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Abstract: Subsurface scattering within translucen t ob jects is a complex phenomenon.

Designing and rendering this kind of material requires a faithful description of their asp ects

as w ell as a realistic sim ulation of their in teraction with ligh t. This pap er presen ts an

e�cien t rendering tec hnique of m ultila y ered translucen t ob jects. W e presen t a new metho d

for mo deling and rendering suc h complex organic materials made up of m ultiple la y ers of

v ariable thic kness. Based on the relief texture mapping algorithm, our metho d calculates

the single scattering con tribution for this kind of material in real-time using commo dit y

graphics hardw are. Our approac h needs the calculation of distances tra v ersed b y a ligh t ra y

through a translucen t ob ject. This calculation is required for ev aluating the atten uation of

ligh t within the material. W e use a surface appro ximation algorithm to quic kly ev aluate

these distances. Our whole algorithm is implemen ted using pixel shaders.
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Subsurface T exture Mapping

Résum é : La di�usion de la lumière à l'in térieur de matériaux participan ts est un phénomène

complexe. P our mo déliser et rendre de tels matériaux, il est nécessaire d'a v oir une description

adaptée de ceux-ci ainsi qu'une sim ulation réaliste de leurs in teractions a v ec la lumière.

Ce papier présen te une tec hnique de rendu adaptée aux matériaux m ulticouc hes. Cette

nouv elle métho de p ermet de mo déliser des matériaux organiq ues complexes comp osés de

couc hes m ultiples à épaisseur v ariable. Basée sur l'algorithme du r elief mapping , notre

métho de p ermet le calcul temps réel de la di�usion simple p our ce t yp e de matériau, et

ce en exploitan t les p erformances des cartes graphiques. Notre métho de nécessite le calcul

des distances parcourues par la lumière à l'in térieur des di�éren tes couc hes du matériau. Ce

calcul est nécessaire p our l'év aluation de l'attén uation de la lumière à l'in térieur du matériau.

Nous prop osons d'utiliser un algorithme d'appro ximation de surface p our réaliser ce calcul

rapidemen t. Notre algorithme est implemen té à l'aide de pixel shader.

Mots-clés : Rendu temps reel, GPU, Di�usion sous-surfaciq ue
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4 F r anc ois & Pattanaik & Bouatouch & Br eton

1 In tro duction

Rendering realistic materials is essen tial for creating con vincing images. The in teractions

b et w een ligh t and materials are often mo deled b y a BRDF (Bidirectional Re�ectance Dis-

tribution F unction) whic h assumes that ligh t en ters and exits the surface at the same p oin t.

This assumption do es not hold for man y materials suc h as marble, w ax, milk, lea v es and

h uman skin. F or these translucen t materials, ligh t do es not only re�ect o� the surface, but

scatters inside the medium b efore lea ving the surface. This phenomenon is called subsurface

scattering. Since suc h materials are often seen in our da y-to-da y life, it is essen tial to o�er

solutions to the rendering of translucen t materials. The e�ects of subsurface scattering are

m ultiple: the ob jects app ear smo oth and soft since ligh t is di�used b eneath their surface.

F or some complex materials, this phenomenon can also exhibit their inner comp osition.

V eins are visible under h uman skin, for instance.

Figure 1: Subsurface texture mapping.

This pap er presen ts a rendering tec hnique for materials made up of m ultiple la y ers, the

thic kness of whic h is not necessarily considered as constan t unlik e existing metho ds. In

suc h a case, the inner comp osition of the material can b e p erceiv ed as sho wn in Figure

1 , exhibiting blurry details inside the translucen t ob ject where the scattering parameters

v ary . W e used the concept of relief texture mapping [1 ] to mo del the in terior of a material.

Ho w ev er, instead of represen ting the surface details, w e use this metho d to represen t the

inner structure of the ob ject. Therefore, the la y ers of the material are describ ed b y a simple

2D texture, where eac h c hannel enco des a thic kness. Since our metho d is not limited to

lo cally �at surfaces, a useful surface appro ximation is used to quic kly estimate the single

scattering term.

W e prop ose a simple but realistic metho d that o�ers a real-time estimation of the single scat-

tering term for suc h complex materials. Our metho d could b e considered b et w een subsurface

rendering metho ds based on surfaces and 3D texture-based algorithms. F urthermore, our

INRIA



Subsurfac e T extur e Mappi ng 5

solution also pro vides a compact w a y to design translucen t ob jects using a small amoun t of

data, whereas 3D texturing requires a large amoun t of memory storag e .

This pap er is structured as follo ws. Section 1.1 summarizes the related w orks and presen ts

our motiv ations while Section 1.2 outlines our metho d that is describ ed in detail in Section

2 . Section 3 sho ws some results and Section 4 concludes this pap er.

1.1 Related W ork and Motiv ations

The radiativ e transp ort Equation [2 ], describing the subsurface scattering phenomenon, is

to o complex to b e fully computed at in teractiv e frame rates. F urthermore, the parameters

of this equation suc h as the scattering co e�cien t or the phase function, can v ary in the case

of non uniform media or translucen t ob ject. Therefore, for materials suc h as marble, smok e,

or la y ered materials suc h as skin or plan t lea v es, w e cannot use the appro ximations usually

prop osed for simplifying the equations.

Ligh t scattering within participating media or translucen t ob jects can b e computed using

m ultiple metho ds suc h as path tracing [3 ], v olumetric photon mapping [4 ] and di�usion ap-

pro ximation [5 ]. Most of these metho ds o�er an accurate estimation of subsurface scattering

for o�ine rendering but do es not allo w a fast rendering of translucen t materials. Ho w ev er,

in most cases, the computational cost of those metho ds prev en ts their use for real-time

rendering of translucen t ob jects.

The dip ole based metho d due to Jensen et al [6 ] and prop osed in real-time b y [7 , 8 ], deals with

uniform materials, using a BSSRDF mo del (bidirectional subsurface scattering re�ectance

distribution function). Donner et al. [9 ] recen tly prop osed a m ultip ole based metho d to

estimate subsurface scattering within la y ered materials. This new metho d, extension of the

previous dip ole appro ximation, pro vides realistic results close to Mon te Carlo estimations.

Nev ertheless, if the algorithm prop oses realistic and close to ph ysically correct results, it do es

not o�er in teractiv e frame rates useful in man y applications. Another real-time metho d [10 ]

addresses scattering for general participating media but do es not deal with m ultila y ered

materials.

3D textures [11 ] is the commonly used metho d to describ e complex and translucen t ob jects.

They allo w to describ e the inner comp osition of an ob ject, suc h as the organs of a h uman

b o dy and thereb y , as w ell as the rendering of the in terior of the ob jects. P ath tracing can

b e used for a correct estimation of subsurface scattering. Implemen tation relying on 3D

textures and using the GPU ha v e b een prop osed in [12 ]. Ho w ev er, 3D textures require large

amoun ts of data whic h can b e a ma jor constrain t for real-time rendering. Note that some

ob jects do not require a complex description deep b eneath the surface. F or example, the

h uman skin presen ts particularities, suc h as v eins, within a small depth b eneath the surface.

In this case, 3D textures app ear unnecessary and limiting. F or that particular case, w e

need b oth a surface description and a v olume description, giving further details close to the

ob ject's surface only .

RR n ° 01234567 8 9



6 F r anc ois & Pattanaik & Bouatouch & Br eton

In this pap er, w e prop ose a no v el description of complex materials. Rather than using

the w ell-kno wn 3D textures, w e prop ose the use of simple 2D textures w ell handled b y

graphics hardw are. Our metho d can b e considered as an alternativ e metho d for computing

single scattering within m ultila y ered materials in real-time. Our approac h allo ws a realistic

description of the la y ers of v ariable thic kness using subsurface texture mapping. Our metho d

follo ws a similar concept than relief texture mapping in tro duced b y P olicarp o et al. [1 ] and

recen tly prop osed to describ e non-heigh t-�eld surface details with m ultiple la y ers[13 ]. Relief

texture mapping o�ers highly realistic app earance to syn thetic ob jects while using a simple

geometry: �ne details up on the surface are represen ted with a 2D texture. Ho w ev er, in

our case, the details are not ab o v e but b eneath the surface, whic h creates, for instance,

particular v eins e�ect.

1.2 Ov erview

(a) (b)

Figure 2: Figure 2(a) presen ts a simple la y ered material and �gure 2(b) a material comp osed

of la y ers with v ariable thic kness.

In this pap er w e prop ose a new approac h to mo deling and real-time rendering of translucen t

organic materials. The materials considered in our case are comp osed of m ultiple la y ers, eac h

one ha ving particular prop erties. In con trast to metho ds using planar la y ers, our metho d

computes single scattering in to la y ers of v ariable thic kness (cf. Figure 2 ). With these

material prop erties one can render new e�ects not visible for la y ers of constan t thic kness.

In order to pro vide a real-time but realistic rendering, w e limit our computation to single

scattering. Our metho d, implemen ted on graphics hardw are, uses a ra y marc hing algorithm

illustrated in Figure 3 .

Mo deling of la y ered material requires information ab out the thic kness of the la y ers since

this thic kness v aries b eneath the surface. W e prop ose in Subsection 2.1 the use of a 2D

INRIA



Subsurfac e T extur e Mappi ng 7

texture to store the thic kness of eac h la y er. W e use this texture to determine the scattering

parameters. The computation of subsurface scattering within this kind of non homogeneous

material requires a kno wledge of the la y ers' parameters. T o this end, w e prop ose a p oin t

and path lo calization metho d.

As sho wn in Figure 3 , the re�ected luminance at p oin t P is due to single scattering ev en ts

o ccurring along the viewing ra y underneath the ob ject's surface. W e compute the con tribu-

tions of a certain n um b er of sample p oin ts M on the viewing ra y un til a certain p oin t M max

after whic h scattering is considered as negligible.

Figure 3: Ra y marc hing algorithm in a m ultila y ered material.

The single scattering con tribution, L M (P; ! out ) , at a visible p oin t P and due to an inner

sample p oin t M on the viewing ra y , is expressed as:

L M (P; ! out ) = Q(M; ! out )e
RP

M
� � t (s)ds

(1)

Q(M; ! out ) = � s(M )p(M; ! out ; ! in )L ri (M; ! in ); (2)

where L ri (M; ! in ) is the reduced in tensit y at p oin t M coming from direction ! in and rep-

resen ts the amoun t of inciden t ligh t arriving at the inner p oin t M after atten uation. The

term e
RP

M
� � t (s)ds

represen ts the atten uation of the scattered radiance due to absorption and

scattering along the path from M to P . p(M; ! out ; ! in ) is the phase function and describ es

ho w the ligh t coming from the inciden t direction ! in is scattered in the outgoing direction

! out at p oin t M .

The total scattered radiance due to single scattering arriving at the p oin t P is the sum of

the con tributions of all p oin ts M on the viewing ra y:

L(P; ! out ) =
Z M max

P
L M (P; ! out )dM (3)

RR n ° 01234567 8 9



8 F r anc ois & Pattanaik & Bouatouch & Br eton

W e ev aluate this last equation using a ra y marc hing algor ithm, whic h discretizes the equation

as:

L(P; ! out ) =
M maxX

P

L M (P; ! out )� M (4)

=
M maxX

P

Q(M; ! out )e
RP

M
� � t (s)ds � M (5)

where � M is the sampling step along P Mmax .

The term e
RP

M
� � t (s)ds

is estimated b y a ra y marc hing algorithm. This latter p erforms depth

compariso ns to determine the extinction co e�cien t � t for eac h la y er. The estimation of

the term Q(M; ! out ) of Equation 1 requires the calculation of the reduced in tensit y . W e

sho w in Subsection 2.2 that the estimation of the reduced in tensit y needs an estimate of the

distance kKM k tra v ersed b y the ligh t in the material. W e prop ose a metho d to compute

an appro ximate v alue of this distance. This is one of the con tributions of this pap er. The

single scattering result Q(M; ! out ) at an inner p oin t M also dep ends on the prop erties of

the material. Thereb y , w e need to determine the la y er in whic h is lo cated the p oin t M , to

kno w for instance the corresp o nding scattering co e�cien t � s(M ) . T o this end, w e prop ose

a simple material description that allo ws fast p oin t lo calization guided b y textures. With

these con tributions, detailed in the next section, real-time rendering of subsurface scattering

in suc h materials can b e ac hiev ed using graphics hardw are. In Subsection 2.3 w e prop ose

implemen tation solutions for graphics hardw are.

2 Our Metho d

W e prop ose a simple but realistic solution to the rendering of m ultila y ered materials. In

our case, w e do not assume the la y ers with a constan t thic kness. W e limit our computation

of subsurface scattering to single scattering to meet the real-time constrain t. The next t w o

subsections presen t the subsurface texture mapping idea and a no v el metho d to estimate

the reduced in tensit y on arbitrar y , non planar, p olygonal surface describ ed b y a mesh.

The solutions pro vided b y these t w o subsections are com bined in our rendering algorithm

presen ted in Subsection 2.3 .

2.1 Subsurface T exture Mapping

In this section, w e presen t the notion of subsurface texture used to describ e the in ternal

structure of a translucen t ob ject. Our metho d, built on the same idea as relief texture

mapping prop osed b y [1 ], uses a texture as a depth map whic h allo ws to describ e complex

ob jects when mapp ed on to a �at p olygon as sho wn in Figure 4 . W e prop ose to use a 2D

INRIA
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(a) (b) (c)

Figure 4: Subsurface Mapping : The Figure 4(a) presen ts the subsurface texture. The red

c hannel enco des a la y er with a constan t thic kness, the green and blue ones describ e la y ers

comp osed of v eins with di�eren t width. The alpha la y er, not visible here, enco des a la y er

with a uniform thic kness. Figure 4(b) sho ws the represen tation (cross-sec tio n) of suc h a

material. Figure 4(c) sho ws the resulting image obtained when applying suc h a material on

an arbitrar y surface.

texture to describ e our m ultila y ered material. Indeed, the depth of eac h non planar la y er

can b e enco ded using a relief map. The presence of the four R GB � c hannels of a texture

allo ws to de�ne the thic kness of four la y ers. The red c hannel is related to the �rst la y er and

the other c hannels to the follo wing la y ers.

As sho wn in Figure 5 , the depth stored in eac h c hannel represen ts the distance of the la y ers

to the surface in the direction of the normal. The thic kness of a la y er can b e obtained using

the depth information stored in to t w o consecutiv e c hannels. N textures can describ e up to

4N la y ers, whic h allo ws a complex de�nition of a m ultila y ered material. An algorithm using

ra y tracing can b e used to compute the subsurface texture when eac h la y er is describ ed b y

a mesh.

Estimating the single scattering at a p oin t M b eneath the surface requires information on

the la y er in whic h is lo cated M . By comparing the depth of the p oin t M and the related

depth of eac h la y ers stored in to the texture, w e can determine the la y er of in terest and use

its sp eci�c parameters.

The pro cess of mapping our texture of la y er thic kness on to a p olygonal surface is presen ted

in Figure 6 and explained as follo ws:

ˆ determine P M , with the p oin t M inside the medium and lying on the viewing ra y .

ˆ Pro ject the v ector P M in the tangen t space (de�ned b y the tangen t T , normal N and

bi-normal B v ectors).

(ds; dt) = ( P M � T; P M � B )

RR n ° 01234567 8 9



10 F r anc ois & Pattanaik & Bouatouch & Br eton

Figure 5: De�nition of the subsurface map

ˆ use the pro jected P M , (ds; dt) , and the texture co ordinates of the p oin t P , (uP ; vP ) ,

to compute the texture co ordinates of M 0
: (uM 0; vM 0) = ( uP ; vP ) + ( ds; dt)

ˆ determine the la y er of the p oin t M b y comparing its depth with the depths of the

la y ers stored in the subsurface texture at (uM 0; vM 0) .

(a) Pro�le of the material (b) Pro jected v ector in to the textur e

Figure 6: Pro jection in the tangen t space.

This pro cess is illustrated in Figure 6 . P oin t P has a depth equal to zero. 6(b) presen ts the

pro jection of the v ector P M in to the texture space. Note that the tangen t and bi-normal

are related to the texture co ordinates. The tangen t giv es the direction of v ariation of the u
texture co ordinate and the bi-normal giv es the direction of the v ariation of the co ordinate

v . F or more details see [14 ] and [1 ].

This mapping allo ws a complex description of la y ered materials with simple lo calization of

p oin ts within it using a single texture lo okup. W e can describ e up to 4N la y ers using N

INRIA
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R GB � textures. This is one of our con tributions. W e will see in the Subsection 2.3 ho w to

compute the single scattering using suc h a material description.

2.2 Reduced In tensit y Estim ati on

This section giv es details on the calculation of the reduced in tensit y L ri (M; ! in ) (see Equa-

tion 2 ) whic h accoun ts for the atten uation of ligh t within a m ultila y ered material b efore

b eing scattered. Refer to Figure 7(a) for the explanations giv en hereafter.

F or the sak e of clarit y , w e �rst consider the case of a single la y er material ha ving a constan t

extinction co e�cien t � t . The calculation of the reduced in tensit y dep ends on the amoun t

of ligh t L i (K; ! in ) impinging on to the surface of the medium at a p oin t K and dep ends on

the distance jjKM jj tra v ersed b y the ligh t ra y within the medium. The reduced in tensit y is

giv en b y:

L ri (M; ! in ) = L i (K; ! in )e� � t jj KM jj
(6)

The problem can b e reduced to the computation of the distance kKM k, the term L i (K; ! in )
is giv en b y the ligh t source in tensit y . This distance can b e accurately obtained using ra y

tracing. Nev ertheless, using the graphics hardw are, w e cannot compute easily the in tersec-

tion b et w een the ligh t ra y SM and the surface. F or a fast estimation of the distance jjKM jj ,

without the need of detailed information ab out the surface, w e prop ose to use planar ap-

pro ximations of the surface whic h, when in tersected b y the ligh t ra y SM , giv es a reasona ble

estimate of the p osition of the p oin t K (see Figure 7 ).

Note that in [15 ] the authors presen t a metho d addressing a similar problem and imple-

men ted on the GPU. They use a planar appro ximation metho d to compute the p oin t hit b y

a re�ected or a refracted ra y . Their metho d pro vides more accurate results and p erforms

planar appro ximations at run time based on the mo del's geometry and ra ys (re�ected or

refracted). Our metho d is faster since all the planar appro ximations are p erformed in a

simple prepro cessing step, only based on the mo del's geometry and the material prop erties

(extinction co e�cien t).

First, let us consider the p oin ts M on the ra y path close to p oin t P . In this case, w e observ e

that replacing the surface b y its tangen t plane at P o�ers a reliable estimate of the distance.

This is due to the pro ximit y of the in tersection b et w een the real surface and the ligh t ra y

and the in tersection of the ligh t ra y with the tangen t plane. Most of the ligh t scattered at

p oin ts close to P strik es the surface at p oin ts also close to the p oin t P . Figure 7(b) presen ts

the surface appro ximation (in red) that can b e used for these p oin ts M . Note in Figure 7(b)

that this approac h is not reliable when the ligh t en ters at p oin ts far from P since the tangen t

plane giv es an incorrect estimate of the ligh t en try p oin t. Nev ertheless, in these latter cases,

the atten uation of ligh t is signi�can t compared to the atten uation of ligh t impinging on to a

close neigh b orho o d of P . This is due to the distance of ligh t tra v ersa l. W e consider then

that the tangen t plane o�ers a reliable approac h of the surface to estimate the scattering

RR n ° 01234567 8 9



12 F r anc ois & Pattanaik & Bouatouch & Br eton

con tributions, ev en if it do es not giv e accurate results for some lo w-lev el con tributions as

explained b efore.

(a) Single Scatte r ing (b) Planar Appro ximations

Figure 7: Reduced in tensit y estimation using an estimate of the distances.

F or more distan t p oin ts b eneath the surface, the tangen t plane at p oin t P do es not o�er a

satisfying appro ximation of the surface. Therefore, the tangen t plane at p oin t P do es not

appro ximate w ell enough the surface p oin ts at whic h the ligh t en ters b efore b eing scattered

deeply within the medium. In Figure 7(b) , the in tersection b et w een the tangen t plane and

the ligh t ra y SMmax is far a w a y from the real in tersection p oin t. W e prop ose to use another

planar appro ximation of the surface whic h allo ws a more accurate estimation of the distance

tra v ersed b y the ligh t within the medium. This new plane is dra wn in green in the Figure

7(b) . F or these distan t p oin ts, to calculate the distance kKM k, w e need to mak e use of a

Figure 8: Neigh b orho o d for the estimation of the plane related to M max .

plane that b etter appro ximates the surface around the p oin t P where the ligh t in tersects

it. Suc h a plane is determined in a prepro cess ing step using a least square �tting algorithm

INRIA



Subsurfac e T extur e Mappi ng 13

op erating on the v ertices of the surface included in a spherical neigh b orho o d cen tered at

p oin t P .

The Figure 8 sho ws the p oin ts used for the calculation of suc h a plane whose in tersection

with the view ra y yields a reliable estimate of kKM k. F or eac h v ertex V of the surface,

w e calculate its spherical neigh b orho o d follo wing the radiativ e transfer equation: p oin ts far

from the v ertex V do not con tribute to its outgoing radiance. Since the ligh t follo ws an

exp onen tial atten uation within the medium, the v ertices are considered as 'to o far' from the

considered v ertex V when their distance from V is higher than a giv en maxim um radius. The

radius of the neigh b orho o d, represen ted b y a sphere, dep ends on the extinction co e�cien t

of the material � t . The atten uation for a straigh t tra v ersa l of the ligh t from a v ertex L to

the v ertex V is equal to e� � t kV L k
(in our case, � t is the extinction co e�cien t of the �rst

la y er). If w e consider that the ligh t coming from the v ertex tak en in to accoun t in the plane

calculation as to b e atten uated less than a user de�ned � , it leads to the equation of the

radius r of the sphere, deriv ed as follo ws:

e� � t kV L k � �
kV Lk � � log( � )

� t
;

(7)

whic h leads to:

r = �
log(� )

� t
(8)

In Figure 8 the v ertices out of the sphere are not tak en in to accoun t for the plane estimation.

The appro ximated plane is then obtained with a surface �tting tec hnique using a ro ot

mean square metho d. The Figure 7(b) sho ws the surface appro ximation in green and the

corresp o nding in tersection with the ligh t ra y .

F or a p oin t M of in termediate depth, i.e. b et w een p oin t P and p oin t M max on the ra y

path, w e prop ose to use another appro ximating plane for the calculation of the atten uation

distance KM . This new plane is obtained using the tangen t plane and the appro ximated

plane computed for the p oin t M max , calculated as describ ed ab o v e. Eac h plane is represen ted

b y a normal and a p oin t. The plane related to M is denoted � M f ~NM ; PM g. The normal

v ector to this plane is obtained b y in terp olation of the normal to the tangen t plane, i.e., the

normal of the surface at p oin t P , and the normal to the plane related to the p oin t M max .

� M :

(
~NM = 1

( � + � ) j[� ~NP + � ~NM max ]
PM = 1

( � + � ) [�P P + �P M max ];
(9)

where � = kMM max k and � = kMP k

The calculation of kK 0M k, estimate of kKM k, is presen ted in Figure 9(a) , where: h =
jPM M � NM j , h=kK 0M k = cos(� ) and NM � ! in = cos(� ) , whic h leads to:

kK 0M k =
jPM M � NM j

jNM � ! in j
(10)
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14 F r anc ois & Pattanaik & Bouatouch & Br eton

(a) Calculation of the distance using the plane

appro ximation

(b) Estimation of the distances with the depth

at p oin t M and p oin t K 0

Figure 9: Distance Calculation.

In the case of a m ultila y ered material, the atten uation of the inciden t ligh t dep ends on the

parameters of eac h la y er. F or a three la y ers material, the Equation 6 is mo di�ed as follo ws:

L ri (M; ! in ) = L i (K; ! in )e� � 1
t d1 e� � 2

t d2 e� � 3
t d3 ; (11)

where di and � i
t are resp ectiv ely the distance of the ligh t path inside the i th

la y er and the

extinction co e�cien t of this la y er. W e prop ose to estimate the distances using the same idea

prop osed ab o v e. T o obtain a correct information on the thic kness of the la y ers along the ligh t

ra y path, w e require a ra y tracing or ra y marc hing algorithm with a large n um b er of texture

lo okup in to the subsurface map. Since w e w an t a fast estimate of the reduced in tensit y , w e do

not use suc h algorithms and still calculate the distance kK 0M k as presen ted ab o v e, without

taking the m ultiple la y ers in to accoun t. T o estimate the distances di , distances tra v ersed

b y the ligh t inside the i th
la y er, w e use the depths D M

j and D K 0

j stored in to the subsurface

texture map for p oin ts M and K 0
resp ectiv ely , as sho wn in Figure 9(b) . W e obtain the

texture co ordinates of the p oin ts M and K 0
b y pro jecting the v ector P M , resp ectiv ely P K 0

,

in to the tangen t space and adding the results to the texture co ordinates of p oin t P . If w e

supp ose that the la y er thic knesses b et w een p oin t M and p oin t K 0
are constan t, then w e can

estimate the ligh t path length in eac h la y er:

di � min (kK 0M k �
i � 1X

j =0

D j

cos(� )
;

D i

cos(� )
); (12)

where D j =
D M

j � D K 0
j

2 is an estimate of the j th
la y er's thic kness. This estimate giv es reliable

results in most cases and can b e quic kly ev aluated.
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Subsurfac e T extur e Mappi ng 15

(a) Ra y marc hing (b) Input v ariables. Note that the tangen t T
and the binormal B are not represe n t e d

Figure 10: Illustration of algorithms 1 and 2 .

2.3 Algori t hm

The implemen tation of the di�eren t ideas exp osed b efore is describ ed b y the Algorithms

1 and 2 . Single scattering computation uses a ra y marc hing algor ithm from the p oin t P
to the p oin t M max (see Figure 10(a) ). P erformed in image space, our metho d is e�cien tly

implemen ted on commo dit y graphics hardw are. Some implemen tation details are describ ed

at the end of this section.

Our metho d consists of three steps: (1) estimation of the reduced in tensit y L ri that dep ends

on the ligh t atten uation along KM , K b eing the en try p oin t of the ligh t in to the medium,

(2) computation of the ligh t scattered at p oin t M and (3) atten uation calculation of the

scattered ligh t along P M .

Firstly , w e compute the reduced in tensit y as explained b y the Algorithm 2 . This latter

computes the ligh t ra y/sur fa c e in tersection as w ell as the distances tra v ersed b y ligh t within

eac h la y er as seen in Subsection 2.2 . The output of this algorithm is the ligh t atten uation

along KM , useful for the calculation of the reduced in tensit y .

Secondly , the single scattering term Q(M; ! out ) is computed follo wing Equation 2 and using

the phase function as w ell as the scattering co e�cien t of the la y er con taining p oin t M .

Finally , the atten uation term e
RP

M
� � t (s)ds

along the path kMP k is computed. As w e are

using a ra y marc hing algorithm, the atten uation at the next sample p oin t along the viewing

ra y can b e computed using the atten uation at the previous sample p oin t. In this w a y , for

t w o consecutiv e sample p oin ts M N and M N +1 on the path P Mmax w e ha v e then:

e

RP

M N +1
� � t (s)ds

= e
(
RM N

M N +1
� � t (s)ds+

RP

M N
� � t (s)ds)

= e
RP

M N
� � t (s)ds

e

RM N

M N +1
� � t (s)ds

(13)
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16 F r anc ois & Pattanaik & Bouatouch & Br eton

In the t w o algorithms, the scattering terms � i
t , � i

s and pi
corresp o nd to the extinction co ef-

�cien t, the scattering co e�cien t and the phase function of the i th
la y er, resp ectiv ely . Giv en

a sample p oin t M, the ob jectiv e is to determine the la y er con taining it and the asso cia ted

v alues of the scattering terms accordingly . When comparing the depth of p oin t M with the

la y er depths obtained b y a single texture lo ok-up, one can obtain the la y er to whic h b elongs

M . T o p erform the texture lo okup, P M is pro jected in to the tangen t space. This pro jection

is obtained using the pro jection of v ector P Mmax , (ds; dt) , in Algorithm 1 .

The functions FindLa y er() and La y erThic kness() used in Algorithms 1 and 2 are texture

lo ok-up functions giving resp ectiv ely the n um b er of the la y er con taining a p oin t (using a

depth comparison) and the thic kness of the la y ers for giv en texture co ordinates.

F ollo wing these algorithms, the outgoing radiance of eac h visible p oin t of the pro jected

translucen t ob ject is computed in the fragmen t shader. Some details of the rendering pro cess

using the graphics hardw are are presen ted hereafter.

The planar appro ximation, needed for the estimation of the reduced in tensit y and presen ted

in Subsection 2.2 , is done in a prepro cessing step for eac h v ertex of the mesh represen ting

the surface of the considered translucen t ob ject. T o eac h v ertex V , w e apply a surface �tting

algorithm that results in a normal NSV to the appro ximated plane and a p oin t PV lying on

this plane. Indeed, only NSV has to b e sa v ed since PV can b e reco v ere d using:

PV = V + kNSV kNV (14)

where NV is the normal at v ertex V.

A t run time, for eac h visible p oin t P of the translucen t ob ject, a rasteriza tio n step calculates

the normal NP at p oin t P and the appro ximated plane normal NSP corresp o nding to P .

This appro ximated plane normal is obtained b y in terp olating the normals of the appro xi-

mated planes precomputed for eac h v ertex of the mesh's triangle con taining P . This step

also pro vides the texture co ordinates (uP ; vP ) of the p oin t P as w ell as the tangen t and

bi-normal v ectors at P , sa y T and B . Then, these data are sen t to the fragmen t shader

whic h computes the single scattering.

Before running the ra y marc hing algorithm, the fragmen t shader determines the p oin t M max

(lying on the viewing ra y and within the medium) b ey ond whic h scattering is considered as

negligible. M max is obtained as:

M max = P �
Depthmax

NSP � ! out
! out (15)

NSP is the normal of the appro ximated plane asso cia ted with p oin t P . As sho wn in Figure

10 , the direction of the normal at p oin t P do es not p oin t precisely to the medium depth, in

particular when the surface is bump y . On the con trary , the normal NSP of the appro ximated

plane can b e used to describ e the global depth direction without extra computations.

The other parts of our metho d can b e implemen ted straigh tforw a r dly follo wing Algorithms

1 and 2 .
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Algorithm 1 Subsurface T exture Mapping

Input

See Figure 10(b)

SubsurfaceT exture

numberofsamples = N

Initialization

L(P; ! out ) = 0
AttenuationP M = 1 :0
//Index of the curren t la y er: CurrentLayer = 0
M max = P � Depth max

NS P � ! out
! out

P Mstep =
P Mmax

numberofsamples
//Pro ject the v ector P Mmax in to the tangen t space

(ds; dt) = ( P Mmax :T; P Mmax :B )

T extureCoordinatesStep =
(ds; dt)

numberofsamples
(uM ; vM ) = ( uP ; vP )
depthM = 0
depthStep= P Mstep:N

Ra y marc hing algorithm

for i = 0 to numberofsamples do

//P oin t M lo calization:

CurrentLayer = FindLa y er ( depthM , (uM ; vM ) ,

SubsurfaceT exture)

//Estimate the reduced in tensit y:

L ri (M; ! in ) = ReducedIn tensit yComputation(

P , M , S ,SubsurfaceT exture)

//(see Algorithm 2 ).

//Estimate the single scattering at p oin t M:

L(M; ! out ) = � CurrentLayer
s � L ri (M; ! in )

� pCurrentLayer (M; ! in ; ! out )

//A tten uate the scattered radiance along P M and add the con tribution of p oin t M :

L(P; ! out )+ = L(M; ! out ) � AttenuationP M
� P Mstep

//Mo v e to the next sample M and compute its texture co ordinates and atten uation:

(uM ; vM )+ = T extureCoordinatesStep
depthM + = depthStep
M + = P MStep
AttenuationP M � = e� � CurrentLayer

t kP Mstep k

end for

return L(P; ! out )
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Algorithm 2 Reduced in tensit y computation

Input

See Figure 10(b)

i : sample n um b er

curren tLa y er

P oin t M
T exture co ordinates (uM ; vM )

Initialization

L ri (M; ! in ) = 0
AttenuationKM = 1 :0

//Obtain the planar surface appro ximation:

! in = normalize (MS )

NM =
(i:N P + ( numberofsamples � i ):NSP )

(numberofsamples)

PM =
(i:PM max + ( numberofsamples � i ):P)

(numberofsamples)
cos(� ) = NM � ! in

//Calculate the distance kKM k:

kKM k = kPM M:N M k
cos(� )

//Compute the thic kness of the la y ers at p oin t M :

(D M
1 ; D M

2 ; D M
3 ; D M

4 ) = La y erThic kness ( M , (uM ; vM ) ,

SubsurfaceT exture)

//Compute the thic kness of the la y ers at p oin t K :

K = M + kKM k! in

(uK ; vK ) = ( uP ; vP ) + ( P K:T; P K:B )
(D K

1 ; D K
2 ; D K

3 ; D K
4 ) = La y erThic kness ( K , (uK ; vK ) ,

SubsurfaceT exture)

//A v era g e thic knesses:

(D1; D2; D3; D4) = 1
2 ((D M

1 ; D M
2 ; D M

3 ; D M
4 )

+( D K
1 ; D K

2 ; D K
3 ; D K

4 ))

for j = 0 to 4 do

dj = min ( kKM k �
P j � 1

n =0
D n

cos(� ) ; D j

cos(� ) )
end for

//Calculate the atten uation along KM:

AttenuationKM = e� � 1
t d1 :e� � 2

t d2 :e� � 3
t d3 :e� � 4

t d4

//Estimate the reduced in tensit y:

Lri (M; ! in ) = L i (K; ! in ):AttenuationKM

return Lri (M; ! in )
INRIA
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3 Results

W e ha v e implemen ted our subsurface scattering metho d using fragmen t progra ms written

in n Vidia Cg and exp erimen ted with sev eral translucen t ob jects. All the R GB � subsurface

textures used in this pap er ha v e a resolution of 800� 600. The results giv en in this pap er

ha v e b een obtained on a 3:8 GHz PC with 1024 MB of memory and a GeF orce 7800GTX

with 256 MB of memory .

F or the sak e of more realism, w e ha v e added sp ecular (glossy) and di�use re�ection comp o-

nen ts to the �sh mo del to giv e the �sh's skin a scaly and shin y app earance. Note that the

glossiness emphasizes the translucen t app earance of our ob jects (see [16 ] for more details).

The data used for the �sh mo del are giv en b y Figures 12 and 11 . Ev en though the geometry

of the �sh mo del is coarse, as sho wn in Figure 11 , our metho d allo ws to exhibit �ner details

as sho wn in Figure 13 . This is due to our �ne subsurface relief textures.

Figure 11: Our metho d do es not require densely tesselated ob jects, hence reducing the cost

of v ertex pro cessing.

An R GB � subsurface texture enco des the thic kness of the la y ers. One c hannel of the texture

refers to one la y er. Note that eac h c hannel is created as a single gra ysca le image describing

the distance from the la y er to the surface of the translucen t ob ject. A subsurface texture

is easily created as follo ws. First, w e use an image pro cessing soft w are to create gra ysca le

images, where the in tensit y of a pixel is in v ersely prop ortiona l to the thic kness. In other

w ords, a high in tensit y corresp o nds to a lo w thic kness. Next, w e map this subsurface texture

on the meshed mo del using a 3D mo deler. Figure 12(a) represen ts the comp ositing of the

c hannels corresp o nding to three la y ers. The c hannel � is not used for the �sh mo del. the

red c hannel is almost constan t and describ es a �rst la y er with a constan t thic kness. The

next la y ers presen ted in Figures 12(b) and 12(c) corresp o nd to the green and blue c hannels.
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(a) R GB Subsurface textur e map

(b) Green c hannel (c) Blue c hannel

Figure 12: Subsurface texture map of the �sh mo del.

T able 1 giv es the scattering co e�cien ts used for the �sh mo del. W e ha v e used the Sc hlic k

phase function p(� ) = 1� g2

4� (1+ g cos(� )) 2 where � is the angle b et w een ! in and ! out and g is

called the a v erag e cosine describing the degree of anisotrop y of the phase function. Note that

the parameter g of the phase function as w ell as the extinction and scattering co e�cien ts

are not uniform.

� s(mm � 1) � t (mm � 1)
La y ers R G B R G B g

Dermis 2.0 1.0 1.0 2.6 1.6 1.6 0.25

Blo o d 6.0 3.0 2.0 6.6 3.6 2.6 0.40

Organs 1.0 1.0 2.0 1.5 1.5 2.5 0.80

T able 1: Scattering co e�cien ts used for the �sh mo del.
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Figure 13 sho ws images pro vided b y our metho d and corresp o nding to t w o di�eren t ligh t

con�gurations. Three p oin t ligh t sources are used, one b ehind, one b eneath and one in fron t

of the ob ject. One can easily and accurately distinguish the in ternal structure of the �sh

mo del.

(a) (b)

Figure 13: Fish mo del under t w o di�eren t ligh ting con�gurations.

The n um b er of ligh t sources increases the rendering time but do es not represen t the main

b ottlenec k of the algorithm whic h is the ra y marc hing step. The di�eren t pictures presen ted

in this pap er ha v e b een computed with 100 sampling p oin ts along the viewing ra y . T able 2

giv es a compariso n of the rendering times for di�eren t mo dels with di�eren t sample n um b ers

(see Figure 14 ). All the mo dels ha v e b een rendered at a resolution of 800� 600 pixels.

Images rendered with only 10 samples su�er from aliasing artifacts. This aliasing problem

dep ends on the global depth of the la y ers. Nev ertheless, artifacts disapp ear in most cases

for ra y marc hing with 50 samples or more. The images created with 50 samples and 100

samples are almost similar (some small di�erences can app ear at grazing angles).

(a) 10 samples (b) 20 samples (c) 50 samples (d) 100 samples

Figure 14: Fish mo del rendered with di�eren t n um b er of samples.
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n um b er of samples �sh mo del gec k o mo del

10 126 fps 120 fps

50 51 fps 33 fps

100 20 fps 16 fps

T able 2: Comparison of the rendering time for di�eren t sample n um b ers

(a) (b)

Figure 15: Close-up of the �sh mo del, with subsurface mapping and geometry .

Figure 15 sho ws a closer view of the �sh mo del. Notice the v olumetric app earance of the

in terior, ev en with a coarse mesh. The sp ecular e�ect giv es the view er a hin t of the p osition

of the mo del's surface, giving then a go o d idea of the inner distances.

Our rendering algorithm pro vides the ob jects with a translucen t app earance with new e�ects

due to the v ariabilit y of the la y er thic knesses. Indeed, the ey es and the ab domen of the �sh

app ear dark er b ecause of their pro ximit y to the surface. The bumps on the gec k o skin are

more or less visible dep ending on the p osition of the viewp oin t. These v olumetric e�ects are

commonly observ ed in our daily life and can b e easily in terpreted b y an observ er.

The Figures 17 and 18 giv e some results obtained using t w o other ob jects: a gec k o mo del and

a h uman head mo del. F or the gec k o mo del, subsurface texture mapping is used to describ e

its translucen t bump y skin. Since the thic kness of the skin is small, the relief app earance is

less visible compared to the �sh mo del. As for the h uman head mo del, the skin is describ ed

using a v eins subsurface texture comparable to the one presen ted in Figure 4(a) . The skin

of these t w o mo dels is comp osed of three la y ers.
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4 Conclusion and F uture W ork

W e ha v e prop osed a metho d for mo deling and rendering subsurface scattering in real-time

using progra mma ble GPUs. Our metho d allo ws an in tuitiv e description of complex materials

made up of m ultiple la y ers of v ariable thic kness, o�ering then new e�ects often observ able in

our daily life. Our la y er description is simple since it uses classical texturing already a v ailable

in commo dit y graphics cards. With this description it is p ossible to represen t m ultila y ered

translucen t ob jects at a lo w cost (lo w memory storag e ) using the di�eren t c hannels of a

texture. Computing subsurface scattering requires the determination of the p oin ts at whic h

a ligh t ra y en ters the translucen t ob ject. W e ha v e prop osed a fast metho d based on lo cally

planar appro ximation of ob ject's surface to appro ximate these p oin ts.

Our metho d computes single scattering for ob jects lit b y p oin t ligh t sources. Our next

goal is to compute single scattering under en vironmen t ligh ting condition. The use of an

en vironmen t map w ould lead to complex estimates of the reduced in tensit y . Another goal is

to tac kle the problem of m ultiple scattering computation. Our curren t algorithm can also

b e impro v ed follo wing the ideas prop osed in [13 ] describing non-heigh t-�eld surface details

with m ultiple la y ers.
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(a)

Figure 16: Fish mo del : 1396 v ertices, 2788 triangles
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Figure 17: Rendering of a gec k o mo del : 9774 v ertices, 10944
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Figure 18: Rendering of a h uman head mo del : 36572 v ertices, 73088 triangles.
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