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Introduction

Programmable shaders are a powdrivay to descie the iteraction ofsurfaces with light, as
evidenced § the succesof programrable shading radels like RenderMan and others. As graphics
hardware evolves beyond the traditib “fixed function” pipeline, hadware designers are looking to
programnable nodels to empower the next generat of real-tine content.To allow content to
interface with curreinprogramnable pixel shding hadware, we have demed the X pixel slader
model (ps.1.4) exposed in DirectX 8.1 and supabobiethe ATI RADEON™ 8500. In these notes, we
will outline the struture ofthe pogramning model and ment sone illustrdive exanples. In tle
conmpanion notes disibuted atSIGGRAPH, we will show implemntations ofthe comnen example
shaders used throughout this course (bethtubic environment apping, McCool BRDF and
parangterized volunetric wood) as well as a wegprogramning model which goes beyond ps.1.4. Soft
copies of these notes and the supplemerdidnal distributed at SIGGRPH 2002 ae available at

http://www.ati.conideveloper.

The ps.1.4 Programming Model

The 1.4 pixel shader progranmg model (psl.4), introduced in DirectX 8.1 in late 2001,
advances th previouly availabe programrmg model by applying a RGSapproach. That is, the sam
micro operations which can be applied to colors cankasapplied to texture drbs®s. This Bows a
wider variety of pixel shading affecto be achieved, as well as backiveonpatibility with previously

available CISC mdels.
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Inputs and Outputs

The pixel shader ay take as inputs the dataim interpolated textureoordinates, sapbes from
texture n@ps, constant colors, the flike interpolatoor the pecular interpolato There are six sets of
texture coordinatesa(-t5 ), which may be used as extra interpadtdata or as texture coordinates for
sanpling texture naps. There are six textureapsavailable in the ps.1.4odel and eight read-only
constant registered-c7). The low-precision difise ¢0) and speculaw{) interpolators ray also be
used as arguents to ALU operations. Tdre are six readrite tenp registerst -r5 ) available inthe

ps.1.4 nodd. The contents of th@ tenp register are consatled tle RGBA output of the pixel shader.

Shader Structure

A ps.1.4 shader ay contain one or twphaseseach of which begins with up to 6 tese

instructions and ends with up to 8 ALU instiinas. Each of the ALU instructionsaynbeco-issued.

ps .14
(— | te xid r0, t0 ™~
te xid r1,tl
. te xcrd r2.rgb, t2
Texture Instructions te xcrd r3.rgb, 3
te xcrd r4.rgb, t4
te xcrd r5.rgb, t5
/“ .
ad d_d4 r0.xy, r0_bx2,r1_  bx2 >— Fist Phase
mulrl.rgb, rO X, 13
) mad rl.rgb, rO Y, a4, rl
ALU Instructions << mad rl.rgb, 10 )z/ 15, rl
dp 3r0.rgb, r1 , 12
mad r2.rgb, r1 ,10_Xx2, -r 2
~—| mov_satrl, r0 X2
%
ph ase
te xcrd r0.rgb, r0 M
Texture Instructions te xid r2, 2
te xid r3,rl1
mul r2.rgb, r2 , 2
+mu r2.a, r2.g ,12.9 >— Seco nd Phase
mul r2.rgb, r2 , 1-rO.r
ALU Instructions +mu r2.a, r2.a ,r2.a
ad d_d4_satr2. rgb, r2,r3 X2
+mur2.a, r2.a ,r2.a
mad_sat r0, r2 .a,cl, r2 _/

The shader shown above has two phases. Tigfiase uses six texe instructions (the
maximum) and 7 ALU instructionsThe second phase uses three textustuctions (two of which are
dependent readsind 4 ALU instructions (the firshree of which are co-issued). Thieaseinstruction

marks the boundary between the phases.
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ALU Instructi ons

The instruction set aylable for ALU operatons is a&irly traditional se of arithnetic

operations and coparators as listed below.

add d, s0O, s1 sO +sl

sub d, sO, s1 sO0-s1

mul d, s0, s1 sO*sl

mad d, sO, s1, s2 sO*sl +s2

Irp d, s0, s1, s2 s2 + s0*(s1-s2)
mov d, sO d=s0

cnd d, sO, s1, s2

d=(s2>0.5)?s0:s1

cmp d, sO, s1, s2

d=(s2>=0)?s0:sl

dp3d, s0, s1

s0-s1l replicated to d.rgha

dp4 d, sO, s1

s0-s1 replicated to d.rgha

bem d, s0, s1, s2

Macro for EMBM

The inputs to the ALU instructionsay be any of the teporary registersr -r5 ) or condant
registerso-c7). The diffuse interpolatorg) ard specular iterpdata (v1) may be inputs to ALU

instructions in the scand phase of the shader.

Argument Mod ifiers

As shown in the saphe shader on the previopage, arguents to ALU instructions ay have
modifications nade to thenprior to the operationf the ALU instruction. There are five arguemt

modifiers which can be used to parh operationsuch as negation, inveosi, scaling and conversion

from the [0..1] range to the [-1..1] range.

rn_bias Bias

1-r n Invert

-rn Negate

rn_x2 Scale by 2
rn_bx2 Signed Scaling
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Source Regi ster Selectors

It is often useful to think of the individueomponents of an RGBA vector as independent
scalars. Wh source reigter selecits, it is possit# to exract thee scalas froman argurent register
and replicate theracross all channels of the angent. The four source regier selectors are sho

below.

Replicate Red
Replicate Greer
Replicate Blue
Replicate Alphal

o o|al =

Arbitrary W rite Masks

It is often desirable to write tonly a subset of the channelsaoflestination register. In ps.1.4,
destination write rasks can be used in any chimation as long as theasks are orderedr, g, b, a. This
allows the shader to execute a sequence of ALWatipas which write to dierent conponents of the
sane destination register. Thiséspecially usefl when computingexture coordinates to be used in

dependent tdure eads, as we will illusate later

Instruction Modifiers

In somre cases, we wish toadify the resulbf an ALU instruction a it is written ito the
destination register. In the ps.1.4del, we can use instructionogifiers to perfornshifts and saturates
on the reslis of ALU operations. Tare ae six $ift (multiplier or dvider, dependingn the diretton
of the shif) operations that we cargorm. Additionally, ALU results nay be explicitly saraed to
the [0..1] range. Saturation and shiftingynbe perforned on the samALU instruction.

instr - _x2 | Multiply by 2

instr x4 | Multiply by 4

instr - _x8 | Multiply by 8

instr _d2 | Divide by 2

instr _d4 | Divide by 4

instr _d8 | Divide by 8

instr _sat | Saturate (clamp fror and 1)
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Co-lssue

Pairing orco-issung of ps.1.4 instrations is indcated by a jus sign (+) pecedng the second
instruction d the pair. Te first instruction of the pair is a vectorsimuction which may write to any or
all of r, g and b of the destinatioagister. The second instructiontbé pair is a scalar which writes

into the alpha channel ttie destination registeAs an example, coider the followirg instrwctions:

mul r0.rgb, t0, vO /I Component-wise multiply of the colors
+addrl.a, rl,c2 /I Add an alpha component at the same time

The dot product instructionsaynot be executed ithe alpha pipeline, as they are always vector

instructions.

Texture | nstructions

The two nost comnon Eexture instrictions are thtexcrd andtexid  instructions. Theexcrd
instruction is used to specify that a given pemary registerrf -r5 ) is to contain intgoolated @ta. The
texid instruction ues tle specifiedexture coordinates to samplga#&om a texturemap into tle
destination register. For exafa, the followingtexcrd instruction cause® to contain interpolated

data fromthe 0" set of texture coordinates:
texcrd r0.rgb, t0

The Pllowing texid  instruction causeg to contain sapled data from the®itexture using the

1% set of texture coordinates:
texld r1, t1

The following texid  instruction causeg to be loaded with sapied data fronthe 2 texture

using the contents e8¢ as texture coordinates:

texld r2, r3

Using the contents of a t@worary register akexture coordinateshé second arguemt of a
texid instruction) is the definition ad dependeat read because these texture coordindggpgndupon
the earlier AU ops used to copute them(in thiscase3 ). Naturally, a depelent read can only be
used at the top of the second phase.

Thetexkill  instruction can be used to kill pixelsdea upon results computada pixel shader.
This is $milar to alpha-testing, iunore general ithat nmultiple conditions nay be tested with &

texkill  ingruction. Multiple texkill instrudions may appear in aisgle shader.

3-5
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The final texure instruction is the xdepth instruction, which causes the current pixel’'s z to be
replaced with the contents of asgn register component his instruction can be used toplament z-
sprites, z-correct bupnmapping and dter effects. Naturally, only onexdepth instruction nay be

present in a given pixel shader.

Texture Proj ection

Any texld instruction nay be nodified to expresa projected texture access. This includes
projectivedependenteads, which are funde@ntal to doingreflection and refraabin mapping of things
like water sufaces. Syntax looks like this:

texld r3, r3_dz or
texld r3, r3_dw

Projective lads are usful for projective textures like refractianaps or for doing a divide, as

we will shaw later in the skin shadeg[VIachos02]

Example ps.1.4 Shaders

Now that we have intragted the sucture and sytax of 1.4 pixel shderswe will illustrate tleir

usage in a variety of practical applications.
Real-Time Hatch ing

The first apfication of tre 1.4 pixel bading nodel that we will illustate is the Realdime
Hatching technique shown at SIGGRAPH last yearyR04]. The general goal tfis pixel shader is
to conpute the linear combination of 6 channeladfonal Art Map (TAM). The coefficients defining
this linear corbination have beeconputed in the vertex slder asa function of N-Lwith respect to a
given light source and are storedhe r, g and b coponents of the®land 29 texture coordinates.

ps.1.4

texld rO, tO ; sample the first three channels of the TAM

texid r1, tO ; sample the second three channels of the TAM
texcrd r2.rgb, t1.xyz ; get the 123 TAM weights and place in register 2
texcrd r3.rgb, t2.xyz ; get the 456 TAM weights and place in register 3
dp3_sat r0, 1-r0, r2 ; dot the reg0 (TAM values) with reg2 (TAM weights)
dp3_satrl, 1-r1, r3 ; dot the regl (TAM values) with reg3 (TAM weights)
add_satr0, r0O, r1 ; add reg 0 and regl

mov_sat r0, 1-r0 ; complement and saturate

Real-Time Hatching with  Per-Vertex TAM weights
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One side effect of this apgaoh is inaccurate lighting due tcetfact ttat the TAM weights are
conputed at the vertices and inpetated. This can cause artifactsemtthe ligh source is close to a
large polygon. The two-polygon wall in theage on théeft side of the figure below sesno have its
hatches grayed out as it transitidram the top right coner d near whiteto the ¢her corners which are
near black. The wall in the mge on the right shawmthe effect of peripel TAM weights, correctly
transitioning between the inteediae hatching levels across the polygon.

Per-Vertex TAM Weights Per-Pixel TAM Weights

Another dramatic improvenent that can be adeto the h#&ching shaderis inclusion of a per-
pixel distance attenuation tems shown below.

Per-Pixel Distance Attenu atio n and TAM weight computation
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The inproved shader interpolat®sL, modulates it with per-pixalistance attenuation and uses
this scalar as a texture coordm#o look up the per-pixel T™ weights. The two 1D RGB function

textures used to look up the TAM ights based on N-L are shown here:

Two 1D RGBtextur es used to det ermine Per-Pixel TAM Weights from N- L

After conputing the 6-tem linear canbination ¢ hatching ptterns in tre TAM as bedre, the
color is tinted to ratch a base textureap color.

ps.1.4

def c0, 1.00f, 1.00f, 1.00f, 1.00f

def c1, 0.30f, 0.59f, 0.11f, 0.00f ; RGB to luminance conversion weights
texcrd rl.rgb, t2 i N-L

texld r4, t3 ; Intensity map looked up from light space position
texld r5, tO ; Base Texture

mul_x2 r4, rd.r, rl.r ; N-L * attenuation

add r4,r4,c2 ; += ambient

dp3 r3,r5,cl ; Intensity of base map

mul 15, r4,r5 ; Modulate base map by light

mul r4,r4,r3 ; Modulate light by base map intensity

phase

texId r0, t1 ; sample the first three channels of the TAM

texid r1, t1 ; sample the second three channels of the TAM
texid r2, r4 ; Get weights for 123

texld r3, r4 ; Get weights for 456

dp3_sat r0, 1-r0, r2 ; dot the reg0 (TAM values) with reg2 (TAM weights)
dp3_satrl, 1-r1, r3 ; dot the regl (TAM values) with reg3 (TAM weights)
add_sat r0, r0, r1 ; add reg0 and regl

mul r0.rgb, 1-r5, rO ; Color hatches with base texture

mov_sat r0, 1-r0 ; complement and saturate

Real-Time Hatching with  Per-Pixel TAM weights , distance attenuation and  color tinting
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Per-pixel Variable Specular power

In the preceding exapte, we have illustratetthe ability to nigrate one type of per-vertex
conmputation (TAM weight calculkzon) to the pixel level in order to inprove rendeng quality. e will
now show how to irplement per-pixel raterial pioperties (in this case, spular exponent) by using
arbitrary regster write masks and dement textve reads in p.1.4. We will use three different teture

maps in this shader:

1. Albedo / Gloss rap
2. Normal /k map
3. N-H x k map (function look up)

The first two of these maps are shown below. Thages on the left are the RGB channels of
the maps and the imges on the right aredfalpha chnnels. In the first mawe store albedo and gloss
for the tile naterial. The second map stores they andz conponents of the tangent-space narim
RGB and the specular exponekitif alpha. Note that the artishdhgiven each tile in this texte map a
different specular exponent to sitate neighboring tiles of disparateaterial properties. Being able to

simply paint the quantitk into a texture @ channel is botbonvenient and epowering to an artist.

Albedo in RGB Gloss in alpha

Normals in RGB k in alpha

Material maps for per-pixel specular exponent shader

3-9



Chap ter 3 - Pixel Shad ing with DirectX 8.1 and the ATl RADEON™ 8500

The third teture we will use in this shaderasfunction lookip which will be ued to raise M
to thek™ power via a dependent texture read. Eachabthis 2D texture can be thought of as an
exponential function which is selectld the alpha channel of the Naal / k map shown above. In this
way, we are able to select diffatespecular exponents for differegeggons within the sane texture
map. For our purposes, we have found a dyiganienge of 10 to 120 is reasonablekor

120.0 —(—
k
10.0 ¥
PN
0.0 1.0

Function look-up map for per-pixel specular exponent shader

In the shadr code bela, we sarple the tangent space naahfrom the first nap and dot this
guantity with interpolated L and H vectorBl-H is stored in the red channelraf and the spedar
exponent is moved into the green hal using wite masks. This 2D teture coordinate is then used to
access the function look-upgmshown above via a dep#ent read. The instrtions in the secah

phase cormposite the esults into a inal cola.

ps.1.4

texid ri,t0 ; Normal

texild r2,tl ; Cubic Normalized Tangent Space Light Direction
texcrd r3.rgb, t2 ; Tangent Space Halfangle vector
dp3_sat r5.xyz, r1_bx2, r2_bx2 i N.L

dp3_satr2.xyz, r1l_bx2, r3 i N.H

mov r2.y,rl.a ; K = Specular Exponent

phase

texid rO, tO ; Base

texld r3,r2 ; Specular NHXK map

add rd.rgb, r5, c7 ; += ambient

mul  rO.rgb, r0, r4 ; base * (ambient + N.L))

+mul_x2 r0.a, r0.a, r3.b ; Gloss map * specular highlight

add rO.rgb, r0, r0.a ; (base*(ambient+N.L)) + (Gloss*Highlight)

3-10



SIGGRAPH 2002 - State of the Art in Hardware Shading Course

Output from this shader ifiswn on the right side of the figubelow. The left side shows the
result of using the saemormal map and a constarspecular exponent for the whole object. Thagm
on the right shows how differentaterials can le represent& with the sane map by nigrating material

calcdations to the pxel level.

Constant specular power and per-pi  xel specular power using ps.1.4

Human Skin

The skin shader used in the Rachehd usesearly the naximum nunber of instructions to
implement per-piel dffuse and spexdar illumination for two lights. Tle shader aoputes the
following equation to calcuta the lighting per-pixel.

Iree = Coasdla + lao(N - Lo) +laa(N - L)) +gl(lao IN - Hol + a1 [N - Ha[)

where Cpase IS the base color sgied froma texture rap

la is the ligh source arbient coefficien
lan are light sowce diffuse coefficients

ls is the ligh source specular coefficién
N is the nomal to tre suréce

L is the ligh vector

H is the halfway vector

g is the gloss factor

k is the specular exponent.
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A per-pixel variable speculaxponent sinlar to the peceding exaile is used in this shader
but is further inproved by using a dependent projeettexture fetch as a way to perfoa division
[Vlachos02].

ps.1.4

texId r0, tO

texcrd rl.xyz, t3 /I tangent space H 0

texcrd r2.xyz, t5 /I tangent space H

dp3_satrd.r, r0_bx2, rl /IN-H

dp3_satrd.b, rl, rl IIH oHyg

mul_sat r4.g, rd.b, c0.a /I c0.a*(H o-Ho)

mul ré.r, ra.r, rd.r IH(N-H ()2

dp3_sat r5.r, r0_bx2, r2 /IN-H ¢

dp3_satr5.b, r2, r2 /I'H 1Hy

mul_sat r5.g, r5.b, c0.a /I c0.a*(H 1'H 1)

mul r5.r, r5.r, r5.r H(NH )2

phase

texld r0, tO / fetch again to get spec map to use as gloss
texid r1, tO Il Ghase

texld r2, t2 /l tangent space L 0

texld r3, t4 /I tangent space L 1

texld r4, r4_dz IH((N-H)  2/HH) “@=|N-H| ¥

texld r5, r5_dz /I (N-H) 2JHH) *@=|N-H| *
dp3_satr2.r, r2_bx2, r0_bx2 /IN-L o

+mul r2.a, r0.a, r4d.r II' g*|N-H o|*<-Gloss specular highlight 0
dp3_satr3.r, r3_bx2, r0_bx2 /IN-L ¢

+mul r3.a, r0.a, r5.r /I g*|N-H ;]| *<-Gloss specular highlight 1
mul r0.rgb, r2.a, c2 I 1 go*g*IN-H o ¥

mad_x2 r0.rgb, r3.a, c3, r0 I 1g*g*N-H of ¥+ 1g*g*N-H 4] ¥

mad r2.rgb, r2.r, c2, cl1 Il 1a+ 1 g*(N-L)

mad r2.rgb, r3.r, c3, r2 Il 1+ 1Tg*(N-L)+1 a1*(N-L)

mul r0.rgb, r0, c4 I 1s*( Ta*g*IN-H of K+ T a*g*N-H 4 %)
mad_x2_sat r0.rgb, r2, r1, r0 II' Goase *( la+ 1go*(N-L)+ I g1*(N-L))

I+ 1a*g* IN-H ol ¥+ T4*g*IN-H 4] ¥
+mov r0.a, c0.z
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Conclusi on

We've outlined the behavior of the 1.4 pixehding nodel which is available in DirectX 8.1
and is inplemented by the ATI RADEON™ 8500. Three key exd@s have been presented to
illustrate theproperties bthis prograaming nodel and tle efects thacan be achiegd today on

commodity graphics hardware.
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