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Chapter 5 Hardware Shading with Direct3D

This white paper provides a short history and overview of the hardware accelerated
shading models and the mechanisms for unifying them that are proyitleel DirectX
graphics library known as D3DX for use with the Direct3D low-levdl AP

Goals

Direct3D was developd to meet requirenrés forgame programmers. Thg have two
primary needs:

1) Deliver nowel visual eperiences based on theieasig featues and pgormane
avaiable from graphcsaccekrator fabricaton praesses.

2) Support enougtotal ystems to enalla reasomble sales volume.

This last requirement naes the APneeds to spahardwae implementatns alongwo
axes. It must not on} sypport multiple manufacturers, but also the eliéfit generations
of hardware from eah manufactuer. Dte to the apid rate of innoation used to deliver
novel exeriences, thre are ofen multiple gnerations of a gven lrand ofhardware in
the consumer maeplae, and while the last vesion of a gven aceleata can be ery
important to agame develope to target, the publishers of each game title would liketo
take advardge ofa lager installed baseybincluding earlier hardware.

While creating an API that can hdp applications spa multiple brands ofhadware is
difficult, helpingthem spn consecutivgeneations is actuail the togher problem.
DirecB3D has ypically sated he features diferences nto those hat can k&
accommodatedybrelatively localized code kancles (for whch cability bits are
provided), and those thegpregnt geneational clanges.

Much of the recentwork on DirectX Graphts has been dedated to hebing appications
with this later task. A keyresult ofthis wok is theD3DX Effect Framework, a
mechanism for helpmapplications manage défent rendeang techniquegnabled i
the variougyenerations ¢ hardware.

Effects

With the changin hardware modefor multi-texture, it becamelea thata succedsil
game would need @ provide different code pths for each 6 the 2 or 3geneations of
hardwae it targeted. Thgis becauseach rew generaton of hadware hashot only more
advaned features, but alb improved perfanan®. This makes it vgrdifficult to
emulate the newr generation’s featues on oldehardwae. The prformance of
emulatinga teehnique isusually worse than the tre techniqueyet that older hardiare
alread/ has less peformance.

For example, many multi-texture blending opegtions @n be emulated by multi-pass
frame-buffer blending operations. Howeer, theolde hardware that requires multipass



emulation is so much sheer that to providacepable perfomane it really should be
used for éwer passes, ranore.

As a result, sepatecodepaths and in some cassparat art conéent (texures and
models) are ften nededfor each generation of lardware. This level ofmpact on
application architeture s non-trivial, however, rany applications bgan to be
implemented usingthis type of architecture

Startingin DirectX7, support was providedifeffects in the D3DX librey of extensions
to Direc3D. Hfects area way of architecing rendering code hatisolatesand manages
implementation-specifidetails from the applicain, allowingit to more esily span
generations of lardware, or other vartions in implementations. An efftobject is a
softwareabstraction thagathers t@ethera collection of different techniquse which could
be used to implement @mmon logcal visual efect.

Thereis vey little policy assocated with them. The different techniques used to
implement an effet canbe selecteddsed onany criterion, not just featerset. Criteria
such as péormance, dstance fom the amera, u®r préerences et. ae also conmonly
usal, and somémes combined together.

Effect objeds @n be loadeal from and persisted in . files. This @ables them to seve as
collections of bindingode that map variougmderingtechniques into apigations.

Because of he eficieng of the effectloading process, ey can be g/namicaly loaded
while an application is mning This is exremely useful for dficient application
development. WWen an &ect is modified while tk application is runng it not-only
saves thetime required to reload the gpp that would berequired usirg acompile-based
process, but mae importantly, thetime for the gpp to reload dl the modds and textures it
is using

Like Open@., Direct3Ddoes not have eonceptof geometric objets to which shaders
are asgined b direcly. The AR isdesgned D be a flexible substate for
implementation of higer-level object models sudms hierachical £enegraphs, cell-
portal graphsBSPs, etc. The data model is basad/ertices, tetxres, andhe state that
controls the device favhich shadersra a part.

This flexbility is presened in the Effet bindingmechanism. E#cts maege ony the
state information, so thepplication is free toencer its content usingry low-level
renderirg calls it consides appropriag.

Effects provide aclean way to m&e an application s@le from sirgle-texture to multi-
texture to progammabé shaders. Or to mage hardware vs softvare vertex
transformation pipelines.

The followinglistings show the evolution of thedndware andAPI generations using
multi-texture, assenbly level shalers, and theC-evel language



DirectX 6 Multi-Texture

The followinglisting shawvs the codeaquired to mplement a speculgerpixel bump
map usinghe depndentread mehanism introdued in late 1998 in Dire®t6.0, and
supported in hardawe onthe MatroxG400 in 1999, the AlTRadeon in 200, and the
nVidia Geforce 3 in 2001, amongthes.

/* Render()
Implements the following specular bump mapping rendering using multitexture syntax

0 MODULATE( EarthTexture, Diffuse ); [/l light the base texture
1 BUMPENVMAP( BumpMap, _); /I sample bump map (other arg ignored)
2 ADD( EnvMapTexture, Current); /I sample envt map using bumped texcoords

/l and add to result
*
HRESULT CMyD3DApplication::Render()

m_pd3dDevice->Clear( OL, NULL, D3DCLEAR_TARGET|D3DCLEAR_ZBUFFER,
0x00000000, 1.0f, OL );

m_pd3dDevice->BeginScene();
m_pd3dDevice->SetRenderState( D3ADRS_WRAPO, D3DWRAP_U | D3aDWRAP_V );

m_pd3dDevice->SetTexture( 0, m_pEarthTexture );
m_pd3dDevice->SetTextureStageState( 0, D3DTSS_TEXCOORDINDEX, 1);
m_pd3dDevice->SetTextureStageState( 0, D3DTSS_COLOROP, D3DTOP_MODULATE );
m_pd3dDevice->SetTextureStageState( 0, D3DTSS_COLORARG1, D3DTA_TEXTURE );
m_pd3dDevice->SetTextureStageState( 0, D3DTSS_COLORARG2, D3DTA_DIFFUSE );

m_pd3dDevice->SetTexture( 1, m_psBumpMap );
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_TEXCOORDINDEX, 1);
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_COLOROP, D3DTOP_BUMPENVMAP );
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_COLORARG1, D3DTA_TEXTURE);
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_COLORARG2, D3DTA_CURRENT );
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_BUMPENVMATO00, F2DW(0.5f));
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_BUMPENVMATO01, F2DW(0.0f));
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_BUMPENVMAT10, F2DW(0.0f));
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_BUMPENVMAT11, F2DW(0.5f));
m_pd3dDevice->SetTextureStageState( 1, D3ADTSS_BUMPENVLSCALE, F2DW(4.0f) );
m_pd3dDevice->SetTextureStageState( 1, D3DTSS_BUMPENVLOFFSET, F2DW(0.0f) );

m_pd3dDevice->SetTexture( 2, m_pEnvMapTexture );
m_pd3dDevice->SetTextureStageState( 2, D3DTSS_TEXCOORDINDEX, 0 );
m_pd3dDevice->SetTextureStageState( 2, D3DTSS_COLOROP, D3DTOP_ADD );
m_pd3dDevice->SetTextureStageState( 2, D3DTSS_COLORARG1, D3DTA_TEXTURE );
m_pd3dDevice->SetTextureStageState( 2, D3DTSS_COLORARG2, D3DTA CURRENT );

m_pd3dDevice->SetStreamSource( 0, m_pEarthVB, 0, sizeof(BUMPVERTEX) );
m_pd3dDevice->SetFVF( BUMPVERTEX::FVF);
if( FAILED( m_pd3dDevice->ValidateDevice( &dwNumPasses ) ) )

/I The right thing to do when device validation fails is to try
/l a different rendering technique. This sample just warns the user.



m_bDeviceValidationFailed = TRUE;
}

else

{
}

/I Finally, draw the Earth
m_pd3dDevice->DrawPrimitive( D3DPT_TRIANGLESTRIP, 0, m_dwNumSphereVertices );

m_bDeviceValidationFailed = FALSE;

return;



DirextX 8 Pixel Shaders

Thefollowing listing shavs an effect file contaning a single techniquetha implements
the homomorphic factaation method of McCool, AngandAhmad forrendering
BRDFs. It uses DiretX 8 pixel shader version 1.1 and vertsixader ersion 1.1.

i

// BRDF Effect File

/I Copyright (c) 2000-2002 Microsoft Corporation. All rights reserved.
I

vector |htR; /I Light Direction from app
vector MaterialColor; // Object Diffuse Material Color

matrix mWid; /I World
matrix mTot; /l Total

texture BRDFTexturel,;
texture BRDFTexture2;
texture BRDFTexture3;
texture ObjectTexture;

I/l These strings are for the app loading the fx file

/I Technique name for display in viewer window:
string tecO = "BRDF Shader";

// Background Color
DWORD BCLR = 0xff0000ff;

// model to load
string XFile = "sphere.x";

// BRDF technique
technique tecO

{
pass p0
{
/Nload matrices
VertexShaderConstant[0] = <mWId>; /I World Matrix
VertexShaderConstant[4] = <mTot>; [ World*View*Proj Matrix

//Material properties of object
VertexShaderConstant[9] = <MaterialColor>;

/I Light Properties.

/I IhtR, the light direction, is input from the shader app

/I for BRDFs, these color constants are built into the texture maps
VertexShaderConstant[16] = <IhtR>; /'light direction

Texture[0] = <BRDFTexturel>;
Texture[1] = <BRDFTexture2>;
Texture[2] = <BRDFTexture3>;



Texture[3] = <ObjectTexture>;

/I Only one colour being used
ColorOp[1] = Disable;
AlphaOp[1] = Disable;

AddressU[0] = clamp;
AddressV[0] = clamp;
AddressW[0] = clamp;

AddressU[1] = clamp;
AddressV[1] = clamp;
AddressW[1] = clamp;

AddressU[2] = clamp;
AddressV[2] = clamp;
AddressW[2] = clamp;

/I object’s detail texture
AddressU[3] = wrap;
AddressV[3] = wrap;

/I set up clamping for cube maps

// Definition of the vertex shader, declarations then assembly.

VertexShader =
decl
{
stream O;
float vO[3]; [/l Position
float v3[3]; / Normal
float v7[3]; /] Texture Coordl
float v8[3]; /[ Tangent
}
asm
{
vs.1.1 [/l version number

m4x4 oPos, v0, ¢4 // transform point to projection space

m4x4 r4,v0,cO
m3x3 r0,v3,c0
m3x3 rl1,v8,c0

mul r2,-r1.zxyw,r0.yzxw;
mad r2,-r1.yzxw,r0.zxyw,-r2;

/I get negative view vector
add r4.xyz,-r4.xyz,c10
dp3 r5.x,r4.xyz,rd.xyz

rsq r5.x,r5.x

mul r4.xyz,r5.xxx,r4.xyz

/lcompute the half angle and normalize
add r5.xyz,r4.xyz,-c16

dp3 r6.x,r5.xyz,r5.xyz

rsq ré.x,ré.x

mul r5.xyz,r6.xxx,r5.xyz

/Il transform point to world space
/I transform Normal to World Space, result in rO
/I transform Tangent to World Space

/l comptue binorm with cross product



k

/Inow inverse transform everything
/Ir1l = tangent

/Ir2 = binormal

//rO = normal

/It0 = view

dp3 0oT0.x,r4,r1
dp3 oTO0.y,r4,r2
dp3 0T0.z,r4,r0

/It1 = -light

dp3 0T1.x,-¢c16,r1
dp3 0oT1.y,-c16,r2
dp3 0T2.2,-¢16,r0

/It2 = half angle
dp3 0T2.x,r5,r1
dp3 0oT2.y,r5,r2
dp3 0T2.z,r5,r0

/lobject might have its own texture
mov 0T3.xy,v7.xy

//move diffuse color in
mov oDO0,c9

pixelshader =
asm

{

ps.1.1
tex t0
tex t1
tex t2
tex t3

mul r0,t0,t1
mul r0,r0,t2
mul r0,r0,t3
mul r0,r0,v0

/ combinel ' 2brdf factors
// multiply in 3 " fa ctor

I/l apply detail texture

I light using diffuse primary color



DirectX 9 High Level Shading Language

The followingis a very smple wood shaderém the Renderman Compani
Implemened as aDirectX 9.0 effect file, it demastrates the inggation ofthe “C”-like
high-level shadig language into the dect framevork. This should run in 1 pass of the
pixel shader 2.0 model supported in DirectX 9.0.

fx.2.0

T e |
I Eftect parameters /[T
M e o

float  ringscale = 10.0f;
float  point_scale = 1.0f, turbulence = 1.0f;

vec3 lightwood = vec3(0.3f, 0.12f, 0.03f);
vec3 darkwood = vec3(0.05f, 0.01f, 0.005f);

float Ka=0.2;
float Kd=0.4;
float Ks=0.6;
float roughness =0.1;

vec3 ambient_color;
vec3 diffuse_color;
vec3 specular_color;
volumetexture noise;
vec3 L;

vec3 |;

T e T
/I Renderman-like helper functions /T
T e T o

float smoothstep( float a, float b, float s)

{
float s2=s*s;
float s3=s*s2;
float sV1=2.0f*s3-3.0f*s2 + 1.0f;
float sT1=s3-2.0f*s2+s;
float sV2 =-2.0f*s3+ 3.0f * s2;
float sT2 =s3-5s2;
return s<0.0f?a:s>10f?b:sVl1*a+sTl+sV2*b+sT2;
}
vec3 diffuse(vec3 N)
{
return diffuse_color * dot(N, L)
}



vec3 specular(vec3 N, vec3 eye, float roughness)

vec3 H = (L + eye) / len(L + eye);
return  specular_color * pow(dot(H, N), 1 / roughness);

T e T o
11"\Wood Shader /[T
T e T

struct PS_INPUT
vec3 Color : COLORO;

vec3 Position : TEXCOORDO;
vec3 Normal : TEXCOORDI;

h
struct PS_OUTPUT
{
vec4 Color : COLORO;
h

PS_OUTPUT Woodonst PS_INPUT v)

/* Perturb P to add irregularity */
vec3 PP = v.Position * point_scale;
PP += sample3d(noise, PP) * turbulence;

/* Compute radial distance r from PP to axis of tree */
float r=sqgrt(PP.y * PP.y + PP.z * PP.2);

/* Map radial distance r into ring position [0,1] */
r *= ringscale;
r += abs(sampleld(noise, r) * turbulence);
r = fre(r);

/* Use r to select wood color */
r = smoothstep(0.0f, 0.8f, r) - smoothstep(0.83f, 1.0f, r);

/* Shade using r to vary brightness of wood grain */
PS_OUTPUT o;

0.Color.rgb = (ambient_color * Ka + diffuse(v.Normal) * Kd) *
lerp(lightwood, darkwood, r) * v.Color.a +
specular(v.Normal, -I, roughness) * (Ks * (0.3f * r + 0.7f));

0.Color.a = v.Color.a;

return o;



Additional Resources

Chas. Byd
chasb@microsoft.com

DirectX email contact fo applications to beta pgoam:
directx@mcrosot.com

Developemweb site withlinks, whitepapers, andC downloads:
http://msdnmicrosoft.com/DirectX

Presentations on techuies at previous cdarencs:
http://www.microsoft.com/mscorp/corpeventsitdewn2001/presentations.asp

http://www.microsoft.com/mscorp/corpeveng¢2001/developer ay.asp




Per-Pixel Lig hting

Philip Tay lor

Micros oft Corporation
November 13, 2001

Download the source code for this article.

Note  This download requires DirectX 8. 1.

This columnis based on mate rial containe d inthe "Per-Pixel Lighting " talk , developed and delive red by
Dan Baker and Chas Boyd at GDC 2001. Intheinterests of space, |amn ot goingto cover several
advanced topics covered in th e slide mate rial (a vailab le at

http://www. micros oft.com/ mscorp/corpevents/meltdown2001/ presentations.asp and

http://www. micros oft.com/ corpevents/gdc2001/developer_day.asp) lik e anis otropic lig hting , and per-pixel

environ ment map ping.

Instead, this column w ill fo cus on the fund amentals of p ixel lighting , the standard models, the process of
defining new models, and provide an example of defining and implementing a new lighting m odel using
pixel shaders. It'sinthe area of custom or "do-it-y ourself' lighting mod els that pixel shaders really

shine—but le ts not g et ahe ad of ourselves.
Fund ame ntals of Per- Pix el Lig hting

First, 1 as sume everyone is familiar with b asic diffuse and specular lig hting . This assumes a physical
model, like thats hownin Figure 1. Let's examine the standard lig hting mod el, and define the system and

the terminology.

Figure 1 belowis a diagram showingthe standard lighting setup used to describe Direct 3D's fixed-function
lighting. Thereis a vertex, defined by the position P, a Light, defined by the L vector, the View position

defined by the V vector, and the Norm al defined by the N vector. In addition, the diagram shows the "h alf-
vector" H, part of the Blinn simplification to Phong shading. These elemen ts ar e sufficient to describe both

the diffuse and specular reflectanc e lig hting system.



Figure 1. Standar d lightin g dia gram

P = Vertex position
= unitno rmal vector of Vertex P
= unit vector fr om Lighttot he Vertex position
= unitv ector from Vertex P to the View position V
R = unitve ctor representing lig htr eflection R
H = unit vector half way H, between L and V, used for Blinn s imp lificatio n
Diffuse lig hting uses the relatio nship N dotL, where dot is the dot product, tod etermine the diffuse
contr ibution to c olor. The dot product represents the cosine of the ang le between the tw o vectors, so

when:

X The angleis acute, or smal |, the cosine valueis large, and so this component contribution to the

final c olor is larg er.

X The ang le is obtuse, or larg e, the cosine value is small, and so this components contr ibution to

the final c oloris smaller.

The Phong formulatio n for specular lig hting uses a reflected vector R, representing the direction the lig ht
is reflected, with the Lightve ctor L, RdotV, raisedto a power n. The power v alue nallo ws simulatio n of a

vari ety of surfaces, so when:

X The power value n is larg e, th e re sulting hig hlightis tig ht and shiny, simulating a glossy surface.
X The power value n is small, the resulting hig hlightis larg e and dull, s imulating a le ss glossy
surface.

The Blinn s imp lificatio n replaces the R vector with the vector H half way betweenV and L, and mod ifies the

power v alue ntop roduce a result s ufficiently s imilar tothe more complex calculatio n for good imag e



quality purposes—butata significantly lower computatio nal c ost, since His muc h cheaper to c alculate

thanR .

Direct 3D lighting, wh etherin hardwa re or softwar e, uses these equations at the vertex level.

Unfortunate ly, v ertex lig hting can hav e tw o und esired propertie s:

1. Vertex lig hting requires extra tessellatio n to look good; otherwise the coarseness of the
und erlying geometry will b e visible.

2. Vertex lig hting causes all ap plicatio ns that us e itto have a similar look.

Tessellatio n becomes critic al for v ertex lig hting to loo k good, since the triang le rasterizer line arly

inte rpolate s the vertices without ad eep und erstand ing of local geometry. If the geometry is too coarse, or
the geometry contains a lot of variationinas hort distance, the n the har dware can hav e a problem
producing valuesthatr esultin g ood imag e quality . Increasing te ssellatio n, ho wever, reduces

performanc e. Couple thatw ith the fact thatve rtex lighting always has a telltale visual signatur e, and it's
rarely compelling . Exceptions are when vertex lig hting is used for global amb ient, or in ad dition to per-

pixel lig hting .

Now, with that und erstanding of lig hting , itis easier to see what allthe fussis aboutw ith respecttop er-

pixel lig hting . Of course everyone wants per-pixel lig hting , as itre ally is that muc h better.

There are two approaches for per- pixel lighting:

1. Pixel lig hting inw orld space.

2. Pixel lig hting intang entspace.

Now, in | ooking at approach two, you may s ay, "Waita min ute the re, Phil, w hatis this 'tangents pace,’

and wheredidthat come from?"

Per-pixel lig hting uses te xture map ping to c alculate lig hting . That' s not new, as lig ht ma pping using
textures has been utilize d in g ames for yearsto generate lig hting effects. Whatis new, how ever, is thatin
pixel shaders, the valuesinthe texture map can be used to perform alig hting calculatio n, as opposed to a

texture-blend operation.

Now that a lig hting calculatio nis invo Ived, great care must be taken to e nsure that the lig hting

compu tation is donein the correct 3d basis (also called a coordinate space, or "space"” for short). All
lighting m ath must be calculated in the same coordinate space. If a normalisin a different space than the
lightd irection, an y math between the m is bogus. It would be lik e multip lying feet by me ters;itjus t

doesn't make sense.



With this requirementin mind , any lig hting approach ne eds to manip ulate the source values to ma ke sure

all components of the calculati ons are inthe same space. In our case here, the re are tw o sets of inp uts:

1. Norm al and bump maps, stored in texture or "t angent" space.

2. Light directions and environment maps, stored in obje ct or world space.

For normal map s, the texels in ate xture map don't re present colors, butve ctors. Figure 2 below shows
the coordinate space the normals arein. The standard uand vd irections along the textures width and
height ar e joined with a" w" direction thatis nor mal to the surface of the te xture, to finish the basis

(u,v ,w). Thatis ,ate xelof1,0,0 actually translatesto1c omponent of the u vector, O of the v ve ctor, and
0 of the w vector. If u, v, and w are perpendicular to e ach othe r, this is called an ortho normal b asis. This

generates a texture space basis, which by convention is called the "t angent space basis."

One thing you may have wondered about u, v, and w, iswherein theworld are these vectors? At first, it
looks lik e the y are part of the texture. In reality , the se vectors get p asted onto the real world object that
is being textured. At each vertex, u, v, and w might point in an entirely different direction! So, two places
on a mesh that ha ve the same piece of te xture mig ht have completely different ve ctors, since u,v , and w
are different. R emem ber, an x, y, z vector inthe normalma p really means x*u+ y*v + z*w. If u, v, w
are different, then the vectors are different even if x, y and z are the same. The hard part is findingu, v,

and w; after that, e verything elseis pretty straightfo rward.

Figure 3 shows the relativ e coordinate spaces for b oth ob jects and te xture map s. In either ap proach to
pixel lig hting , all s ource data needsto be mov ed into 0 ne space or the other, either from tang ent space

into world space, or from world space into tang ent space.



Figure 2. Texture coordinate system

Figure 3.B asiscomp ut ationdi agr am

Now that atang ent space (u,v,w ) has been defined (mor e on ho w to f ind the se vectors later), it' s time to
look at world-space pixel lig hting . In world-space pixel lig hting , it' s ne cessary to tr ansform the te xture
data—for example, the te xture map te xels intow orld space. Here the light vectors are nottr ansformed in
the vertex shader; the y are left in w orld space, as it' s the te xture datathatne eds tr ansformatio n. Simply
pass the tang ent basis transform into the pixelshader as thr ee te xture coordinate s. Note thatit' s possible
to generate the binormal by a cross productto save bandwidth. The ite rator s will inte rpolate this matr ix to

each pixel. Then use the pixel-shader and the tangent space basis to perform per- pixel lighting.

Tangent s pace pixel lig hting is the reverse. Here it' s ne cessary to transformthe lightand environme nt
map datainto tang ent space. The lig ht v ectors are tr ansforme d in the vertex shader, and the n passed
down to the pixel shader. The environme nt ma p datais tr ansformed inthe pixelshader, and the nthe

pixel shader per form s per- pixel lighting.

Let me discuss one other terminology convention. The normal, the w, and the z axis vectors are all
defined to b e the same vector; the tang entis the u-ax is vector, and the binormal is the v-axis vector. It's
possible, and necessary, to pre-comp ute the tang ent vector u as the vectorthatp oints along the u-ax is of

the texture at every point.

Now it's time t o exami ne the tangent space transformation process.

First, recognize this is an inv erse tr ansformatio n. Fro m line ar alg ebra, if o ne has an orthonormal b asis, the
inverse matr ix is the transpose. So, given (u,v ,w) are the basis ve ctors of the surface, and Lis the lig ht,

the tr ansform is:

[Ux Uy U.z] * [-L.X]



[V.xV.y V.z] * [-L.y]

[w.x W.y W.z] * [-L.Z]

Expanding out, this becomes
L.x' = DOT3(U,-L)
L.y' = DOT3(V,-L)

L.z' = DOT3(W,-L)

where

U = the tang ental ong the x-axis of the te xture;
V= thenormal;
W = the binormal U x V (cross product).

Note that one performs the dotproduct with the negativ e of the Lightdirection.

Computing atang ent space vector is just like computing a normal. Remember that w is defined as the
norm al, so we should already have that piece of information. Now, we need to generate u andv. To

generate the tang ent s pace basis vectors (u and v), us e the following equatio n:

Vecl = Vertex3 — Vertex2

Vec2 = Vertexl — Vertex2

DeltaUl = Vertex3.u - Vertex2.u

DeltaU2 = Vertex1.u - Vertex2.u

DirectionV = |DeltaU2*Vecl-DeltaUl*Vec?2|
DirectionU = |DirectionV x Vertex.N|

DirectionW = |DirectionU x DirectionV|

Wher e

Xindicates tak ing a cross product;
||ind icates tak ing a unitv ector;
Vertex1-3 arethe vertices of the current triangle.

Usually , tang ents and normals ar e calculated during the aut horing process, an d the binormal is c omp ute d
in the shader (as a cross product). So, the only field we are adding to our vertex format is an extrau
vector. Additio nally , if we assume the basis is orthonormal, we don't ne ed to store v either, sinceitis just

UcCrossw.



A couple of points to keep in mind : Tang ents need to be ave raged—and be careful about texture wrapping
(since itmod ifiesuand v values). Loo k for D3D X in D irectX 8.1to include new me thods to he Ip with

tang ent s pace operatio ns; check the docume ntatio n.

For char acter animatio n, as long as you skinthe n ormals and the tang ents, this technig ue works fine.
Again, g enerate the binormal inthe shader after skinning , so you can skintw o vectors instead of thr ee.
This will w ork jus t fine with ind exed palette skinning and 2/4-matr ix skinning , as well as with v ertex
animatio n (mo rphing). In terms of performanc e, tang ent s pace lig hting is good, since th e tr ansform can
be done ata per-vertex level. | t's less clocks than vertex lig hting , and the per-pixel dp3 dotproductis as
fast as any pixel operation, so there is no loss of performan ce there either. To perform diffuse and

specu lar in the same pass, compute the light vector and the half-angle vector, and transform both into
tang ent s pace. The perturbation and dot productare the n done inthe pixelpipeline, either inthe pixel

shader or b y using multi-te xture.

Below is a section of a vertex shader thats hows how to g enerate a tang ent s pace lig ht vector:

/I v3 is normal vector
/[ v8 is tangent vector
/I c0-c3 is World Transform

/I c12 is light dir

/ltangent space basis generation
m3x3 r3,v8,c0  // transform tan to world space

m3x3 r5,v3,c0  // transform norm to world space

mul r0,r3.zxyw,r5.yzxw // cross prod to generate binormal

mad r4,r3.yzxw,r5.zxyw,-r0

dp3 r6.x,r3,-c12  // transform the light vector,
dp3 r6.y,r4,-c12 /[ by resulting matrix

dp3r6.z,r5,-c12 /[ r6 is light dir in tan space

This can simply be re peated for any vector that needs to be transformed to tangent space.



One other thing to be aware of isthe range of values required by dot product lighting. Dot produ ct
operations contain data representedin the range[-1,1] to perform lighting operations, or signed data.
Stand ard te xture formats contain d atare presented inthe range [0 ,1]to map color values, and thus
contain uns igned data. B oth p ixel shaders and the fixed-function pipeline define modifiers thatr emap
texture datato b ridge this gap so te xture data can be used effectively in d ot product operatio ns. Pix el
shader s define the _bx2 arg ument mod ifier, thatr emap sinp utd ata from unsigned to s igned. So the
inputar guments to the dot product operatio n usually hav e this mo difier applied to the m. It' s also useful to

clamp the results of the dotproductto blackusing the _Sat instruction m odifier. Here is atyp ical dot

product pixel shader instruction:

dp3_sat r0, t0_bx2, vO_bx2 //t0 is normal map, vO is light dir

For the fixed-function pipeline, the similar process is done with the te xtur e arg ument m odifier flag

D3DTA_COMPLEMENGdr te xture inp uts, and the te xture operators D3DTOP_ADDSIGEDfor resultsin
the range [-0 .5,0.5],and D3DTOP_ADDSIGNED2r resultsin the ran ge [-1.0,1.0] range.

With this und erstanding of the basics of per-pixellig hting , it' s time to examine the standard lig hting

models, and how diffuse and specular lighting work in pixel shaders.
Standar d Lighting Models

The stand ard lig hting models include diffuse and specular lig hting . Each lig hting mo del can be done with
both pixel shaders and fixed-func tion multi-te xture fallback te chniq ues. Understand ing the se te chniq ues
and the fallbacks allo ws development of a shader strategy thatc an cope with the differing generatio ns of
graph ics cards. Direct X 6.0 generation cards are mu Iti-texture capabl e—almost all can do subtractive
blending, and some can do dot product blending. Examples include TNT2, Ragel 28, Voodoo 5, and G400.
Direct X 7.0 gen eration cards are both hardware transform and m ulti-texture capable, and almost all can
do both subtractive and dot product blending. Examples include geForce2 and Radeon. All DirectX 8.0

cards can do vertex and pixel shadersin hardware. Exampl es include geForce3 and Radeon8500.

Per-pixel diffuse is consistent with s tand ard lig hting models with no specular. It's nice, because the re is no
need to modulate againstanothe r lig hting te rm; e ach pixel is correctly litaf terthe per-pixel diffuse
calculatio n. Not e that filt eringcanbe am ajor proble m, sinc e normalsc annot be filt ered for a
vari ety of rea sons. Below is avertex shader fragmenttop erformsetup for per-pixel diffus e lig hting ,
including calculating the lig ht direction intang entspace, biasing it fo rthe per-pixel dot product, and

setting up the te xture coordinate s for the pixel shader.
/IV0 = position

/Iv3 = normal (also the w vector)



/Iv7 = texture coordinate

/Iv8 = tangent (u vector)

vs.1.1
[ltranform position

m4x4 oPos,v0,c4

/Itsb generation
m3x3 r3,v8,c0 /lgen normal

m3x3 r5,v3,c0 /lgen tangent

/lgen binormal via Cross product
mul r0,-r3.zxyw,r5.yzxw;

mad r4,-r3.yzxw,r5.zxyw,-r0;

/[diffuse, transform the light vector
dp3 r6.x,r3,-c16
dp3 r6.y,r4,-c16

dp3 r6.z,r5,-c16

/Nlight in oDO

mad oDO0.xyz,r6.xyz,c20,c20 //multiply by a half then add half

/ltex coords
mov 0TO.xy, V7.xy

mov oT1.xy, v7.xy

Next, a typical diffuse pixel shader is shown bel ow:

ps.1.1



tex t0 llsample texture

tex t1 /[sample normal

/ldiffuse

dp3_satrl,tl bx2,v0_bx2 //dot(normal,light)

/lassemble final color

mul r0,t0, rl /Imodulate against base color

This is prototypical usage of d p3to calculate N dot L. Conceptually , this is a good way to lay outthe pixel
shader. Figure 4 contains a screenshot of this shader in a ction. Notice the separation of the calculatio n

and final c olor assembly. The following renderstates are used, shown in effects file format syntax :
VertexShaderConstant[0] = World Matrix (transpose)

VertexShaderConstant[8] = Total Matrix (transpose)

VertexShaderConstant[12] = Light Direction;

VertexShaderConstant[20] = (.5f,.5f,.5f,.5f)

Texture[0] = normal map;

Texture[1] = color map;

Note how simple the pixel shader is. Figure 4 shows an example diffuse per-pixel lightingimage. The take-

away from this is that with p er-pixel diffuse lig hting , itis easy to get good-loo king re sults. All pixel shader

cards support the dp3 operator, so this technique is good to go on pixel shader hardware.

For previous generation cards, tw o primar y fallbacks exist. The firstfallbackis to us e the

D3DTOP_DOTPRODUCTI@: d-functio n operator , which some of the bette r previous generation cards

support, since this operator was first enabled in Direct X 6. 0. Be sure to checkthe

D3DTEXOPCAPS_DOTPRODUCH®pability bits for support of this multi-te xture capability . Using
ValidateDevice() is also a good idea. Below is the multi- textur e setup (us ing the effects framework

syntax) for a D3DTOP_DOTRODUCT3 xed- function operation
ColorOp[0] = DotProduct3;

ColorArg1[0] = Texture;



ColorArg2[0] = Diffuse;

ColorOp[1] = Modulate;
ColorArg1[1] = Texture;

ColorArg2[1] = Current;

VertexShaderConstant[0] = World Matrix (transpose)
VertexShaderConstant[8] = Total Matrix (transpose)

VertexShaderConstant[12] = Light Direction;

Texture[0] = normal map

Texture[1] = color map;

Where colorop indicates the texture stage operation, and colorarg[ n] indicates the texture stage

arguments. MIP map ping and filte ring need to be setas well, b ut | ignore the se setting s due to space

considerations. Remember, the D3DTOP_DOTPRODUCTdgerator in the fixed- function pipeline

auto matic ally appliesthe _sat and _bX2 operatio ns automatic ally, w hich me ans:

X You mu st use biased art for the normal maps for _bX2 to g enerate correctr esults.

X The auto matic use of _Sat (clamping) means no signed result can be gen erated.



Figure 4 . Diffu se per-p ixel lighting

The second fallbackisto use emboss bump mapping. The only hardware requirement is for a dual texture

unit w ith a s ubtract op eratio n, as shown by the presence of the D3DTEXOPCAPS_SUBTRAGHpability

bit. A gain, w henever using th e fixed-functio n multi-te xtur e pipeline, it s a good idea to us e

ValidateDevice() . Emboss bump-mapping works by shifting a height map in the direction of the
light vect or, and subtracting t his from the base map. The results can be very convincing, but can take

quite an effort to fine tune. A vertex shader fragment fora typical em boss op eration is shown below:
/IO = position

/Iv3 = normal (also the w vector)

IINT = texture coordinate

/Iv8 = tangent (u vector)



vs.1.1 /I for emboss

m4x4 oPos, v0,c08  // generate output position

/[diffuse
m3x3 r3, v8, cO Il transform tan to world space

m3x3 r5, v3, c0  // transform norm to world space

mul r0,r3.zxyw,r5.yzxw // cross prod to generate binormal

mad r4,r3.yzxw,r5.zxyw,-r0

dp3r6.x,r3,c12  // tangent space light in r6
dp3 r6.y,r4,c12
/I dp3r6.2,r5,c12 don't need this

I -only x and y shifts matter

/I set up the texture, based on light direction:
mul rl.xy, r6.xy, -c24.xy
mov oTO0.xy, v7.xy /I copy the base height map

add oT1.xy, v7.xy, rl.xy [/ offset the normal height map

/I simple dot product to get global darkening effects:

dp3 oDO0.xyz,v3.xyz,c12.xyz

Next is the multi-te xture state setup (ag ain using the effects framework syntax)fora

D3DTOP_ADDSIGNEXxed-function operation, using the complement input argument modifier flag:

ColorOp[0] = SelectArgl;

ColorArg1[0] = Texture;

ColorOp[1] = AddSigned;



ColorArgl[1] = Texture | Complement;

ColorArg2[1] = Current;

VertexShaderConstant[0] = World Matrix (transpose)
VertexShaderConstant[8] = Total Matrix (transpose)
VertexShaderConstant[12] = Light Direction;

VertexShaderConstant[24] = Offset Constant

Texture[0] = base height map;

Texture[1l] = normal height map;

Again, Ml P map ping and filte ring need to be setas well, b ut | ignore the se setting s due to space
considerations. In conclusion, embo ss-style bump ma pping can be used for a diffuse fallback t echnique for
hardware that d oes not supportthe dot product multi-te xture operator. This includes most DirectX 6.x
generation cards—a hug e percentag e of the installed base. For id eal results, this te chnique re quires
modified artwork, and textures should be brightened on load. An alternative isto use a
D3DTOP_MODULATEZ2Xperator to scale the result up, which has the visual effect of brightening. Also
note thatf ilte ring can be applied to this te chnique more easily thanto normal map s, so thi s te chnique
may resultina better appearance than the dot product multi-te xture te chnique, even on hardware that

supports dot product operations .

Per- pixel specular is similar to diffuse, but requires a pixel shader. Instead of the light direction, an
inte rpolate d half -ang le vector His used; whichis computed inthe vertex shader. In the pixel shader, the

His dotte d with the pixel normal, and the n raised to a pre-determined power. The specular resultis added

to the other passes. Also, remember that thereis only one output val ue of a pixel shader, in 10 , so make

sureto add the specular result into r0 .

One question you may be asking at this point: How is ex ponentiation per formed? Two techniques are
used, multip ly-based and table-based. Oneis simpler and is acceptable for small e xponents, and one is
more work, butloo ks nic er for hig her exponents. Both te chniques | cover here use the following

renderstates (again using effects frame work syntax) :

VertexShaderConstant[0] = World Matrix

VertexShaderConstant[8] = Total Matrix



VertexShaderConstant[12] = Light Direction
VertexShaderConstant[14] = Camera Position (World)

VertexShaderConstant[33] = (.5f,.5f,.5f,.5f)

Texture[0] = normal map

Texture[1] = color map

Now, it' s time to e xamine the two pixel shader specular te chniq ues, starting with the multip ly-based
exponentiatio n te chniq ue. Below is a vertex shader fragmentthats hows (in ad dition to the diffuse actions
of calculating the lightd irectionintang entspace, biasing it forthe per-pixel dot product, a nd setting up
the te xture coordinate s for the pixel shader) the actions of computing the half vector, using the view
direction and the lig htd irection, and scaling/biasing it fo r the dot product calculatio ns used by multip ly-

based ex ponentiation:

vs.1.1
[ltranform position

m4x4 oPos,v0,c4

/Itsb generation
m3x3 r3,v8,c0 //gen normal

m3x3 r5,v3,c0 /lgen tangent

/lgen binormal via Cross product
mul r0,-r3.zxyw,r5.yzxw;

mad r4,-r3.yzxw,r5.zxyw,-r0;

/Ispecular
m4x4 r2,v0,c0 [ltransform position
/lget a vector toward the camera

add r2,-r2,c24



dp3 rll.x, r2.xyz,r2.xyz //load the square into r11l
rsq rll.xyz,rl1.x /lget the inverse of the square
mul r2.xyz, r2.xyz,r11.xyz //multiply, rO = -(camera vector)

add r2.xyz,r2.xyz,-c16  //get half angle

/Inormalize
dp3 r11.x,r2.xyz,r2.xyz  /lload the square into rl1
rsq rll.xyz,r11.x /lget the inverse of the square

mul r2.xyz,r2.xyz,r11.xyz //multiply, r2 = HalfAngle

[/ltransform the half angle vector
dp3 r8.x,r3,r2
dp3 r8.y,r4,r2

dp3 r8.z,r5,r2

/Ihalf-angle in oD1

mad oD1.xyz, r8.xyz,c20,c20 //mutiply by a half, add half

/ltex coords
mov 0TO.xy, V7.Xy

mov oT1.xy, V7.xy

Below is a pixel shader fragment thats hows per-pixel specular, using the multip ly-based exponentiatio n

techniq ue:

ps.1.1 /I pow2 by multiplies
tex t0 Il color map

tex t1 / normal map

/I specular lighting dotproduct



dp3_satr0,t1_bx2,v1l bx2 // bias t0 and v1 (light color)

mul r1,r0,r0 /I 2nd power
mul rO,r1,r1 /I 4th power
mul r1,r0,r0 /I 8th power
mul rO,r1,rl /I 16th power!

/lassemble final color

mul r0,r0,t0 / modulate by color map

Note the use of the _bX2 modifier. Again, this is to e nable the inputdatatob e processed as a signed
quantity, while reserving dynamic ran ge (used by the specular cal culation) before overflow clampi ng that
canoccuron implementatio ns limite d tothe range[-1, 1]. Figure 5shows an imag e generate d using

multip ly-based specular exponentiatio n. Notice the banding in the hig hlight. This is due to loss of precision
inthe calculatio ns, since each result c hannelis only 8-bits. Here is where hig her precision te xture formats
and hig her precision for inte rnal calculatio ns will inc rease im age quality . I n conclusion, mu ltip ly-b ased per-
pixel specular is easy to imp lement, b utcan invo Ive precision p roblems, so don't try to us e the te chnique

for powers greaterthan 16 . On graphics chips with hig her precision, this may no t be anis sue.

The next techniq ue is tab le-lookup based specular e xponentiatio n. The example used here performs this

operation with a3x2 table. The te xture is used as a tab le of exponents, storing the functiony= pow (x).



Figure 5. M ultipl y-b ase d specular expo ne ntiation

This te chniq ue als o uses the dependentte xture read capability of the texm3x2tex instruction. No te
the 3x2 mu ltiply is also 2 dot products, so thistechnique can do specular and diffuse, or two light sources,

simultane ously. Below is the vertex shader for this te chnique:
vs.1.1
[ltranform position

m4x4 oPos,v0,c4

/Itsb generation
m3x3 r3,v8,c0 [ltransform normal

m3x3 r5,v3,c0 /land tangent



/ICross product
mul r0,-r3.zxyw,r5.yzxw;

mad r4,-r3.yzxw,r5.zxyw,-r0;

/Ispecular

m4x4 r2,v0,c0 [ltransform position

/lget a vector toward the camera

add r2,-r2,c24

dp3 r11.x,r2.xyz,r2.xyz //load the square into r11
rsq rll.xyz,rl11.x /lget the inverse of the square

mul r2.xyz,r2.xyz,r11.xyz //multiply, rO = -(camera vector)

add r2.xyz,r2.xyz,-c16 //get half angle

/Inormalize
dp3 r11.x,r2.xyz,r2.xyz //load the square into r1
rsqrll.xyz,r11.x /lget the inverse of the square

mul r2.xyz,r2.xyz,r11.xyz //multiply, r2 = HalfAngle

[ltransform the half angle vector
dp3 r8.x,r3,r2
dp3 r8.y,r4,r2

dp3 r8.z,r5,r2

/ltex coords

mov oTO0.xy, v7.xy /[coord to samp normal from



mov 0T1.xyz,r8 //Not a tex coord, but half
mov 0T2.xyz,r8 /langle

mov 0T3.xy, V7.xy

The tab le-lookup vertex shader is id entical to the multip ly-based vertex shader thro ugh th e half -ang le

normalizatio n calculatio n. Fr om the re, this te chniq ue uses te xture coordinate s to pass down ve ctors, as

well as true te xture coordinate s used to ind ex the color and normal map s. The half -ang le is passed down

as te xture coordinate s for stage 2, the n te xture coordinate s for stage 1 are used to p ass down the lig ht

direction, and texture coordinates for stage O and stage 3 are used for the normal and color maps

respectively.

Next is shown the 3x 2 tab le-lookup specular lig hting pixel shader:

ps.1.1 /I exponentiation by table lookup

/I texcoord t1  // the diffuse light direction
/I texcoord t2 /I half-angle vector

/I texture at stage t2 is a table lookup function

tex t0 /I sample the normal map
texm3x2pad t1, t0_bx2 // 1st row of mult, 1st dotproduct=u

texm3x2tex t2, t0_bx2 // 2nd row of mult, 2nd dotproduct=v

/lasemble final color
mov r0,t2 Il use (u,v) above to get intensity

mul r0,r0,t3 /Iblend terms

The key d etail of this shader is the use of the texm3Xx2te X instruction with the texm3 x2pad

instruction to perform a dependent read. The texm3x2pa d instructionis used in ¢ onjunc tion with o ther

texture address operat ors to perform 3x2 mat rix mu ltiplies. It isused to represent the stage where only

the te xture coordinate is used, so the reis no te xture bound at this stage (in this shader, thatis , t1 ). The

input argument, t0 , should still b e specified.



The texm3x2pad instruction tak es the specified inp utcolor (t0 here)and multip liesthatby the
subsequentstages' (t1 here)te xture coordinate s (u, v, and w) to ¢ alculate the 1% row of the multip ly (a
dot product)t o generate a u coordinate . The n the texm3x 2tex instruction tak es the specified inp ut
color (t0 again) and the te xture coordinate s of the stage specified (2 here) to ¢ alculate the second row

of the multip ly (again a dot product)to g enerate the v coordinate . Lastly, this stage's te xtur e (t2 here)

can be used to sample the texture by a dependent read at (u, v) to produce the final color.

That le aves the question of how to g enerate the loo kup-tab le te xture . Using D3DX, one could use the

following code fragmentto g enerate the tab le-lookup te xture:

void LightEval(D3SDXVECTORA4 *col, D3DXVECTOR2 *input

D3DXVECTOR?2 *sampSize, void *pfPower)

float fPower = (float) pow(input->y,*((float*)pfPower));
col->x = fPower;
col->y = fPower;
col->z = fPower;

col->w = input->x;

D3DXCreateTexture(m_pd3dDevice, 256,256, 0,0,

D3DFMT_A8RS8GSBS, D3DPOOL_MANAGED, &pLightMap100);

float fPower = 100;

D3DXFillTexture(m_pLightMap100,LightEval,&fPower);

Figure 6 below shows the results of tab le-lookup specular e xponentiatio n. A careful examinatio nd oes

ind eed show less banding effects and a bette r-looking imag e. This te chnique will support exponents
greater than 100, whichis im portantf or some visual e ffects. There is hig her precision in the te xture re ad
unit, and the table-lookup texture ends up nicely filtered, so that the bandingis redu ced to atolerable

level. No te that o ther functions can be used besides exponents.



Figure 6 . Tablelookup specular exp onentiation

The fallback using the fixed-function multi-te xture pipeline is an analog of emboss for the specular term,
where the lig ht ma p hig hlight is subtracted from the height-f ield normal map . Specular highlights do ne ed
to be manually positioned, butthat' snothard to dointhe vertex shader. Then composite the valuesin
the pixel shader using subtract, and add the result as the per-pixel specular term. Figure 7 shows a

diagram of the twotextures and howthe subtract result gives the desired effect.



Figure 7. Spe cular embos s fallb ack di agr am

In the inte rests of s pace, | am skipping the imp lementatio n of the specular f allback; you should be getting
theidea. That'sthe end of the coverage of the standard diffuse and specular per- pixel lighting mod els,
and how to realize the m in pixel shaders. Now it's on to "do-it-y ourself" lig hting models, where | s how

how to develop your own, c ustom lig hting models and imp lementthe m.
Custom Per-Pixel Lighting

With this summar y of te chniq ues for the legacy—thatis , with s tand ard lig hting mod els behind us—it's now
time to consider custom, "do-it-y ourself" lig hting mod els, or DI Y lig hting . The beauty of pixel shader
hardware is that it fr eesthe developer from being stuck with the legacy lig hting mod el, and opens up a
brave new world of custom lig hting . Reme mber, the legacy lighting mo dels are just a set of equatio ns
someone came up with ats ome pointintime that did a reasonable job of mod eling the physics of lig hting .
Thereisno magicthere. So do not be restricted by the basic lighting m odel. While diffuse and specular
are easy to calculate, and generally produce acceptable results, they do have the drawback of producing a
resultthatlo oks overly f amiliar . Whe n the goal of advanced lighting is to stand out, lo oking the same is a

majo r drawback.

So what d oes DIY lighting mean? It means not b eing bound by the basic lig hting mod el, and instead using
creat ivity and an understanding of the principles of the basic lighting t asks. Using the SIGGRAPH

literat ure, hardwar e vendor Web sites, and informat ion about game engine rendering ap proaches, there
are hug e am ounts of mater ial availab le as a guide to inter esting alter nativ e ap proaches to the b asic

diffuse and specular lig hting model.



The key isto understand the process of the basic lighting model, andto use a process in developing a
lighting mo del. This allo ws a consistent b asis upon which to evaluate lig hting ideas. This discussion
focuses on local lighting, since there isn't space to cover at tenuation effects, atmospheric effects, or

any thing else.

The process of the basic lighting m odel is based on the physics of lighting. Figure 8 shows the physical
model the calculatio ns are inte nded to re produce. There is alig ht s ource generating lig ht, a s urface
geometry upon which the incidentlig hte nergy is re ceived, and upon which reflected lig ht departs (called

the incidentand reflectantg eometry), and acameratore cord the lig hting .

Figure 8. Lighting Process

Incident angle and reflection angle play a key part in the lighting calculation. The geometries' i nteraction
with lig htis also controlled by a surface model thatd efines the p hysical properties of the surface that
lightingisincident on and reflected from. There are many different elements that can be usedin surface
models. The mo st comm on modelisthe Lambert modelfor the diffuse light term. The Lambert m odel
defines microfacets across the surface where intensity de pends on input energy and the ar ea of the

mic rofacets perpendicularto the lig htd irection. Lamb ert diffus e is easily calculate d using the dotproduct.
Figure 9 illus trates the Lamb ert m odel. The key pointis thatthe reis a physical basis for this mo del, fr om

which the calculatio ns can be identified.



Figure 9. Lambe rt M odel

With an und erstanding of ho w this works inthe basic lighting model, le ts begin an explorationof 'DIY"
Lighting. In a simple "DIY" evaluation pro cess, first, there is an identification stage. Here you analyze
what the key effects you wish to generate in each scene are. Then these are prioritized. Once this has
been accomplished, thatd ata canbe used to characterize th e lig hting environme nt for e ach scene and

each effect.

How many lig ht sources are needed for these effects? What shap e are the y? What shad ows, and what
reflections result? Now with the key lig hting effects identified and characterized, alg orithms to imp lement
the effect need tob e generated. In tho se alg orithms , te rms that mak e im portant c ontr ibutio ns to the final
result are kept, and termsthat don't contribute significantly to image qu ality are dropped.

Experimentatio nis usually ne ed to determine this,butin some cases, running limitc alculatio ns can le ad
to an e xpectatio nthatate rms contribution is meaning ful or meaning less. Thes e pieces can often be
defined and te sted ind ependently, butats ome pointthe individual p arts willne ed to b e blended tog ether
fora "final" evaluation of the model. Another part of the process consists of determining whether a piece
of the calculatio nis object-based (autho r time calculatio n), v ertex-based (v ertex shader time calculatio n),

or pixel-b ased (p ixel shader time calculatio n).

Finally , und erstanding the range of valuesthats erve asinputto a model, and und erstanding the expected
range of outputv alues, canlead tof inding equiv alencies substitutio ns in mak ing calculatio ns, w here the
substitute calculatio nis simpler conceptually , simplerin cost,or simply good enough. This is an imp ortant
point,to notbe hid e-bound by convention, and instead keep an open mathe matic al mind to take

advantag e of whatev er one can.



So, with thatin mind , it' stim e to w alk thr ough the processfora simple yet effective 'DIY" lig hting model.
Here, local lightingis the focus, attenuation effects, at mospheric effects, and others are not considered.
The mod el shown is a variation of an area or distributed lig hting effect. It's primar ily a diffuse effect, b ut
with a mor e inte resting amb ientte rm. It provides "shadow detail," and shows thatan object is ground ed
inar eal-w orld scene by providing for an influence factor fromthe world its elf. This is in e ssence an

image-based lighting t echnique.

Figure 10 is a Lightwave ima ge showing a targ et scene fort his mo del, w here how close to the targ et the
model comes provides an evaluatio n of the model. Many ray-tr ace too Is support a similar model, where
the ren derer integrat es at each point, casts rays from the microfacet pixel to all points of the hemisphere,
and accumulate s color fr om ray inte rsections from other parts of the same object and the environment
map imag e. This cantak e hours. The goal here is to g et a significant p ercent of the same quality inr eal-

time .

Figure 10 .Targeti magefo rev aluating DIY model

The distributed lig hting modelused here, shown in Figure 11, works on lar ge area lig ht s ources; the re is
no single direction vector. Energy is based on a number of directions, the fraction of possible directions
that ¢ anilluminate the mic rofacet. Whe n using this mod el for outd oor scenes, the re are two lig ht s ources,
the sun and the sky. The sunis a directional light source, throwing sharp shadows. The skyis an omni-

directional light source, throwing soft shadows. It's useful to consider the area light source as an enclosing



hemisphere, and then the lighting of objects inside the scene reduces to considering wh at possible percent

of the hemisphere can shine on the object.

Figure 11 . Distributed lighting model

Figures 12,13 ,and 14 illus trate this fora cube, a hemisphere, and a sphere. It's pretty e asy to see how
objects in s cenes that us e this mod el are lit. F igure 12 contains a cube, and the lig hting intensity is
highest on the top face, and gradually decreases down the side faces. Figure 13 contains a hemisphere,
and the lig hting inte nsity is greatest atthe top polar region, decreasing down to the equator. Figure 14
contains a sphere, and lig hting inte nsity is again greatest at the top polarre gion, and decreases towards

the bot tom polar region.



Figure12."Hemisphere" ligh tingfor a cube

Figure 13." Hemisphere" ligh tingfor a he misphere



Figure 14." Hemisphere" ligh tingfor a sphere

Effectively, the light near the plane of the microfacet contributes less energy, so we can use the form
factor cos(q) term to scale energy down. IntegratingL = 1/p S cos(q) dd forthis models' irradiance term,
the lig ht s ource is the far field. I ntegrating the environme nt map to g et thatte rm is the usual te chnique.

This willw ork even on DirectX 7-class hard ware.

A cube map an dits corresponding integral are shown in Figure 15. Notice that the environment map
inte gral is mostly tw o colors, sky colorand ground color. The exactinte gral calculatio nis two slow for
inte ractive applicatio ns, ind icating an autho ring time process would be required, and that the inte gral

could notchange during the game. That' s less thanid eal, but can any thing be done about that?

Figure 15. Cubemapand itsin te gral



Let's consider this 2-hemis phere mod el, where our current und erstanding of the mod el is as a calculatio n
with o nly two imp ortantte rms —a skyte rm and a ground term. F igure 16 shows this 2-hemis phere model,

and Figure 17 contains a process block diagram.

Figure 16 .2 -Hem isphere model

Figure 17 .2 -Hem isphere model elem ents

The actual integ ralis:



color = a* Skycolor+( 1-a)*Gr oundColor

Where

a= 1-0.5*sin(qg) for <90
a =0 .5*sin(q) forq>90

Or, if instead of that, the simpler form

a= 0.5+0.5*cos(q)

is used. The resulting simplified inte gral ve rsus the actual inte gralis shownin Figure 18. Notice the shape
of the curve isthe same, but mirrored, and similar amounts of light and dark regions appear below both

curves. There is a general equivalency, even if it' snot exact.

Figure 18. I ntegral c omp arison

Herein lie s one of the secrets of the shader game: It's okay to substitute similar calculatio ns if they are
generally e quiv alent, b ecause atr eal-time frame ratesthe smalld eltainimag e quality is usually

unno ticeable. If this simplification provides enough of a performanc e gain, itc anbe preferred. In this
case, the simplification takes 2 clocks, since it uses a dp3 and mad While it' s not visually identical (this
solutio n provides more bump detail alo ng the equato r and less bump detail f acing the lig ht) it' s good
enough to produce the desired effect at a significant gain in performance because, in this case, the actual
calculation wast oo slow to doin real -time versus this simplification with its 2-clock cost. That's a h uge
win bothinte rms of clocks and inte rms of grasping the essence and beauty of DIY lighting and the

shader calculation gestalt.



The 2- term calculation boils down to what percent of incident energy has what color. The far field

hemis phere is composed of 2 colors, sky, and ground, inas imple proportion. Eve n with the environment
simplified to two colors lik e this , the mod el still allo ws for dynamic updates, like when a car enters a
canyon or a tunne |, and the nleavesit; s othe pavement or ground color would change, orthe skyor roof

color would change. The hemisphere implementation can also be done either per-vertex or per-pixel.

The per-vertex implementation can passthe hemisphere axisin as a light direction and use the standard
tang ent s pace basis vertex shader that tr ansforms the hemi axis into tang ent space. A vertex shader

imp lementatio n would loo k some thing lik e:

vs.1.1 /I vertex hemisphere shader

m4x4 oPos,v0,c8 // transform position

m3x3 r0, v3,c0 // transform normal

dp3 r0,r0,c40 // c40 is sky vector
mov r1,c33 // c33is .5f in all channels

mad r0,r0,c33,r1 // bias operation

mov rl,c42  // c42 is ground color
subrl,c41,rl  // c4lis sky color

mad r0,r1,r0,c42 /I lerp operation

llc44 =(1,1,1,1)
sub rl,c44,v7.zzz [/ v7.zzz = occlusion term
mul r0,rO,rl

mul 0DO0,r0,c43

A per-pixel fragmentim plementatio n would look lik e:

/I vO.rgb is hemi axis in tangent space

/l v0.a is occlusion ratio from vshader



tex t0 /[ normal map

tex t1 /I base texture

dp3_d2_sat rO,vO_bx2,t0_bx2 // dot normal with hemi axis
add r0,r0,c5 // map into range, not _sat
Irp r0,r0,c1,c2

mul rO,r0,t1  // modulate base texture

With that in mind , ho w does this look? Figure 19 shows the 2-term approach. While this is inte resting,
there are issues here. The combinatio n of tw o colors is getting the re, butthe re is obviously too muc h lig ht

in cert ain ar eas, like the eye sockets, the nostrils, and behind the teeth.

Figure19 .2-term DI Yimage



Time to refine the DI Y mod el. How is the model refined? With the addition of anotherte rm, of course.
What te rm would thatb e? Well, the firstatte mpt did nottake object self-shad owing into a ccount, and that
is the basis of the resulting image being brighter in are as where it shouldn't be. So adding an occlusion

termi s necessary.

Figure 20 shows a block diagram of this updated DIY lighting m odel. This calculation can be done vertex-
to-vertex by firing a hemisphere of rays from each normal, storing the result as vertex colors; or pixel-to-
pixel by firing raysina heightfield and storing the resultin the alp hachannel of anormal map ; or both by

firing rays from vertices and pixels and storing the resultin ate xture map.

Figure 20 .Up dated DIY model element s

The sample shown here used an o ffline rendering process to calculate this occlusion data. Considering the
vert ex-to-vertex case, the calculation answersthe question, "How mu ch do adjacen t polygons shadow
each other?" The result can be stored in a vertex attribute, and sh ould handle object level effects. Note

that lo oking only at ne ighbor vertices mig ht be ok ay.

Considering the pixel-to-pixel case, the calculation similarly answer s the question, "How much do adjacen t
pixels shadow each other?" An exam pleis a bump- mapped eart h, where the geomet ry provides no self-
occlusion, since a sphere is everywhere conve x. This me ans all o cclusion can be done in a bump map.
Figure 21 shows the resulting imag e with a 3 -term DIY lig hting model. This is a big imp rove ment, w ith the

problem area s of the eye sockets, nostrils, and interior of the mouth looking mu ch better.



Figure 21.3-term DIY lig hting mode | im age

Finally , combine this with ad irectional lig ht,as shownin Figure 22, and an amazing ly realistic imag e

results for such a relativ ely simple lig hting model.



Figure 22.3-term DIY lig hting mode | im age

Now clearly, the process of defining, e valuating , and refining a DI Y lig hting mod el is ite rative, butitis n't
all that d ifficult, as this article has shown. It's just a matte r of clearly think ing thro ugh the process of what
sort of illuminatio nis necessary to get the desired effect, and working th rough the ite rations untilitlo oks

good enough.

There are tw o le ssons here: First,und erstanding the tang ent s pace basis, so you can correctly perform
DOT3 based diffuse and specular lighting, and secondly, understanding how to perform "do-it-yoursel f'
lighting . Each of the se lessons is imp ortant, and DI Y lig hting builds on the knowledge of a nd correct usage
of the tang ent space basis, butthe realkicker is und erstand ing the "lighting black b ox" and functio nal
equiv alencies, so thatyo u feel comfo rtable using your own approaches to lig hting when you w ant

something thata ppearsjust a little different.

Last Wor d



I'd lik e to ac knowledge the help of Chas Boyd, DanB aker, Tony Cox, and Mike Burrow s (Mic rosoft) in
producing this column. Thanks to Lig htwave for the Lightwave ima ges, and Viewpoint Datalab s for the
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Your feedback is welcome. Feel free to drop me a line at the ad dress below with your commen ts,
questions, top ic ideas, or link sto your own variatio ns on top ics the column c overs. Please, tho ugh, don't

expect an individual reply or send me support questions.

Reme mb er, Mic rosoft maintains activ e mailing lists as forums for lik e-mind ed developers to share

informatio n:

Direct XAV for audio and video issues at http ://DI SCUSS.MI CROSOFT.COM/ar chives/ DIRECTXAV.html .

Dir ectXDev for graphics, networking, and inp ut at

http ://D 1SCUSS.MICROSOFT.COM/ar chive s/IDIR ECTXDEV.html.
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