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C.B. Epwos, M.C. Konwtros, A.I. Boaoboti

OnTuMmaJsbHBIE Beca JJid Cjydad TpPeX CTpaTerwii B JIByHAITpaBJI€H-
HOI TpacCcupoOBKe Jry4eil ¢ (pOTOHHBIMHU KapTaMu

JIByHAIpaBIEHHAS CTOXACTHIECKasl TPACCUPOBKa JIydeil ¢ (pOTOHHBIMU Kap-
TaMUd — THOKMII ¥ MOIIHBIA METOJI, OJIHAKO CTPAJIAIONIUN OT IIyMa B HTOIOBOM
nzobpaxkennu. st ero CHUXKEHUsI UCITOJIb3YETCsl BLIOOPKA, ¢ MHOYKECTBEHHOMN 3Ha-
YUMOCTbBIO, KOTOPasi OObEJMHACT Pe3yJbTaThl PA3JIMUHbIX “‘cTpaTeruil’ ¢ BeCaMu.
OnruMaJjbHble Beca MUHUMU3UPYIOT LIYM M, TAKUM 00pa3oM, 00ecIIeunBaioT HaK-
JIydllee KadecTBO Pe3y/ibraroB. B ¢rarbe Mbl BBIBOAMM U PEIIAEM CUCTEMY HH-
TerpaJjbHbIX YpaBHEHH, OIpPEJesIsoNuX OINTUMAJIbLHbIE Beca; OHA KauyeCTBEHHO
OTJINYAETCS OT paHee MCCAeJOBAHHOTO Ciaydasi nByx crparernii. OHa JomycKa-
eT pelleHrue B 3aMKHYTOI (hopMe Kak ajaredpamdeckKyro (popMyiry, BKJIIOTAIOIIYIO
HECKOJILKO MHTErPajOB M3BECTHBIX (DYHKIWA, KOTOPHIE MOI'YT ObITH BBHIUHCJIEHBI
IpU TPACCUPOBKE JIyUEid.

Karouesvie ca08a: CTOXaCTUUYECKas TPACCUPOBKA Jiyueid, (DOTOHHbIE KaPThl,
MHOYKEeCTBEHHAs BBIOOPKa 0 3HAYUMOCTH, ONTUMAJbHBIE BECa.

S.V. Ershov, M.S. Kopylov, A.G. Voloboy

Optimal Weights for Bidirectional Ray Tracing with Photon Maps
while Mixing 3 Strategies

Bidirectional stochastic ray tracing with photon maps is a powerful method
but suffers from noise. It can be reduced by the Multiple Importance Sam-
pling which combines results of different “strategies”. The “optimal weights”
minimize the noise functional thus providing the best quality of the results. In
the paper we derive and solve the system of integral equations that determine
the optimal weights. It has several qualitative differences from the previously
investigated case of mixing two strategies, but further increase of their number
beyond 3 retains the qualitative features of the system. It can be solved in a
closed form i.e. as an algebraic formula that include several integrals of the
known functions that can be calculated in ray tracing.

Key words: stochastic ray tracing, photon maps, multiple importance
sampling, optimal weights.
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Abbreviations and notations

MCRT = Monte-Carlo ray tracing

FMCRT = forward Monte-Carlo ray tracing. It is tracing of rays from light
sources toward scene objects accumulating of illumination on scene ob-
jects. Usually it is used to calculate the secondary (indirect) illumination.

BMCRT = backward Monte-Carlo ray tracing. It is tracing of rays from
camera through virtual screen toward scene objects. Usually it is used to
get the virtual scene image.

BDF = bi-directional scattering function. It describes surface luminance as
a function of the illumination and observation directions. In this paper
f(v,u,x) is BDF (in luminance units) of the surface point @ for illumi-
nation direction v and viewing direction u.

BDD = backward diffuse depth. It is a specific parameter of a hybrid ray
tracing, when FMCRT calculates illumination and BMCRT is used to
convert it to the observed luminance. In this method the backward ray
usually has a limited “length” and terminates after BDD diffuse events.

(xg, x1,...) light (or forward) path. It starts from the light source position x.
In each vertex it can be scattered or absorbed, but keeps unit “energy”.

(Y_1,Y0,Y;,---) camera (or backward) path. It starts from the camera origin
y_, which is the same for all pixels and all rays through this pixel. y, is
the first hit which depends on pixel but is the same for all rays for this
pixel. In each vertex the ray is only scattered (never absorbed!) and its
“energy” decreases

(20, 21, ...) joint path in which z; can be taken from either the camera or the
light subpath depending on the intersection type. The camera origin and
light source position are dropped as always fixed.

E(yy,...,y;) camera ray energy before hitting y, ;.
n(x) local normal at surface point x.

L(xy, x,) is the full luminance at the point x, in direction x,x;. Similarly,
Lo(xp, x,) is the direct luminance and Lg(xy, x,) is the diffuse luminance.

R radius of the “integration sphere” (distance threshold below which the light
and camera vertices can be merged).



S = mR? area of the “integration sphere” (this is a 2D sphere in the tangent
plane, i.e. rather a circle).

Np the number of light rays traced during one iteration.

Np the number of camera rays traced through this pixel during one iteration.

1 Introduction

Nowadays lighting simulation is widely used in realistic computer graphics and
for designing new materials and optical systems. This group of methods mainly
includes the simulation of light transport using the Metropolis method [1] and
stochastic ray tracing [2] and their bidirectional modifications. Among them, we
consider the bidirectional Monte-Carlo ray tracing with photon maps (BDPM)
[3, 4]. The main problem of all stochastic methods is noisy result. Therefore,
the noise reduction problem is always important, and it is considered in many
works, e.g., [5, 6, 7]. The level of noise in BDPM mainly depends on the random
scattering of the forward and backward rays, on the choice of the vertex for
their merging and, finally, on the number of forward and backward rays traced
in one iteration step. The majority of studies proposed to decrease the noise
by application of the multiple importance sampling (MIS) technique [5, 6, §].

An important foundation here is the Veach’s work [9]. Veach results are
based on the theorem which assumes independent samples. But direct appli-
cation of them to BDPM would be incorrect. The samples (i.e. full paths
connecting the source and the camera) happen to be not independent because
in BDPM the same light path is merged with many camera paths and vice
versa. So the resulting joint full paths have common part and thus they are
not independent. In [10] the problem of the optimal weights in a limited MIS
for mixing contributions from two first camera vertices was considered. This
limited case already explains the main idea of calculation of the optimal weight
for the strategies in BDPM, i.e. that unlike the famous Veach heuristic for
the optimal weight in MCRT [9], [4, 11| where they obey a system of algebraic
equations, now they obey the system of integral equations.

However, mixing just two strategies has several deficiencies. For example,
let us suppose that the BDF at the first two camera vertices is sharp, while
the 3rd vertex has a smooth BDF. Mixing of just the two strategies (gathering
illumination at the 1st and st the 2nd vertices, respectively) may choose only
among them. But gathering illumination at a point where BDF is sharp is bad
(has high noise). This can be seen from the formulae for the optimal weights
from [10]: the sharper the BDF the lower the weight for the corresponding
vertex. Therefore, mixing two strategies allows only to choose less evil among



the two. Meanwhile the gathering illumination at the 3rd vertex with smooth
BDF will be good. Or maybe at some another (later) vertex. Therefore it is of
interest to generalize the problem to mixing more than 2 strategies.

The first step, and it is principal, is mixing of three strategies. This case in
investigated in the current work, and we shall see that it is qualitatively different
from mixing two strategies. The main reason is that while for mixing two
strategies we had only one variable weight, now we have two different families
of weights, each with its own normalization conditions. The first consists of
2 weights and one of them is dependent. The second family consists of three
weights, any two of them can be considered as independent and the remaining
one is dependent on them. In case of mixing four and more strategies the
situation already remains qualitatively the same, just there will be three and
more families of weights. All independent weights from all families are coupled
in the common system of integral equations and this holds if mixing more than
3 strategies. Meanwhile when mixing 2 strategies we had just one weight and,
correspondingly, one integral equation.

Later we shall see that the resulting system of integral equations admits
a “local” approximation when it reduces to the system of algebraic equations
because the integral terms can be neglected. For two strategies the formula
relates some values at the two vertices of which both are the “end points”.
Therefore one can not deduce what it will turn into if adding another vertex
or more of them. Meanwhile this formula for 3 vertices already admits an
“intuitive induction” and one can imagine what it must turn into for mixing 4,
5 and more strategies.

Therefore, investigation of mixing of three strategies (which correspond to
gathering illumination at the 1st, 2nd and the 3rd vertices of the camera path)
is a necessary next step. It is performed in the current paper where we shall
derive the system of equations the optimal weights obey.

2 Related works

A good overview of the studies performed by the Krivanek’s group [12] had been
recently published. It explains a wide variety of different methods, including
bi-directional path tracing, light transport etc. providing a concise explanation
of the underlying ideas followed by a list of detailed publications. We dare
recommend this course to all engaged in related areas.

There is a part just related to MIS in bi-directional path tracing (pp. 214-
246 of [12]) and a detailed paper[13]. They improve the classic Veach results
[9]. There are two different formulae to calculate the optimal weights by Veach,
named the “balance heuristic” and the “power heuristic”, and this is because
Veach minimized not the variance itself but rather its bounds. Veach theorem



states that the true minimum noise will not deviate from this estimate much
giving the estimation of that difference. Nevertheless, the true optimization is
undoubtedly better. The resulting formulae (13) for the optimal weights in [13]
consist of the parts present in the “balance heuristic”, but with scale coefficients
« are calculated from the linear system, see eqs. (10)—(12) in [13].

The general scheme of calculation of the optimal weights in [13] and in our
papers [10, 14] is rather similar. In both approaches the noise (variance) is
a quadratic integral functional on the weights. Its minimum is then achieved
for the weights which obey a system of linear integral equations (eq. (28) in
[13] vs our (29), (30)). Their «; is somewhat similar to our G;(a;) though the
latter depends on the space point (i.e. the vertex of the joint path). Then the
weights themselves are written as the linear combination of the integral terms
and then integrated which gives a system in that integral terms (eq. (32) from
[13] vs our eq. (38)). Our procedure though does not end here because the
integrals G,,(a) are space functions unlike their «; and so we need yet another
iteration of a similar procedure. Eventually the optimal weights in both their
and our investigations are expressed as algebraic functions with coefficients
being integrals (averages!) of known scene functions. They can be calculated
by Monte-Carlo averaging.

So there solution is also closer to ours than the algebraic “local” formulae of
the balance or power heuristics. In spite of the “overall similarity”, our formulae
are different. For example, our weights depend on scene luminance at the joint
path vertex, while in [13] they do not. Also, our weights depend on the number
of camera rays per pixel Np and the number of light rays Ng,common to all
pixels.

The difference is because these weights are for two different variants of bi-
directional MCRT. In [13] it is the bi-directional path tracing (BDPT) while we
use the bi-directional ray tracing with photon maps (BDPM). Roughly, they
trace one light path of the desired “depth” (the number of segment) and one
camera path with the desired depth. These depths determine the “strategy”
(so it is decided a priori, as is in the classic MIS). After that the ends of these
sub-paths are connected with a straight segment, and if it is not occluded, then
we get the joint path and increment the accumulated pixel luminance by its
“importance function”. If the segment is occluded, the increment is 0. After
that the pair of light and camera paths is discarded and a new one is generated.

In BDPM, the process is basically different. We trace Np camera rays and
Np light rays, then each camera path is checked against each light path, and
if they have close vertices, these are identified and we get the joint path and
increment the accumulated pixel luminance by its “importance function”. If
their is no close vertices, the increment is 0.

As a result, the BDPT operates independent “samples” (joint paths), while



BDPM operates dependent “samples”. Indeed, we merge the same camera sub-
path with different light paths, and thus can obtain several joint paths which
have the same “camera” tail and thus are not independent. Also, in BDPT
which follows the classic MIS approach, the “strategy” is chosen before gener-
ating the random sample, and in principle one can decide freely and arbitrary
how many samples to generate with which strategy. In BDPM the situation is
different. We do not know in advance which vertices of the light and camera
path will be close (or none), so the strategy is determined a posteriori and
depends on the sample (path). The number of samples for each strategy is thus
not controllable directly. It is even unknown in advance.

3 Bi-directional Ray Tracing with Photon
Maps

Here and below all calculations are for one pixel.

For the sake of simplicity, the total flux of all scene lights is assumed 1 to
not bother about scaling between the density of photons and irradiance. We also
assume that the light source is point one and that it s unique in the scene.

It is well known that the luminance of a pixel can be written as an aver-
age over the paths connecting light source and camera which average can be
naturally calculated with a sort of Monte-Carlo integration [9]. The problem
is efficiency. The probability that a forward or light ray hits the (usually tiny)
camera pupil is very low. Similarly, the probability that a backward or camera
ray hits a point or line light source is exactly 0.

A natural remedy is that the “light source end” is generated with the forward
MCRT (from light source) while the “camera end” is generated by the backward
MCRT (from camera) and then these two “half-paths” are somehow joined.
This “somehow” is the crucial point and there is a real lot of different methods,
mainly vertex connection, vertex merging and photon maps. All of them have
their strong and weak points, none being a magic wand. We shall investigate
the photon maps or reverse photon maps [15, 16] which is the same from noise
estimation point of view.

3.1 Base idea of BDPM

The idea of joining sub-paths in the reverse photon map method is very simple
and natural. Roughly, first we do BMCRT and its hit points are stored in the
map. Then the FMCRT starts. Whenever its ray hits a surface, we ask from
the reverse photon map all camera hits which are close to this point (i.e. the
forward ray hit is within the integration sphere about the camera hit). If it is
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Figure 1: The main idea of BDPM: we trace camera path (blue) and light path
(red) and when a vertex of the latter is close to a camera vertex, we can joint
the paths neglecting this small distance. After that the accumulated luminance
of the pixel related to the camera sub-path is incremented.

so, we unify these close vertices and thus obtain the joint path connecting the
camera and the light source (Fig. 1).

For each this joint path, we increment of luminance of pixel corresponding
to camera ray. This increment is the contribution of the joint path. For the
correct estimation of luminance this contribution must equal to the ratio of the
target probability density for this joint path (or its “importance”, [9]) to the
probability density of its generation in the above BDPM procedure. So the
contribution C equals

E;BDF(y,)
S
where y, is the camera hit point where the sub-paths joint, E; is the energy
of the camera ray before this hit (i.e. after the previous hit), BDF(x) is the
surface BDF at point & and S is the area of the integration sphere (so that
S~! gives the estimation of the irradiance from single incident ray with unit
energy). The whole procedure is depicted in Fig. 1.
A bit more formally, if the n-th a vertex x,, of the light path xy — x; —

- — @, — --- (here x; is the light source origin position) is near the i-th
vertex y,; of the camera path y_; — y, — -+ — y;, — --- (here y_; is the
camera origin where the rays for all pixels starts from), then the full path is

C —

Loy =Ly 7 Tl 7Y 7 Y Yo 7 Yo,

its contribution (to the pixel luminance) being

C = S_lE(yO, - yl-_l)f(wannria yiyi—ia Y;)



camera
originy_4

Figure 2: Camera and light subpaths can “intersect” at different vertices. In
this example there are two close pairs of vertices: x4 ~ y, and 2 ~ y; which
produce two different joint paths ®y - ;1 — 2 = =3 = y, — y_; and
Ty — ] — Y, = Yy — y_; of different length.

where (% is the wunit vector from point a to point b, f(v,u,x) is BDF (in
luminance units) of the surface point @ for illumination direction v and viewing
direction u, and FE(y,...,y;_1) is the energy of the camera ray before hitting
y;. This energy (or transmission factor in [4] terms) is defined as usual: it is 1
just after leaving the camera, i.e. E(y_;) =1 and then

E(xo) = p(x-12h, o),
E(xg, ... @) = w@p1Tm, Tm)E(To, ..., Tmo1), m=12.. (1)

() = / f(v,u,) (v n(@))| d, 2)

n(x) being the local normal at the point .

3.2 Final form of the path contribution and the gather-
ing equation

In principle, the camera and light sub-paths can have several “intersections”
(although this is rare in case of small integration area) as shown in Fig. 2

The increment of the accumulated pixel luminance in the above example is
the sum of contributions of these two joint paths. Naturally this full increment
is just the contribution of all joint paths obtained from all intersections of the
given camera and light sub-paths.

The general formula that allows an arbitrary number of “intersections”
(close pairs of vertices) calculates the contribution from the camera path
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(Y_1,Y0, Y1, ---) and light path (xg, 1, 2, ...) as the weighted sum

C = Z Z K(yz - wn)wi—i-n,i(y(]a Y1) Yir Tn—1, -, 331)

>0 n>1

XE(Yg, s Yiy) [ (X1, Y;Yi_1, Y;)

over all pairs from which the merging kernel K(r) (which vanishes outside the
integration sphere, i.e. for » > R) selects the close ones. The weight w;; <1
where [ is the full “length” (the number of vertices) of the joint path and
0 <7 <1[—1is the index of the camera vertex where the subpaths merge can
depend on the joint path. We dropped the fized points xy and y_; from the
arguments of the weight. These weights are needed to avoid multiple counting
because the same joint path can be obtained by different “strategies” i. For
this purpose

-1
> wy =1 (3)
1=0

for each [.

REMARK. The averaging over the full paths is a sort of MCRT, though a bit special since
now different paths may be not statistically independent (which is natural since two different
full paths may have the same camera sub-path and thus be related through it). This dependence
of samples affects the variance but not the expectation. Therefore the theorems from [9] still
hold which state that (3) is sufficient for the mathematical expectation of the calculated pixel
luminance be correct. For our particular situation this is derived in Appendix B.

The term with n = 1 is for the direct illumination because the light ray
had not yet scattered before hitting the integration sphere. Meanwhile, usu-
ally in BDPM the direct illumination is taken not from the photon maps but
“deterministically”. In this case the term with n = 1 must be replaced with

wi+n,i(y07 Y1 Y o) E(Yo, - ¥i 1) Lo(Yi 1, ¥:)

where Lo(y,_1,y;) is the direct luminance at the point y, in direction
y,Y,_;. The contribution from the camera path (y_;, vy, Yy, ...) and light path
(xg, 1, T2, ...) then becomes

C = Z wi—!—n,i(y()a Y- Y $0>E(yoa e yi—l)LO(yi—la yz)

i>0
DD KW= ) Wini (Yo, Yoo Yis Tt 1)
i>0 n>2

XE(Yg, s Y1) [ (@120, YY1, Y;)




11

The pixel luminance is then the average of that contribution over both the
camera and light rays. The contribution C' is a function of the camera and light
paths.

Notice that the above formula calculates the estimator of the pizel lumi-
nance (= the value whose average gives that luminance) as the sum over all
“intersections” at different camera vertices with corresponding weights that de-
pend on the index of that vertex. This is nothing but the Multiple Importance
Sampling (MIS for short) because it sums over all possible joint paths i.e. the
“samples” in the path averaging.

3.3 Partial MIS-3

The full MIS mixes intersections at all vertices of the given camera path and
thus includes an infinite number of weights. In spite of several obvious advan-
tages, it is expensive for the practical implementation, because it requires that
we trace camera rays to infinite depth and then store all their numerous vertices
in the (reverse) photon maps. Also it includes an infinite number of weights
which, being the functions of the joint path, may depend on an arbitrary large
number of arguments.

Therefore it makes sense to work with a limited method that operates in-
tersections at the few first camera vertices. Also, the weights in it can depend
only on the few vertices of the joint path that are closer to camera, so they are

wl,i(zo,zl,...,zi), 1=0,..., M, [ >

where z; are the vertices of the joint path (numbered from camera end!) which
depending from the intersection type can be taken from either the camera or
the light subpath. We drop x( (light source position) and y_; (camera origin)
from this set because they are always the same, fixed points.

In this formulation the weights with large first index [ > M all depend on
the same number of arguments. Therefore it is possible impose the limitation
that they are all the same function:

wl’i(ZO,Zl,...,ZM) :wMJ(Zo,Zl,...,ZM), l>M, iZO,...,M

This means that the weights do not depend on the starting part of the light
path neither through the weight’s index nor through its arguments (the points).

Notice that these restrictions of the weights are compliant with the general
requirements on the weights in MIS [9] which require the weights being deter-
ministic functions of the joint path (but may be effectively independent of its
“tail”!) and that the sum of weight in each “family” be 1.
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Figure 3: The weight is the same in the right panel in spite of the longer initial
part of light path.

In current paper we shall consider the case when we mix contributions from
three first camera vertices (MIS-3). Now the gathering equation becomes

C = Lo(y_1,Yo)w10(Yo) + E(Yo)Lo(Yo, Y1)w2,1(Yo, Y1)
—|—E(y0, y1)L0(y1» yz)w3,2(y07 Y, y2)
+K(y0 - 332)w2,0(y07 il31)f(£131y0, YoY_1, yo)

+ Z K(yo — @n)ws0(Yo, Tn-1, wn—z)f(wn—lilf‘;, yoy—ia Yo)

n>3

+ Z K(yl - mn)w3,1(y07 Y4, mnfl)E(yO)f(mnflmfu ylygv yl)
n>2

+ Z K(yy — n)ws2(Yo: Y1, Y2) E(Yo, yl)f(wn—lil?;, y2yi7 Ys) (4)
n>2

which is an obvious generalization of the case of camera path with just 2 vertices
[10]. The contribution C' is a function of the camera and light paths.

Which weights relate to which intersection is depicted in Fig. 4.

These weights obey the usual normalization conditions:

wlyo(ZO) = 1
wo0(20,21) +wai(z0,21) = 1 Vzy
ws (20, 21, 22) + w3 1(20, 21, 22) + w3 2(20,21,22) = 1 Vzi, 29

which, as we prove in Appendix B, are sufficient to provide correct average of
pixel luminance.

4 Noise

In BDPM (with or without weights) the variance of the pixel luminance cal-
culated from Np forward rays and Np backward rays (started from the same
pixel) obeys the general law [7]:
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Figure 4: Weights for different intersections in BDPM. Here z 4, z(, 2z etc
denote the vertices of the joint path counted from camera (regardless of which
subpath they are from: camera or light). Obviously, always z_; = y_; is the
camera origin and zy = y, is the first hit which is fixed for the given pixel.

Vo= NplNB (e = «en?) +% (({C) ) = ((C))%)
+% (({CVBhr = ((C))?) )

Here (-)p is the averaging over the BMCRT ensemble for the fixed FMCRT
ray and (-)p is the averaging over the FMCRT ensemble for the fixed camera
ray. Notice the linear term ((C)) is independent from the order of averaging so
we drop subscripts here. It is also independent from weights, while ((C?)) and
((C)%)p depend on them.

Averaging over the ensemble of light paths resp. camera paths is

(Vr = /(-)pF(wl,...,wn,...)dwl--dmn--- (6)

(5 = / (P50, 91, ¥2) A1y (7)

where pr and pp are the probability densities of the light and camera paths (the
latter for fixed given pixel). Since we assume that FMCRT uses Russian roulette
to kill rays while keeps ray energy, pr is not normalized. These densities can be
calculated from the recurrence relations similar to that in [4], see Appendix
A. The fizxed points xy and y; are not included in the averaging. The point
Y, depends on pixel, but for given pixel it is also fixed and thus is not also
included in the averaging.
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Below we shall sometimes use the spatial and sometimes angular probability
densities keeping in mind the obvious relation between differentials

P(xY) = s(z,y)dy (8)

x —yl’

where n(y) is the local normal at the point y and ZY is the unit vector from
x toy.

Notice that when Ny — oo while Np is fixed the noise does not vanish. This
remaining noise N3' (((C)3)5 — ((C))?) can be naturally termed the BMCRT
noise, and ((C')%)p named the BMCRT term. Similarly, when Np — oo while
Np is fixed, the remaining noise N;.' (((C)%)r — ((C))?) is termed the FMCRT
noise and ((C)%)r is named the FMCRT term. The last quadratic average
({(C?)) will be named the cross term.

Now let us calculate the weight-dependent quadratic averages ((C?)),
(CY%) p and ((C)%) g for the case of the simplest integration kernel K which is
the indicator function

L <R
K(T): TR*? T_
0, r>R

The area of the integration area is denoted S = 7R? and it is assumed small.

4.1 Cross term

The square of C' given by (4) contains

1) Products of kernel K and a smooth function. Since the kernel is weakly
close to the delta-function, the average of this term is O(1)

2) Squares of kernel times a smooth function. Since our kernel is the indi-
cator function and thus the average of that term is S7*O(1), see above

3) Product of kernels with different arguments times a continuous function.
The product of kernels of different arguments can also reach S~'K but only in
the area where the two kernels overlap. Their arguments are random and the
probability of intersection is O(S), so the average of the product of kernels with
different arguments is O(1), which is formally proved in Appendix C.

Therefore for calculations of averages of C? for small S we can retain in C?
only the squares of kernels:
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1 N N
C? = EK(UO_$2)w§0(90>$1)f2($1y07y_1y0;yo)

+3 ZK w30(y07wn 1, Ln— 2)f2(wn—1y(>)ay—1y(>)ayo)
n>3

+3 ZK ) w3 1 (Yo, Y1, T 1) EX(yo) (@0 191, Yot ¥1)
n>2

+ K(y Jws o )E( ) (Z 195, Y2Y1s Ya)

3,2 Y9, Y1, Yo Yo, Y1 n—1Y2,Y2Y1, Yo

n>2

+(---) (9)

while the omitted terms (---) are inessential since have much smaller average:
({-+-)) = 0(1).

Now we must average this approximation to C? over the FMCRT ensemble,
i.e. pp(xy, xa,...)dx1dTs - - . It can be done very similarly to the derivation of
(47) in Appendix B. Indeed, the above expression for C? differs from the 4
last lines in (9) averaged there only in that weights, BDFs and energies are now
squared. Therefore applying the same derivation we arrive at

1 N
<02>F ~ g/(w20(yo;ml)f($1y07y—1y()>yo))2LO(yOawl)

x |(n(y,) - Z1y0)| s(yo, 21)dz
b [ (wanly @1 @2) @5 555 90)° (mly0) - 510 Lias, )
X [ (%221, Z1Yg, T1) |(n () - sz—fcm s(Yo, ©1)s(x1, T2)dx 1 dxs
+%E2(yo)/(ws,l(yo,yl,w)f(wa—)w,M,yl))2L(y1,y2)
X ‘(n(yl) : QT?JM s(yy, T2)dxs

1
+§w§72(y0, Y1, yz)E2(y0, Y1)

< / PTG TG, y2) Ly ) | () - Fathh)| 5(, 3 s
+o(1)

The last integral for which we introduce notation

b(xy, xs) = /f2($3w2, Ty , T2) L(x2, x3) ‘(n(wg) : :1:3:132)‘ s(xg, x3)dxs
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is independent of weights and is much similar to the integral which gives diffuse
luminance of x5 towards x;

Lq(x1,22) = /f(@), Tox), o) L(xo, T3) |(n(2) - M)l s(x2, x3)dxs

Now we must average this (C?)p over the BMCRT ensemble i.e. over

PB(Yos Y1, Yo )dy1dy,. Substituting pp(yg, y1) and pp(yg, Y1, yYs) from (40) one
finally arrives at

<<C2>> ~ S‘l/w%o(z(),zl)fz(zlzo, 120, 20)Lo(z0, 21)

x |(n(zo) - 2120)| 5(20, 21)dz1

+57! / ws o(z0, 21, 22) f(Z120, Y 120, 20)p(20, 21, 22)dz1d25

‘I‘S_l/wgyl(ZQ,Zl,ZQ)E(Zo)f(Zgzl,Zozl,Zl)p(ZO,Zl,ZQ)dzleQ

) b(z1, 22)
g 1 2 E yomm—
+ /w3,2(zoa 21, 22) B (20, zl)L(zla 22,

+0(1) (10)

p(z0, 21, 22)dz1d 2o

where z_1, 29, 21 and z9 denote the vertices of the joint path counted from
camera (regardless of which subpath they are from: camera or light). Obviously,
always z_; = y_; is the camera origin and z( = y,, is the first hit which is fixed
for the given pixel. The function p is defined as

p(z0,21,22) = L(z1,29)f(z120,y_ 1z0,z0)f(z Z1, 2021, Z1) (11)

x(n(zo) - 2120) (n(21) - 2221)s(20, 21)5(21, 22)

4.2 FMCRT term

Averaging (4) over the BMCRT ensemble, i.e. over pp(yg, Y1, Ys)dy1dy,, one
has
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(CYp = Lo(x_1,Y0)
+K (Yo — ®2)wa (Yo, 1) f (10, YoU_1» Yo)

+ / wa.1(x0, Y1) E(Yo) Lo(Yo, Y1)P5 (Yo, Y1)y,

+ / w3,2(y0, Y, y2)E(y07 y1)Lo(yy, yz)pB(ym Yy, y2)d2y1d2y2

+ Z K(yy — xn)ws0(Yo, Tn-1, mn72>f(mn—1y(>)7 yo’y—i, Yo)

n>3

+ Z U)371(’y0, L, wn—l)E(yO)f(wﬂ—le}La wnyga wﬂ)pB(ym wn)
n>2

+ Z / w3,2(y07 Yy, wn)E(y()a yl)f(mn—lmrlw wnyia mn)
n>2

XPB (y07 Y, mn)del

Repeating the reasoning from Section 4.1, we conclude that for small S the

main contribution to ((C')%)r comes from squares of the kernel, so

= ey
<C>% ~ S 1K(yo - wz)wg,o(yo,wl)f2(a31y0,yoy_1,y0)
+SN " K (yy — )W o (Yo, Tot, Ta2) FA(Z0 190, YoU 1 Yo)

n>3

+0(1)

and averaging over the FMCRT ensemble, i.e. pp(xi,®s,...)dx1dxs -+ One
arrives at

<<O>ZB>F ~ S_l/wg(yo,ml,:nQ)fQ(azlyO,yoy_l,yo)pp(wg,ml,yo)dmldwg

+571 / w(%(y()v wl)fZ(wly()u YoY_1, Yo)Pr(T1, Yo)dx:
+0(1)

where pr was defined in (44) and pp in (41), so using (46)
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(e ~ 57 [ whylen =) (E2 T2 20
x Lo(z0, 21) | (n(20) - Z120)| 5(20, 21)d21
—|—S_1/wg,o(zo,zl,zg)f(z1—>,z(),1;_—>1,z(),zo)p(zo,zl,z2)dz1dz2
+O(1) (12)

where zp = vy, 21 and 2y denote the vertices of the joint path counted from
camera (regardless of which subpath they are from: camera or light). Notice
these are the same terms with w3, and w3, as in (10).

4.3 BMCRT term

Introducing
Fm = /w27m(yan1)L0(yoaZl)f(yozlay—ﬂ/o,yo)
X !(n(yo) : Z1yo)‘ s(Yg, z1)dz1 (13)
Fn = /w37m(y07zlaZZ)IO(yOaZlaz?)dzlsz
— [ Gl 1 G T w0 | (mly0) - G| sl =)z
Gm(zl) = /w?),m(yOaZ13Z2)L<Z1azQ)f(zlz%yOzlazl)

x |(n(z1) - z221)| 8(21, 22)d2o (14)

one can write (47) as (notice that by normalization conditions wy g = 1):

(€ = (Loy1.y0) + Fo+ Fy)

+wa,1(Yo, Y1) E(Yo) Lo(Yo, y1) + E(yo)G1(y1)
+w3,2(y07 Y1, yQ)E(yOv yl)L(yla y2)

Squaring it and averaging over BMCRT ensemble, i.e. over
pB(Yo, Y1, Y2)dy1dy, gives
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2
( (Z 1, 20 +F0+F0)
+

w31 (20, 21) E*(20) L (20, 21)pp(21)dz1

~— 2

—|—2 w271(2:0, Zl)Lo(Z(), Zl)Gl(Zl)EZ(Zo)pB(Zl)dzl

\

+ | Gi(z1)E*(z0)pp(z1)dz

_|_

——

w§ o(20, 21, 29) E*(20, 21) L*(21, 22)pB(21, 22)dz1d2>

2

+

/N

Lo(z_l, Zo) + F() + F()) (Fl + F1 + FQ)
—|—2 UJQJ(ZO,Zl)LO(ZO, Zl)GQ(Zl)E2(Z0)pB(Z1)d21

G1(21)G2(21) E*(z0)pB(21)dz (15)

5
——

where 2y = Yy, 21, 22 denote the vertices of the joint path counted from camera.

5 Optimal weights and variation of noise

Optimal weights are such that any change of them only increases the noise.
In other words, these weights are an extremum of the noise functional. By
definition, these are the weights which minimize the noise functional V', and
thus the variation of it (caused by variation of weights) must vanish.

Since ((C')) is independent of weight (provided that they sum to 1, see
Appendix B), (5) implies that the variation of the pixel RMS is the sum of
variations of the three averages, ((C?)), ((C)%)r and ((C)%)p

1
NpNp

sutiey + o )5 oe + SN s o (0

oV =
where ¢, is variation with respect to the m-th weight. The optimal weights are
those for which §,,V for an arbitrary dw;,.
Because of the normalization condition (50) there are only 3 independent
weights: one from the family {w2 (20, 21), w2.1(20, 21) } and two from the family
{ws (20, 21, 22), ws1(20, 21, 22), w3 2(20, 21, 22) }. We decided to choose

w2,0(z07 Zl), w3,1(zo, Z1, Z2), w3,2(zo, 21, 22)
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When calculating the variation 6;((C?)) against w3 (20, 21, 22), one must
remember that when ws (2o, 21, z2) is varied while ws 2(20, 21, 22) is kept, then
(since the sum of weights is fixed), ws (20, 21, 22) also varies:

ws1(20, 21, 22) — ws1(2o0, 21, 22) + dws1(20, 21, 22)
w3,0(ZO,Z1,Z2) = w370(z0,z1,z2) _5w3,1(Z07z17z2)

and similarly, when we calculate the variation do((C?)) against wsa(20, 21, 22).
When wsy (20, z1) is varied the second weight of this family, i.e. wq1(20, 21),
also changes by —dws (20, 21).

Now let us calculate variation of our three terms (10), (12), (15) with respect
to these independent weights.

5.1 Cross term

The change of ((C?)) from (10) in response to the variation of ws (2o, 21, 22)
(keeping w3 2(20, 21, z2) and wa (20, 21) fixed) is

51<<02>> ~ —25_1/511)371(250,,21,22)103,0(20,Zl,ZQ)f<Z120,y125(),250)

Xp(ZQ, zZ1, Zz)dzleQ

+25_1/5w3,1(20,Z1,Z2)w3,1(zo,Z1a22)E(z0)f(z2Z1’Z021’zl)

Xp(zO,Zl,Z2>dZ1dZQ
= 25_1/5w3,1<z()azlaZQ)P(anZhZQ)

x (w31 (20, 21, 22) f (2221, 2120, 21) E(20)

—ws,o(zo, z1, 22) [ (2120, Y 120, Zo)) dzidzy  (17)

Here, as in the previous Section, z, 21, 21 denote the vertices of the joint path
counted from camera (regardless of which subpath they are from: camera or
light).

Similarly, the change of ((C?)) in response to the variation of w3 (20, 21, 22)
(keeping w3 1(20, 21, z2) and wa (20, 21) fixed) is
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5((C?)) ~ —287! / Sws o (20, 21, 22)ws (20, 21, 22) f (Z0Z1, Y120, Z0)
X p(20, 21, 22)dz1dz9
—|—2S_1/6“]3’2(2:0,Zl,ZQ)w&Q(ZO,Zl,ZQ)E(zO,zl)
X p(z0, 21, 22)dz1dz
= 2S1/5w372(z0,z1,zg)p(zg,zl,zg)

b('zl) z?)
L(Z17 22)

b(z17 ZQ)
L(Zl, ZZ)

X <w3’2(z0,z1,z2)E(z0,z1)
—ws,0(20, 21, 22) [ (2021, Y_1 20, Zo)) dzidzs (18)

At last, variation dws (2o, z1) results in

5 ((C?) =~ 25_1/5w2,0(z07’z1)w2,0(’207z1)

x f2 (2126, Y120, 20) Lo(20, 21) | (n(20) - Z120) | 5(20, 21)d419)

5.2 FMCRT term

The change of ((C)%)r from (12) in response to the variation of w31 (2o, 21, 22)
(keeping wsa(20, 21,22) and wap(z0,21) fixed so Jdwso(zo,21,22) =
—0ws 1(20, 21, 22)) is

51<<C>2B>F ~ —25_1/5w3,1(z0,Z1,22)w3,0(z0,z17zz)
x f(Z120, Y 126, 20)p(20, 21, 22)dz1dzy  (20)

Similarly, variation dws (20, 21, z2) results in

52<<C>QB>F ~ —25_1/5w3,2(Z0,Z1,Z2)P(Z0,Z1,ZQ)
xXws.0(20, 21, 22) f (2120, Y_1 20, 20)dz1d22 (21)

Variation dws (2, z1) results in
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§o((C?)) =~ 25—1/(5w2’0(z0,zl)wgp(zo,zl)f2(z1—>z0,y_1zo,zo)

x Lo(20, 21) |(n(20) - Z120)| 5(20, 21)d21 (22)

5.3 BMCRT term

Variation dws (2, 21, z2) results in (recall that since wsa(zo, 21, 22) is kept
fixed, ws (20, 21, 22) also varies by —dws (20, 21, 22))

51<<C>%>B = 2 (Lo(y_l, Z()) + F() + F()) F[(Swg’l]
—2 (Lo(y_l, Zo) + Fg -+ F()) F[5w371]
-2 (Fl + F + Fz) Flows ]
—1—2/101(20,Zl)Lo(Z(),Zl)G[(swg,’l](Zl)EQ(Z())pB(Zl)dzl
‘|—2 / (Gl(zl) + Gg(zl)) G[5w371]E2(z0)p3(z1)d21
= —QFEF[5w3’1]
-1-2 / (w271(z0, zl)LQ(ZO, Zl) + Gl(zl) + GQ(Zl))

X (Glows1]) (21) E*(z0)pp(21)dz

where

Fs=F+F+F5 (23)

and

h(ZO, 21, ZZ)P(Z07 21, ZQ)ledZQ

h(zo, 21, z2L(21, 22) f (2221, 2120, 21)

/
— [ (G G ETT 20 | (m(z0) - FT)| (0,21 )dzy
/

x |(n(21) - 2221)| s(21, 22)d2o (24)

generalize (14) by integral operators acting on an arbitrary function of 3 argu-
ments h(zg, 21, 22).
After some trivial algebra this d;((C)%)p can be written as
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S(C)2) s = —2F / 5w (20, 21, 22) L(z1, 23)

)
x f(Z12, Zoy_1, Zo)f(z221, Z120, 21)
x(n(z0) - 2120)(n(21) - 2221

(

+2/5w3 1(20, 21, 22) E(20, 21)
X (wl(Z(), Zl)Lo(Zo, Zl) + Gl(zl) + 02(21)) L(Zl, ZQ)

x f(z221, 2120, 21) [ (Z120, Z0Y 1, Z0)
x(n(zy) - z120)(n(z1) - Z221)s(z0, 21)s(21, 22)dz1d 2o

= 2/5w3,1(z07zlaZQ)p(ZOazth)

X (E(zo, z1) (w2,1(z0, 21)Lo(20, 21) + G1(21) + Ga(2z1))

—FE> dzleQ (25)

Similarly, variation dws(zg, 21, 22) results in

52(C)hn = =2 (Loly 1,20) + o+ Fy ) Fldws

+2 (Lo(yl, z0) + Fy + Fo) Fows o]
—2F2F[(5w372]

+2/(w271(zo,21)Lo(Zo,Z1)+G1(Z1))
X (Glowsa]) (21) E*(20)pp(21)dz:
+2/5w3’2(z0,zl,zg)w372(z0,zl,zg)EQ(zo,zl)
x L*(z1, z2)pp(21, z2)dz1dzs

= 2/5w3,2(20721,22)P(20,21,Z2)

X <E(z0, z1) (wa,1(20, 21)Lo(20, 21) + G1(21))

+wo(20, 21, 22) B (20, 21, 22) L(21, 22) — Fg) dz1dz(26)

Variation dws (2o, z1) results in
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(50<<C>%>B — +2F2F[(5U)270]

—2/5w2,0(z0,zl)Lo(zo,zl)EQ(zo)pB(zl)
X (G1(z1) + Ga(z1) + wi(=z0, 21)Lo(20, 21)) dz1
= 2/(5w2’0(z0, z1)Lo(20, 21)
X (Fy — (G1(z1) + Ga(z1) + wi(=0, 21)Lo(20, 21)) E(20))

x f(20%1, Y120, z0) | (n(20) - 2120) | 5(20, 21)d2z1 (27)

Flh] = /h(zoazl)Lo(zoaZl)f(ﬁay—%zo) |(n(z0) - 2120) | (20, 21)dz1

(28)
generalizes F} from (13) by the integral operator acting on an arbitrary function
h(zg, z1) of two arguments.

5.4 Summing all up: variation of the total noise

Substituting variations of ((C?)), ((C)%)r and ((C)%)p from (17), (20) and
(25) into (16) and neglecting N* < 1, we have

nV 1
12 ~ NBnF/5w3,1(z0,z1,Z2)P(Z07Z1>Z2)

X <w3,1(20, z1,22) f(z221, 2120, 21) E(20)

—w3,o(zo, Z1, Z2)f(zlz07 Y_1%0, Zo)) dz1dz9

1— N3t
——B/5103,1(20,Z1,22)P(20,2’1722)
ng

xXws (20, 21, 22) [ (2120, Y_1 20, Z0)dz1d22
1
+N—/5w3,1(20,Zl,Zz)P(Zo,ZhZ2)

B

X (E(Zo) (w271(20, Zl)Lo(Zo, 21) + Gl(zl) + GQ(Zl)) — FE) ledZQ

where np = SNp. This variation vanishes for an arbitrary dws; if and only if
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ws1(20, 21, z)f(Z22}, 2120, z1)E(z9) — Npws (2o, z1, Z2)f(21—2(>), Y _120, 20)
+npwsy (20, 21)E(20) Lo(20, 21)
=nr (Fy — E(20) (G1(21) + Ga(21))) (29)

Similarly, substituting variations of ((C?)), ((C)%)r and ((C)%)p from (18),
(21) and (26) into (16) and neglecting N < 1, we have

%

1
o 7 NBnF/5w3,2(Z0,Z1>Z2)P(Z07Zlﬂz2)

b(zl, 22)

X (UJ&Q(ZO, 21, ZQ)E(ZO, Zl)m
1, <2

—ws (20, 21, 22) f (2021, Y_, 20, Zo)) dz1dz

1— NG
np

Xf(leoa Y_120, 20)dz1dzy

+— / dws Q(ZO, Z1, Zz)P(20= Z1; z2)

/5w3,2(zo,z1,22)0(zo,Zl,zz)wo(zo,thQ)

X (E(Zo) (w271(20, Zl)LO(Z07 zl) + Gl (21))

+UJ372(Z(), zZ1, ZQ)E(Z(), Zl)L(Zl, 22) — F2> dzleQ

which vanishes for an arbitrary dws if and only if

w3 2(20, 21, 22) E (20, 21)c(21, 22) — Npwso(20, 21, 22) f (2021, Y_1 20, Z0)
+npws (20, 21) E(20) Lo(20, 21)
=np (Fy — E(20)G1(21)) (30)

where

Z1,=2
((211 Z22)) nFL(Zl,ZQ)
14

and the integrals G and F are given by (14).
Similarly, substituting variations of ((C?)), ((C)%)r and ((C)%)p from (19),
(22) and (27) into (16) and neglecting N < 1, we have

C(Zl, Zg)
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ooV 1
OT = NBnF/5102,0(20,Z1)w2,0(Z0721)L0(20,21)
><f2(Z1Z0, Y_120, 20) |(n(z0) ' leo)’ s(z0, z1)dz1
1 o -1
+TB/5w2,0(20,Zl)wzo(Zo,Zl)Lo(Zo,Zl)

x fA(Z120, Y120, 20) | (n(20) - Z120)| (=0, 21)d=1
+NLB/5%U2,0(20721)L0(20,Z1)
X (Fx, — (G1(2z1) + Ga(z1) + we,1(20, 21) Lo(20, 21)) E(20))

x f(z120, Y_120, 20) ‘ (n(z0) - Z1z0)’ s(z0, z1)dz1

which vanishes for an arbitrary dwg (2, z1) if and only if

(N5 f(Z120, Y120, 20) + nrLo(20, 21) E(20)) wa0(20, 21)
=nr ((Gl(zl) + GQ(Zl) + L()(Zo, Zl)) E(Z()) o Fg)

which yields

w2,0(Yo, 21) = Wao(yo, z1)
- (Gi1(2z1) + Ga(21)) E(yo) — Fy
Ngf (2196, Y190, Yo) + nrLo(yo, 21) E(yo)
nrLo(Yy, 21)E(y,)
Np f(Z196, Y196, Yo) + nrLo(yo. 21) E(yo)
NBf<Z1—>y07 y——>1y()7 yO)
Ngf (2196, Y190, Yo) + nrLo(yo, 21) E(yo)

Substituting ws ¢(20, 1) from (31) into the (29) and (30) and recalling that
w3 0(20, 21, 22) = 1 — w31(20, 21, 22) — w3 2(20, 21, 22) one has

+ (31)

WQ,O(yOv Zl) = (32)

Wai(yg, 21) =
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(f(Z2—21>, z120, 21)E(20) + Npf(z120, 120, z0)) w1(20, 21, 22)
+Npws 2 (20, 21, 22) f (2120, Y_120, Z0)
= Npf (2126, Y120, 20) — nrE(z0) Lo(20, 21)Wa1 (20, 21)
+np (Fy, — E(z0) (G1(z1) + G2(21))) Wa1(2z0, 21)

N5 f(Z021, Y_120, 20)w3.1(20, 21, 22)
+ws 2(20, 21, 22) (E(20, 21)c(21, 22) + Nuf (2021, Y120, 20))
= Npf(z021, Y 126, 20) — npE(20) Lo(20, 21)Wa1 (20, 21)
+npWai(z0, 21)Fy — npE(z0)Wa1(20, 21)G1(21)
+npE(z0)Wao(z0, 21)G2(21)

Denoting

A11(Z0, z1,29) = f(z221,2120,21)E(20) + Npf(z120,Y_120, Z0)
Aia(20,21) = Npf(z120,Y_120, 20)

A22(Z0721, z9) = FE(z0,21)c(z1,22) + Npf(z0z1,Y_120, 20)
®(20,21) = Npf(zoz1,Y_120,20) — nrWa (20, 21)E(20)Lo(20, 21)

= Npf(z0z1,Y_120, 20)Wa1(20, 21)
it takes the form

A Arg ws1 (20,21, 22) | _ ®(21) + npWa (20, 21) Fx
Ap Ax |

ws.2(20, 21, 22)
nFE(zO)WQJ(Z(),Zl)Gl(Z1)> ( 1 )

—npE(z0)Ga(21) ( —%552023) )

SO



where

Here
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Agg — Ao
w Ws1(z0, 21, 22) + npWs (20, 2 Fy
3,1 51(20, 21, 22) PWai(zo 1)A11A22—A%2
Ay — Ao
—nFE 20 W2,1 z20, 21 G 21
( ) ( )A11A22 . A%Q 1( )
AgoWo 1 + A1aWa
—nrpF(z ’ ~Gia(z
Y S
An — Ap
w Ws2(20, 21, 22) + npWa (20, 2 Iy,
3,2 52(20, 21, 22) 2.1(20 1)14111422_14%2
A — Ap
—npkE W- G
npE(zo) 2,1(20721)14111422_14%2 1(21)
Ay Wao + A1aWo
+npE(z ’ ~Ga(z
FE(20) Ay Ay — AT, 2(21)
Agy — Ay
Ws31(z0,21,22) = )
il ) Ay Agy — A2,
B 1
o nFLO(ZO7zl)
1+ N f(Zoz1,9_120,%0)
1
NN R e S v A TAEN)
Ng f(Z0z1,.Y_120,%0) E(z0,21)c(21,22)
A — A
W- = b
3.2(20, 21, 22) AnAs — A2,
B 1
- npLo(z0,21)
1+ Npf(Zoz1,y_126,%0)
f(z221,2124,21)E(z0)
o E(z9,z1)c(2z1,22)
o 1+ f(z2z1,2126,21) E(20) f(z2z1,2126,21) E(20)
N f(z126,9_120:%0) E(z0,21)c(z1,22)

- _ f(v,u, z)
T 2) = e 2) (o - n(=)) o

(34)

(36)

(37)

is the normalized BDF used in our BMCRT without ray killing (all rays are

scattered).
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6 Solution of the integral equations in weights

Its integral terms G, G5 and F' are averages that reduce the number of argu-
ments and this allows to find the solution in a close form.

6.1 The idea of solution

The idea is very simple. Let us consider a simplified equation of the same type:

w(zl, Z2) = W(Zl, ZQ) + CL(Zl, ZQ)G(Zl)

/b(zl, z9)w(z1, 22)dzo

@
—~
I\
=
Il

where w is the sought-for function while a and b and W are known. Multiplying
this equation by b(z1, z2) and integrating over zo we have

G(z1) = /b(zl,zz)W(zl,zg)dz2+G(zl)/a(zl,zg)b(zl,zg)dzz

because g depends only on z and thus can be moved outside the integral. This
is the principal feature allowing solution in a closed form. From this equation
we immediately find that

bz, 20)W (21, 22)dzy
G(z1) = 1 — [a(z1, 22)b(21, 22)d2s

and then

CL(Zl,Zg) fb(zl,z2)W(z1,z2)dz2
1 — [a(z1,22)b(z1, 22)dz2

w(zl, ZQ) = W(Zl, 2«’2) +

6.2 Application of the method to the real system

Now let us apply this idea to the system in weights (33)—(34) which is slightly
more complex because the solution is a 3-vector and it also contains the integrals
of G,(z1)i.e. Fy, defined by 14. This makes the solution more tedious though
the driving idea is the same. According to this idea we substitute ws; and w3
from (33)—(34) into the definition (14) of G,, which gives
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G = (Axn(z1) — Ai2(z1)) (2(20, 21) + nrWai(20, 21) Fy)
—npE(z0)Wa1(20, 21) (A2 — Ai2) G1(21)
—npE(zo) (A22Wa1 + A1aWay) Ga(21)

Gy = (An1(z1) — Aa(21)) (P(20, 21) + nrWa (20, 21) Fy)
—npE(z0)Wa1(20, 21) (A1 — Ai2) Gi(21)
+nrE(zo) (AuWao + AnWa 1) Go(z1)

where

Apn(z1) = /A11A22_A%QL(Zlazz)f(Zﬂl,Zﬂo,21)

x(n(z1) - z221)s(z1, 22)dzs

We therefore obtain a 2x2 linear system in G, Gs:

((Bute) Bue)) (Gife))

= ((I)(Zo, Zl) + nFFZWQ’l(Zo, Zl)) ( Z;Ezig ) (38)
where
Bi1(z1 1+ npE(zo)Wai(z0, 21) (A2n(z1) — Ai2(2z1))
Bia(z1 npE(zo) (Ax(z1)Wai(zo, z1) + A12(z1)Wa (20, 21))
Bo1(21 npE(zo)Wai(z0, 21) (A11(z1) — A12(21))

1— nFE(Z()) (A12(Z1)W2,1(20; Zl) + All('zl)WQ,O(z(): zl))
Axn(z1) — Ai2(z1)
Ai(z1) — Ai2(z1)

[N}
[N}

N TN N N N N
=

e’ N e e N N

Therefore

Gn(z1) = (P(z0,21) + npFsWi(z0, 21)) Hm(21)
= (Npf(zozt1,Y_120, 20) + nrFs) Wi(z0, 21)9m(2z1)  (39)

where



31

(220) = (Bl Butzn ) (Hhiz)

Then, according to definitions (14), (13) of F,, and F} one has

Fr = i+ F+F
— [ (Giz) + Galan) £(w. w0, 2 (m(z0) - )V
+/wg,l(zo,zl(v))Lo(zo,zl)f(v,uo,zo)(v - n(zo))d2v
where uy = yflyoe and v = z1y(; naturally d?v = s(y,, z1)dz1.

Substituting wa1(20, 21) = 1 — w2 (20, 21) With ws (20, 21) from (31) be-
comes

Fy = /WQ,l(ZJQ,Zl)LO(ZO,Zl)f('U,’U,O,ZO)('U’TL(ZO))dz'U
+ / Wai(zo, 21) (G1(21) + Ga(21)) f(v, 10, 20)(v - n(20))d*v
+FEE /Wgo 20, 21)f (v, w0, 20) (v - n(zg))d*v

Substituting here G,,(z1) from (39) we arrive at

Iy = /Wm(zo,zl)Lo(zo,zl)f(v,uo,zo)(v-n(zo))d2v
N / W21 (20, 21) (91(21) + $9(21)) (0, 20, 20) (v - n(20)) A0
+npF / W3, (20, 21) (91(2) + Da(21)) J (0, w0, 20) (v - (z0) )0
#Fop [ Waalzn,20) (0. w0, 20) (0 (o) o

which implies

| W2 1(20, 21) Lo(20, z1) f (v, w0, 20) (v - n(20))d*v + NpDs(z0)

) T Wa (200 210 (0. w0, z0) (- 1200 — g Dy (z0)

Zo

where
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Duzn) = [ Whi(z0,20) (91(21) + 9a(20) 77 (0,00, 20) (0 - o)

Here all the functions are known (they depend only on BRDF and illumi-
nation, but not on the weights).

We then substitute this Fy into (39) and G1(2z) and Gy(z) become known.
Then they together with Fy, are in their turn substituted into (33)-(34) and we
obtain ws1(2, 21, 22) and ws 2(2o, 21, 22).

At last we substitute the above Fy and Gi(z) and Gy(z) into (31) and
obtain ws (2o, 1) which completes the solution.

7 Conclusion

We investigated how the “partial MIS” which mixes just two strategies for
BDPM [10] and extends to the case of mixing three strategies. It happens that
this case has several qualitative differences from mixing only two strategies.
Meanwhile further increase of the number of strategies past three already brings
no qualitatively changes.

We derive the system of integral equations which couples weights from the
two different families. This system extends the single integral equation in the
single independent weight from [10]. It has a special type which admits solution
in close form, i.e. as an analytic formula which includes some integrals of known
functions that must be calculated numerically. Qualitatively these integrals are
similar to those which arise while mixing two strategies, and therefore also can
be calculated during ray tracing.

The above system of integral equations replaces the algebraic system of
the famous Veach heuristic [9, 4] for the optimal weights in MCRT. In the bi-
directional ray tracing the noise functional is different from that in MCRT and
therefore the system for weights differs from the Veach heuristic. For example,
while the latter depends only on BDFs at the path vertices, our formulae also
include illumination (or luminance) of that points. Also our system of equations
is not local, i.e. the weights for a given path depend on the scene properties
not only at the vertices of that path but outside of it also.

A Appendix. MCRT densities

The densities pr and pp can be calculated from the simple recurrence relations
(similar to that in [4] ).

Below we shall sometimes use the spatial and sometimes angular probability
densities keeping in mind the obvious relation between differentials (8)
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A.1 BMCRT density

In our variant of BMCRT direction u of the next segment [y,,, Y1) of the cam-
era ray is chosen with probability density proportional to the normalized BDF to
exclude ray killing, i.e. with probability density f(u, TR Yy, |(n(y,,)  ul,
where f is BDF normalized for BMCRT (37). Therefore, the probability density
for the path obeys the recurrence relation

PB(Yos s Yms1) = PB(Yos s Ypn)
~ > >
X [ (Urms1Yrms Yrm1Ymms Yow) | () - Y1) | 5 Yoms Yt

where we dropped the fixed point y_; which is the same for all pixels = the
camera origin. In other words,

(Yo, y1) = U0, Yo¥—1:¥o) | (n(yo) - 9190)| 5(yos y1)
1
= E(yo)f(ﬁyo,yoy_i,y )| (n(yo) - YoyD)| 5(yo. y1)
pe(Yo,Y1,Y2) = pB(Yo, Y1) X N(?Fyl)/yo—ff Y1) ‘(9291 (ylm s(Y1, Ya2)
1
= T’ Y190, YoU_1- Yo) | (n(yo) - 9oy | f (W29, Yoyt v1)
X }(2123/1 n(yl)){ 5~(y0791)5(y1792)
= f(¥i¥0, Yoy_i» o) f (U291, You1, ¥1)
N n(yo) - 1190)| |(n(yy) - ¥291)]
|yo - 3/1|2
nty)- 5097 [inty) - 722 o
|y1 - y2|

A.2 FMCRT density

In our variant of FMCRT with its Russian roulette, direction v of the next
segment [x,,, T,41] of light ray is chosen with probability density proportional
to BDF (not normalized to provide ray killing) f(Zm 1@, v, Tm) |(n(x) - v)].
Therefore, the probability density for the path obeys the recurrence relation

pr(®1, .y @me1) = pr(@y, ..., )
\ \ >
Xf(wm—lwrr/w wmxm—kiy wm) |(’I’L(£Em) ) wmwm+1)| S(xma wm—I—l)

where we dropped the fixed point xg, i.e. the light source position.
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The first term of this recurrencepp (@1, €2) can be also calculated from an-
other considerations. It is the density for the light (sub)path xy — x; — x5
in which @ is illuminated directly. Meanwhile, by definition L(x2,x1)(n(x;) -
aTa:{) is the intensity of emission from x; towards xs which in FMCRT equals
the (angular) density of segments [@1, x5 rays. So,

pr(x1, 2) = Lo(T, x1)(n(x1) - T2x])s(x1, T2)
= Lo(xs, 1) (n(x2) - To]) (X2, T1) (41)
where Ly(@2, x1) is the direct luminance of the point x; towards s and s(x1, x>)

transforms it into the spatial density.
The above recurrence can also be written as

pr(X™.y) = pr(X™)
Xf(wm—lwnfm wmly/u wm) ‘(n(mm) ) mmly)‘ S(wﬂ% y) (42)

where

X0 = null
XM = (x, .. ®y), m=1,2,.. (43)

is light sub-path and y is the nezt hit point.
Besides pp(1,...) which accounts for the whole light path, we shall also
need the densitypp of its “end” (regardless of the initial part):

;Ep(zl,zg) = Z/pF(X(m),zl,zz)dX<m)

m>0

ﬁp(zl,z2,z3) = Z/pF(X(m),Zl,ZQ,Zg)dX<m) (44)

m>0

We used notations zq, ... for the tail vertices because x; is reserved for the first
hit point etc.

By construction pp(z1, z2)dz1dzy is the fraction of the light rays that hit
the surface element dz; near z; and then hit the surface element dzs near zs.
On the other hand L(zs, z1) |(n(z1) - ,ng)‘ dz is the angular density of light
rays emitted from z; towards z5. Therefore

Pr(z1,22) = L(22,21)|(n(21) - 2123)| s(21, 22) (45)
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Notice that since pr includes all rays that hit near z; and go towards zs, L is
the full luminance (direct+indirect).
Also, applying (42) to (44) we have

Pr(z1,22,23) = L(z2,21)]|(n(z1) - z123)]

Xf(Z1Z2,22253,Z2)8(Z1,ZQ)S(ZQ,Zg) (46)

B Appendix. Normalization condition (sum of
weights)

Let us calculate the limiting luminance of the pixel ((C)r)p as a functional on
weights. Averaging the contribution C' given by (4) over the FMCRT ensemble
we have

(CYr = Lo(y_1,Y0)w10(yo)
+E (o) Lo(xo, £1)w21(Yo, Y1)

+/K(y0 - 33‘2)102,0(1/07xl)f(wly()ayqu,yo)pF(fBl,iBz)dwldiBQ
+E (Yo, Y1) Lo(y1, Y2)ws2(Yo, Y1, Yo)
+ Z / K(yy — n)ws0(Yo, Tn-1, Tn-2)

n>3

xf(mn—lw;; yoy—iy Yo)rr(T1, ...,y )dxy - - - do,

i Z / K(y; — xn)w31(Yo, Y1, Tn-1)E(yo)

n>32

X f (T 120, Y190, Y1 )F (21, ., ) dey - - - dex,,

+Z/K(y2 — ) w3 2(Yo, Y1, Y2) E (Yo, Y1)

n>2

Xf(mn—lw:w yQyia y2)pF(m17 X3 mn)dwl e day,

where

pr(®1, ..., )

is the density (not normalized, i.e. with account for absorption!) at the light
(sub)path ¢y — 1 — -+ — x,, where we drop the fized light source position
L.
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Neglecting the difference between the kernel and the delta-function, we ar-
rive at

(C)r ~ Lo(y_1,Y0)w1,0(¥Yo)
+E(y0)L0(3Jo, yl)w2,1(y07 yl)

+ / wa0(Yo, 1) F(Z1Y0, YoU_1> Yo)Pr(T1, Yo)dx
+E(y07yl)LO(ylay2)w372(y07y17y2)
‘J'_Z/w370(ly07wn—1;mn—2)f(wn—1y(>)ay0y—iuy0)

n>3

XPF(X(n_S), Tp-2,Tn-1, yo)dX(n_3)da3n—2diCn—1

+Z/w3,1(y0,yl,a:n_1)E(y0)f(a3n_1yi,ylyé,yl)

n>2

xpr(X " @, 1, y,)dX " Vd,

+Z/w3,2(yoayhyz)E(Z/oayl)f(ﬁﬂn—1y§ay2yiay2)

n>32

XPF(X(n_Q)a Lp—1, yQ)dX(n_Q)dwn—l

(where X ™ is the starting part of the light path, see (43)), or
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(C)r =~ Lo(y_1,Yo)wi0(yo)
+E(yo)L0(’!Jo: yl)w2,1(y07 yl)

+ / wa0(Yo, 1) F(Z1Y0, YoU 1> Yo)Pr (21, Yo)da
+E(y07yl)L(ylayQ)w3,2(y07y17y2)
+/w370(y0,z1,z2)f(:c1y0,yoy_1,y0)

<Z/pF z27z17y0)dX( )> dzleQ
m>0

+/ws,1(yo,yl,zQ)E(yo)f(zzyi,ylyo,yl)

(Z/pF "z, y)dX " )) dzs
m>0

— —
—|—w372(y0,y1,y2)E(y0,y1)/f(z3y2,y2y1,y2)

(Z/pF ™, zg,y,)d X " >d23
m>0

where z_1, 29, 21 and z9 denote the vertices of the joint path counted from
camera (regardless of which subpath they are from: camera or light). Obviously,
always z_; = y_; is the camera origin and z( = y,, is the first hit which is fixed
for the given pixel.

Using (42) and (44), (45), (46) and (41) we have
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(C)r =~ Lo(y_1,Yo)w10(yo)
+w2.1(Yo, Y1) E (Yo, Y1) Lo(Yo, Y1)

—
+ / w2 o(yo, wl)Lo(yo, wl)f(wlyOa YoY_1, yo)

| Yo) 'yowl)‘ s(yo, 1)dx:
—|—w32(y y1>y2)E(y0>y1)L0(y1ay2)

(/w30(y0721,z2)L(Z1=Z2 2221,'21%721)

X !(n(zl) z921)| s(21, 29 dz2>
>

Xf(zlyo, YoY_1,Yo) ’ Zlyo)’ 5(Yo, 21)dz1
+E(y0) / w3,1(y07 Y, Z2)L(y17 Z?)f(Zth Y1Yo, yl)

x |(n(yy) - Z291)| s(yy, 22)d s
+wa (Yo, Y1, Y2) E(Yo, Y1)

< / F (505 T30 2 Ly, 23) | () - Z550)] 5 (12, 23)d2{47)

The last integral is nothing but the diffuse luminance at &, towards xi:

/f(@, Y201, Y2) L(Ys, 23) | (n(ys) - Z393)| 5(ya 23)d2z3 = La(yy, ys)

so its  sum with w3 2(ye, Y1, Y2) E (Yo ¥1) Lo(Y1, Yo) gives

w32(Yo: Y15 Y2) E (Yo, Y1) L(Y1, Ya)-
Now let us average over the BMCRT ensemble, i.e. over the points y;, Y,

(y, is fixed for given pixel). Then (47) becomes
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Q)
Iz
%
Q

Lo(y_1,y0)w10(yo)
" / w1 (o, @) Lo (Yo, @) E(wo)ps (wo, @1 )das

+/w2,0(yo7~’131)L0(y0a wl)f(wlyoa M, yo)
X |(n(y0) ' yofnl)} 5(yo, x1)dx,

+/w3,2<y07y17yQ)L(ylay2)E<yan1)pB(y07ylay2)dyldy2

+/(/w370(y07Z17Z2)L(Z17z2)f(z2zl7zly07zl)

X ‘(n(zl) : z2z1)| s(z1, zg)dz2)
< f (2195 Yo¥-1-Yo) | (n(¥0) - Z195)| 5(20, 21)d =1

+E(y0)/</w3,1(y07yl?'zQ)L(ylaz?)f(zleaylyOnyl)

X ‘(n(%) : z2y1)‘ s(y1, zg)dz2>p3(y0, z1)dz;

where pp(yy,y,) and pp(yy, Y1, Ys) are the density at the camera (subpath)
Y_1 =Yg — Y Or Y_| — Yy — Y; — Yo, respectively. So,

(OB ~ wio(Yo)Lo(y_1.Yo)
+ / (w2,0(Yos 21) + w2,1(Yo, 21)) Lo(Yo, 21)
><f(Z1—>yo, y()T—1>7 Yo) ‘(n(yo) : yo—zm s(Yo, z1)dz1
+/(w3,0(y07217z2) + w31(Yo, 21, 22) + w32(Yo, 21, 22)) L(21, 22)

X [(2190, YoY-1, Yo) f (2221, Yo 21, 21)
X |(n(yo) - Yo21)| |(2221 - n(21))| s(yy, 21)5(21, 22)d2z1d 22

which can be written as
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(C)r)p =~ wi0(Yo)Lo(y_1,Yo)
+/(w2,0(y0,z1) + w2,1(Yo; 21)) Lo(Yo, 21) E(Yo)p5 (Yo, 21)d21

+/(w370(y0,z1,z2) + w31 (Yo, 21, 22) + w32(Yo, 21, 22))

x L(z1, z2) E(Yy, 21)pp (Yo, 21, 22)dz1d29 (48)
The “pure” BDD=2 corresponds to weights

w10(Yg) =
w2,0(Yo, 21)
wa,1(Yo, 21)
w3,0(Yo, 21, 22)
)
)

I
—_ o O = O

z
z
z
w3 1(Yg, 21, 22
w3 2(Yy, 21, 22

so for BDD=2 the expectation of the pixel luminance is

(Vs ~ Lo(yrw0)
n / Loy, 1) E(yo)ps(yo, 21)d:

T / L(z1, 22) Eyy, 2)pp(wo, 21, 22)dz1dzs (49)

Meanwhile, the strategy BDD=2 gives a correct result, i.e. ((C)p)p con-
verges to the exact pixel luminance as R — 0. Comparing (48) and (49) we see
that the 3-point mixed strategy gives correct result if

wa0(yy) = 1
w2,1(y07z1) +w2,o(y0,z1) = 1
ws,0(Yo, 21, 22) + w31(Yo, 21, 22) + w32(Yo, 21, 22) = 1 (50)

Notice that formally this is a sufficient, not a necessary condition.

C Appendix. Average of the product of ker-
nels

Indeed, we have the following terms to be neglected:
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Terms with the same x but different y

K(y() - xn)K(yl - wn)a n > 2
K(y() - xn)K(y2 - wn)a n > 2
K(yl - mn)K(yQ - (Bn), n Z 2

Terms with different & but same y; for all of them n #m, m > 2

K(yy — ) K(yg—xm), n > 3
K(yl - wn)K(yl - wm)y n Z 2
K(yQ - wn)K(yQ - wm)y n Z 2

Terms with different © and different y; for all of them n # m,

K(y() T mﬂ)K(yl o xm)? n,m = 3
K(yO _ azﬂ)K(y2 - xm)a n,m Z 3
K(yl - mn)K(yQ - wm)a n,m Z 2

Notice that in the integral these products of kernels are multiplied by a
smooth functions which in all cases we shall denote a(X;Y) where X =
(x1, ..., &y, ...,) is light path and Y = (y,, ..., ¥y,, ..., ) is camera path.

Obviously for K(y; — x,)K(y; — x,,) assuming m > n the average over the
FMCRT ensemble is

></a(azl,...,yi,wnﬂ,...,azm_l,yi,...;Y)dX
:/a(wl,...,yi,wnﬂ,...,wm_l,yi,...;Y)dX

i.e. asymptotically independent of S. So this integral is O(1).
Similarly, for K(y;, — =,)K(y; — ©,) assuming m > n the average over
FMCRT ensemble is



42

></a(zcl,...,yi,wn+1,...,wm_1,yj,...;Y)dX
:/a(ml,...,yi,mnﬂ,...,a}m1,yj,...;Y)dX

i.e. again asymptotically independent of S. So this integral is O(1).
At last, for K(y; — x,)K(y; — x,) the average over the FMCRT ensemble
1s

/K(yi —x,)K(y; — x,)a(X;Y)dX

~ /K(yZ —x,)K(y; — x,)dx, x /a(wl,...,a:n_l,yi,...;Y)dX

/K = 2Z) - — z)dz

Obviously it equals S™2 (squared amplitude of the kernel) times area of
intersection of two circles of radii R with centres at y; and at y; where 5 = TR
The latter was calculated in [17] and using this result,

Let us calculate

Lo [
/K(yZ z)K(y; — z)dz = S"°2R* | arccos DY 1 5B (51)

where [ = ‘yZ — yj‘.
The average over the BMCRT ensemble then makes it

/(/K(yi—z)K(yj — z)dzdy; x /a(a:l,.. T 1, Tjy Ty oo )dX) dy;

The integration over y; is over the whole plane, and using (51) we can calculate
it:
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/ K(y; — 2)K (y; — 2)dzdy,

l l [ 2
— 5722 2/ — ——[l—-— :
ST2R arccos 5% 3R o dy;
2 2R l [ [ 2
= — X2 — — —4/1—— | ldl
WSX W/o arccos2R o R
—E 1 arccosi—i 1— L ldl
)y 2R 2R 2R | 2R 2R
16 (!

™ Jo
=1

(arccost —tV1— t2) tdt

(for fixed y;) so

(K(y; — ) K(y; — €,)a(X,Y)p)p

~ / A(@1, ooy B 1, Yo T, Y )AX dy,
=0(1)
Therefore, all the cross terms containing products of different kernel func-

tions are O(1). Meanwhile those containing a square of kernel function which
equals ST1K are naturally O(S™1), i.e. dominate.
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