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Intel’s [A32 metruction set architecture (ISA), colloqually known as “x867, 13 the dominant mstruction for-
mat for the world’s computers. L1A32 15 the platform of choice for most Windows, Linix, and, zince 2006,
even Macintosh computers. The [SA we uze today was defined m 1985 with the mitroduction of the 1386
microprocessor, extending the 16-bit mstruction set defined by the onginal 3086 to 32 bits. Even though
subsequent processor generations have mfroduced new mstruchion tvpes and formats, many compilers, in-
cloding GCC, have avoided using these features m the mierest of mamtaining backward compatibility.

A shift 13 underway to a 64-bit version of the Intel instruchon set. Onginally developed by Advanced MMicro
Devices (AMD) and named x856-64, 1t 1z now supported by high end proceszorz from AMD (who now call
1t AMDES) and by Intel, who refer to 1t as Jadel6d. Most people still refer to it as “x86-64." and we follow
thiz comvention. (Some vendors have shortened thiz to smmply “x647). Newer versions of Limix and GoC
support this extension In making thiz switch, the developers of GCC saw an opportumty to also make use
of some of the instmichion-zet features that had been added in more recent penerations of IA52 processors.

Thiz combmation of new hardware and revized compiler makes x86-64 code substantially different m form
and m performance than IA52 code. In creating the 64-bit extension, the AMD enpineers also adopted some
of the features found m reduced-instruchion set computers (RISC) [7] that made them the favored targets for
optimizmg compilers. For example, there are now 16 general-purpose registers, rather than the performanee-
limiting eight of the origmal 3086. The developers of GCC were able to exploit these features, as well as
those of more recent penerations of the IA32 architecture, fo obtan substantial performance mprovements.
For example, procedure parameters are now passed via registers rather than on the stack preatly reducing
the number of memory read and write operations.

Thiz document serves as a supplement to Chapter 3 of Computer Sysiems: A Programmer's Perspective
(CS:APP), describing some of the differences. We start with a bnef history of how AMD and Intel armived
at x86-64, followed by a summary of the main features that disinmmzh x36-54 code from IAS2 code, and
then work our way through the mdridual features.
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1 History and Motivation for x86-64

Orver the more than twenty vears since miroduchion of the 1386, the capabilities of microprocessors have
changed dramatically. In 1983, a fully configured, hogh-end deskfop computer had around 1 megabyte
of random-access memory (FAM) and 30 megabvtes of dizsk storage. Microprocessor-based “worksta-
tion” zystems were just becoming the machines of choice for computing and enpineenng professionals.
A typical microproceszor had a 3-mepahertz clock and ran around one million mstruchons per second
Nowadays, a typical high-end system has 2 mgabyie of BAM (40X increase), 1 terabvte of disk storage
(20,000X mereaze), and a 4-gigahertz clock, nmming around ¥ Wlhon mstruchions per second (3000 1n-
creaze). Microproceszsor-bazed systems have become pervazive. Even today’s supercomputers are based
on hamessing the power of many microprocessors computing in parallel. Given these large quantitative
mprovements, 1t 13 remarkable that the world's computing baze mostly nms code that 15 binary compatible
with machines that existed over 20 vears ago.

The 32-bit word zize of the 1A 32 has become a major limitation m growing the capacity of microprocessors.
Most sigmficantly, the word size of a machine defines the range of virtual addresses that programs can use,
giving a 4-pipabyte virtual address space i the caze of 32 bits. It 15 now feasible to buy more than this
amount of RAM for a machine, but the system cannot make effective use of it. For applications that mvolve
manipulating large data sets, such as scientific computing, databaszes, and data puning, the 32-bit word size
makes life difficult for programmers. They must write code using ouf-of-core algonithms! where the data
reside on dizk and are exphcitly read inte memory for processing.

Further propress m computing technology requires a shift to a larger word size. Following the tradition of
growing word sizes by doublng, the next logical step 1s 64 batz. In fact, 64-bit machimes have been available
for zome fime. Digiial Equipment Corporation miroduced itz Alpha processor m 1992, and it became
a popular choice for high-end computing. Sun Microsystems infroduced a 64-bit version of itz SPARC
architecture m 1995. At the fime, however, Intel was not a senous contender for high-end computers, and
s0 the company was under less pressure to swiich to 64 bits.

Intel’s first foray into 64-bit computers were the Itanium processors, based on the [A64 metmiction set
Unlike Intel’s histenic strategy of mamtammimg bacloward compatibility as it infroduced each new generation
of microprocessor, 1A64 1z based on a radically new approach jomtly developed with Hewlett-Packard
Itz Fery Large Instruction Word (VLIW) format packs multiple mstructions mto bundles, allowing higher
degrees of parallel execution Implementing 1464 proved to be very difficult, and zo the first Itanium clhips
did not appear until 2001, and theze did not achieve the expected level of performance on real apphicaticns.
Although the performance of Itamium-based svstems has mmproved, thev have not captured a sigmficant
share of the computer market Itanium machmes can execute [A32 code I a compahbility mode but not
with very good performance. Most users have preferred to make do with less expensive, and often faster,
1A32-bazed systems.

Meanwhile, Intel’s archrrval, Advanced Micro Devices (AMD) saw an opportunity to expleit Intel s mizstep
with [A6d. For years AMD had lagged just behind Intel m technology, and so they were relesated fo
competmg with Intel on the bazz of pnice. Typically, Intel would mmiroduce a new microprocessor at a
price premium. AMD would come along 6 to 12 months later and have to undercut Intel sipnificantly to
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pet any sales—a strategy that worked but vielded very low profits. In 2002, AMD mitroduced a 64-bit

microprocessor based on itz “x36-647 mstruchion set As the name mmplies, x36-64 15 an evolution of the
Intel mstruchon set to 64 bits. It mamtams full backward compatibility with [A32, but it adds new data

formats, as well as other features that enable ligher capacity and higher performance. With x86-64, AMD
haz sought to capture some of the iph-end market that had nstoncally belonged to Intel. AMIY's recent
penerations of Opteron and Athlon 64 processors have indeed proved very successful as nph performance
machines. Most recently, AMD has renamed this instruction set AMDES, but “x86-647 persists as the
favored name.

Imtel reahzed that its strategy of a complete shift from [AS2 to IAS4 was not working, and o began sup-
porting their own vanant of x56-64 m 2004 with processors in the Pentim 4 Xeon line. Since they had
already used the name “TAG4™ to refer to ltamum | they then faced a difficulty i findmg therr cwn name for
this 64-bit extenszion. In the end, they decided to describe x86-64 asanenhmmemmttnmﬂ,ﬂndmthar

referred to it as JAS2-FNB4T for “Enhanced Memory 64-bit Technology™ In late 2006 they adopted the
name Jrteltd.

Cmn the compiler side, the developers of GCC steadfastly maintained binary compatbality with the 1386, even
as useful features were bemng added to the IA32 mstruction set. The 1995 PentumPro miroduced a set
of condiional move mstructions that could greatly mprove the performance of code prvolving condibional
operations. More recent penerations of Pentium processors mtroduced new floatng point operations that
could replace the rather awloward and quirky approach dating back to the 8087, the floating point coprocessor
that accompanied the 8036 and, snce the 1486, has been mcluded 2z part of the microprocessor tseulf
switching to x86-64 as a target provided an opportunity for GCC to grve up backward compatbility and
mstead exploit these newer features.

In thiz document, we use “IA 32 to refer to the combmation of hardware and GCC code found m traditional,

2-bit versions of Linux munning on Intel-based machines. We use “x86-64" to refer to the hardware and
code combmation munning on the newer 64-bit machines from AMD and Intel In the Linux world, these

two platforms are refemred to as “13867 and “z86_64." respectively.

2 Finding Documentation

Both Intel and AMD provide extensive documentation on their processers. This includes general overviews
of the assembly language programmer’s view of the hardware [2, 4], 2z well as detailed references about
the mdiadual mstructions [3, 5, 6]. The crgamzation



