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Abstract posed in this paper.

The X window system is generally imple- 1.1 Original Architecture

mented by directly inserting hardware manip- .
ulation code into the X server. Mode selectionOne of the first 2D accelerated targets for X11

and 2D acceleration code are often executed ias the Digital QDSS (Dragon) board. The
user mode and directly communicate with thePragon included a 1024x768 frame buffer with
hardware. The current architecture provided OF 8 bits for each pixel. The frame buffer
for separate 2D and 3D acceleration code, wit{¥as not addressable by the CPU, rather every
the 2D code executed within the X server anddraphics operation was performed by the co-
the 3D code directly executed by the applicaProcessor. The Dragon board had only a sin-
tion, partially in user space and partially in the9/€ Video mode supporting the monitor sup-
kernel. Video mode selection remains withinPlied with the machine. A primitive terminal
the X server, creating an artificial dependencyemulator in the kernel provided the text mode
for 3D graphics on the correct operation of the"€cessary to boot the machine.

window system. This paper lays out an altema'Graphics commands to the processor were

tive structure for X within the Linux environ- queued to a shared DMA buffer. The X server

ment where the responsibility for accelerationWoulol block in the kernel waiting for space in
lies entirely within the existing 3D user/kernel the buffer when full. This is similar to the ar-

library, th? mode selection is delegated to Althitecture used by the DRI project for acceler-
external library and the X server becomes &ted 3D graphics today

simple application layered on top of both of

these. Various technical issues related to thiXeyboard and mouse support were provided
architecture along with a discussion of inputby another shared memory queue between the
device handling will be discussed. kernel and X server. Abstract event struc-
tures were constructed by the kernel from the
raw device data, timestamped and placed in
the shared queue. A file descriptor would
be signalled when new data were inserted to
The X11[SG92] server architecture was de-awaken the X server, and the X server could
signed assuming significant operating assisalso directly examine the queue indices which
tance for supporting input and output deviceswere stored in the shared segment. This low-
How that has changed over the years will in-overhead queue polling was used by the X
form the discussion of the design direction pro-server to check for new input after every X re-

1 History
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guest was executed to reduce input latency. the kernel as files from which events could be

. ) read. The lack of any shared memory mech-
The._hardware sprite was handled in the kerynism 1o signal available input meant that the
nel; its movement was directly connected Withgyiginal driver would not notice input events

the mouse driver so that it could be moved a i the X server polled the kernel, something

interrupt time, leading to a responsive pointenyhich could take significant time. As there was
even in the face of high CPU load within the g emel support for the pointer sprite, the X

X server and other applications. The keyboardseyer was responsible for updating it as well,

controller managed the transition from ASCII leading to poor mouse tracking when the CPU
console mode to key-transition X mode inter-, o busy.

nally; abnormal termination of the X server
would leave the underlying console sessionfo ameliorate the poor mouse tracking, the

working normally. X server was modified to receive a signal
when input was present on the file descrip-
1.2 The Slippery Slope tors and immediately process the input. When

supported, the hardware sprite would also be

Early Sun workstations had unacceleratednoved at this time, leading to dramatically im-
fixed monitors and had no need to support multhat the X server itself was responsible for con-
tiple video modes. As the hardware advanced(€cting the mouse motion to the sprite loca-
they did actually gain programmable timing tion meant that under high CPU load, the sprite
hardware, but that was not configurable fromwould noticeably lag the mouse.

the user mode applications. Kernel support for the keyboard consisted of

The X server simply mapped the frame buffer@ special mode setting which \_/vould traqsform
into its address space and manipulated the pixd€ keyboard from an ASCII input device to

values directly. Around 1990, Sun shipped the'®Porting raw key transition events. Because
cgsix frame buffer which included an acceler-the kernel didn't track what state the keyboard
ator. Unlike the QDSS, the cgsix frame buffer Was in, the X server had to carefully reset the
could be mapped by the CPU, and the accelekeyboard on exit back to ASCII mode or the

ator documentation was not published by SuntSer would no longer be able to interact with

X11R4 included support for this card as a sim-the console.

|fole durgbﬁframe bu:‘fer. AtShCPU.S]CCSeSS, to thq:’lacing the entire graphics driver in user mode
rame bulter was slower than with Sun's €arg; ,inated the need to write a kernel driver,

lier unaccelerated frame buffers, the result wag, ¢ marginalized overall system performance
amuch slower display. by forcing the CPU to busy-wait for the graph-

By disassembling the provided SunWindowsiCS engine. Placing responsibility for manging
driver, the author was able to construct an acthe sprite led to poor tracking, while requiring
celerated X driver for X11R5 entirely in user the X server to always reset the keyboard mode
mode. This driver could not block waiting for frequently resulted in an unusable system when
the accelerator to finish, rather it would spin,X terminated abnormally.

polling the accelerator until it indicated it was

e Fixing the kernel to address these problems

was never even considered; the problems didn’t
Keyboard and mouse support were provided byrevent the system from functioning, they only
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made it less than ideal. Mouse support really was just a kernel serial
driver—PS/2 mice didn’t exist, and so bus and
serial mice were used. The X server itself
would open the device, configure the commu-
nication parameters and parse the stream of

With widespread availability of commodity PYtes. As there was no hardware sprite sup-
386-based PC hardware, numerous vendors b80rt, the X server would also have to draw the
gan shipping Unix (and Unix-like) operating CUrsor on the screen; tha_t operation had to be
systems for them. These originally did not in_synchrongd with renderlng. and so would be
clude the X window system. A disparate groupdelayed until the server was idle.

of users ported X to these systems without an
support from the operating system vendors.

1.3 The Dancing Bear

Because the X server itself was managing
video mode configuration, an abnormal X

That these users managed to get X running ofi€rver termination would leave the video card
the early 386 hardware was an impressive fea{plsconflgured and unusable as the console.

but that they had to do everything without anySimilarly, the keyboard driver would be left in
kernel support only increased the difficulty. ~ Untranslated mode, so the user couldn't even

operate the computer blind to reboot.
Early PC graphics cards were simple frame
buffers as far as graphics operations went, buf Nis caused the X server to assume the same

configuring them to generate correct video tim-reliability requirements as the operating sys-
ings was far from simple. Because monitorstém kernel itself; bugs in the X server would
varied greatly, each graphics card could be proténder the system just as unusable as bugs in
grammed to generate many different video timthe kernel.

ings. Incorrect timings could destroy the mon-
itor. 1.4 The Pit of Despair

Keyboard support in these early 386-basedyjih the addition of graphics acceleration to
Unix systems was very much like the Sun 0p-he x86 environment, the X server extended its
erating system; the keyboard was essentially §ser-mode operations to include manipulation
serial device and could be placed in a modeys the accelerator. As with the Sun GX driver
which translated key transitions into ASCIl or gescriped above, these drivers included no ker-

placed a mode which would report the rawpe| sypport and were forced to busy-wait for
bytes emitted from the keyboard. the hardware.

The X server would read these raw bytes anci—lowever, unlike the GX hardware, PC graph-
convert them to X events. Again, there wasjcq hardware would often tie down the PCI

latency here as the X server would not pro- g while transferring data between the CPU
cess them except when polling for input acros$ng the graphics card. Incorrect manipulation
all X clients and input devices. As with the ot the hardware would result in the PCI bus
Sun dr_lver_, if the X server terminated with- locking and the system not even responding
out switching the keyboard back to translateqq petwork or disk activity. Unlike the simple

mode, it would not be usable by the consoleyeyhoard translation problem described above,

This particular problem was eventually fixed in tyis cannot be be fixed in the operating system.
some kernels by adding special key sequences

to reset the keyboard to translated mode. Because the graphics devices had no kernel
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driver support, there was no operating systenup the hardware when applications terminated
management of their address space mappingabnormally.

If the BIOS included with the system incor- ) o )
rectly mapped the graphics device, it fell to The result is a sysf[em_ which is stab_le in t_he
the X server to repair the PCI mapping spacesf.ace of broken applications, and provides high
Manipulating the PCI address configurationP€rformance and low CPU overhead.

from a user-mpde application wpuld work only However, the DRI environment remains reliant
on systems without any dynamic managemeny, yhe x server to manage video mode selec-

within the kernel. tion and basic device input.

If the machine included multiple graphics de-
vices controlled through the standard VGA ad-2  Eorward to the Past
dresses, the X server would need to manipulate

these PCI mappings on the fly to address the _ ) _
active card. Given the dramatic changes in system architec-

ture and performance characteristics since the
The overall goal was not to build the best sys-original user-mode X server architecture was
tem possible, but rather to make the code apromulgated, it makes sense to look at how the
portable as possible, even in the face of obvisystem should be constructed from the ground
ously incorrect system architecture. up. Questions about where support for each
operation should live will be addressed in turn,
first starting with graphics acceleration, then
video mode selection and finally (and most
briefly) input devices.
The Mesa project started as a software-only
rasterizer for the OpenGL API. By providing a
freely available implementation of this widely
accepted API, people could run 3D applica-
tions on every machine, even those withoutX has always directly accessed the lowest lev-
custom 3D acceleration hardware. Of courseels of the system to accelerate 2D graphics.
performance was a significant problem, espeEven on the QDSS, it constructed the register-
cially as the 3D world moved from simple col- level instructions within the X server itself.
ored polygons to textures and complex lightingWith the inclusion of OpenGL[SAe99] 3D
environments. graphics in some systems, the system requires

) two separate graphics drivers, one for the X
The Mesa developers started adding hardwarggper operating strictly in 2D mode and the

support for the few cards for which documenta-giher inside the GL library for 3D operations.

tion was available. At first, these were Wh°|e'lmprovements to the 3D support have no effect
screen drivers, but eventually the DRI projecty, op performance.

was started to support multiple 3D applica-

tions integrated into the X window system. Be-As a demonstration of how effectively OpenGL
cause of the desire to support secure direatan implement the existing X server graphics
rendering from multiple unprivileged applica- operations, Peter Nilsson and David Reveman
tions, the DRI project had to include a kernelimplemented the Glitz library[NRO4] which
driver. That driver could manage device map-supports the Render[Pac01] API on top of the
pings, DMA and interrupt logic and even cleanOpenGL API. In a few months, they managed

1.5 A Glimmer of Hope

3 Graphics Acceleration
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to provide dramatic acceleration for the CairoThis architecture has been implemented
graphics library[WPO03] on any hardware with by Eric Anholt in his kdrive-based Xati
an OpenGL implementation. In contrast, theserver[Anh04]. Using the existing DRI driver
Render implementation within the X samplefor the Radeon graphics card, he developed
server using custom 2D drivers has never seea 2D X driver with reasonable acceleration
significant acceleration, even three and a halfor common operations, including significant
years after the extension was originally de-portions of the X render API. The driver uses
signed. Only a few drivers include even half-only a small fraction of the Radeon DRI driver,
hearted attempts at acceleration. a significantly smaller kernel driver would

_ suffice for a ground-up implementation.
The goal here is to have the X server use the

OpenGL API for all graphics operations. Elim- In summary, graphics cards should be sup-
inating the custom 2D acceleration code will ported in one of two ways:

reduce the development burden. Using accel-

erated OpenGL drivers will provide dramatic

performance improvements for important oper- 1. With an OpenGL-based X server

ations now ill-supported in existing X drivers.
Work in this area will depend on the availabil-
ity of stand-alone OpenGL drivers that work in
the absence of an underlying window system.
Fortunately, the Mesa project is busy develop-
ing the necessary infrastructure. M(_aanwhileg_l Implications for Applications

development can progress apace using the ex-

isting window-system dependent implementa-

tions, with the result that another X server isNone of the architectural decisions about the
run just to configure the graphics hardware andnternal X server architecture change the na-
set up the GL environment. ture of the existing X and Render APIs as the

_ fundamental 2D interface for applications. Ap-
For cards without complete OpenGL acceleryyjications using the existing APIs will simply

ation, the desired goal is to provide DRI-like fing them more efficient when the X server
kernel functionality to support DMA and in- provides a better implementation for them.
terrupts to enable efficient implementation ofThis means that applications needn’t migrate

whatever useful operations the card does suy non-X APIs to gain access to reasonable ac-
port. For 2D graphics, the operations need¢g|eration.

ing acceleration are those limited by memory

bandwidth—large area fills and copies. In par-However, applications that wish to use
ticular acceleration of image composition re-OpenGL should find a wider range of sup-
sults in dramatic performance improvementsported hardware as driver writers are given
with minimal amounts of code. The spectacu-the choice of writing either an OpenGL or 2D
lar amounts of code written in the past that pro-driver, and aren’t faced with the necessity of
vide modest acceleration for corner cases in thetarting with a 2D driver just to support X.

X protocol should be removed and those cases , o
left to software to minimize driver implemen- N @ny case, use of the cairo graphics library
tation effort. provides insulation from this decision as it sup-

ports X and GL requiring only modest changes
in initialization to select between them.

2. With a 2D-only X server based on a sim-
ple loadable driver API.
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4 Video Mode Configuration the pixel size of the screen and allow program-
matic selection among available video modes.

The area of video mode selection involvesthe RandR extension solved the simple single
many different projects and interests; one sigmonitor case well enough, even permitting the
nificant goal of this discussion is to identify et of available modes to change on the fly as
which areas are relevant to X and how thosengnitors were switched. However, it failed to

can be separated from the larger project. address the wider problem of supporting mul-
tiple different video outputs and the dynamic
4.1 Overview of the Problem manipulation of content between them.

Back in 1984 when X was designed, graphicsStatlca”y’ the X server can address each video

devices were fundamentally fixed intheirrela—OUtpUt correctly and even select between a

tionship with the attached monitor. The hard-Iarge display spanning a collectpn of out-
: .. __puts or separate displays on each video screen.
ware would be carefully designed to emit video

timings compatible with the included monitor; However, there is no capability to adjust these

. o . .’ configurations dynamically, nor even to auto-
there was no provision for adjusting video tim- . .
. . . ., _matically adapt to detected changes in the en-
ings to adapt to different monitors, each video

. : vironment.
card had a single monitor connector.

Fast forward to 2004 when common video4.3 Xis Only Part of the Universe

cards have two or more monitor connectors

along with outputs for standard NTSC, SE-With 2D performance no longer a signifi-

CAM, or PAL video formats. The desire to cant marketing tool, graphics hardware ven-

dynamically adjust the display environment todors have been focusing instead on differenti-

accommodate different use modes is well supating their products based on video output (and

ported within the Macintosh and Microsoft en- input) capabilities. This has dramatically ex-

vironments, but the X window system has re-tended the options available to the user, and in-

mained largely stuck with its 1984 legacy. creased the support necessary within the oper-
ating system.

4.2 X Attempts to Fix Things . . . . .
As the suite of possible video configuration op-

_ tions continues to expand, it seems impossi-
X servers for PC operating systems adapted {g¢ 1g construct a fixed, standard X extension
simple video mode selection by creating a Vir-canaple of addressing all present and future
tual’ desktop at least as large as the largest d&jeeds. Therefore, a fully capable mechanism
sired mode and making the current mode view,, st provide some “back door” through which
a subset of that, panning the display around tQyispay drivers and user agents can communi-
keep the mouse on the screen. For users able {3ye jnformation about the video environment

accept this metaphor, this provided usable, i{yhich js not directly relevant to the window
less than ideal support. Most of the time, hOW'system or applications running within it.

ever, having content off of the screen which

could only be reached by moving the mouseOne other problem with the current environ-
was confusing. To help address this, the X Rement is that video mode selection is not a re-
size and Rotate extension (RandR)[GP01] waguirement unique to the X window system.
designed to notify applications of changes inNumerous other graphical systems exist which
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are all dependent on this code. Currently, thab Input Device Support
is implemented separately for each video card

supported by each system. The MxN combma—ln days of yore, the X environment supported

n .
that only a few systems have support for awide‘gxactIy one kind of mouse and one (perhaps of

) _.an internationalized family) keyboard. Sadly,
range of video cards. Support for systems aSIdf\his is no longer the case. The wealth of avail-
from X is pretty sparse. '

able input devices has caused no small trouble
in X configuration and management. Add to
that the relative failure of the X Input extension
to gain widespread acceptance in applications
and the current environment is relegated to em-
ulating that available in 1984.

4.4 Who's in Charge Here, Anyway?

X itself places relatively modest demands orn5.1 Uniform Device Access
the system. The X server needs to be aware

of what video cards are available, what videoThe first problem to attack is that of the cur-
select the current mode. Within that modeserver jtself is responsible for parsing the raw
there may be a wealth of information that ispytestreams coming from the disparate input
not relevant to the X server; it really only devices. Fortunately, the kernel has already
needs to know the pixel dimensions of eachsg|yed that problem—the netdev/input -
frame buffer, the physical dimension of pixels hased drivers provide a uniform description of
on each monitor and the geometric relationshigyevices and standard interface to all. Con-

among monitors. Details about which videoyerting the X server over to those interfaces is
port are in use, or how the various ports re|at%traightforward.

to the frame buffer are not important. Infor-

mation about video input mechanisms are evehlowever, the/dev/input/mice interface

less relevant. has a significant advantage in todays world; it
unifies all mouse devices into a single stream

As the X server need have no way of inter-gg that the X server doesn't have to deal with

preting the complexity of the video mode en-qeyices that come and go. So, to switch input

vironment, it should have no role in managingmechanisms, the X server must first learn to
it. Rather, an external system should assumgeg| with that.

complete control and let the X server interact
in its own simple way. 5.2 Hotplug and HAL

This external system could be implemented

partially in the kernel and partially in user- Mice (and even keyboards) can be easily at-
mode. Doing this would allow the kernel to tached and detached from the machine. With
share the same logic for video mode selectiotJSB, the system is even automatically notified
during boot time for systems which don’t auto- about the coming and going of devices. What
matically configure the video card suitably onis missing here is a way of getting that noti-

power-on. In addition, alternate graphics sys{ication delivered to the X server, having the

tems would be able to share the same API folX server connect to the new device (when ap-
their own video mode configuration. propriate), notifying X applications about the
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availability of the new device and integrating quires some changes to the X protocol in the
the devices events into the core pointer or keyform of new or modified extensions.
board event stream.

is?
The Hardware Abstraction Layer (HAL)[Zeu] 6.1 Whose Mouse s This

project is designed to act as an intermediary

between the Linux Hotplug system and appli-Input devices are generally located in physical
cations interested in following the state of de-Proximity to the related output device. In a sys-
vices connected to the machine. By interposingem with multiple output devices and multiple

this mechanism, the complexity of discover-Input devices, there is no existing mechanism
ing and selecting input devices for the X servert0 identify which device is where. Perhaps
can be moved into a separate system, leavingome future hardware advance will include ge-
the X server with only the code necessary tg?9raphic information along with the bus topol-

read events from the devices specified by th@9Y-

HAL. One open question is whether this shoul :
be done by a direct connection between the ?(The best we can probably do for now is to

server and the HAL daemon or whether an ngi:t()jaess trrlneel((:n h?gzmrgﬁ ?:C%??nmutt:li dH(;AL‘JIE_
client could listen to HAL and transmit device 9 grouping P

ut devices. That way the X server would re-
iart/ee;:hanges through the X protocol to the xf:)eive from the HAL the set of devices to use at

startup time and then accept ongoing changes

One additional change needed is to extend th# that as the system was reconfigured.

X Input Extension to i_nclude notification of One problem with this simplistic approach is
new and de_parted qu'CeS' That exten_smn a%hat it doesn’t permit the migration of input
ready permits the list of available devices todevices from one aroupind to another: one
change over time, all that it lacks is the mech- grouping ’

anism to notify applications when that occurs can easily imagine the user holding a wireless
PP ‘pointing device to attempt to interact with the

Inside the X server implementation, the exten-, 1 )
wrong” display. Some mechanism for dynam-

sion is in for some significantly more chal- . 0 L
. ically reconfiguring the association database
lenging changes as the current codebase as-.

sumes that the set of available devices is fixeg\’III heed to be included.

at server initialization time. _ _
6.2 Hotplugging Video Hardware

6 Migrating Devices While most systems have no ability to add or
remove graphics cards, it's not unheard of—
) . _many handheld computers support CF video
With X was developed, each display consisted,gapters. On the other hand, nearly all systems
of a single keyboard and mouse along withy, support “hotplugging” of the actual display

a fixed set of monitors. That collection was javice or devices. Many can even detect the

used for a single login session, and the inyresence or absence of a monitor enabling true
put devices never moved. All of that has now

i ) auto-detection and automatic reconfiguration.
changed; input devices come and go, comput-

ers get plugged into video projectors, multi-When a new monitor is connected, the X server
ple users login to the same display. The dy-needs to adapt its configuration to include it. In
namic nature of the modern environment rethe case where the set of physical screens are
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gathered together as a single logical screen, th&/ith the HAL providing some indication of
change can be reflected by resizing that singlevhich devices should be affiliated into a sin-
screen as supported by the RandR extensioigle session configuration, the X server can at
However, if each physical screen is exposed tdeast select them appropriately. Similarly, the
applications as a separate logical screen, theX server should be able to detect which device
the X server must somehow adapt to the press the console keyboard and manage virtual ter-
ence of a new screen and report that informaminals from there. Whether the kernel needs to
tion to applications. This will require an exten- add support for virtual terminals on the other
sion. graphics/keyboard devices is not something X

. _ needs to answer.
In terms of the existing X server implemen-

tation, the changes are rather more dramaticT he final problem is that of other input devices;
Again, it has some deep-seated assumptionghen switching virtual terminals, the X server
that the set of hardware under its control will conventionally drops its connection to the other
not change after startup. Fixing these will keepinput devices, presuming that whatever other
developers entertained for some time. program is about to run will want to use the
same ones. While that does work, it leaves
open the possibility that an error in the X server
6.3 Virtual Terminal Switching will leave these devices connected and deny
other applications access to them. Perhaps it
would be better if the kernel was involved in
the process and directing input among multi-

is the apility to. rapiqlly switch among multi- ple consumers automatically as VT affiliation
ple sessions with “virtual terminals.” The X changed.

server itself uses this to preserve a system con-

sole, running on a separate terminal ensures

that the system console can be viewed by sim7  Conclusion

ply switching to the appropriate virtual termi-

nal. Given this, multiple X servers can be

started on the same hardware, each one on/Adapting the X window system to work ef-
different virtual terminal and rapidly switched fectively and competently in the modern envi-
among. ronment will take some significant changes in

) ) ) architecture, however throughout this process
The virtual terminal mechanism manages onlyayisting applications will continue to operate

the primary graphics device and the systenygely unaffected. If this were not true, the
keyboard. Management of other graphics angyngamental motivation for the ongoing exis-

input devices is purely by convention. The re-ence of the window system would be in doubt.
sult is that multiple simultaneous X sessions

are not easily supported by the standard buildigrating responsibility for device manage-
of the X server. The X server targeted at a nonment out of the X server and back where it
primary graphics device needs to avoid configbelongs inside the kernel will allow for im-
uring the virtual terminal. However, this also provements in system stability, power manage-
eliminates the ability for that device to supportment and correct operation in a dynamic envi-
multiple sessions; there cannot be virtual terronment. Performance of the resulting system
minal switching on a device which is not asso-should improve as the kernel can take better ad-
ciated with any virtual terminals. vantage of the hardware than is possible in user

One capability Linux has had for a long time
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mode.

Sharing graphics acceleration between 2D and

3D applications will reduce the effort needed[NR04]
to support new graphics hardware. Migrating

the video mode selection will allow all graph-

ics systems to take advantage of it. This should
permit some interesting exploration in system
architecture.

Significant work remains in defining the pre- [Pac01]
cise architecture of the kernel video drivers;

these drivers need to support console opera-
tions, frame buffer device access and DRI (or

other) 3D acceleration. Common memory allo-

cation mechanism seem necessary, along with
figuring out a reasonable division of labor be-
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lection.

Other work remains to resolve conflicts over
sharing devices among multiple sessions and
creating a mechanism for associating specifi&Sng]
input and output devices together.

The resulting system regains much of the fla-
vor of the original X11 server architecture. [w
The overall picture of a system which provides
hardware support at the right level in the archi-
tecture appears to have wide support among the
relevant projects making the future prospects

bright. [Zeu]
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