unmapped from their virtual

address space. Thus they may continue to run and processdata as longas no graphics access is made. If graphics accessis

attempted, apage fault occurs, theprocessis blocked, and the window manager informed of theevent. The window manager
can then schedule the process to a hardware context as desired.

Kernel Graphics Management

Many implementationsof graphics under UNIX™ Ireat the graphics subs,stem as iust anotherdevice, and force ali management
tobedoneatuserlevel. Thisapproach hassevere drawbacks. Forinstance, heavycontextswitchingbetweenthe usertevel processes

and thegraphicsmanageris often seen. This approach makes consistent and integrated graphicssuppon difficult or impossible,
The ]RIX" kernel integrates graphics management into the basic functionalityofthe kernel. This is not the simple "text

output" modeof manyprimitive graphics subsystems-the GTX graphics subs>stem knows how to draw a simple character set on
itsown. Instead, a sophisticated protocol for controlling graphics operation is built intothe kernel. Swapping bufferson vertical

retrace, exceptions in the pipe, and other conditions result in interrupts to the host, which are then handled with high

level protocols.

Asmentioned above, graphics context management is integrated into the kernel as well. This provides the high performance

andsmooth operation of multiple independentgraphics windows that is the hallmark of the GTX graphics subs,stem.



SECTION 5 BenejitsofSysten Design

5.1 SIMULTANEOUS ANALYSIS AND GRAPHICS

Bycombiningtightlycoupledprocessorssharingacommonmemorywith fastaccess tolhegraphics pipeline, it is possible to

support multiple processes using the CPUandgraphicssubs)stems simultaneously. Ownership of the graphics hardware can be

allocatedbetween competing processeson a percontextswitch basis. While one process is accessing the graphics pipe, others

can be taking full advantage of the other CPUs and FPUs.

like, for example, a two process application, onedrawing while the other rendersthe next frame. The analysis process has

the full power of up toseven CPWFPUpairs, while anotherisdrawing the previous frame at full speed to thegraphics pipe.

5.2 LEVELS OF PARALLEUSM

In order toprovide linearthroughput increases with multiple processors, it is important toexploit the hardware parallelismin
thes,tem. in the IRIX™ Ftem, this isaccomplished byprovidingthree levels ofsoftware parallelism: a multi-threaded kernel,

explicit parallelism constructs for user applications, and a data-directed parallelizing FORTRAN compiler.

5.2.1 Multi-Threaded Kernel

At the heart ofall POWER Series s),tems isthemulti-threaded kernel, which permits multiple processestobe running simultaneously

in both User and System space.

As processes become eligible to run, the first available CPU picks up that process and begins to execute it. Which CPU that

process was running on previouslyis immaterial except in so far as the kernel utilizesacache amnityscheduling algorithmto
match processes to their previous CPUs to maximize cache and TLB hit rates.

All CPUs can access the graphics pipe or 1/0 subsystems simultaneously providing a s>nimetric rather than a master/slave

arrangement. This makes it unnecessan'to switch aprocess fromone CPU toanother when it accesses an 1/0 device.

The multi-threaded kernel provides high bandwidth system access. Processes enter the kernel onthe CPUtheyare currently

running on, perform thesystemservice, and return.The individual data structures(such asprocessblocks, inodetable, buffer

 cache, etc.) are semaphored so that multiple CPUs can beexecuting the panicular code simultaneously. Contention for operating
system resources is regulated via the use of spinlocks and semaphores,

5.2.2 User Directives

The multi-threaded [R[X kernel provides aseamless wayto increase throughputof a multi-userand/ormultiple processenviron-

ment. But it is alsodesirable to increase the throughput of a singleprocess application.

This is possible using the multi-processing library"libmp" Which includes suppon for application level spin locks, serna-

phores, shared memory anddynamic allocation. Italsoincludes a full"libe' with the most often used libraryroutines semaphored.

Synchronization is possible between both share group processes and unrelated processes. This provides a quick way for

existing multi-processapplications (forinstance, an analygs process talking to a display process) to exploit themultiple processors-

usingtheprimitives in the"libmp;' ashared region canbe created between them. If anysynchronization is required (over and

aboveasimple producer-consumer queue) spinlocks andsemaphoresare available. Forsimplesynchronization, shared memory

may also be used.

With the newarenuma#oco library call, dynamic space maybe allocated inside thisshared space. Thus existingcom-

munication mechanisms such aspipes, sockets, orfilescanbereplaced with a high bandwidth memorymessagingscheme.

If the application is asingle large process, then the explicit multi-threading afforded viasharegroupscan be used. If a
processexecutes an sproc(2) system call then ashare group is formed. Anynumberof processes/sharegroup members maybe

created, and each will runon a separate processor (up to the number ofprocessors).

A share group, byvirtue of a commonaddressspace and file descriptors, can execute parts of an application in parallel. For

instance, one pancan performdatageneration while the other isdispla,ing the data. Synchronization isagain perfonned using

either memory, orthelibmp spin locks and semaphores. Using libmp, share group membersmayalso requestsystemservices,

since thelibrary routinessuch asmalloc, perror, and printfhave allbeensemaphored.



5.2.3 Parallelizing Compiler

The IRIX™ kernel supports a sophisticated program developmentenvironment, basedon the MIPS compiler suite. Multiple

language front ends conven each language to acommon intermediate form which is then handled bycommon tools for optimi-
zation and code generation.

The MIPS optimizerprovidesseverallevels ofoptimization. Likeothersystems, local optimizationandpipeline scheduling

is performed easily. In addition global optimizationand procedure inlining are alsosupponed, allowing theprogrammerto
achieve extremelyhigh performance levels.

Layered on top of the FORTRAN frontendisthe POWER FORTRAN accelerator. This data flow analyzerisoneof themost

sophisticatedanalysis tools available forproducing parallelized FORTRAN. lts outputis parallelizationdirectives interspersed in

the original output file. These are recognized bythe FORTRAN front end, which generates appropriate common intermediate
code containing parallelization directions. The common code generator then produces parallelized code which takes direct
advantage of operating system thread support and hardware locks.

Incases where the automaticanalperis unable tosafely parallelize apiece of code, the usercan explicitlyadd paralleliza-
tiondirectives to hiscode if he knowsthat the section of code is indeed safe toparallelize. The directives used are thesame as

the analyzer uses and thus are treated identically in the common processing steps.

A parallel processing libraryhas suppon forshared address processes, semaphores, spinlocks and barriers. A fullysema-

phored standard C library completes the software support for the procedure level model of parallelism.

As a result of this strategy, theoptimizercan be used directlyto furtherenhance the performance of parallelized code.

As technology becomes available toparallelize other languages, they can beadded to the compilersuite easily, leveraging offthe
existing parallel programming support.

5.3 1/0 THROUGHPUT

The hardware interface forthe primary !/O-SCSI Ethernet, and VME-provides a parallel interface to the kernel. Multiple

drivers can be talking to the different 1/0 subs),tems at the same time. Interrupts from different devices (including each device
on the WIE) are routed to di fferent processors so that interrupt servicing is also distributed.

Multiple processor 1/0 access is combined with stateof-the-an disk controllers to provide control iup to four disks per
controller, each with full trackcaches, overlapped seek optimization, and disk sorting. This combined with the IRix EFS file

system provides up to 2000 Kbytes/sec. per controller through the file stem (using SMD disk drives). Even using only a single
SCS[ disk drive, filesystem throughput surpasses 1000 Kbytei/Sec.

Networking is supported viaan integral Ethernet adapter, access to which is completely independent iaccess to the WIE

adapter. The SCSI adapter, useful forcartridge tape and lowerspeed disks is also independentofother 1/0 activity.

Devices on the VME bus that dott supp on page scatter-gather DMA can still be utilized as high speed controllers byusing

the integral hardware page maps. tbfurtherspeed reads froman UO device the hardware detects data in thecachesthat is

going to be made 'stale' by the read request and invalidates it. This eliminates the need forthe operating sistem to do acostly
cache flush.
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SECTION 6 Ne,r iRIX Ope}'ati}ig Amte}}1 Fecitirres

The IRIX™ operating system is based on ATRT System V [ NIX, Release 3 1. This version of INIX™ has a substantial set of features

to easilv support both the programmer and the user. In addition to these features. the tollowing facilities have been added to

further enhance the value of the bvstem.

6.1 PARALLEL PROGRAMMING SUPPORT

To take full advantage of a multiprocessor, a parallel programming model which is easy to use and powerful is necessary. This is

accomplished through several levels of new functionality.

Process share groups provide a lightweight processing facility with all of the advantages of thread-like schemes and little

of the burden. A parallelized version of the C libran is available for using in a threaded process to insure that commonlv used

facilities like Standard 1/0 and mal/uy ) are available and work as expected. Arena based memorv allocation is supported.

Included in the parallel C libran are locking and semaphore primitives which operate without kernel interaction. This

avoids performance penalties for invoking kernel facilities. The primitives include debugging support to ease tracking down

problems in complex multi-thread applications. In addition, metering is available to determine the usage and contention of serna-

phores and locks for fine-tuning an application

6.2 REAL-TIME PROGRAMMING SUPPORT

Several features of IRIX™ provide support for high-speed interactive and control applications.

Non-degrading prioriles provide i method for the programmer to precisely control the prioritv of his application in relation

to other processes on the svstem. Normal problems associated with the standard UNIX™ scheduling paradigm can be avoided.

High-precision timing is supported through one millisecond accuracv of the inne reporting mechanism. as well as being

available through a signal-based timer facilitv based on Berkeleyitimers.

Fine-grained memory locking allows the programmer to insure that critical code or data is alwavs memorv resident.

Mapped files and devices provide the programmer access to files or phisical devices as if they were part of the process

address space. Complex file manipulation is simplifted, and devices can be accessed and managed directly from user level.

6.3 BERKELEY FEATURES

Manv features of BSD 9.3 are supported in IRIX™ job control. 4,3 networking facilities. and man, Berkelev commands are sup-

ported. For the programmer. BSD 4 3 system calls are supported where thev do not conflict with System V semantics.

6.4 LANGUAGE SUPPORT

IR]X™ supports C. FORTRAN 77 with ™S extensions, Pascal, ADA, and PL' 1, This bupport iS integrated with the multi-process

graphical debugger Edge, which is based ona multi-process version of dbx. This debugger also allows attaching to an arbitran

running process. which Ts convenient for debugging denions. Many processes may be debugged in a single session, even though
they are unrelated.

6.5 FILE SYSTEM ENHANCEMENTS

The EFS extent-based file system provides high levels of throughput for both computational and graphics programs. EFS supported

symbolic links and long filenames. While extremely large block sizes are used to enhance throughput. EFS can deal with a frag-

mented disk easily. The user can use the entire disk with only a moderate loss in performance.



SECTION 7 Syskwi Compatibilih

7.1 PRODUCT LINE COMPATIBILITY

Compatibility between atl 4D products is provided via shared libraries, which serve both to reduce the size and disk space require-
ments of a program, as well as hiding system differences from programmers. This provides binary compatibility across the

entire 4D product line, including Personal IRIS models, all 41) Superworkstations andall POWER IRIS and POWER Station systems.

7.2 UPGRADABILITY

The POWER Series systems are 100% binary compatible with al] IRIS -48 systems. No code changes are required when moving
from one machine to another
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