Overview of Motorola and IBM’s PowerPC Architecture

CS350: Computer Organization

Spring 2002

Section 1

Wesley Davis

Table of Contents


I. Introduction and History

· IBM POWER
· IBM, Motorola, and Apple: The PowerPC
· PowerOpen Environment specification
· Taligent operating system
· Common Hardware Reference Platform (CHRP)
II. Generations of the PowerPC

· G1: 601, 4xx, 5xx, 8xx

· Single-chip POWER implementation

· G2: 602, 603, 604, 620, 5xxx, 82xx

· First 200MHz desktop CPU

· First 300MHz embedded CPU

· Non-Motorola/IBM G2 chips

· G3: 74x, 75x

· First MP-supporting PowerPC

· World’s first copper-based CPU

· First 400MHz embedded CPU

· First 1000MHz CPU

· G4: 74xx

· AltiVec technology

· G5: 8500

· 64-bit clean

· 1GHz+ clock speed

· G6

III. PowerPC Platforms

· Apple Computer

· PowerMac, PowerBook, iMac, iBook

· Macintosh-compatible clones

· BeBox

· RISC workstations

· IBM RS/6000

· Embedded platforms

IV. Operating Systems for PowerPC

· Apple MacOS

· MacOS 7, 8, 9, X

· Microsoft Windows NT

· NT 3.51, 4.0

· BeOS

· IBM

· AIX

· OS/2

IV. Operating Systems for PowerPC (cont.)

· Unix-like operating systems

· BSD

· Linux

· AmigaOS, LynxOS, QNX, etc

· Embedded operating systems

· VRTX

· Nucleus

V. Benchmarking the PowerPC

· BYTEmark

· SPEC95

VI. Summary

VII. Bibliography

Introduction and History

Probably the most well known application of the PowerPC (PPC) processor to the general public is through Apple Computer’s current line of PowerMac computers, currently utilizing fourth-generation (G4) PowerPC processors, but the PowerPC was not an innovation of Apple’s, nor are they by far the only systems to use this CPU.

The history of the PowerPC begins over a decade ago, in 1990. After IBM’s mostly failed attempt at a RISC-based workstation, the PC/RT based on their ROMP CPU, in the early 1980s, they decided to seriously attack the high-end RISC workstation market by developing their POWER CPU series, which would be used in the RS/6000. POWER was an acronym for “Performance Optimization With Enhanced RISC”, but instead of RISC standing for the widely accepted “Reduced Instruction Set Computer”, IBM’s take on RISC for the POWER was “Reduced Instruction Set Cycles.”  The first POWER processor, the POWER1 was introduced in 1990.

In 1991, Apple Computer came to IBM seeking a RISC solution for their machines, currently using Motorola’s 680x0 processors The 68K processors were of CISC, or “Complex Instruction Set Computer,” architecture, similar to Intel’s x86 processors. Soon after, Apple, IBM, and Motorola jointly signed an accord to develop the PowerPC, the PowerOpen specification, and an object-oriented platform-independent operating system. The PowerPC architecture was a workstation-oriented, single-chip version of POWER, that defined an instruction set architecture (ISA) so other manufacturers could, in theory, design and produce their own PowerPC processors.

The PowerOpen Environment (POE) specification is an open system definition containing APIs and ABIs, derived from IBM’s AIX operating system.  POE was to require a multi-user, multitasking operating system, based on the PowerPC architecture, and have platform-independent binary compatibility. The OS was to be written by IBM and Apple (under the name Taligent) would adhere to the PowerOpen spec. Taligent, however, dissolved in 1995, and shortly thereafter, IBM, Motorola, and Apple defined the Common Hardware Reference Platform (CHRP), specifications for the PowerPC platform. The CHRP included support for Apple’s MacOS (version 7 and beyond), Microsoft Windows NT, IBM’s AIX and OS/2, Sun’s Solaris, and Novell Netware, omitting Microsoft’s other, x86-only operating systems, Windows 3.1 and Windows 95.

PowerPC’s official birth into the world occurred in 1993, when Motorola shipped the first of the first-generation PPC chips, the 601. Also that year, both Apple and IBM gave demonstrations of their new PowerPC-equipped computers. The revolution was just beginning.


Generations of the PowerPC

Motorola’s PPC 601 was the beginning of the G1 (generation-one) PowerPC processors. The 601 was the initial result of IBM and Motorola’s work to make a single-chip version of POWER. The 601 was initially produced using a 0.60µm process, range in clock speed from 33MHz-120MHz. It had one future revision, the 601v. The G1 processors also currently include Motorola’s 821, 823, 850, 860, and 862 in the 8xx series, Motorola’s 5xx series, and IBM’s 4xx series. The 8xx series is designed for embedded/integrated solutions for the communications and consumer markets, and the 5xx is targeted for the transportation industry. IBM’s 4xx’s are designed especially for embedded applications. IBM used the 601 in it’s RS/6000 machines in 1993, and in 1994, Apple released it’s first PPC computer, the Power Macintosh 6100, running a PPC 601 at 60MHz, later at 66MHz.


The immediate successors to the 601 that made their debut in 1995 were second-generation (G2) processors. The 602, 603(e), 604(e) were commonly used in workstation/consumer applications, and the 620 in servers. The first G2’s were manufactured using a 0.50µ process, and have clock speeds up to 300MHz. The 6xx G2’s were essentially low-power versions of their POWER counterparts. The 603 also appeared later in embedded fashion, with the E603e. Motorola’s G2 processors also include the 8240, 8245, 8255, 8260, 8264, 8265, and 8266 in the 82xx line, and the 5xxx line. The 82xx line was designed for similar purposes as the 8xx and the 5xxx similar to the 5xx series.

Third-party companies, under license from Motorola and/or IBM also produced a limited number of G2 processors, such as the 603q and x704. The 603q was essentially a variation on the 603 core, and had some features from the 602. The x704 was designed and produced by Exponential, Inc., based on the 604 core. Exponential had slated the x704 to run at clock speeds of 466MHz, 500MHz, and 533MHz when fastest existing PPCs were running at 200MHZ. However, by third-quarter 1997, the x704 had yet to reach a speed faster than 410MHz, and by that time, the 604e and 750 (G3) were already surpassing the x704. Apple dropped support of the x704s, and Exponential later went out of business as a result.

The G2’s had their share of breakthroughs in their time, with the E604e and 604e. In May of 1996, Motorola and IBM released their enhanced 603e and new 604e, both of which could attain clock speeds of 166MHz, 180MHz, and 200MHz, making the PowerPC the first desktop CPU to reach 200MHz. The 603 was still alive and well two years later, and in May 1998, the E603e became the first embedded processor to reach 300MHz.


The G3 processors, having made their debut in late 1997/early 1998, were immensely popular in Apple products. Initially fabricated using a 0.27µ process and based on an improved 603 core, the G3 processors were commercially available in clock speeds ranging from 166MHz to 600MHz, and supported a backside Level-2 (L2) cache. The G3 family featured the 740, 745, 750, and 755 processors. The 75x’s found their way into consumer and commercial applications, while the 74x’s were for embedded systems. The G3 line were the first PowerPC processors to natively support multiprocessing.

IBM broke new ground not once, but twice with the 750, first in 1998 with the announcement that the 750/400MHz was the world’s first copper-based CPU, which enabled them to be produced on a smaller die (0.18µ by 1999) and consume less power. The 740, also copper, became the fastest embedded processor at the time, clocking in at 400MHz. IBM’s second piece of Earth-shattering news came in October 2001, announcing that using copper interconnects (developed by IBM in 1998) and new silicon-on-insulator (SOI) transistors (also pioneered by IBM), the PPC 750FX could operate at speeds up to 1,000MHz (1GHz). The 750FX was manufactured using IBM’s own 0.13µ process, and IBM claimed it could consume up to 50% less power than exist G3s and perform up to 30% faster. Running at 800MHz, the 750FX consumed only 3.6w of electricity, making it more power-efficient than much of its competition.

The fourth-generation (G4) breathed new life and power into the PowerPC just as MMX had revitalized the Intel-compatible x86 architecture with an extension set of instructions to the PPC ISA, collectively titled AltiVec. AltiVec is based on Single-Instruction Multiple-Data (SIMD) technology (like Intel’s MMX) and introduced thirty-two new 128-bit registers, new data types (packed byte, halfword, word integers, packed IEEE single-precision floats), vector math unit, saturation arithmetic, and other new features. All in all, AltiVec encompasses a total 160 new CPU instructions for the PowerPC. The one downside is, existing programs need to be recompiled or rewritten to take advantage of AltiVec features. Apple identifies the AltiVec enhancements in its G4-equipped machines with the name Velocity Engine.

The G4 processors encompass the 7400, 7410, 7440, 7450, 7451, and 7460. G4 processors are manufactured using a 0.15µ copper process and have and on-die L2 cache. G4s debuted at 300MHz commercially and are currently available up to 1GHz and in multiprocessor configurations. SOI transistor technology will be used to produce future G4 PowerPCs. 

Fifth-generation PowerPC chips are currently being released by Motorola and IBM. G5 processors are produced with a 0.13µ SOI process, and are designed to be 64-bit clean. Current G5 processors range from 800MHz to 2GHz, the fastest of which being 
the PPC 8500 hitting 2.4GHz. Most 8500s run at 1GHz, 1.2GHz, 1.4GHz, and 1.6GHz. Implementing AltiVec on the G5 had been somewhat of a problem for Motorola, as AltiVec performed on the 8500 at about 85% of its performance on the G4 7460, during early revisions of the 8500 chip.

Sixth-generation G6 processors are on Motorola’s roadmap for the PowerPC, but production has not began on them as of yet.

PowerPC Platforms


Apple Computer and IBM were the first two computer manufacturers to use PowerPC chips in their machines, as they were two of the main players in designing the architecture. Other manufacturers, whether by making clones of existing platforms or coming up with completely new ones, have made the PowerPC no stranger to various applications.


The first PowerPC-equipped Apple was the PowerMac 6100, released in 1994. The 6100 featured a PPC 601 running at 60MHz (later 66MHz). Apple later went on to include 603 and 604 processors in future PowerMac and PowerBook (Apple’s main portable line) computers. Apple also used the PPC 750 in several machines, including the PowerMac G3 and PowerBook G3, but the most notable use was in the first series of iMac computers, followed by the iBook portables. Apple currently uses various G4 processors in its PowerMacs, PowerBooks, and second-series iMacs. Apple’s latest offering of PowerMac G4s include various dual-processor configurations, including MacOS X servers.


For a period between 1995 and 1998, Apple had licensed its operating system, the Mac OS, to various other manufacturers that sought to sell Macintosh-compatible computers. One such Mac-compatible vendor was Motorola, to whom Apple licensed their OS in 1996, released their StarMax line of Mac clones in early-mid1997, only to exit the Mac-clone arena later in 1997. Other such Mac-clone vendors included Daystar (responsible for the first multiprocessor Macintosh systems), Power Computing, Radius, Umax (SuperMac line of computers), and electronics giant Pioneer.


A somewhat well-known yet failed PowerPC platform was the BeBox, from Be, Inc. The original BeBoxes featured dual 603 processors running at 66MHz or 133MHz, and otherwise standard hardware, including PC-style keyboard and mouse ports, as opposed to Apple’s ADB (Apple Desktop Bus). The BeBox also featured ISA and PCI bus slots, SCSI controller, floppy, and a custom interface called the “GeekPort”. The BeBox was compatible with PC-style hardware, including ISA modems, Novel NE2000 network interface cards, PCI video cards (the BeBox had no internal display hardware), and sound cards. The BeBoxes ran a custom operating system, not surprisingly called the BeOS. BeOS had a Unix-like filesystem and command-line (using Bash, the Bourne-Again Shell) with a user-friendly, almost Macintosh-like GUI. In the mid-1990s, Be decided to exit the hardware market and focus primarily on marketing BeOS to PowerPC users.


IBM and other lesser RISC hardware manufacturers produce PowerPC workstation-oriented computers that can run a variety of operating systems, most of with are Unix-like. An example IBM PPC workstation would be their well-known RS/6000 series, which went PPC in 1994, and was one of the reasons POWER and PowerPC were originally developed.


Certain PowerPC processors, from G1 to G3 are used in various embedded applications because of their very low power consumption. The G5 is also designed with embedded purposes in mind.


On a more entertaining note, IBM recently designed a special 405MHz, 0.18µ copper PowerPC chip, named “Gekko”, to power the GameCube, Nintendo’s latest videogame console offering.

Operating Systems for PowerPC


Again, because of Apple Computer’s backing and use of PowerPC processors in their line of computers, one of the most well known PPC-specific operating systems is the MacOS. MacOS 7 was the first version with PowerPC support, and later OS 8.5 was the first to be PowerPC-only (OS 8.1 was the last version that would run on 680x0 hardware), followed by OS 9 and the newest OS X.


Some people that may not have previously known would be shocked to find that Microsoft Windows NT also ran on PowerPC hardware in addition to x86 computers. Windows NT 3.51 and 4.0 had support for x86, PPC, Alpha, and MIPS processors. Windows NT, or New Technology, ran on its own 32-bit kernel, instead of relying on a DOS core (such as Windows 95, 98, ME). NT came in Workstation, Server, and Enterprise Server flavors, in an attempt from Microsoft to compete in the high-end market that was mostly dominated by different Unix operating systems. Windows 2000, what would have been NT 5.0, only has support for x86 processors, as does Microsoft’s later NT-based OS, Windows XP.


The dual-603 BeBox ran its own custom operating system, the BeOS. Be, Inc., eventually exited the hardware market and went strictly-software. In 1997, however, upon the return of Steve Jobs to Apple, Apple stopped furnishing Be with newer PPC specs, starting with the G3/750. Without the ability to support new PowerPC hardware, Be began writing its OS software for x86 computers, with some success. Be later sold all of its materials and assets to Palm, Inc., and shortly after closed their doors to business.


IBM made versions of their AIX operating system for their PPC-based RS/6000 computers, and versions for Apple PowerMacs. IBM also produced PowerPC versions of OS/2.


A variety of free Unix-like operating systems exist for PowerPC hardware, and a multitude of other platforms. Among the BSD-based operating systems are FreeBSD, NetBSD, OpenBSD, and Apple’s own Darwin, which makes up the core of MacOS X. Linux, first developed on x86 hardware, now compiles and runs on various hardware, including PowerPC. The two main distributions/variations for PowerPC are LinuxPPC and MkLinux. Other Unix-like operating systems for PPC include the workstation-popular AmigaOS, LynxOS, ChorusOS, OS-9 (not to be confused with Apple’s MacOS version 9), PowerMAX OS, and QNX Neutrino.


Embedded systems have needs for operating systems that meet the precise needs for their function, and two major ones for embedded PowerPC are VRTX and Nucleus.

Benchmarking the PowerPC


Even a versatile processor such as the PowerPC, having been designed by well respected, pioneering chip manufacturers such as IBM and Motorola have to be tested against what the competition can offer. The main competitive CPU types for the PowerPC are the Intel-compatible x86, Sun’s SPARC, and the Digital Equipment Corp. (DEC) Alpha. The Standard Performance Evaluation Corporation (SPEC) has a series of benchmarking and test utilities that can be compiled and ran on essentially any hardware and operating system, as a way to have a standardized performance test on different hardware types and platforms. BYTE magazine also makes their own cross-platform BYTEmark CPU test program for benchmarking.

Byte.com, the website for BYTE magazine had an article detailing the benchmark results of from BYTEmark on PowerPC, x86, MIPS, and Alpha processors. The PPCs analyzed were two 604 133MHz and a 604 100MHz. The x86 participants were a Pentium P5 133MHz and a Pentium-Pro P6 150MHz. Also tested were a MIPS R4400 at 200MHz and two Alphas, a 21064A at 275MHz and a 21164 at 266MHz. BYTEmark tests integer math functions and floating-point math functions. Figure 5.1 shows the results of the BYTEmark test.

[image: image1.png]ilestiResults:iPowerP.CJ6 04 kv ST helO therfGuys]

BYTEmark Tests Better B

Austin PowerPlay2
(dualPowerPC 684/133)
1BM Personal Computer
Power Series 85
(PowerPC 694/133)
Motorola Powerstack
E 604- 1007

(PowerpC 604/188)
Gatewsy 2080 PS-133L
(Pentiums133)

Intel Referente system
(Pof15a)

W nteger inden

Netpower Fastseries 1P [l Floating-point index
(Mips Pad08/208) (9812 pentium=1)

BTG Action AHF2TS
(Aiph 210648/275)

Deskstation Raptor 3
(Aipha 21164/266)





Figure 5.1 – PPC, x86, MIPS, and Alpha BYTEmark benchmark results
Source: www.byte.com


The benchmark result graph shows that the IBM PowerPC 604 had a higher score than its Intel counterpart of the same clock speed, the MIPS processor of a higher clock speed, and one of the higher-clocked Alpha CPUs. Even the 604 at 100MHz scored higher than the Intel Pentium-Pro at 150MHz. The single-604 having a better score than the dual-604 is puzzling however. It is possible that the BYTEmark program is not multithreaded, or not designed to be ran on a multiprocessor computer. The Alpha 21164 scored much better than any of the other processors tested, still having a higher clock speed than all but the other, lower model, Alpha 21064A.


The website Mac Speed Zone also did a benchmark pitting PowerPC G3 and G4 processors against the Intel Pentium II, Pentium III, Celeron, AMD Athlon, UltraSPARC II, Alpha 21264, and HP PA-RISC 8500, using SPEC’s SPEC95 product. The clock speeds of the various processors ranged from a 333MHz G3 and 333MHz Celeron to an AMD Athlon 650MHz and Alpha 21264 667MHz. There were also two Alpha 21264s in two- and four-processor configurations. SPEC95 does not, however, use or take advantage of the AltiVec features of G4 processors, so the G4s tested could possibly have higher performance scores with something written for AltiVec; Intel and AMD CPUs would also have to be tested with MMX and 3DNOW! functionality as well, in the interest of a fair and legitimate test. Figures 5.2 and 5.3 show the results of the SPEC95 benchmarks.

	Processor
	SPECint95
	SPECfp95

	Intel Celeron/333Mhz
	13
	9.63

	Ultra SPARC II/400Mhz
	14.0
	22.8

	Intel Celeron/366Mhz
	14.2
	10.4

	G3/333Mhz
	15.0
	10.6

	Intel Celeron/400Mhz
	15.1
	10.9

	G3/350Mhz
	15.7
	11.6

	Ultra SPARC II/450Mhz
	16.2
	23.9

	Intel Celeron/466Mhz
	17.1
	11.8

	Intel Celeron/500Mhz
	17.9
	12.2

	G3/400Mhz
	18.0
	12.7

	Pentium II/450Mhz
	18.5
	13.2

	Pentium III/450Mhz
	18.6
	13.6

	G4/400Mhz
	18.8
	18.1

	G3/450Mhz
	20.0
	13.3

	G3/466Mhz
	20.5
	12.3

	Pentium III/500Mhz
	20.7
	14.6

	G4/450Mhz
	21.4
	20.4


Figure 5.2 – First set of SPEC95 benchmark results
Source: www.macspeedzone.com

	Processor
	SPECint95
	SPECfp95

	Alpha 21264/466Mhz
	21.5
	39.7

	Pentium III/550Mhz
	22.2
	15.0

	Alpha 21264/500Mhz
	23.5
	47.2

	G4/500Mhz
	23.5
	22.7

	Pentium III/600Mhz
	24.0
	15.9

	Alpha 21264/525Mhz
	24.1
	37.0

	AMD Althon/550Mhz
	25.1
	20.6

	HP PA-RISC 8500/360Mhz
	25.5
	43.7

	Alpha 21264/575Mhz
	25.9
	40.9

	AMD Althon/600Mhz
	27.2
	21.6

	HP PA-RISC 8500/400Mhz
	27.4
	 

	AMD Althon/650Mhz
	29.4
	22.4

	HP PA-RISC 8500/440Mhz
	30.8
	48.7

	Alpha 21264/667Mhz
	32.1
	49.0

	Alpha 21264/500Mhz (2 Processors)
	 
	60.1

	Alpha 21264/500Mhz (4 Processors)
	 
	80.1


Figure 5.3 – Second set of SPEC95 benchmark results
Source: www.macspeedzone.com

In Figure 5.2, it can be seen that the G3 processors scored higher than the UltraSPARC II’s of higher clock speeds that were tested. The G3s also scored higher or quite close to the Intel Celerons and Pentium IIIs of equal or similar/higher (within 50-75MHz) clock speed. It should be noted that the G4 450MHz scored higher than the Pentium III 500MHz, and the G4 500MHz scored higher than the Pentium III 550MHz, nearly matched the Pentium III 600MHz in integer tests, and scored higher the 600MHz in floating point tests. The AMD Athlons, HP PA-RISC 8500s, and higher-end/multiprocessor Alpha 21264s seem to be the champions of this benchmark however, beginning with the Athlon 550MHz, Alpha 525MHz, and PA-RISC 360MHz all scoring higher than the G4 500MHz.


Overall, in both series of tests, the PowerPC processors showed higher performance than their Intel counterparts of similar or higher clock speed, and (almost, in some cases) on par, if not somewhat outperformed, by other higher-end processors.

Summary


PowerPC was seemingly originally planned to be a unifying factor for much of the computer industry, at least to bring a home to many different operating system, and to have an open agreed-upon specification for new ones. Needless to say, PowerPC did not quite have the effect that was imagined by IBM and Motorola, especially since Microsoft Windows, for x86 only, seems to dominate the home and office desktop niche, forcing most people to utilize Intel-compatible machines (even though Apple’s desktop and portable offerings get better all the time). But with powerful companies like IBM, Motorola, and Apple backing it, PowerPC is definitely here to stay.
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