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ABSTRACT

The 1A-64 architecture has been co-
developed by HP and Intel is intended to
become the commodity computing platform
for the next millennium. Interest in |1A-64
has been widespread and has resulted in
endorsements from al major players in the
computing industry, including (in alphabet-
ica order) Compag, HP, Intel, SCO, SGI
and Sun. For competitive reasons, the full
architecture will remain a closely guarded
secret until 1A-64 based systems are gener-
aly available. Thiscreatesabit of adilemma
for the open source community because it
would mean that Linux development could
not start until systems are widely available.
To alleviate this situation, researchers at HP
Labsin Palo Alto investigated what could be
done to help accelerate Linux development
such that it could be available from day one
of the 1A-64 computing era.  This paper
reports on their endeavors, accomplishments,
and future plans.

1 Introduction

The HP/Intel co-designed 1A-64 architecture
will seefirst silicon with Intel’s Merced chip.
This chip is dlated to appear in systems in
mid-2000 and will quickly befollowed by the
second-generation, faster McKinley chip [3].
What isinteresting about |A-64 isthat it isnot
just anew architecture but that it introduces a

whole new computing paradigm called EPIC.
This acronym stands for “Explicitly Paral-
lel Instruction Computing” and implies that
it breaks the barrier of traditional CISC or
RISC [5] sequentia programs by explicitly
exposing instruction-level paralelism. The
idea behind doing this is to make it possible
to build extremely high-performing comput-
ers by running relatively simple circuitry at
very high speeds and executing as many in-
structions as possible in paralel. EPIC, and
with it 1A-64, builds on the lessons learned
from both RISC and very-long instruction
word (VLIW) computers. For example, like
in VLIW computers, |A-64 groups instruc-
tionsinto bundlesthat can be executed in par-
alel. Like RISC computers, each instruction
isrelatively simple and has afixed length.

127 128-bit bundle 0‘
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Figure 1: |A-64 Instruction Format

To giveamore concretefeeling of what 1A-
64 islike, Figure 1 shows the instruction for-
mat. Asillustrated, instructions are grouped
into 128 bit wide bundles that each con-
tain three instructions and a template field.
The template field indicates which instruc-
tions in this bundle and in following bundles
the CPU can execute in paralel. Each in-
struction is about 40 bits wide and contains
a 6-bit predicate register field and three 7-bit
general purpose register fields. This means



that an instruction can reference as many as
three operands in a register file containing as
many 128 different registers. The predicate
field determines which of 64 predicate reg-
isters controls whether or not the instruction
should be executed. Thisinstruction predica-
tion support alows to conditionally execute
code without having to resort to expensive
branches. Another advanced feature of 1A-
64 that has been disclosed already is spec-
ulative loading. Load speculation allows to
safely execute a load instruction well before
it is known whether or not the loaded value
isrealy needed. On traditional architectures
this cannot be done because the load instruc-
tion may, for example, cause a segfault dueto
dereferencing a NULL pointer. Since mem-
ory accesses are comparatively slow on mod-
ern computer systems [6], speculation alows
to hoist load instructions to a place far in ad-
vance of the place where the loaded value
is being used. When used properly, this a-
lows the CPU to waste less time waiting for
the memory system and hence execute much
faster.

Whilethis brief introduction certainly can-
not do justice to the IA-64 architecture, it
does serve to highlight some of the more im-
portant features. For a more detailled de-
scription of the features mentioned above, the
reader may want to read some of the cited ma-
terials[4, 2, 1].

2 TheGoa

Thegoal of the Linux/ia64 project at HP Labs
is to ensure that Linux will be available and
run on IA-64 based systems from day one
on. At aminimum, we hope that by the time
|A-64 systems become available, Linux will
be self-hosting such that other devel opers can
join and start contributing enhancements and
additions without having to depend on any
non-free software. If the project goes well,

the state of affairs will hopefully have pro-
gressed substantially beyond this minimum
goal. For example, it may be possible that
some time will have been spent on optimiz-
ing performance critical parts of the system
such as the compiler, math libraries, and key
parts of the kernel. In any case, it should be
made clear that the goal isemphatically not to
create an “HP version” of Linux but rather to
lay the foundation for forming a Linux/ia64
community much as it exists today for x86.
For example, while the developers at HP will
of course use HP development machines, the
goal isto create a Linux system that will run
on any 1A-64 platform that adheresto the |A-
64 platform architecture specification. In the
same fashion, we hope to engage other mem-
bers of the Linux community as early and as
broadly as possible to ensure the project is
true to the spirit of the Linux community.

3 What'sInvolved?

Given the features of 1A-64 and the goals de-
scribed in the previous sections, what does
it take to bring the Linux/ia64 project to
fruition? Obviously the Linux kernel itself
needs to be ported but, while essential, it is
just one of the many pieces that need to be
put in place. Indeed, before any work on
Linux/ia64 can begin, there needs to be an
|A-64 version of the GNU compiler. Both
gcc or eges could serve in this role, but non-
GNU based compilers would not be accept-
able because both the Linux kernel and GNU
libc rely heavily on GCC-specific extensions
to the C language. For convenience, it is
desirable to have not just a GNU compiler
but a complete GNU-based toolchain, includ-
ing the GNU assembler, BFD object file sup-
port, and the GNU linker. Since actua |A-64
hardware will not be available for a portion
of the project, it is also necessary to have a
simulator that is sufficiently fast and accurate



enough to support both kernel and user-level
development.

With these tools in place, kernel develop-
ment can commence. However, even once
the kernel is up and running, the project is
far from over. At the user-level, it is first
necessary to create an |A-64 version of the
GNU C library and then the hundreds and
thousands of common Linux utilities need to
be built and tested. Since Linux is already
64-bit clean (for the most part), this is ex-
pected to largely entail simple recompilation.
However, there are some important excep-
tions. For example, the GNU source level
debugger (gdb) is platform-specific and will
require some time and effort to port. Simi-
larly, the X Window System is likely to re-
guire some 1A-64 specific changes as well or
will at least benefit from 1A-64 specific opti-
mizations. Finally, thereisof courseabig dif-
ference between a system that works and one
that works well and fast. Hence, we expect
that afair bit of timewill have to be spent op-
timizing performance-critical aspects of the
system. Since EPIC relies heavily on compil-
ers for achieving good performance, realiz-
ing the necessary optimizationsin egcsis ex-
pected to take the largest amount of time. The
good news here is that once a working ver-
sion of egcs exists, compiler development is
entirely independent of all the other devel op-
ment projects. Asimprovements are made to
the compiler, it is ssimply necessary to recom-
pile the relevant programs—no changesto al-
ready existing code will (should) be needed.

4 Status

The Linux/ia64 project started at HP Labsin
February of 1998. Since a functiona GNU
C compiler is on the critical path to all other
development work, we decided to work on
it first. Actually, this is not the entire truth
because it was felt that the compiler is too

big a piece of work to start the project with.
Thus, we started out by setting ourselves the
more modest goal of creating an 1A-64 ver-
sion of the GNU binutils, whichincludes ELF
object file format support, the GNU assem-
bler, linker, and disassembler. Since EPIC-
style computing has features such as instruc-
tion bundles that are not found in other archi-
tectures, this task was not entirely trivial e-
ther, but it was certainly less complex than the
compiler and allowed us to have some tangi-
ble results quickly.

By mid-May binutils was in good enough
shape that work on an 1A-64 backend for
the GNU compiler could begin. It should
be noted here that writing a well-optimizing
compiler for 1A-64 is a complex undertak-
ing requiring non-trivial changes to the com-
piler infrastructure. In other words, turn-
ing the GNU compiler into something that
is well-suited for generating code for EPIC-
style architecture requires much more than a
straight-forward 1A-64 backend. For logisti-
cal reasons we were in no position to make
such substantial changes to the compiler in-
frastructure (which is largely maintained and
controlled by Cygnus) and since our primary
goal was Linux, not the compiler itself we de-
cided to work towards an |A-64 backend that
generates correct, but not necessarily optimal
code. As explained previoudly, the idea here
is that it doesn’t matter how poor the gener-
ated code isinitially—as time progresses, the
compiler will improve and taking advantage
of an improved compiler will ssmply require
re-compiling the existing code with the latest
version of the compiler.

Even the limited goal of producing afunc-
tional (not optimal) 1A-64 backend was quite
challenging and took the better part of four
months. At the end of thistimethelonged for
“Hel 1 o Worl d!'” finally materialized on
the computer screen. Oncethis milestone was
reached, it was mostly a downhill ride, fixing
various bugs here and there until finally the



point was reached where the backend would
pass the entire GNU C test suite.

With the compiler in place, it was theoret-
ically possible to simultaneously start work-
ing on the kernel and the user-level support
(GNU Clibrary). Theonly questionishow to
develop and debug user-level software when
the kernel doesn’t even exist yet? Thisisa
bit like trying to test-drive a car without an
engine! Here is where a simulator comes in
handy. We took an existing HP-UX based
| A-64 simulator and added Linux system call
support to it. This simulator works such that
it faithfully executes 1A-64 instructions in
user-level, but whenever a program attempts
to perform asystem call, the call isredirected
to a small system call stub that implements
the desired semantics by making appropriate
Linux/x86 system calls. For example, the
Linux/ia64 f st at call can be implemented
by calling the Linux/x86 version of f st at
and doing some 64-bit to 32-hit conversions
to account for differencesin the st at struc-
ture.

With the toolchain and simulator ready to
go, we started working on the Linux ker-
nel. While, at this point, we cannot disclose
any technical details of this effort, we can
say that work has been progressing smoothly.
Shortly before Christmas of 1998, enough of
the kernel was in place to boot all the way
through to the point where the root filesys-
tem would normally be mounted. By the
end of February, user-level processes worked
reliably. This meant that all the machinery
needed for f or k and execve was in place
and working properly. A screen dump of a
typical boot is shown in Figure 2. The figure
showsaliteral copy of the boot screen, except
that some output that could reveal 1A-64 fea-
tures has been removed and the BogoMIPS
number has been replaced by question marks.
The reason for the latter step is to avoid po-
tential confusion: the boot screen has been
obtained with a (fast) ssimulator that doesn’t

simulate the micro-architectural features of
the CPU and hence the BogoMIPS number
printed is, well, completely bogus. Thus,
rather than risk confusing readers, we opted
to remove the reported BogoMIPS number
completely. Another artifact of using thesim-
ulator is that no real devices exist in the sys-
tem. Thus, instead of areal serial console, we
implemented asi nseri al driver that sm-
ulates a console through an xterm window.
Similarly, the SCSI disk is actually a regu-
lar file on the host’s filesystem. This file is
accessed through our own si nmscsi driver
with the effect that the 1A-64 kernel thinks
that it's dealing with a norma SCSI device.
Thisis handy because it lets us test the entire
SCSl-path without actually requiring a phys-
ica device. Though the implementation is
completely different, this is not unlike what
the | oop driver does for the normal Linux
kernel. In fact, we use the latter driver to
access the simulated disk from the host OS
which is convenient for bootstrapping and de-
bugging purposes.

41 Summary

At this point, it may be helpful to give abrief
summary of Linux/ia64 architecture. While
details will continue to change as the project
progresses, the fundamental architectural fea-
tures mentioned bel ow are expected to remain
fairly stable (but see comments below):

Host platform: Linux/x86, HP-UX, native
Progr. model: LP64
Endianness: Little
Object format: ELF64/1A-64
Page size: 8KB

First, note that the native support doesn’t ex-
ist yet. It will be added as soon as the first
actual hardware is available. In the mean-
time, development continues to be hosted on



Linux/x86 primarily, though HP-UX support
isavailable as an alternative.

The user programming model is the stan-
dard LP64 model meaning that the C data
type“l ong” aswell as pointers are 64-bit in
size. Thisis the same model that has been
adopted by all other Linux and UNIX 64-
bit platforms in existence and ensures that
porting applications to Linux/ia64 will be
straight-forward.

For compatibility with x86, the native
endian-mode of Linux/ia64 is little-endian.
Well-written software is endian-independent,
but to ensure even not-so-well written soft-
ware can be easily ported to Linux/ia64, we
decided it is best to stick to little-endian
mode.

As far as the object file format is con-
cerned, Linux/ia64 follows the ELF64 stan-
dard that has been defined for |1A-64 by HP,
Intel, and other UNIX vendors.

At present, the Linux/ia64 kernel is con-
figured to use a page size of 8KB. However,
care has been taken to define the platform-
dependent code of the virtual memory system
in such away that other page sizes can be ac-
commodated by simply changing one or two
manifest constants. While changing the page
sizeispotentially painful once alarge body of
software exists, this approach facilitates ex-
perimentation while the kernel isunder devel-
opment and allows us to select the best size
once more detailed performance studies are
available.

5 Next Steps

In the near term, our plan is of course to con-
tinue to work on the Linux kernel and the
other components necessary to reach the goal
of a self-hosting system. In the longer term,
asmore of the architecture is being disclosed,
we plan to increasingly involve othersin the
development. Again the goa here is that

Linux/ia64 will be viewed not as something
owned by HP, but something that has been
developed by the Linux community for the
Linux community. Even now we keep the key
Linux developers abreast of the Linux/ia64
progress and involve them in major design
decisions (to the degree possible) to ensure
that we don’'t stray too far from the “true
path” of Linux evolution.

However, no matter how one looks at
the Linux/iab4 project, the truth is that the
number of people that can work on it will
be quite small for the time being. This is
not ideal for free software development,
but we believe it is still better than not
working on Linux/ia64 at all. Moreover, this
by no means implies that there is nothing
you can do in support of Linux/ia64. Most
obviously, making sure that existing and new
software is 64-bit clean will help Linux/ia64
deployment a great deal. For example, as
of last count, Mozilla still didn’t seem to be
fully 64-bit clean. Also, if you love hacking
compilers, there is lots you can do because
many EPIC-style optimizations are quite
independent of the nitty-gritty details of an
actual architecture. Thisis further helped by
the Trimaran EPIC research suite available
from http://ww.trimaran. org/.
This suite contains everything needed to
do compiler research with EPIC-style ar-
chitecture and could be used as a starting
point to play with EPIC-optimizations for
egcs. Trimaran is freely available in source
code for research purposes (though the
license does not permit the source code
to be used in GPL'd software). If you're
interested in pursuing such a project, be
sure to check Marc Lehman’'s web page at
http://ww.gcc.m .org/epic/ as
well since this web page has useful back-
ground information and is maintained by
people interested in adding EPIC-support to

egcs.



6 Conclusion

After giving a brief introduction into the
|A-64 architecture we described what is in-
volved in bringing Linux to this modern
high-performance architecture. Since most
of the architecture will remain secret until
|A-64 systems are generaly available, the
Linux/ia64 that was started in February 1998
at HP Labs is quite different from most run-
of-the-mill open source projects. In particu-
lar, participation in the project requires non-
disclosure agreements (NDAs) and the ex-
change of information, source code, and |A-
64 documentation is tightly regulated by HP
and Intel. Despite these limitations, the HP
Labs project attempts to stay as close to the
spirit of an open source project as possi-
ble by involving the key developers wher-
ever and whenever appropriate. By doing
so, the project has made good progress and
at the time of this writing has brought for-
ward a complete GNU-based development
toolchain, aLinux/ia64 simulator, and agood
start has been made on the Linux kernel it-
self. Clearly, much remains to be done but
we are optimistic on future progress and are
looking forward to the day where the source
code can finally be released to the rest of the
Linux community.
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Li nux version 2.2.2 (davidm@pl.hp.com (gcc version egcs-
2.91.57 19980901 (egcs-1.1 release)) #61 Mon Mar 1 23:28:59 PST 1999
Calibrating delay |oop... ??? BogoM PS

Menory: 14856k/ 18432k avail able (960k code, 2080k re-
served, 504k data, 32k init)

POSI X conformance testing by UN FI X

Li nux NET4.0 for Linux 2.2

Based upon Swansea University Conputer Society NET3.039
Starting kswapd v 1.5

SinSerial driver version 0.3 with no serial options enabled
scsi0 : sinulated SCSI host adapter

scsi @ 1 host.
Vendor: HP Mbdel : SI MULATED DI SK Rev: 0.00
Type: Di rect-Access ANS|I SCSI revision: 02

Det ected scsi disk sda at scsiO, channel 0, id O, lun O
scsi : detected 1 SCSI disks total
SCSl device sda: hdw sector= 512 bytes. Sectors= 2097152 [1024 MB] [1.0 GB]
Partition check:
sda: sdal
VFS: Mounted root (ext2 filesystem) readonly.
Freei ng unused kernel nenory: 32k freed
EXT2-fs warni ng: nounting unchecked fs, running e2fsck is reconmended
root remounted read-wite
/ proc nounted
Wel cone to tsh (TinyShell) version v0.3 (Mar 1 1999, 23:20:18)
[ # /bin/ls -lia
job [5]

2 drwxr-xr-x 12 0 0 1024 Feb 24 01:08
2 drwxr-xr-x 12 0 0 1024 Feb 24 01:08 .
11 drwxr-xr-x 20 0 12288 Jan 08 02: 31 | ost +found
2049 dr wxr - xr - X 20 0 9216 Jan 30 07:55 dev
2050 dr wxr - Xr - X 20 0 1024 Feb 26 18:48 bin
2051 dr wxr - Xr-x 20 0 1024 Jan 08 03:21 shin
2052 dr wxr - Xr - X 30 0 1024 Feb 03 19:10 etc
1 dr-xr-xr-x 11 0 0 O Mar 02 07:29 proc
13 drwxr-xr-t 20 0 1024 Mar 02 07:22 tnp
19 drwxr-xr-x 20 0 1024 Feb 01 07:44 mt
21 drwxr-xr-x 13 0 0 1024 Feb 24 01: 06 usr
35 drwxr-xr-x 13 0 0 1024 Feb 24 01:07 var
job [5] done
| #

Figure 2: Screendump of Linux/ia64 boot



