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1 Notation

f(@) == maz{f(x),0}
flux @ of a light (energy / time)

dd
radiant intensity 1 := T with direction w
w

<I>:/521(w)dw

di L 7d2q) ith A
T n = re
adiance JAds’ with area

See Real-Time Rendering or Physically Based Rendering for more details. The notation

tries to stick to Real-Time Rendering.

2 Subtended Solid Angle Calculations

It is necessary to calculate the solid angle of certain shapes as seen from the unit sphere.

This solid angle is called the subtended solid angle (of the shape).

There are multiple ways to calculate the solid angle of a simple shape. Crytek’s LPV
paper needs the subtended solid angle of squares with different orientations relative to

the origin of the unit sphere:

e back face of the neighboring cell during propagation

e side faces of the neighboring cell during propagation (due to symmetry the solid

angles of such side faces are equal)



To calculate these subtended solid angles, I've used the following two methods for
each type:

1. triangulate the square, project the corners onto the unit sphere and use spherical
trigonometry to calculate the area of triangles.

2. use the following physical model: we assume that a point light is at the origin with
flux 47 (that is the radiant intensity is 1), then we measure the amount of light
(ie light flux) on the shape using physically correct integration. Since the radiant
intensity is 1 and constant, the light flux on the shape is equal to the solid angle
because of energy conservation:

solid angle = / ldw = / intensity(w) dw = / radiance(zx) dx
solid angle solid angle shape surface



2.1 Solid Angle Using Spherical Trigonometry
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The next few pages contain Maple worksheets to calculate the solid angle (first for
the front faces, then the side faces). h is assumed to be cell width (it doesn’t matter
though due to direction normalizazion).
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2.2 Solid Angle Using Integration

To calculate the front facing square’s solid angle (ie the solid angle of the back face
of the neighboring cell), assume that the square lies parallel to the xy-plane with its
center at (0,0,3) (with side length = 2). We integrate the radiance of its surface points
p = (z,y,2), that is z = 3 constant and x and y from -1 to 1.

FrontFacingSolidAngle = / / p)dp = / / cos /p, z-ams — dp

/ / (0.0, 1) da:dy
lel lel
:/ / 3 (22412 +9) " dudy
-1/

— 4 arctan (1 /33 \/ﬁ) — 0.4006696844 . . .

To calculate the side facing square’s solid angle (ie the solid angle of the back face
of the neighboring cell), assume that the square lies parallel to the yz-plane with its
center at (1,2,0) (with side length = 2). We integrate the radiance of its surface points
p = (x,y,2), that is x = 1 constant, y from 1 to 3 and z from -1 to 1.
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3 Reflective Shadow Maps

The reflective shadow map papers only states that you store the ”flux emitted through
every pixel” in the flux render target. This means that you don’t store the total light
flux @7, or use the total light flux to calculate the outgoing flux but instead, you base it
on the flux through the pixel: outgoing flux ®, = surface area A - radiant exitance M
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with p being the subtended solid angle of a surfel. If we assume a field of view of 90
degrees with aspect ratio 1, the solid angle of a single pixel can be approximated with:

4z 1
6 width x height

4 Light Injection

4.1 Intensity Formula Correction

Crytek’s LPV paper says that, if I,(w) is the radiant intensity of an VPL and n,, is its

normal and ®,, the reflected flux, then:
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However:

If we expand the equation above:

I
K

¢, = / o, (ny, w)dw p/ (np,w) dw = &, - 1 # D,
S2 Q

I suggest the following correction factor:

A

-p
™

Iy(w) = —(np,w)

That is, the original equation is divided by 7 as normalization factor.



4.2  Spherical Harmonics Analytical Basis Functions
The analytical presentation of the first four base functions is simple:
So (2, 2) = = (®)
T,Y,2) = ——
0 7y7 2ﬁ
V3
Si(z,y,2) = —ﬁy (9)
V3
= — 10
S2 ((L’, Y, Z) Zﬁz ( )

Ss (z,y,2) = —;f;rx (11)

To evaluate lighting with SH for some direction v, you first determine the coeffi-
cients/weights of the SH basis functions and then sum them up.

L:ZSiSi('U)

See Stupid SH Tricks and Spherical Harmonic Lighting: The Gritty Details for more
information.

4.3 Spherical Harmonics Low-Order Rotation

Let’s assume we know the coefficients s§, s, ... of the clamped cosine lobe around the z
axis, then we can determine the lighting in direction v for the cosine lobe around the
normal n by transforming it into the space where the normal coincides with the z axis
(ie rotate n onto the z axis):

L= Z 57 S; (Rp—2v)

where R,,_,, is a rotation matrix that rotates n onto z.
Before expanding this further, let’s first take a look at the coefficients of the clamped
cosine lobe:

si=0= /Qcos(qb)Sl(w) dw (13)
s5 = \/§ = Qcos(gb)SQ(w) dw (14)
s5=0= /Qcos(qb)Sg(w) dw (15)



The y and x directions are 0 because the cosine lobe is centered isotropically around
the z axis.
T T

So let’s look at the expanded version of this formula, if 71, 71", 71" are the row vectors

rT

1
of the matrix R, _,,, that is: v = (:gc) and R,,_,, = (rzT . Then:

T
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with ¢ := ﬁ and c1 := PV Since s7 = 0 and s5 = 0, we can simplify the equation to

L=sico+s5cmiv (21)
=S3Co+ S5C1T31 T+ S5C1T32Y + S5¢1 7332 (22)
=55C0+ S5C1T32 — Y+ S5C1 T332+ S5C1131 % (23)
=s5co—S5(—c1)rsa — y+s5cirszz+s5(—c1)raix (24)
= 5550 (v) — 5573251 (v) + 557133 52 (V) — 55713153 (V) (25)

Now the question is: what is the third row of R, .7 If we look at the inverse matrix
instead: R,_,,, we can immediately see that its third column has to be n, because

Rz—)n(%) =n

by construction. Since rotations are orthogonal matrices, the inverse is equal to the

transposed, so we can deduce that the third row of R,_,, is the same as the third
Nx

column of R,_,,, that is: n. Thus with n = (Zy) we get:

L = 5§50 (v) — s5ny 51 (v) + s5n; S2 (v) — 5514 53 (v)
So the SH coefficients of the clamped cosine lobe along n are:
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st = —sjny = —\/iny (27)
Sy = Son, = \/gnz (28)
s =—s3n, = —\/inx (29)
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As you can see the coefficients are linear in n, which makes their evaluation quite simple.
Note: ”My” values are equal to the ones from Crytek’s LPV paper if you premultiply
them with the SH constants ¢y and ¢;.

5 Geometry Injection

Little reminder: projected area is increasing with squared distance and not linearly (in
case anyone forgets, which can lead to stupid bugs).

output.surfelArea = 4.0 * posWorld.w * posWorld.w / RSMsize.x / RSMsize.y;

That is the real world area of the surface texel in the RSM is 4 / RSMsize.x / RSMsize.y
(ie texel size in image space), scaled with the squared distance.

5.1 Double-Sided Injection Problem

Crytek’s LPV paper only uses one-sided occlusion. It becomes obvious why, when you
look at how to implement double-sided occlusion injection. For a double-sided surface
element, you'd inject the surface area twice with flipped normals. Since only 4 SH coef-
ficients are used (which depend linearly on the normal direction except for the ambient
zeroth coefficient), this results in the cancellation of all but the ambient term.

Another idea is assuming a certain thickness of the material and using different area
ratios. However since the backside of a surface element would be farther away that way,
its area ratio would actually be bigger than the front-side’s ratio, which would result in
a face that is occluding more ”in the wrong direction”.

6 Propagation

6.1 Main Directions

The main direction of a front face is simply the normal of the face itself. The main

direction of a side face is also the direction towards the center of the side face. Eg for the
llsize/2
left side face (parallel to the yz-plane with x = cellsize/2) we have center = (Cielslzié ),
0

1/V5
so the normalized direction is (2 /\/g).
0
6.2 Intensity Propagation Correction

Crytek’s LPV paper uses the following formula for computing the flux to a neighbouring
face:

) — /Q [(0)V (@) dw
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and approximates it using the solid angle Aws = [, V(w) dw and the central direction

We as A
w
=G 1)

If we insert the definition of Aw; back into the formula we get:

Dy

) — i[(wc) /Q V(w) do = ﬁ [ () de

. If we assume that I(w,) is constant, we immediately see that the division by 47 does
not make sense here.
6.3 Reprojection Formula Correction

Crytek’s LPV paper uses the formulas:

O = / D (ny,w) dw
Q

and
Q) = dp/m

The integrand is exactly the intensity that had to be corrected in 4.1. So now we get:

O = / lfb;(m,w) dw = 1@;/ (ny,w) dw = l@mr = P
QO i 0 T

This also makes more sense because now energy conservation is obeyed during reprojec-

tion: now the whole flux that arrives at the face of the neighbouring cell is reprojected

into this cell and nothing is lost. However, because of the intensity correction, the net

value stays the same. This is just a correction to make the intermediate values physically

more correct.

7 Additional Implementation Details

Injecting the VPL into the LPV is done using SV_RenderTargetArrayIndex to select the
volume slice in the light propagation volume. For this every texel of the RSM is rendered
as one point primitive. A geometry shader is used to set SV_RenderTargetArraylndex
depending on the z value of the point’s position.
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