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Abstract—We extend the machinery of existing texture synthe-  In this paper we demonstrate how the image-based re-

sis methods to handle texture images where each pixel contains|ighting methods can be directly leveraged for the purposes of
not only RGB values, but reflectance functions. Like conventional synthesizing light dependent textures. These synthetic textures

texture synthesis methods, we can use photographs of surface b d d having th tical advant f tileabil
textures as examples to base synthesis from. However multiple F:an € produced having the practical advantages or tieabil-

photographs of the same surface are used to characterize theity and photorealism that texture synthesis methods provide,
surface across lighting variation, and synthesis is based on combined with the lighting control of image-based reflectance

these source images. Our approach performs synthesis directly functions. The main advantage of the suggested approach is
in the space of reflectance functions and does not require yhat g intermediate 3D reconstruction is needed for synthesis

any intermediate 3D reconstruction of the target surface. The d th : lied directly to the i d .
resulting synthetic reflectance textures can be rendered in real- an € process Is applied directly o the image domain.

time with continuous control of lighting direction. Il. SURFACE REFLECTANCE CHARACTERIZATION

I. INTRODUCTION The reflectance properties of a textured opaque material

The characterization of real world textures and surfacégn be exhaustively specified by its Bidirectional Texture
is an important aspect of enabling photorealistic renderingunction (BTF) introduced in [9]. The BTF measures the ratio
Powerful texture synthesis methods were developed in the I8feradiancel exiting a surface at directiofi¢c, ), to the
80’s and 90’s that are able to synthesize new texture Samd@gdence irradiancé striking the surface in a differential solid
from photographic examples (e.g.[1], [2], [3], [4], [5]). Thes@ngle from direction(¢;, 6:):
methods have practical ramifications for 3D computer graphics dL(¢e,0c,u,v)
since they can simplify the texture mapping process in several BT Fyg,(0i;0is de, b, u,v) = dI(¢s,0;,u,v)
ways. First, larger patche_s of a texture can b(_—} produc%\%ere the spatial variation is indexed by, v). The BTF can
yielding more source material for the texture mapping process, . L

. . A eificiently specify3D texturesurfaces, whose characteristics

Second, textures may be synthesized with periodic boundar . L
. . . arise from spatial variations of both albedo and surface normal.
conditions, producing textures that can be seamlessly til us. the BTF function can imolicitly characterize appear-

with the high image quality of photographs. ance,eﬁects such as shadin sﬁado?//vs self occlusiorﬁ)s inter-

Although powerful, these texture synthesis methods have, = ° g, ' -
L . . . rFercnons, mutual shadowing, etc. However, storage require-
limitations that we address in this paper. Since the examplé

photographs used as input to the texture synthesis algorith%%ntS for the BTF can be prohibitive for real-time computer

are captured under specific lighting conditions, the Synth%[aphlcs applications, due to the high dimensionality (6 d.o.f.).

. R o ) ., In this paper we restrict ourselves to a less general, but
sized textures have these same lighting conditions 'baked in'. . L

: A .. more tractable representation we called the Unidirectional
Although the results will be convincing when those I|ght|ng|_

" - " exture Function, or UTF. Unlike the BTF, the UTF includes a
conditions match the lighting conditions that the texture patc L endence on onlv one direction. namelv that of the incident
finds itself on the 3D object, in general this will not be th P y ’ y

case. Due to the surface microstructure, the modifications lﬂht

surface appearance due to 3D object geometry are poorly UTFrg5(6i: 01, 1, v)
approximated by attenuating the surface intensity. Figure 20ne attraction of the UTF is that it is extremely easy to
demonstrates this behavior, when rendering results usingdlect for a real world material. It requires only a stationary
light-dependent texture model are compared to the renderitigital camera and a movable light source, and specifically
of the same texture modeled without lighting dependency. does not require any camera calibration and geometric rea-
Image-based re-lighting methods [6], [7], [8] provide a sasoning as one needs for acquiring a BTF. By sacrificing the
lution to this quandary. In this approach, multiple photograpliependence on view direction, we loose the ability to capture
of a surface, person or object are taken under varying lightingew dependent phenomena such as specular highlights. How-
conditions and viewing directions, and a reflectance modeler, since surface normals are easily calculated from a UTF
characterizing the surface appearance is constructed. Usiegresentation (which is the angle giving the maximal UTF
this model very realistic renderings of the original can bealue [7]) , specular highlights can be artificially reintroduced
produced under arbitrary lighting and viewing conditions. into the UTF rendering process.



[1l. PREVIOUSBTF/UTF TEXTURE SYNTHESIS neighborhoodNy,, and that this characterization is spatially

There has been extensive work in the area of 2D textdfvariant (Figure 1). Therefore, the conditional probability
synthesis (e.g. [1], [2], [3], [10], [4], [5]. However, theP(W|NW) completgly determineg the texture charactgristics.
synthesis of reflectance textures from examples is concep'l’ﬂjlh's paper we build on a collection of tgchnlques, which are
ally different from the 2D texture synthesis. A collection oféferred to avlock-basedexture synthesis [3], [14]. In these
images of a particular surface acquired under various lightifigethods, the Markovian process parameters are not estimated
conditions cannot be treated as an independent collectionddf rather the process is emulated by sampling directly from
2D textures. There are strong correlations between the samgfe@l €xample texture. Hence, a realization of the conditional
images, as all of them are instances of a unique underlyiRgPbability P(W|Ny) is achieved by randomly choosing a
physical surface. These correlations have to be maintaif@@ck from amongst all blockdV; in the texture example

while synthesizing a novel reflectance texture. satisfying:
Relative to the volume of previous work in the area of > IINw — Nw,ll2 <6
2D texture synthesis, there are only a handful of papers v

relevant to the synthesis of reflectance textures. Note, thatere § is a predefined threshold, as shown in Figure 1.
the synthesized and the example textures have 4D reflectancehe works of [3] and [14] blocks of texture are copied
functions assigned to each pixel. Working explicitly witlfrom the source images into the synthesized texture, based
this data is computationally prohibited. Thus, some sort oh the similarity of their neighborhoods. Overlapping block
dimensionality reduction prior to synthesis must be appliedregions are either alpha blended or optimal boundary cuts
Liu et. al. [11] use a texture’s height-field along with arare calculated between each neighboring blocks, so that block
albedo map as an intermediate representation for BTF. Thistching looks smooth.
representation is reconstructed from the texture examples, us-
ing shape-from-shading techniques. Then, a synthesis sche| : :
is applied directly to the height-field, using non-parametri n //-—\\—|
sampling [1], resulting in a representation of a novel textur, | M
from which a new BTF is derived. Leung and Malik [12] \
w

suggests using the 3Bxton mapas a basis for generating
a novel 3D texture. This approach is similar in spirit to IVT W,
2

[11] where a texton map is used as an intermediate compd
representation. The texture’'s BTF can be derived from th
representation similarly to the height-field map. Tong et. al.

[13] also use the texton map representation as a basis for Fig- 1. Copying blocks with similar causal neighborhoods
synthesis directly on a 3D object. . .

All previously suggested methods use an intermediate com-1NiS paper extends the block-based method from working
pact representation for BTF, which requires some sort of 3¢5 images containing color values, to 'images’ of reflectance
reconstruction. In Addition to the fact that this reconstructiofynctions. We view a UTF image as a texture of functions
is computationally intensive, it incorporates inaccuracies [Ather than a texture of values. Thus, a UTF image is regarded
the synthesized textures since accurate 3D reconstruction@gf@ realization of a Markovian process in the spatial domain.
complicated textures (such as fur, sponge, etc.) is impractiddPWever, the stochastic process is performed over functions

This paper suggests a new technique for 3D texture Sjﬁ_ther than over value_s. Ac_cordlng to this view, a function
thesis, which takes advantage of the image-based re-religh§igex ¥ = ¥{g(¢,0)} is assigned to each pixel reflectance
methods. The texture synthesis works directly with the af¥nctiong(¢,0), and the function indexy, is regarded as a
quired data with no intermediate 3D models. Our texture refRndom variable, over which a stochastic process is defined.
resentation is that of a UTF modelled with polynomial texture A Markovian process over functions implies that the distri-
maps (PTM) [7]. By sacrificing the view dependence of a BTput_mn of functions _a_ttached to a Fexture block W is charac-
we gain a compact texture representation well matched to {i§&Zed by the conditional probability:
rendering process, but also directly e_mployed for synthesis. PU{WU{Nw})

The PTMs, produced by our synthesis method can be then

used in place of conventional texture maps and applied to Jthere Y{IW} and ¥{Ny } are the indices of the function
objects, providing interactive and realistic control of lightingirays attached to the block” and its neighborhoodVy;
effects, such as shading, self shadowing, interreflections, dggpectively. The conditional distribution above characterizes

surface scattering. a UTF process, which can be imitated using non-parametric
synthesis similarly to the synthesis of conventional textures.
IV. BLOCK BASED TEXTURE SYNTHESIS The only difference is that we have to perform the neigh-

Viewing a texture image as a realization of a homogenobsrhood comparisons on function indices, and that copied
Markovian process implies that the color distributions of blocks are composed of an array of function indices. Two
texture blockWW are completely characterized by its causajuestions remain open. First, how can we obtain a continuous



representation of reflectance functions from a finite set &f(¢{WW}). Therefore, instead of using the original coefficients
texture images, each at a specific lighting condition? Secomd, the PTM, we linearly transform the coefficients so that
how can we attach an index for each possible reflectanme orthogonal basis is used. Since orthogonal transformation
function? The Polynomial Texture Maps or PTM [7] whichis distance preserving, distance between two functions can
was developed for image-based re-lighting purposes can ghe measured directly in the index vectors, and consequently,
the solutions for these two questions. function probability and its corresponding index probability
V. PTM can be used indistinguishably.
i S ) .
_ ) In our implementation we have used the 2D Legendre

Polynomial texture maps [Malzbender 01] provide a COMyolynomial basis, which is orthogonal ovér1,1]2. The 6
pact representation for reflectance functions. In this approagicis functions used in the standard PTM (Eq. 8),=
a real-world surface is photographed multiple times with 82 12 1,1,,1.,1,, 1} were transformed into the orthonormal
fixed digital camera under varying illuminations directiong ,gis -
{918y, providing N images:{L® (u, v)}Y,, where
(lu,1,) denotes the projection of a unit vector whose directiog _ 1 élu
is (¢,60) onto the(u,v) plane. The PTM representation of a 272" 2
texture patch describes, independently for each gixet), the
luminance variation[,, as a function ofl,,, [,,). The luminance
is modeled by biquadradic polynomial functioniigp, I,,:

ﬁl §l l \/47512—\/475 \/EZQ—\/E
Vo 127 40 12
If a = [ao..as] are the original PTM coefficients, the new basis
coefficients,b = [b..b5], are easily calculated by applying a
matrix multiplicationb = Ma, where M is a 6x6 matrix
L(u,v;ly, 1) = ao(u,v)l2 + ay(u,v)I2 + ag(u, v)ll, (see [17] for the matrix values). Using the new coefficients,
+ ag(u,v)ly + ag(u, )l + as(u,v) each pixel(u, v) has an associated index which is constructed
. by the 6 dimensional vectap{L(u,v)} = [bo..bs]u,». Using
where the parameterga..a5) are chosen to best fit thegs indexing, a realization of the conditional probability can

acquired image values, thus minimizing: be achieved by randomly choosing a block from amongst all
Z 1L (u, 03 19,1 — LO (u,0) || blocks W; in the texture example satisfying:
L _ _ D A Nw (u,0)} = o Nw, (u,0)}|2 < &
Once the coefficient§ag..a5) are estimated for each pixel, o

renderings of the surface for arbitrary lighting direction ca
be computed in real time using either pure software, or pr
grammable graphics hardware acceleration, to map them o

B_dge handling between synthesized blocks is performed also
ﬁ}the orthogonal representations. In our case, the coefficients
[Ndhe common boundaries were alpha blended. Since PTM

ing. The biquadratic bolvnomial as the interpolation functi(a)fffnctions are represented in an orthonormal space, coefficient
ping. d POty P lending is equivalent to blending the reflectance functions

'hsocvztvgat?g?tt%g ;1?'3' (t)):s?; fk:J ?f;iso :sriwzocizlgj ?ZI;\:E::II. toN? ith similar weights. In a similar manner optimal cut along the
low de r,ee spherical harmonics. which are o tin):all spanni mmon boundaries should be performed in the orthonormal
9 P ' b ysp dsis as pixel comparisons are meaningful. At the final stage

Lamberian surfaces illuminated under various directions [1 f the synthesis, an inverse transformation is performed to the
[16]. standard PTM representation.
VI. 3D TEXTURE SYNTHESIS USINGPTM VIl. SEARCH STRATEGY

Going back to block-based 3D texture synthesis, PTM Th in burd ¢ block based text thesis is th
coefficients can be efficiently used as the reflectance function eh main L(le’ fen 0 hOC aste d be;x ukre_ Si/r? esm;hls me d
indices over which texture synthesis is applied. Thus, a simi arch required for each generate ock in the synthesize

block-based synthesis scheme can be applied directly to th M. For eaqh such b.IOCk' a full search is performed in the
6 dimensional vector fieldao..as). However, care must be source PTM, i.e. the distance must be computed between the

taken: In the 2D texture synthesis, the conditional probabiligJOCk neighbqrhood and_ each of th_exn ngighborhoqu_of the
P(W|Nyw) is achieved by sampling similar blocks in the ource PTM image. Naively applying this search is time con-

source texture, where similarity is defined based on the val ing. Several approaches have been suggested to expedite

in the causal neighborhoods (Equation 6). This scheme can ,?search. Among them, multiscale search [14], tree structure

be automatically applied to function indices in the reflectan¢gCior quantization [10], and K-coherence search [1.3]' Al
texture case. The transformation from function space to i )ese approaches improve run time by orders of magnitude at

dex space does not necessarily preserve function distand %expense of approximating the search results. A rejection
namely: scheme, proposed in [18], can dramatically improve run time,

without sacrificing the resulting accuracy. In this approach,

// g1 (Lus L) — g2 (Lu, L) ||2dludly # |{g1} — ¥{g2}|],  highly dissimilar block neighborhoods in the example PTM
are rejected quickly.

for any given two functionsg, go. This implies also that Each PTM block neighborhood, represented in the orthogo-

function pdf's are not preserved, and in our caBgi¥) # nal form, is unfolded and represented as a 1D vector. Thus, if a



block neighborhood is composed ppixels, its associated 1D also under a number of lighting directions. These objects can
vector is a6p dimensional vector, because each pixel includesl be illuminated and viewed in real-time. Figure 2 shows the
6 PTM coefficients. Using this notation, the error distanadifference between 3D texture mapping, and the conventional
between two block neighborhood$y,, and Ny, is defined texture mapping.

as:
IX. CONCLUSION

d(Nw,, Nw,) = || Nw, — NW2||2 _ Z[Nwl (i) — Ny, (i)]2 _ We have pregented_a texture synthesis methoq tha_t results
P in the construction of images of reflectance functions instead
(1) of simply color values. This synthesis is performed directly
wherek = 6p. However, it is possible to reject a neighborhoodsing the representation of polynomial texture maps, thus
before evaluating alk = 6p sums if the error distance alreadythe resulting texture maps can be rendered in real time
exceeds a threshold. This threshold can be set ahead ofn modern graphics hardware with parametric control over
time or can simply be the actual error distance to the beRshting direction. At the heart of our approach is the ability
neighborhood evaluated so far. Equation 1 is still valid whes compare pixels of reflectance functions directly in place
Nw, and Ny, are represented in a different orthogonal basigf comparing pixel RGB values. This same approach allows
Nw, , Nw,. Thus, any texture synthesis method that compares pixel colors to be
extended in the analogous manner to support the synthesis of

k

14
d(Nw,, Nw,) > > [Nw, (i) — N, ()] )
=1

for any ¢ < 6p. If we choose a basis that concentrates vectotl]
energy in the first few entries, we can achieve a tight lowe
bound with very few calculations. Such a representation calg]
be calculated by applying the Singular Value Decompositior&
on the entire neighborhood ensemble, or by using a bas[ié
set which is known to have energy compactness for naturé]
images, such as the DCT basis, the Harr Wavelets or the Walsh
Hadamard which can be computed very efficiently [18]. 5]

Using this lower bound (eq. 12), a very fast search scheme
can be applied as follows: First, each neighborhood vector it
the example PTM is projected onto the first basis-veétor
resulting in am x n array of scalar values (applied only once).[7]
Given a new block neighborhoody,, from the synthesized i8]
image, we projectVy, onto U;, and calculate a lower bound
on the neighborhood distance for each neighborhood in tHel
example PTM using eq. 2 (wheré = 1). Note, that this
lower bound is achieved by applying a single subtractiqfg
and a single multiplication per example neighborhood. Each
neighborhood, whose lower bound is above the threshoisl (1]
rejected and discarded in further calculations. Typically, 909y
of the neighborhoods are rejected after the first projection.
For the resulting neighborhoods we continue with the seco g]
basis-vectorUs, increasing the lower bound, and rejectin
additional neighborhoods. This process continues with con-
secutive basis-vectors. After very few projections (around é},“]
only a few candidates remain, for which the actual distances
are calculated. A typical run time for synthesis of a 512x5125]
patch composed of 30x30 blocks is approximately 3-5 minutes
using this approach, compared to 30-60 minutes for the bryig)
force search.

[17]
VIIl. RESULTS

Figures 2-4 show results of reflectance texture synthegis)
from photographic examples collected under 50 light direc-
tions. Figure 3 shows a single source photograph along with
synthesis results under varying lighting. Figures 4 demonstrate
various synthesized reflectance textures applied to 3D objects,

reflectance function textures.
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Fig. 2. Bottom: Synthetic sponge material with varying reflectance function per textel. Top: Synthetic sponge without reflectance functions (conventional
texture map).

Fig. 3. Left: Section of original source image under one lighting condition. Right: Synthetic texture under varying lighting directions.

Fig. 4. Synthesized sponge, popcorn kernels,and black-eyed peas texture mapped under varying lighting directions.



