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Abstract

The OpenGL™ graphics system is a hi gh-perfornance,
window systemindependent 2D and 3D graphics inter-
face. The technology vas devel oped by Silicon Gaphics
andis nowcontrol l ed by the (pen(. Architecture Review
Board. (pen@’s X extensionintegrates (ren(Lwith

the XWindowSystem This article describes (hen)s
functionalityand howit is used wth X Asimpl e Grend.
programusing XNib is presented. (pen. is conpared
and contrasted wth PEX a 3Dgraphi cs interface desi gned
specifically for X The two subsequent articles inthis se-
ries describe howtointegrate en with X 1band Motif
progrars.

1 Introduction

The pen. ™ graphics systemis a poverful softvere
interface for graphi cs hardware that allows graphics pro-
grammars to produce hi gh-quality col or 1mages of 2Dand

3D objects. The technology was devel oped by Silicon
Gaphics Inc. (SA) and is the result of ten years of ex
perience designing production software interfaces for afull
spectrumof graphi cs hardware.

(pen. 15 now controlled by an industry consortium
known as the Qen. Archi tectural ReviewBard (ARB)
currently conposed of Digital Fquiprent, TBM Intel,
Mcrosoft, and S. The interface is licensed to a large
nurber of conputer software and hardware vendors and
(pend. 1 npl emant ati ons are nowappearing on the nar-
ket.

This article 1s the first of a series of three articles ex

plaining pen. to the users of the X Wndow System
This article introduces the reader to en’s features,
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particularly how they apply to X This section wll in
troduce the reader to (pend’s philosophy and history.
Section 2 will explore (pen’s rich feature set. Section
3 discusses (pend)s 1ntegrationw ththe XWndowSys-
temvia the JXextension. Section 4 presents a sinple
pen. programfor X Section 5 conpares and contrasts
pen.to PFX a 3Dgraphi cs interface designed speci fi
cally for X Section 6 tells vhere to find nore i nformation
about (pen(L

The second article inthe series wll explainin nore de-
tail howto use (pen.in conjunction with XNib. The
thirdarticle wll describe howto use (pen(.vith Mtif.

1.1 Design Philosophy

© appreciate (pen. 1t is useful to understand 1ts de-
s1gn philosophy. (pend. provides a layer of abstraction
between graphi cs hardware and an application program

It is visible to the programmar as a set of routines cor-
sisting of about 120 distinct commands. Together these
routines make up the (pend. application prograrmmng
interface (AF). The routines allow graphics primtives
(points, lines, polygons, bitnaps, and inages) to be remw
dered to afrane buffer. Using the available primtives and
the operations that control their rendering, high quality
color graphi cs inages of 3Dobjects can be rendered.

The designers of (pend. present the graphics system
as a state machine [7 | that controls a vell-defined set
of drawng operations. The routines that (pend. sup-
plies provide a means for the progranmr to nam pul ate
end’s state nachine to generate the desired graph
ics output. Figure 1 shovs a simplified viewof (hen)s
abstract state machine. Specifying (pend. as a state
nachine allows consistent, precise specification and elim
inates arbiguity about what a given operation does and
does not do.

The nodel used for interpretation of (pend. com



> Display
list
Y Per-Vertex
- Operations o Per—
= Evaluator *Primitive —»st?;genz _>Fragmem
Assembly Operations
\
commands
Texture
Memory
Y
v Pixel Frame-
| Operations » | DUffer

Hgure 1: Highlevel, abstract (hen. nachine.

mands is cliat-sever This is anabstract nedel and does
it demand (pen. be i1npl eranted as distinet client
and server processes. Aclient-server approach neans the
boundary bet veen a programand the Ghen. 1 npl enan-
tationis vell-defined to clearly specify howdatais passed
between the programand (hend. This allows (pend.
to operate over a wire prdad much as the X protocol
operates but does not mandate such an approach.

The (pen. specification is widavsysten nkpen
it ream ng 1t provi des rendering functional ity but does
not specify howto nam pul ate windovs or receive events
fromthe wndowsystem This allovs the (pen.inter-
face to be inpl emanted for distinct wndowsystems. For
exarple, (pen. has been inpl emanted for both the X
Whndow Systemand Wndovs N'T

The specification which describes how (pend. inter-
grates with the X Wndow Systemis known as AX Tt
1s an extension to the core Xprotocol for cormmm cating
(pen(d. cormands to the Xserver. It also supports wn
dowsystemspeci fic operations such as creating rendering
contexts, hinding those contexts to wndows, and other
w ndowsystemspeci fic operations.

dXdoes not demand Gpen. cormands be executed
by the Xserver. The JXspecification explicitly allows
(pen(. to render directly to the hardware if supported
by the inpl emantation. This is possible vhen the program
1s runmni ng on the same nachine as the graphi cs hardware.
This potentially allovs extremaly high performance ren
dering because pen. commands do not need to be sent
through the Xserver to get to the graphi cs hardvare.

Graphi cs system are of ten cl assified as one of tvo types:
procedural or descriptive. Procedural neans the program
mar is determmning vhat to drawby issuing a specific se-
quence of commands. I¥scriptive neans the progranmer
sets up anodel of the scene to be rendered and 1 eaves how
to drawthe scene up to the graphics system (pen.is
procedural . Ina descriptive system the programmer gi ves
up control of exactly howthe scene 1s to be rendered. Be-
ing procedural allovs the programmar a high degree of
control to achieve the best performance. It 1s expected
that descriptive graphics systers wll be inpl erented us-

ing enLas alowlevel interface. SA’s Inventor tool kit
[§ is one exanple of such a descriptive graphics system

A overriding goal of en.is to allowthe construc-
tion of portable and interoperabl e 3Dgraphi cs programs.
For this reason, (pens rendering functional 1ty mst be
inplemnted in 1ts entirety. Ths neans all the conplex
3Drendering functionality described later in the article
can be used wth any pen(. 1 1mpl emant ation. Previous
graphi cs standards often all oved subsetting; too often the
result was progrars that could not be expected to vork
on distinct inpl emantations.

1.2 History of OpenGL

Abrief history of (pend. expl ains how Gpend. cane
to be and vhat inspired its devel opnent. (penLis the
successor to a graphics library known as TRS 4. (d.
stands for graphics library) developed by SA as a hard-
vare independent graphics interface for use across a full
line of graphics vorkstations. TRS.[4 ] is used by nore
than 1,500 3Dgraphi cs applications. THS (. was devel -
oped over the last decade and has been inpl emanted on
nurarous graphi cs devices of varying sophistication.
pen. is not backvard-corpatible wth THS L
(pen. has removed dated THS . functionality or
replaced it wth more general functionality The row
tines and synhols conprising the Gpen. AMl have been
naned to avoi d nane space confli cts (all nanes start wth
either gl or GL.). The windowsystemdependent portions
of IHS (. are not part of (pend. Wat has been pre-
servedis the spirit of the AH. (pen.retains IRS s
ability to render 3Dobjects quickly and efficiently.
(pen(. has been proposed as a graphics standard to
bring 3D graphi cs progranmng into the nainstreamof
applications progranmng. For this reason, the (pend.
ARBvas forned. The ARBlicenses (pen. and directs
further devel opnant. Currently, over 20 conpanies have
licensed (pen. and intend to release or have already
rel eased cormarcial 1npl erentations. Numerous um ver-

sities have also l1censed (pen.

2 OpenGL’s Fuxtiomlity

en@. 15 not a high-level 3Dgraphics interface. Wen
you build a graphics programusing (pend; you start
wth a fewsinple primtives. The sophistication comas
fromconhi ning the primtives and using themin vari-
ous modes. K gure 2 shows the available geonatric prim
itives. Notice the ordering of the vertices, in particul ar
for primtives such as the GL_TRIANGLE STRIP and the
GL_TRIANGLE FAN.

" begin a primtive, the glBegin routine passes inthe
primtive type as an argunant. Then a list of vertex co-
ordinates are given. (pen. has a famly of routines to
specify vertex coordinates. Al the routines begin wth
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Hgure 2: end. Ceonatric Primtives.

the nane glVertex. 'The suffix to a specific glVertex
routine tells the type and munher of coordinates for the
vertex. For exanple, glVertex3f indicates a three coor-
dinate vertex consisting of floating point values is to be
generated.

A Qend. primtive is conpleted by calling glEnd.
Aong wth the coordinates of each vertex, per-vertex in
formation about color, material, normals, edge drawing,
and texturing can be specified betveen a glBegin and
glEnd. Hgure 3 shows anexanpl e of howa pol ygon might
be generated. Notice howglColor3f is used to change the
current color. Fach vertexis drawn according to the cur-
rent col or.

glShadeModel (GL_SMOOTH) ;

glBegin(GL POLYGON); /#* pentagon */
glColor3£(0.0, 1.0, 0.0); /* green */
glVertex3£(0.0, 1.0, 0.0);
glVertex3£(0.7, 1.0, 0.0);
glColor3£(0.0, 0.0, 1.0); /* blue */
glVertex3f(1.4, 0.6, 0.0);
glVertex3f(1.4, 0.4, 0.0);
glVertex3£(0.0, 0.0, 0.0);

glEnd();

KHgure 3: Fxample of generating a 3D polygon wth
stwoth shadi ng bet veen verti ces.

2.1 Observations About Primi tives

(pen.tends to be function call intensive. There is not a
conpl ex RenderPolygonWithGratuitousArguments comn
mand. Instead primtives are constructed by call1ngmul ti-
ple en. routines. Calling multiple routines gives the
programflexibility and control over the primtives gener-
ated.

(pen. 1s flexible about vhat format information is
passed to it. For exanple, the glVertex3i accepts inte-
gers vhile glVertex3f and glVertex3d take single and
doubl e precision floating point respectively. It is very ad
vantageous for (pen. to have several basically identi-
cal routines vhich accept different data types. It allows
the progranmar the flexibility to decide howto store the
data. Aprograrmer vhose datais ininteger fornat does
not want to convert it to floating point to pass it to the
graphi cs system And another programmer does not want
to convert floating point data into integers. Conversions
between data types can be expensive. High perfornance
graphi cs hardware can be desi gned to accept mil tiple data
formats and totally off 1oad the task of fornat conversion
fromthe host processor.

You can start to see wvhy it mnakes sense to con-
sider (pend. as a state machine. Commands such
as glColor3f change the state of the current color.
Subsequent vertices use the current color.  glBegin
puts (pen. into a state to start drawng the spec-
ified primtive. The mltiple glVertex routines load
up one at a time the vertices for a given prim-
t1ve. Nearly all of (pend)s state that can be
set by the programmar can also be queried by the
progranmar . The glGetFloatv(GL_ CURRENT COLOR,
&float array) call, for example, will retrieve the setting
of the current color.

2.2 Two Col or Model s

(pen(. has tvo different color nedes: RGBA and da
idkr. The glColor3f call has al ready been denonstrated
but not explained. This call assunes pen)s RBA
color mode. The routine takes three floating point param
eters betveen 0.0 and 1. 0 vhi ch specify the degree of red,
green, and blue for the current color. For Xusers, RBA
roughl y corresponds to the TrueColor visual type vhile
color 1ndex corresponds to PsuedoColor. The col or nade
is fixed for a g1 ven wndowthe sane vay X windovs are
created wth asingle, fixed visual .

You should be able to guess that the RBin RBA
stands for red, green, and blue. The Anay be unfaml-
1ar. It stands for dpe The al pha valve is used when tvo
colors are to be averaged together for bl endi ng operations.
A pha represents the opacity of the color. 1.0 1is totally
opaque vhile 0.0 1s totally transparent. For exanple, one
could use alpha to render a scene wth green glass. The
frane buffer can support an al pha conponent which al-



lovs al pha values to be stored. Fach pixel in the frane
buffer woul d have an associated al pha value. 'The al pha
value is not visible onthe display. It is just used to deter-
mine howa pixel to be drawnis blended wth the current
pixel value in the frane buffer. The glAlphaFunc and
glBlendFunc routines control precisely howal pha buffer-
ing operates. The glColor4f command is a variationon
glColor3f vhich takes a fourth paraneter specifying al-
pha (glColor3f inplicitlysets al phato 1.0).

HBAsupports a tri-linear palette for the full range of
colors, makingit very useful for rendering realistic scenes.
pen supports 11 ghting, fog, and smeoth shadi ng nest
effectivel yin RBAnode. Since alot of hardware has 11m
ited color resolution, an application can request (pen.
use dithering for better color resolution (at the expense of
spatial resolution).

Mny nedes in (pend, such as dithering, are en
abled and disabled using the glEnable and glDisable
commands. For exanple, dithering is enabled by call-
ing glEnable(GL DITHER). 'Then drawi ng voul d be done
wth dithering enabled. You can think of glEnable and
glDisable as ways to affect the operation of the Gpen.
state nachi ne.

The col or index nodel assumes a readabl e and witable
linear col ornap. Usually windowsystems specify howcol -
ors are allocated and arranged so (pen(. does not have
any specific routines to allocate colors. Ior exanple in
X an XNib color allocation routine such as XAllocColor
voul d be used. The glIndex famly of routines is used to
set the current color index. The advantage of col or index
is that the color of a given pixel value can be changed.
There 1s a level of indirection between the pixel values in
the frane buffer and the colors on the screen.

2.3 Ancillary Buffers

The drawing surface for (pen(is generically referred to
as the franbyffer Inactuality, the frane buffer mght be
a w ndowcreated by your conputer’s wi ndowsystenor an
in-manory data structure (like an Xpixmp). (bend’s
fram buffer can logically be considered a set of buffers.
Abuffer is logically just a tvo-dimansional array of val-
ues. 'The most inportant buffer is the 1nage buffer wch
contains the actual color information and possibly the al-
pha conponent but there are also other types of buffers.
A window systemmght support multiple frame buffer
configurations, each supporting different types of buffers.
Miltiple wndovs of different configurations can be dis-
played at one tine though a single wndowhas a fixed
fram buffer configuration. InX visuals are overloaded to
al so describe supported (pen(. frane buffer configura-
tions.

The non-1mnage buffers are often referred to as aullay
or helper buffers. Wile they do not contain the 1nage
1tself, they can be essential in properly generating the im

age.

2.3.1 The Depth Buffer

For 3Dgraphi cs, the dgth byffer (al so commonl y referred

toas a Z buffer) is nearly essential. Wile the screen only
has tvo di nansions, 3Dgraphi cs seeks to simul ate a third.
Wien 3Dprimtives are rendered, they are rasterized into

a collection of frymis Fach fragnant corresponds to

a single pixel and includes color, depth, and soretimas
texture-coordinate values. The Xand Y val ues for a frag-
mant determne vhere on the screen the pixel shoul d ap-
pear. Afragment’s Z value or depth is used to determmne
how “near” the fragnent is. Wen the depth buffer is en
abled, the fragnant is dramonlyif 1ts Z value 1s “nearer”
than the current 7 val ue for the correspondi ng pixel inthe
depth buffer. Wien the fragnent is drawninto the frane
buffer, 1ts Z val ue repl aces the previous val ue in the depth
buffer. Nornally, when the scene starts to be rendered,
the entire depth buffer is cleared to the “farthest” val ve.
& a 3Dscene 1s rendered, the depth buffer automatically
sorts the fragnents being drawn so only the nearest frag-
mant at each pixel location gets drawn. Things logically
behi nd other things are autonatically elimnated fronthe
scene. This is the normal use for a depth buffer, al though

other uses are possible.

2.3.2 The Stencil Buffer

Another buffer supported by (pen.1s the stencil buffer.
Iike the depth buffer, the stencil buffer can be used to
elimnate certain pixels frombeing draw. The stencil
buffer acts in much the sane way as a cardboard stencil
used wth a can of spray paint. You can “draw val ues
into the stencil buffer using the nornal (pen. render-
ing primtives. 'Then a stencil test can be defined and
stenciling enabl ed.

(re possible use of the stencil buffer is in aflight sim
ulator. Inagine that the viewoutside the plane is to fit
into an irregul arly shaped wndshield The rendering of
the viewoutside the plane shoul d not interfere wth the
rendering of the instrunents “inside” the cockpit. If the
wndshield areais draminthe stencil buffer, then asten
cil test can be set up to nake sure the wndshield viewis
only dravm vhere the wndshield stencil has been drawn.

There are many other uses for stencil buffers.

2.3.3 The Accumulation Buffer

Yet another buffer supported by (pen.is the accurm
lation buffer [2] whichcan be used for antialiasing, notion
blur, simlating photographi ¢ depth of field, and render-
ing soft shadove frommml tiple 11ight sources. You do not
render directly into the accumul ation buffer. Instead, you
render a series of images, accurmlating each into the ac-
curul ation buffer, conbi ning the inages. Then the accw



mml ated 1 nage can be dunped back into the inage buffer
for display. The effect 1s nuch the sane as the one a pho-
tographer gets frommml tiply exposing a piece of flm
Mtionblur is one use. Inagine drawing a scene several
timas with each frane corresponding to aslightly different
point intine. By accumul ating the franes (wth decayed
intensity for earlier frams), youcan achi eve aneffect sim
ilar tonetionblur since still objects are sharp but noving
objects are blurred by their accurmlationin slightly dif-
fering locations.

2.3.4 Double Buffering

Iubl e bufferi ng neans havi ng tvo sets of image buffers,
one fratvisible buffer and another bak non-visible buffer.
Unlike sinpl e 21} 3Di mages nay take substantially nare
tima to generate. And depth, alpha, and accurml ation
buffers all nmean that the image being drawn at any no-
mant mght be quite different fromthe final inage. It
voul d be quite distracting for the viever to see each scene
while 1t was “under construction” and voul d destroy the
illusion of a smothly am mted scene. Iduble buffering
allows for one 1nage to be rendered vhile another is being
displ ayed.

en. supports this notion. The glDrawBuffer row
tine can be used to determne to what buffer primmtives
should be draw. A wndowsystemspecific routine is
avail able to make the back buffer visible.

Iubl e buffering i s of ten achi eved by renderi ng the norn-
visibl e i mage buffer into nenery and then qui ckl y copyi ng
the buffers contents to screen menary. Abetter alterna-
tive 1s to build hardware that actually supports two sets
of 1mage buffers. 'Then the cost of a buffer svap can be
extremel y l owsince no data has to be copied. Instead, the
video controller can just change to scanni ng inage pixels
out of the other buffer.

2.3.5 Stereo

Stereo is simlar to double buffering in that nore than one
image buffer 1s supported. Instead of front and back, 1eft
and right are provided (though generally stereo and dow
ble buffering are conbined, requiring four inage buffers).
Special stereo vi deo hardware al ternates betveenscanni ng
out the left and right buffers every screen refresh. Cog
gles synchrom zed with the vertical refresh of the screen
al ternatel y open and close ICDshutters so the left eye
sees the left frame and the right eye sees the right frana.
By carefully drawing the scene twce wth slightly differ-
ent perspective into the left and right buffers, the viever
experiences an optical illusionof 3D

Wile double buffering is commen on graphics vork-
stations, stereo requires special hardvare and tends to be
rather expensive so many (pen. i npl erant ations nay
not support stereo.
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Hgure 4: Stages of vertex transfornation.

2.4 Viewing

Qe of the nost difficult initial hurdles in learning 3D
graphi cs progranmng is howto properly set up a view
It 1s very easy to get a black screen because the viewng
for the scene 1s not properly imitialized.
3D conputer graphics uses matrix transformations to
properly orient, view clip, and nap the nedel to the
(pen’ s various stages in mapping vertices in
object coordinates into pixels in windowcoordinates are
pictured in K gure 4.
A Gen. programmer 1s responsible for loading the
mHueavand pyatimmatrices. The nodel vi ew na-
trix determmnes how the vertices of (pen(. primtives
are transforned to eye coordinates. 'The projectionnatrix
transforms vertices 1neye coordinates to clip coordinates.
A nunber of (pend. routines deal wth nam pul at-
ing these matrices. The glMatrixMode routine is called
wth an argunent of GL_ MODELVIEW or GL _PROJECTION
to determine vhat is the current modifiable matrix.
Then glLoadIdentity nay be called to set the currently
modifiable natrix to the i1dentity nmatrix. Then row
tines such as glRotatef, glTranslatef, and glScalef
may be called to manmipulate the currently nodifiable
mtrix. glLoadMatrixf loads a specific matrix and
glMultMatrixf multiplies the current natrix by sorne
specified matrix and store the result as the current na-
trix. Understandi ngexactly howthese different conmands
shoul d be properly used is beyond the scope of this article.
The final step in establishing a viewof your nodel is
the uwepat transfornation. It determmnes howthe scene
gets mapped onto the conputer screen. The glViewport
routine specifies the rectangl e inthe wndowof into which
the final image is to be mapped. By default, the entire
wndowis used. glViewport is commonly invoked vhen
an (pen. windowis resized.

screemn.

2.5 Other Features

There are alarge nunber of (en.features vorth nen-
tioning but their full introductionis beyond the scope of
this article.

Just specifying 3Dprimtives and determm ng howto



mp themto the screen is not enough to achieve realis-
tic inages. (pen(. also supports a nurher of 1ighting
model s that simml ate the effects of 11ghting on primtives.
Light sources can be defined and material properties can
be specified to achieve realistic 11 ghting effects.

So far pol ygons have been described as basi cal l y shaded
or flat surfaces. Bit Gpen. allows pol ygons to be remn
dered vhich have a 1Dor 2Dtexture napped onto the
pol ygon. For exanple; the surface of a desk could be tex
tured wi th a wod graininage for greater realism Exture
mappl ng can greatly enhance the visual 1npact of ascene
w thout increasing the georetric conplexity.

Rol ygons are the basic primtive for much 3D render-
ing but (hen. al so supports bitmaps and 1 nages. And
pen. provides evaluator conmands for the efficient
rendering of curves and surfaces.

B:cause 3Drendering eventually appears on a screen
wth limted resolution, (pend. provides various tech-
ni ques to elimnate “jaggies” resul ting fromaliasing prob-
lers. (pend. provides antialiasing support for points,
lines, and pol ygons. Echniques using the al pha, stencil,
or accurml at1on buffers can al so be used to mmni mze al i as-
ing probl ers.

Corputer 1 nages of ten appear unreal 1sticallysharp and
vell-defimed. (pen. supports “fog” to provide an effect
that sirmlates atnaspheric effects. Haze, mst, snoke,
and pollution can all be sirml ated. Wien fog is enabled,
objects farther away begin to fade into the specified fog
color.

Users of 3Dwant to do more than just see 3Dinages;
they vant to interact wth them (end. supports a
sdeadinmachani st hat al 1 ovs the user to pick an object
or objects draw to a certain region of the screen. And
feabak can be used to obtain the results of rendering
cal cul ations.

Oten a sequence of (pen( cormands are rendered
repeatedly. (pen. supports display lists which allow
commands to be compiled for later execution. Dsplay

lists can even call other display lists allowing hierarchies

of display lists. Tor networked 3D applications, display
lists can greatly mmnimze the protocol bandw dth needed
andincrease performance. The glNewList and glEndList

are used to create adisplaylist. Acreated displaylist can

be executed using the glCallList routine.

(he thing to keep in mnd about (pen. is that the
features described above are not 1solated functionality.
Fach feature can be combined with others for advanced
effects.
mappi ng, and doubl e buffering can all be used simml t ane-
ously.

2.6 The GLU Library
The core Qpen. A focuses on rendering functional -

1ty but there are a nunber of tasks common to nany

For example, lighting, fog, display lists, texture

3D programs that are not strictly related to rendering
For this reason, the (pend. standard also provides the
Gend. Utility Library (QU). The QU routines (all
prefixed wth glu) fall into one of the following areas:

e Mni pul ating inages for use in texturing.

o Transformng Coordinates.

e Rolygon tessellation

e Rendering spheres, cylinders, and disks.

e Nom UniformPational B Spline (NURD) curves and

surfaces.
e D»scribing errors.

The QU i1s a separate but standard library that any
(pen(. appl 1 cation can use.

3 OpenGL’s X Support

Xis an official part of the pend. standard for sup-
porting the XWndowSystem It provides additional row
tines (prefixed by glX) for interfacing Qen@ wth X Tt
al so defines a wire protocol for supporting (pend. as an
Xserver extension. The QXwire protocol allovs vork-
stations fromdifferent vendors to interoperate using 3D
graphi cs the same vay the Xprotocol provides 2Dgraph-

1cs interoperability. Sone of the issues about integrating
Xand pend. are discussed by Karlton [3 ]

(dXallows rendering i nto Xwindovs and pi xnaps. An
Xserver can support different visuals to describe the dif-
ferent types of wndows supported by the server. For the
core Xprotocol, avisual specifies one (or nore) depths for
the frame buffer and howpixel val ues are napped to col -
ors on the screen. Xtreats a dravable as basically a 2D
array of pixels, but (pend. has a much more sophisti-
cated viewof a dravable’s frame buffer capabhilities. X
overl oads the core Xnotion of a visual by associ ating ad-
ditional information about (pen’s frame buffer capa-
hilities. Inadditionto aninage buffer, (pen(. supports
various types of ancillary buffers. Ior exanple, a wn
dowmght also have a stencil buffer and a depth buffer.
Mdes such as stereo and doubl e buffering are also sup-
ported. Miltiple different frane buffer configurations can
be supported by a single Xserver by exporting mltiple
visuals.

Al Gen@.impl emant ations for the XWndowSystem
must support at least one RBAvisual and at least one
color 1ndex visual. Both visuals nust support a stencil
buffer of at least 1 bit and a depth buffer of at l1east 12 hits
The required RBA visual nust have an accurml ation
buffer. The al pha conponent of the image buffer 1s not
required for the RBAvisual (but input al phais still used
inall rendering cal cul ations). Mny inplerantations wll
suppl y nany nore than tw visual s.



The GXAH supplies tworoutines, glXGetConfig and
glXChooseVisual, to help programars select an appro-

priate visual . Qhce the appropriate visual is selected, call

XCreateWindow with the sel ected visual to create the wn-
dow

dXsupports off-screen rendering to pixnaps. FHrst
create a standard X pixmap of the desired depth using
XCreatePixmap. 'Then call glXCreateGLXPixmap wth
the desired (pen. visual. A new drawable of type
GLXPixmap 1s returned vhich can be used for drawng
pen@.1nto the pixmap.

Brender using pend, an (pen.rendering context
must be created. The glXCreateContext routine creates
such a context. An option to glXCreateContext allows
the programmar to specify that direct rendering to the
har dware shoul d be done 1f supported by the inpl enant a-
tion.

Bfore rendering, a rendering context mmst be bound
to the desired dramable using glXMakeCurrent. (pen(L
rendering conmands 1nplicitly use the current bound ren-
dering context and one drawable. Just as a program
can create mltiple windovs, a programcan create mml-
tiple (pen. rendering contexts. Bit a thread can
only be bound to one rendering context and drawable
at a tine. Qice bound, (pend. rendering can begin.
glXMakeCurrent can be called againto bind to a different
vi ndowand/or rendering context.

The X streamof commands is considered distinct
fromthe streamof Xrequests. Sonetimas you may want
to mx (pend. and Xrendering into the sane wndow If
so synchroni zation can be achieved using the glXWaitGL
and glXWaitX routines.

® swap the buffers of a double buffered wndow
glXSwapBuffers can be called. X fonts can be con
verted into per-glyph pend. display lists using the
glXUseXFont routine.

4 ASimple Example Using X

Apendix A contains the C source code for a simple
pen. program This exanple deronstrates vhat is
1nvol ved when programmng Gpen(d.with Xib. The pro-
grancreates a windowand drave a 3Dcube (mssing tvo
faces) and allows the user to rotate the cube around the
X Y, and Z axes using the mouse buttons.

B:sides demonstrating howto properly establish an X
windowfor (pen.rendering, the exanpl e dermonstrates
the use of double buffering, displaylists, and establishing
the proper view ng paramters.

4.1 Initialization

The following describes the steps involved in setting up
a wndowto render (pen.into1t. The nurbers listed

correspond to nurhers in the conmnts of the (hend.
programin Appendi x A

1. A 1nall Xprogram, XOpenDisplay shoul d be called
to open a connection to the Xserver.

2. Mke sure the (pen. QX extension is supported
by the Xserver.

3. Bfore creating the wndow the programneeds to
select an appropriate visual. The X routine
glXChooseVisual makes it easy to find the right vi-
sual . Tn the exanple, an RBA (and FueColor) vi-
sual wth a depth buffer 1s desired and if possible, 1t
shoul d support doubl e buffering.

4. Create an (pend. rendering context by calling
glXCreateContext.

5. Create a wndowwth the selected visual. Mst X
programs al vays use the default visual but (hend.
progranmrs will need to be comfiortable wth us-
ing visuals other than the default. XCreateWindow
1s called

6. Hnd the rendering context to the window using
glXMakeCurrent. Subsequent (pen(. rendering
commands w1l use the current wndowand render-
ing context.

7. To displ ay the wndow XMapWindow shoul d be called.

8. Set the desired enstate. Inthis exanple, depth
bufferingis enabl ed, the clear color is set toblack, and
the 3Dviewing vol urr is specified.

9. Bgin dispatchi ng Xevents.

Bitton presses change the angle of rotation for the ob-

ject to be vieved and cause a redraw Fxpose events also

cause a redraw (w thout changing the rotation). Wndow
resizes call glViewport to ensure the (hen(. viewport
corresponds to the naxi mumdi nensions of the wndow

4.2 Scene Update

The redraw routine does all the Qen.rendering. The
code is slightly complicated by constructing a display
list to drawthe cube. 'The first time redraw is called,
glNewList and glEndList are used to construct a display
list for the object to be rendered. Subsequent redravs call
the display list instead of rendering the object each tirne.
Creating a display list potentially allovs 1 nproved per-

fornance since the cormands can be conpiled for faster

execution. In the case of (pen. across a netvork, dis-
play lists save having to send all the cormands to render
the scene whenever the wndowis redraw.

The commands to render the object consist of four
3Drectangles of different colors. Notice the rectangles



Hgure 5: Screen snapshot of glxsimple with two other
sitpl e 3DGren. progrars.

are generated by first calling glBegin(GL_QUADS) and
ended with glEnd. Fach rectangle is specified by four
glVertex3f calls that specify the four vertexes of each
rectangle. The glColor3f invocations tell vhat color each
rectangl e shoul d be rendered. H gure 5 shovs howthe pro-
graml ooks.

If the windowis double buffered, glXSwapBuffers is
called on the window By default rendering to dow
ble buffered wndows takes place in the non-visible back
buffer. Svapping buffers wll quickly svap the front and
back buffers avoi di ng any visual artifacts (the contents of
the back buffer shoul d consi dered undefined after a svap).
Ineffect, the rendering of eachfrane can be done “behind
the scenes.”

glFlushis called to ensure that the (pen(Lrendering
commands are actually sent to the graphics hardvare. A
flushis inplicit]lydone by glXSwapBuffers sothe glFlush
is only needed explicitly in the single buffered case.

5 Comparing OpenGL to PEX

pen.1s not the only means for extending the X Wir

dow Systemto support 3D PEX[9 ] is an extension de-
vel oped by the X Consortiumto add 3D capabilities to

X The currently available versionis 5. 1. Afuture release
known as PEX 6.0 1s intended to address many of PFX

5.1’s probl ers but its specificationis not yet finalized. An
i1n-depth anal ysis of PFEX5. 1 and (Gpend.1.01s presented

by &in[1]. Here ve discuss sone of the mest promnent
distinctions.

5.1 Subsets and Baselines

(e thing that nakes PEX difficult to conpare to
(pen. 1s that PEX allows much of 1ts functionality to
be optionally 1nplemanted. PEX classifies 1ts functional -
1tyintoone or nare of three subsets: the immadi ate node
subset, the structure subset, or the PHICS workstation
subset. (PHIGS is a 3Dgraphi cs standard and stands for
Rrogrammar’s Hierarchical Interactive Gaphics System)
The PEXspeci ficati on exgliatiyal 1 ovs 1 npl erant ations to
support one, tw, or all three subsets. 'The result is that
an appl 1 cation cannot depend on any gi ven PEXserver to
suppl y the subset functionality the application mght de-
pend on. This problemis commonly referred to as “sub-
setting.”

(pen. mandates that that all its rendering function
ality be supported. Fren advanced features such as depth
buffering, fog, lighting, anti-aliasing, and texturing rmst
be supported in d!inpl emantations.

Bit still all pend. implemntations are not totally
identical. Rendering functionality is not a conplete pic-
ture of (pens capability. Rendering perfornmance wll
depend on the 1nplenentation. And frane buffer capabil-
ities wll vary betveen inpl emantations. Dfferent depths
of ancillary buffers wll be supported; stereo and double
buffering hardware nay or nay not actually be present;

a frane buffer may or nay not support the al pha conpo-
nent. Bit despite the possibilityfor variation, Gpend.for
the XWndowSystemdoes mufethat two visual s (one

RBA the other color index) wll be present with frane
buffer capabilities sufficient for mst conmon 3Dappli ca-
tions. Stencil and depth buffers must be supported for the
tvworequired visual s. And an accurml ati on buffer mmst be
supported for the RBAvisual. These required visuals
guarantee all (pen. inpl erentations have a standard
baseline of both rendering and frane buffer functionality
vhi ch appl 1 cations can rel y on being present.

5.2 Programmi ng Interfaces

There 1s an essential difference betveen PEXand (hend.
in howthe tw graphics system are specified (end.
1s fundanental 1 y speci fied as an appl i cation prograrmnng
interface. Iike the X Wndow System the fundanental
specification for PEXis a wre protocol .

In PEX the choice of prograrmmng interface is left to
the progranmr. In XI1F a PHIGS style AH was sup-
plied but this AH for PEX has not gai ned much accep-
tance. Currently the PEXconmmityis standardizing the
PEXib AH vhich nore readily exposes the wre proto-
col. Bit PEXinplemntation dependencies are also ex
posed, leaving the programmar to work around function
ality mssing due to subsetting in PEXinpl emantations.

Wth en.there is asingle AP vhi ch promses tobe
standard even across differing windowsystems (such as X

and NT) and the full functionalityof the A is availablein



all (pen.impl erant ations. The JXspeci fication does
provide a wire protocol for network-transparent operation
but the wre protocol 1s not the fundanental specification

of pen.

5.3 Rendering Functionality

PXand Gren. both support basic¢ 3Drendering func-
tionality. Both allow3Dand 2Dl1nes and pol ygons to be
rendered using standard medel1ng and viewi ng nethods.
PEX (depending on the inplemntation) and Qren(d.

al so support picking, lighting, depth cueing, and hidden
line and surface renoval .

There are a nurber of sophisticated rendering features
supported by (ben. that PEX conpl etel y 1 acks. A pha
blending, texture and environment mapping, antialiasing
(though sone PEXinpl erantations supply it as a non
standard extension), accunulation buffer nethods, and
stencil buffering are all mssing fromPEX

PX does support features not available in (pend.
PEXhas extensive text support for stroke fonts which are
fully transformable in 3D B Spline surfaces and curves
are supported directly by PEX vhile (pend. supports
NURES functionality via routines which are part of the
AU library. PEX can support cell arrays but the func-
tionality is sel dominplemanted. Mrkers and quadril at-
eral neshes are supported by PPX as a rendering prim-
tive; neither are supported as primtives by (hend. PEX
supports self-intersecting contours and pol ygon lists wth
shared geometry, while (hen. does not.

Ibuble buffering and stereo support are huilt into
end. (though not all inplementations wll support
doubl e buffered or stereo visuals) while PiXrelies onpro-
prietary support or not yet nonstandardi zed Xextensions
for doubl e buffering and stereo.

5.4 Display Lists

PX and pend. both provide a means to store com

nands for later execution. In PEX (for inplemntations

that support the structure or PHIGS workstationsubsets),

editabl e stnduescan be created and edited. Astructure

contains graphi cs primtives such as a pol ygon. Structures

nmay also contain calls to execute other structures allow

ing themto be arranged in a hierarchical fashion. PHIGS

supports structures so PFXdoes so too. Fatire 3Dnodel s

can be constructed out of a hierarchy of structures so that

aredrawrequires onl y retraversingthe structure hierarchy.
(pen(. does not support structures in the sane way

PEX does. Instead dsfday lists can be constructed whi ch

contai nsequences of (pen. commands. Tike structures,

a display list can contain a conmand to execute another

display list, effectively allowng display lists to be com

binedintoarbitrary netvorks. Unlike structures, (pend.

display lists are nd editable. Qe one is created, it

is sealed and cannot be changed (except by destroy and
recreatingit). This wite-only nature allove optimizations
to be perforned on displ ay l1sts unavail able to structures.
The commands in the display list can be optimzed for
faster execution.

Even though display lists cammot be edited, this shoul d
not be considered a disadvantage. The sam effect as edit-
ing can be achieved by rewiting display lists called by
other displaylists.

Display lists and structures both mnimze the anount
of transfer overhead vhen runni ng PEX or pen. over
a netvork since the commands 1n a structure or display
list can be executed repeatedly by only calling the dis-
play list by nane. The cormands themsel ves need to be
transferred across the wre only once.

5.5 Portability

Wile PEX vas designed to be vendor-independent and
portable; the subsetting alloved by the PPXstandard al -
lows 1mpl emantations of greatly varying functionality to
claimto be “standard” PEXinplemantations. The fact
that PEXexplicitly allovs mul tiple subsets perhaps indi-
cates the PPEX standard may be too large to 1npl emant
fully and conpletel y in a tinal y fashion. Anyone who has
been di sappoi nted by the functionality of the XI1F samm
ple inplemantation understands the problem

pen. does not allow any subsetting of rendering
functionality and therefore can expect mmch greater ap-
plicationportability. The need for interoperability testing
for en.is greatly reduced because (pen. denands
nore consistent 1npl emantations.

Neither pen. nor PEXis pzd ecat. This neans
nei ther specificationis conpletel yexplicit about vhat pix-
els must be nodi fied by each rendering operation (the core
Xprotocol is largely pixel exact). Hxel exactness is not a
totally desirable feature for 3Dsince much 3Dgraphi cs is
done wi th floating point vhere numerical errors make ex-
actness nearly inpossible. Bit the (pen(. specification
1s mch nore ri gorous than PEXabout vhat is considered
confornant behavior. Not only does this nake confor-
mance test design easier, but (pend. programmars can
have high confidence their scene wll be rendered accu
rately on all conpliant (pend. 1 npl emant ations.

The pen.rel ease kit includes asuite of confornance
tests to verify rendering accuracy. No comprehensive test
suites are yet available to validate PEX1inplenantations.

5.6 Window System Dependency

PEXis very tightly coupl ed to the XWndowSystem Not
only vas 1t designed in the context of Xbut its senantics
depend on Xnotions of drawables, events, and execution
requirenents.



Bit Xis not the only significant w ndowsystemon the
market. For this reason, (pen. was designed to be wn-
dowsystemindependent. This neans 1ts APl can also be
used wth Wndovs NTand future wndowsysters. Ap-
plication devel opers wshing to develop 3D applications
for both Xand Wndovs nachines will appreciate having
a consistent nodel for 3Dacross the tw windowsysters.

6 Finding Out More

The best place to find nore 1nformation about graphi cs
progranmng using en.is the pen. Tchni cal Ti-
brary published by Addi son- W&&ley. Currently availableis
the Qen. Reference Mnual [6 ] and the en. Bro-
granmng Giide [5 ]. The first vol um contains conplete
descriptions of all the (pen.routines 1ncl udi ng the Q.U
and @Xroutines. The second vol um 1s an excellent 11+
troductionto (pen(.incl udingall its advanced rendering
features.

Those with Internet access can obtain (pend. doc-
urentation and sample programsource code by using
anonymous ftp to sgi.com. FRostScript docunentation
for all the routines that are part of the (pend, AU,
and QX APs may be obtained. Fxanple code fromthe
end. Programming Gii de (incl uding the aux library)
is also avail able.

Q course the best vay to learn pen.1s to program
wthit. Systems supporting (pen. are currently ship-
ping froma muher of vorkstation har dware and sof t ware
vendors. Check with your vendor for availability.
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A glxsimple.c

1 /# compile: cc -o glxsimple glxsimple.c -1GL -1X11 %/

2 #include <stdio.h>

3 #include <stdlib.h>

4 #include <GL/glx.h> /* this includes the necessary X headers */
5 #include <GL/gl.h>

6 static int snglBuf[] = {GLX_RGBA, GLX_DEPTH_SIZE, 16, None};

7 static int dblBuf[] = {GLX_RGBA, GLX_DEPTH_SIZE, 16, GLX_DOUBLEBUFFER, None};

8 Display *dpy;

9 Window win;

10 GLfloat xAngle = 42.0, yAngle = 82.0, zAngle = 112.0;
11 GLboolean doubleBuffer = GL_TRUE;

12 void

13 fatalError(char *message)

14 {

15 fprintf (stderr, "glxsimple: %s\n", message);

16 exit(1);

17}

18 wvoid

19 redraw(void)

20 {

21 static GLboolean displayListInited = GL_FALSE;
22 if (displayListInited) {

23 /* if display list already exists, just execute it */
24 glCallList(1);

25 } else {

26 /* otherwise compile and execute to create the display list */
27 glNewList (1, GL_COMPILE_AND_EXECUTE);

28 glClear (GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
29 /* front face */

30 glBegin(GL_QUADS);

31 glColor3f(0.0, 0.7, 0.1); /* green */
32 glVertex3f(-1.0, 1.0, 1.0);

33 glVertex3£(1.0, 1.0, 1.0);

34 glVertex3f(1.0, -1.0, 1.0);

35 glVertex3f(-1.0, -1.0, 1.0);

36 /* back face */

37 glColor3f(0.9, 1.0, 0.0); /* yellow */
38 glVertex3f(-1.0, 1.0, -1.0);

39 glVertex3f(1.0, 1.0, -1.0);

40 glVertex3£(1.0, -1.0, -1.0);

41 glVertex3f(-1.0, -1.0, -1.0);

42 /* top side face */

43 glColor3f(0.2, 0.2, 1.0); /* blue */
44 glVertex3f(-1.0, 1.0, 1.0);

45 glVertex3£(1.0, 1.0, 1.0);

46 glVertex3f(1.0, 1.0, -1.0);

47 glVertex3f(-1.0, 1.0, -1.0);

48 /* bottom side face */

49 glColor3f(0.7, 0.0, 0.1); /* red */

50 glVertex3f(-1.0, -1.0, 1.0);

51 glVertex3f(1.0, -1.0, 1.0);

52 glVertex3£(1.0, -1.0, -1.0);

53 glVertex3f(-1.0, -1.0, -1.0);
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54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70

71

72
73

74

75

76

77
78
79
80
81
82
83
84

85

86
87
88
89

90

91
92
93
94
95
96
97
98

99

100

glEnd () ;
glEndList () ;
displayListInited = GL_TRUE;
}
if (doubleBuffer) glXSwapBuffers(dpy, win); /* buffer swap does implicit glFlush */
else glFlush(); /# explicit flush for single buffered case */

void
main(int argc, char **argv)

{

XViguallInfo *vi;

Colormap cmap;

XSetWindowAttributes swa;

GLXContext CcX;

XEvent event;

GLboolean needRedraw = GL_FALSE, recalcModelView = GL_TRUE;
int dummy ;

/**%% (1) open a connection to the X server **x/

dpy = XOpenDisplay(NULL);
if (dpy == NULL) fatalError('"could not open display");

/**% (2) make sure OpenGL’s GLX extension supported ***/
if ('glXQueryExtension(dpy, &dummy, &dummy)) fatalError ("X server has no OpenGL GLX extension");
/**%% (3) find an appropriate visual **x*/

/* find an OpenGL-capable RGB visual with depth buffer */

vi = glXChooseVisual(dpy, DefaultScreen(dpy), dblBuf);

if (vi == NULL) {
vi = glXChooseVisual(dpy, DefaultScreen(dpy), snglBuf);
if (vi == NULL) fatalError('"no RGB visual with depth buffer");
doubleBuffer = GL_FALSE;

}

if(vi->class !'= TrueColor) fatalError("TrueColor visual required for this program");
/*** (4) create an OpenGL rendering context *¥*/

/* create an OpenGL rendering context */

cx = glXCreateContext(dpy, vi, /# no sharing of display lists #/ None,
/* direct rendering if possible */ GL_TRUE);

if (cx == NULL) fatalError('could not create rendering context");

/*%% (5) create an X window with the selected visual *%%/

/* create an X colormap since probably not using default visual */

cmap = XCreateColormap(dpy, RootWindow(dpy, vi->screen), vi->visual, AllocNone);

swa.colormap = cmap;

swa.border_pixel = 0;

swa.event_mask = ExposureMask | ButtonPressMask | StructureNotifyMask;

win = XCreateWindow(dpy, RootWindow(dpy, vi->screen), 0, 0, 300, 300, 0, vi->depth,
InputOutput, vi->visual, CWBorderPixel | CWColormap | CWEventMask, &swa);

XSetStandardProperties(dpy, win, "glxsimple", "glxsimple'", None, argv, argc, NULL);

/*** (6) bind the rendering context to the window ***/

glXMakeCurrent (dpy, win, cx);
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101 /**%% (7) request the X window to be displayed on the screen ***/

102 XMapWindow (dpy, win);

103 /*** (8) configure the OpenGL context for rendering *¥*/
104 glEnable (GL_DEPTH_TEST); /* enable depth buffering */

105 glDepthFunc (GL_LESS) ; /* pedantic, GL_LESS is the default */
106 glClearDepth(1.0); /* pedantic, 1.0 is the default */
107 /* frame buffer clears should be to black */

108 glClearColor(0.0, 0.0, 0.0, 0.0);

109 /* set up projection transform */

110 glMatrixMode (GL_PROJECTION) ;

111 glLoadIdentity();

112 glFrustum(-1.0, 1.0, -1.0, 1.0, 1.0, 10.0);

113 /* establish initial viewport */

114 glViewport(0, 0, 300, 300); /* pedantic, full window size is default viewport */
115 /**%% (9) dispatch X events **x/

116 while (1) {

117 do {

118 XNextEvent (dpy, &event);

119 switch (event.type) {

120 case ButtonPress:

121 recalcModelView = GL_TRUE;

122 switch (event.xbutton.button) {

123 case 1: xAngle += 10.0; break;

124 case 2: yAngle += 10.0; break;

125 case 3: zAngle += 10.0; break;

126 }

127 break;

128 case ConfigurelNotify:

129 glViewport (0, O, event.xconfigure.width, event.xconfigure.height);
130 /* fall through... */

131 case Expose:

132 needRedraw = GL_TRUE;

133 break;

134 }

135 } while(XPending(dpy)); /* loop to compress events */
136 if (recalcModelView) {

137 glMatrixMode (GL_MODELVIEW) ;

138 /* reset modelview matrix to the identity matrix */
139 glloadIdentity();

140 /* move the camera back three units */

141 glTranslatef (0.0, 0.0, -3.0);

142 /* rotate by X, Y, and Z angles */

143 glRotatef (xAngle, 0.1, 0.0, 0.0);

144 glRotatef (yAngle, 0.0, 0.1, 0.0);

145 glRotatef (zAngle, 0.0, 0.0, 1.0);

146 recalcModelView = GL_FALSE;

147 needRedraw = GL_TRUE;

148 }

149 if (needRedraw) {

150 redraw();

151 needRedraw = GL_FALSE;

152 }

153 }

154 }
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