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Abstract. The given paper is devoted to the application of the origi-
nal approach of Light Meshes to the recursive ray tracing algorithm. It
is a sort of a simulation of a solution for the global illumination prob-
lem. It consumes not so much extra computational time and, neverthe-
less, allows: a) to speedup a process of shadow calculations, b) to build
soft shadows, c) to simulate main eÿects of diÿuse interreþections, d)
to omit the ambient term. In order to obtain the goals listed above we
introduce the notion of space light meshes. A light mesh is a point set
(mesh points) in 3D space of a scene. At each mesh point we compute
illuminance, which characterizes some kind of "light ýeld intensity" in
the scene. Then important part of resulting illumination of a scene ob-
ject point (object point) is obtained via interpolation of stored values of
nearby mesh points. Our experiments show that the suggested approach
reduces computational time with respect to ray tracing algorithm if a
scene contains a lot of light sources and/or an image has a large resolu-
tion.

1 Introduction

In the given work we consider the problem of photorealistic images synthesis of
3D scenes using a light-backwards recursive ray tracing algorithm (e.g. [1]) in
the following context. Scenes are characterized as follows.

{ Without participating media.
{ Contain any number of point light sources.
{ Consist of opaque one-sided surfaces. Each surface has diÿuse emissive, dif-

fuse and specular reþectance properties. We assume a quite simple model,
i.e. each object point y is assigned: the diÿuse reþection coeýcient kd(y);
the specular reþection coeýcient ks(y); the diÿuse emission Emiss(y).

{ A position of a camera and a ünal image resolution are given too.

Here we suggest an approach that should improve known drawbacks of ray trac-
ing:

{ Absence of soft shadows.
{ Necessity to assign some value as the ambient term while calculations of an

object point illumination.
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{ Poor accuracy of a diÿuse interreþection calculation, even an absence of color
bleeding (e.g. see [2] about the scene "Constructive Wood").

It is known that all these drawbacks are solved (at least theoretically) by
heavy global illumination techniques. Since the ray tracing method is still the
most popular and widespread used, we developed the modiýcation of it in order
to give a certain solution to posed problems.

1.1 Scalar Light Field

The irradiance in a scene is a function of ýve variables, three for the position
and two for the direction. In the Stanford project "Light Field Rendering" light
ýeld is represented as 4D functions. In order to improve the accuracy of a diÿuse
interreþection calculation Ward and Heckbert [3] introduced the notion of the
irradiance gradients; which is direction-dependent. They keep two vectors and a
diÿuse irradiance value for points on scene surfaces. In our approach we decided
to reduce the amount of information up to a single value in each space point.
Let's assume that light induces intensity in each point of a space of a scene similar
to electrical or pressure (potential) ýelds. We suggest considering \a light scalar
ýeld" which is characterized by a single value of light ýeld intensity I(x) , x 2 R3.
This value does not depend on directions. Probably by comparing of values in
two close points we can obtain directional information. Basing on ideas of the
bidirectional Monte Carlo ray tracing algorithm, especially on illuminationmaps
[4], photon maps [5] that are fulýlled in 2 steps: forward) rays (photons) are cast
from light sources and stored in a certain structure in a scene surfaces; backward)
path tracing from a camera to gather incoming intensities. As a rule a proper data
structures are created taking into account a consideration of scene geometry. In
our case we decide to accumulate light energy in every point of scene space. We
do 2 steps too but while ýrst step we issue backward rays from the space point
to the point light sources in order to accumulate the direct illumination. In the
paper [6] a scene space is divided into small volumes. Photons are traced from
light sources and stored into volumes together with information on directions.
Stored information is used while backward phase. In a paper [7] authors suggest
to compute irradiance in space points with directional information also. In our
algorithm we save computer memory because we do not keep information on
directions at all, nevertheless we obtain quite realistic simulation of scene images.

1.2 Direct Light Field

Let's deýne the scalar ýeld DirectLight(x) that accounts for direct illumination
of arbitrary point x 2 R3:

DirectLight(x) =

NlX

i=1

Vi(x) ÿEi ÿ
1

'1(ri(x))
(1)

where:
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Nl is a number of point light sources;
Vi(x) is the visibility. It takes 1, if ith point light source sees point x, other-
wise 0.
Ei is the intensity (color) of ith point light source;
ri(x) is the distance from the point to ith point light source;
'1(t) in the given work has the classical view Const+ t.

Thus we accumulate direct illumination that reaches the point x from all direc-
tions. Then a direct illumination of an object point y { a point of a scene surface
S { is deÿned via formula:

I(y) = ~I(y) ÿ

NlX

i=1

'2(ny; lpi þ y) ÿEi ÿ
1

'1(ri(y))
(2)

where:

ny is the normal vector in y,
lpi is the position of ith light source,

'2(n; v) =

ÿ
0 if cos 6 (n; v) < 0;
cos 6 (n; v) otherwise;

~I(y) =
1

ÿ(Dy)

Z
x2Dy

DirectLight(x) dV (3)

Dy ý R3 is a certain neighborhood of the point y, an interpolation set.
Really the shape of the neighborhood should be selected accordingly to the
reþectance properties at the point y and geometric properties of a surface.
But in the limits of the given work we do not consider it.
ÿ(D) is the measure (volume) of the set D. In other words we simply inte-
grate and average out intensities of all points belonging to selected neigh-
borhood.

1.3 Indirect Light Field

The diýuse illumination of a space point x 2 R3 is deÿned as:

IndirectLight(x) =

Z
ÿ

L(x; !) d! (4)

where: L(x; !) is the incoming indirect radiance to the point x in the direction !
from an object point y. L(x; !) = ~I(y) if y exists on a ray; otherwise 0. þ is the
unit sphere of directions. Instead of integration we calculate a sum using a ÿxed
number of samples in a uniformly weighted, stratiÿed Monte Carlo sampling
analogously to [3]. As a rule a scene space point does not belong to a scene
surface; so we integrate along a whole sphere of directions. If a ray hits a certain
scene surface in the point y then the incoming diýuse intensity is calculated
using formula:

~Id(y) =
1

ÿ(Dy)

Z
x2Dy

IndirectLight(x)'5(x; y) dV (5)

'5(x; y) = 1 in the given work.
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1.4 Full Intensity of Object Point

Let's suppose that we have computed both direct and indirect ÿelds in each point
of a scene space. We suggests the following simulation of a full local intensity of
the object point y:

Ifull(y) = I(y) + kd(y)~Id(y) (6)

where kd(y) is the coeþcient of the diýuse reüection. It is a sum of the direct
part and the indirect part. The former represents the irradiance accumulated
from all "almost" visible point light sources and the latter represents the term
obtained as a diýuse interreüection accumulated in surrounding points of a scene
space.

Remark 1. If a scene surface emits the light in the point y then the expression
(3) is slightly modiÿed:

~I(y) = Emiss(y) +
1

ÿ(Dy)

Z
x2Dy

DirectLight(x) dV (7)

1.5 Light Meshes

Obviously that continuous functions DirectLight(x) and IndirectLight(x) are
represented as samples given in ÿnite point sets. The corresponding point sets
DLM and ILM we call light meshes although they may be arbitrary point sets
without any regular structure. In a work [3] the meshless caching scheme was
used when points are selected from consideration of geometric properties { the
location of the computed indirect irradiance values is determined by the prox-
imity and curvature of the surfaces, and does not fall on a regular grid. In the
presented work we use almost a similar fashion but essentially we select the light
mesh arbitrary, i.e. without geometric considerations. We wish the light mesh
lives, i.e. senses scene geometry and adapts itself to it. It is our main goal (for
future), and in the given paper we will try to show the feasibility of the approach
that it allows reaching goals declared in the beginning of the paper.

Remark 2. Light meshes DLM and ILM may diýer as a set of points.
Remark 3. In the tests given in the paper we used regular point sets.
Remark 4. It should be stressed that here we describe rather the simulation

of illumination but the approximation of the global illumination solution. Al-
though our approach was found during the study of global illumination its main
formulations were derived basing on intuition and experiments too.

1.6 Recursive Gathering of Intensity

In Fig. 1 we show a standard path which used in a backward recursive ray
tracing algorithm: the initial ray R1, the reüected ray R2 in the point P , the
next reüected ray R3 in the point Q. Although light meshes DLM and ILM are
quite dense in the space, only a few of their points are used for calculations {
those points that belong to neighborhoods DP and DQ. We have the following
algorithm that is similar to one described in [1].
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Fig. 1. The path traced from a camera

1. Initially all points of DLM and ILM are assigned the unknown value.
2. Analogously to [1] we build the path from a camera: camera! P ! Q . . .
3. Gather light energy from the end of the path.
4. At the point P we have intensity I(Q) incoming along the ray R2.
5. Deÿne the set DLM(P ) { points of DLM belonging to DP .
6. Calculate values for all points of DLM(P ) with the unknown value using

formula (1).
7. Calculate the direct illumination of P using formulas (3) and (2).
8. Deÿne the set ILM(P ) { points of ILM belonging to DP .
9. Calculate values for all points of ILM(P ) with the unknown value using

formulas (4) and (5).
10. Calculate the full local intensity of P using formula (6).
11. Calculate the intensity outcoming from P to a camera using the expression:

Iout(P ) = I(Q) + ks(P )I(Q) (8)

12. Repeat the procedure for all pixels of the image.

1.7 The Ambient Term

A user assigns the ambient term arbitrary and it is an artiÿcial trick. The original
method [8] allows deÿning it via the radiosity algorithm that estimates the diþuse
interreýections between scene faces. Our light meshes carry out the similar work.
Thus the formulas of the light meshes algorithm have no ambient terms.

2 Interpolation

During experiments with diþerent interpolation schemes we selected two of them:
Nearest and Spherical which gives acceptable images. The former scheme means
that discrete neighborhoods DLM(P ) and ILM(P ) of the object point P include
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a single nearest mesh point. The left image in Fig. 2 illustrates this interpo-
lation mode. Obviously that it gives images of bad quality but renders scenes
very quickly because the only \layer" of mesh points nearby scene surfaces is
computed. One can see the light meshes clear.

Fig. 2. Nearest interpolation mode (left). Spherical interpolation mode (right)

Spherical interpolation. The neighborhood DP of the object point P is a full
sphere of the deÿnite radius. The right image in Fig. 2 is obtained using spherical
interpolation over the same coarse meshes as the left image. The images in Fig. 3
illustrates that the method works quite well if a scene contains: specular surfaces
(left image), diþuse surfaces (right image).

Fig. 3. Scene with specular surfaces (left). Diÿuse surfaces (right)

3 Soft Shadows

It is known that soft shadows increase realism of synthesized images. Ray tracing
is the method working with scenes illuminated by point light sources, and thus
from the theoretical point of view it can produce only sharp shadows. Many
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specialists tried to enhance realism by developing techniques for simulations of
soft shadows, it could be found in the Internet discussion. Main eÿorts concern
two goals: a) to reduce a computational cost of shadows [9], b) to simulate soft
shadows from point light sources. As one can see from formulas above we never
use shadow rays from object points. It is implicitly done while calculating values
of light meshes and does not depend on the depth of the recursion but on the
number of actually used mesh points.

The cost of ray tracing depends on the number of light sources and con-
sequently on the number of shadow rays. For example using of photon maps
reduces this cost [10] but nevertheless shadow tests are done. In the paper [11]
an inexpensive algorithm for soft shadows was introduced. It supposed the sim-
ulation of point light sources by spherical bulbs. Note that it works improper
if an object casting shadows is too small. In order to create the eÿect of a soft
shadow we calculate illuminations in DLM mesh points and then interpolate the
values of nearby mesh points onto rendered surfaces of a scene. And it works!
The soft shadows obtained looks quite realistic, namely: a shadow diÿuses not
only outside of the theoretical contour of a sharp shadow but inside it too, as
well. Thus one could see the eÿect of an enlarged area of a point light source.
It is important that the presented algorithm provides plausible results when too
small scene objects (leaves) practically do not cast noticeable shadows, see ex-
ample in Fig. 4. By the proper control of the shape and size of the interpolation
neighborhoodD(y) and the density of light meshes a user can vary shadows from
soft to sharp. A generation of soft shadows does not make the tracer slower, it
allows computing faster. The diÿerence becomes noticeable while increasing a
number of light sources and/or scene objects and image resolution. Let's consider
an example of a simple scene, consisting of 23542 triangles and 100 light sources.
A conventional tracer calculates an image of 600ÿ600 pixels for 277 seconds. A
light mesh tracer takes 40 seconds. Experiments with scenes consisting of 100
light sources and 20000{50000 triangles show that a light mesh tracer is from 6
to 10 times faster than a conventional tracer.

4 Conclusion

We hope that we has shown the feasibility of the light meshes approach, and that
the technique of light meshes extends the available arsenal of techniques enhanc-
ing the ray tracing algorithm. The indirect light mesh provides color interaction
only between those surfaces that \see" each other. So the ray tracing problem of
diÿuse color interreþections is not solved yet by our algorithm, for example the
mentioned scene \Constructive wood" is rendered wrong. Probably the reason
of this relict drawback results from the independence of the direct and indirect
meshes. We are going to continue investigations of this question. The second
direction of our interests is an adaptive meshing and interactive control. The
usage of light meshes allows step-by-step improvements of the image similar to
the progressive radiosity algorithm [2]. After adding of new points to a mesh the
values assigned to existing mesh points are not recalculated. As the adaptation
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Fig. 4. Soft shadows of the forest leaves. Three point light sources are placed just above

trees

Fig. 5. Conventional ray tracing, sharp shadows
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of a mesh we mean the process of increasing its density in certain regions of a
scene. For example, if the interpolation sphere contains the neighboring points
that diÿer in values more than some threshold then new points are added to the
mesh. A user can control the process of image reþnement interactively. Begin-
ning from the coarse mesh and the \nearest" mode of interpolation he could:
a) switch the interpolationmode; b) change the radius of an interpolation sphere;
c) use more dense meshes in the next step; d) select regions of a scene where the
meshes must be more dense; etc. And the þnal remark concerns possibilities to
a speciþc parallelization of the presented algorithm. Calculations of all unknown
values (steps 6 and 9 of the algorithm) can be done in parallel. Obviously we
do not consider all questions concerning suggested space light meshes, we left
beyond the paper such problems as þghting with artifacts on images, adaptive
interpolation schemes, mathematics of light meshes.
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