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Simpli�cation of Meshes with Digitized Radiance

Kenneth V anho ey � Basile Sauv age � Pierre Kraemer � F r � ed � eric Larue �

Jean-Mic hel Disc hler

Abstract View-dep enden t surface color of virtual ob-

jects can b e represen ted b y outgoing radiance of the

surface. In this pap er w e tac kle the pro cessing of out-

going radiance stored as a v ertex attribute of trian-

gle meshes. Data resulting from an acquisition pro cess

can b e v ery large and computationally in tensiv e to ren-

der. W e sho w that when reducing the global memory

fo otprin t of suc h acquired ob jects, smartly reducing the

spatial resolution is an e�ectiv e strategy for o v erall ap-

p earance preserv ation. Whereas state-of-the-art simpli-

�cation pro cesses only consider scalar or v ectorial at-

tributes, w e con v ersely consider radiance functions de-

�ned on the surface for whic h w e deriv e a metric. F or

this purp ose, sev eral to ols are in tro duced lik e coher-

en t radiance function in terp olation, gradien t computa-

tion, and distance measuremen ts. Both syn thetic and

acquired examples illustrate the b ene�t and the rele-

v ance of this radiance-a w are simpli�cation pro cess.

Keyw ords Digitized artifacts � Surface ligh t �eld �

Radiance � Mesh simpli�cation � Rendering

1 In tro duction

In the scop e of digitization of cultural heritage, the de-

mand for high-�delit y visualization is increasing. Com-

pared to usual colored surfaces (using, e.g. , textures,

v ertex colors), surface ligh t �elds (SLF) impro v e ap-

p earance mo deling: the color dep ends not only on the

p osition on the surface (spatial dimension) but also on
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the viewing direction. This allo ws capture of, e.g. , sp ec-

ular highligh ts induced b y glossy ob jects. Applications

include virtual m useums, arc hiving, and o�-site study .

Acquiring SLF is regularly made easier and more re-

liable b y the dev elopmen t of acquisition devices, treat-

men ts, and reconstruction algorithms [14, 24]. The mem-

ory load ho w ev er still gro ws in prop ortion to the spa-

tial resolution m ultiplied b y the directional one. Mem-

ory limits for storage, transmission and rendering ma y

b e pushed in v arious w a ys, using data compression,

streaming, data reduction, and lev el-of-detail approac hes.

In this pro ject, our acquisition pro cess [24] gener-

ates dense surface meshes t ypically comp osed of h un-

dreds of thousands to millions of v ertices p er ob ject

(spatial dimension). Compact represen tations of hemi-

spherical radiance functions (RF) stored on these v er-

tices still require dozens of co e�cien ts p er v ertex (di-

rectional dimension). Our main con tribution is a new

metho d for the reduction of this dense data that ex-

ploits a radiance-a w are metric for geometric mesh sim-

pli�cation, as illustrated in Fig. 1. T o our kno wledge,

no other metric exists for suc h functional data, th us w e

compare our results to state-of-the-art color-a w are sim-

pli�cation. W e sho w that reducing the spatial resolution

(our strategy) ma y b etter preserv e the visual qualit y

compared to reducing the directional resolution.

Alternativ ely , one can store radiance in texture maps

instead of on v ertices [2, 25]. Ho w ev er texture mapping,

�ltering, and mip-mapping raise sev eral issues. First, a

parameterization has to b e de�ned, whic h, for complex

ob jects, implies to cut the texture in to pieces (c harts).

T o a v oid visible seams at c hart b oundaries and p er-

mit mip-mapping, texel redundancy and complex data

structures are often used [21]. Second, it is di�cult to

adapt the resolution of the texture according to spa-

tial v ariations unless they ha v e b een tak en in to accoun t

when building the parameterization. Con v ersely , mesh
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Fig. 1 Double dragon mo del with p er-v ertex radiance attribute. Mesh simpli�cation adapts to geometric, color, and sp ecular

features. RF are enco ded with p olynomials of bi-degree 4 and resp ectiv ely w eigh 401 M B , 13 M B , 6 M B and 3 M B .

simpli�cation is designed to adapt the spatial resolu-

tion, assuming that radiance is stored on eac h v ertex.

Some previous tec hniques [2, 25] address the prob-

lem of compressing directional information indep enden t-

ly of spatial information. Our approac h is complemen-

tary since it addresses spatial simpli�cation of the data:

further directional compression remains compatible.

The k ey concept of our approac h is to com bine a

w ell-kno wn mesh-driv en simpli�cation algorithm ( i.e. ,

iterativ e edge-collapse [11]) with a new metric de�ned

on radiance, that measures what will b e actually ren-

dered. Therefore, RF are attac hed to the v ertices of

an o v er-dense surface mesh after acquisition and pre-

pro cessing. Our con tributions start b y �rst determin-

ing a set of to ols to do calculations with RF on the

surface, including sp ecular highligh t-a w are in terp ola-

tion, gradien t computation and distance measuremen t

(section 3). Second, w e prop ose a metho d that simpli-

�es dense data while ensuring visual similarit y w.r.t.

to the original. Therefore w e de�ne a new metric on

RF that allo ws to ev aluate the cost of an edge col-

lapse op eration (section 4). Lev el-of-detail rendering is

then made p ossible b y the use of progressiv e meshes:

the data is represen ted at m ultiple scales suc h that it

can b e adapted at run time to the actual rendering con-

strain ts. Third, b ecause simpli�ed meshes can exhibit

large triangles that ma y co v er man y pixels in screen-

space, w e prop ose an impro v ed rendering metho d in

order to preserv e the ligh t �eld highligh ts ev en in those

cases (section 5). Compared to directional reduction,

the results sho w that radiance-a w are spatial simpli�ca-

tion w ell preserv es acquired ob jects app earance. Com-

pared to color-based metric, our metho d is also more

accurate in the preserv ation of the directional features

of the ob jects (section 6).

2 Related w ork

This w ork is related with t w o areas: i) view-dep enden t

colors, namely ligh t �elds, and ii) mesh-driv en lev el-of-

detail metho ds, in particular mesh simpli�cation.

2.1 Surface ligh t �elds

Ligh t �elds [10, 17] de�ne the color of a scene as a func-

tion of a 4D space co v ering p osition and the viewing

direction. Surfac e ligh t �elds map these data on the

surface as a w a y to discard bac kground data and a v oid

pro jection and parallax errors, th us b eing more precise.

It can b e expressed b y i) a com bination of eigen-v ectors

b y using factorization metho ds [5, 20], or ii) indep en-

den t lo calized 2D hemispherical RF [2, 25]. F or k eeping

lo cal con trol in our algorithm, w e use the latter.

Numerous function bases can b e used to represen t

2D RF in a data-driv en acquisition con text. Non-linear

ones ( e.g. , [16]) are precise but ma y b e di�cult to ob-

tain or pro cess [26]. They are rather used for represen t-

ing BRDF, i.e. , 4D hemispherical functions. F or 2D,

linear com binations of basis functions are widely-used

for their simplicit y and exibilit y . Commonplace are

spherical harmonics or w a v elets [18, 23], p olynomials

[19], or lumispheres [25]. Cho osing the appropriate one

is left to the user: our algorithms are indep enden t of

it. This c hoice ho w ev er inuences b oth implemen tation

complexit y and computation time.

2.2 Mesh simpli�cation

Surface mesh simpli�cation has b een giv en a lot of at-

ten tion. W e are in terested in metho ds considering ge-

ometry and asp ect-describing attributes ( e.g. , color, tex-

ture) [3, 4, 7{9, 11, 12]. Metho ds exploiting the unitary

edge collapse op eration (Fig. 3 and Fig. 5), as opp osed

to v ertex remo v al or triangle collapse, are standard b oth

for ease of implemen tation and wide range of applica-

tions. Edges are iterativ ely collapsed in increasing order

of damage they cause. Hereb y , w e de�ne a new measure

of this damage. Some metrics allo w to de�ne an optimal

em b edding ( i.e. , that minimizes the metric) for the v er-

tex resulting from a collapse. Half-edge collapse instead

de�nes the resulting v ertex as one of its t w o predeces-

sors. Our new metric can b e used with b oth v arian ts.
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Metric on ge ometry. The quadric err or metric (QEM)

is the most widely-used geometric error metric [7]. It

e�cien tly estimates the sum of squared distances w.r.t.

the planes de�ned b y the triangles of the initial (dense)

mesh surrounding the v ertices preceding the collapse.

A \memoryless" v arian t [12] computes the QEM w.r.t.

the mesh immediately preceding the curren t collapse

instead of the initial mesh. Our new metric is de�ned

as a com bination of a memoryless QEM with a (also

memoryless) radiance measure.

Metric on sc alar or ve ctorial attributes. Classical at-

tributes ( e.g. , normals, colors) are real-v alued v ectors

of some dimension m . A �rst strategy directly extends

the QEM to R

3+ m

b y mixing up geometry and other

attributes [8]. As considering suc h a mix is quite ar-

bitrary , the more recen t alternativ es use the QEM as

a geometry metric and add their sp eci�c error to it.

In [12], a separate QEM is computed in attribute space

R

m

, and in [15], a metric is sp eci�cally designed for

v ertex colors. Both com bine this with the QEM for ge-

ometry . None of these tec hniques is directly extensible

to functional attributes.

Metric on r adianc e attributes. T o our kno wledge, func-

tional attributes ha v e not b een considered b efore. The

RF w e are dealing with enco de a color dep ending on the

viewing direction. A constan t RF (di�use color) is th us

equiv alen t to color attributes. W e compare our radiance

metric on suc h data in Fig. 9.

Pr o gr essive meshes [11] rev erse edge collapses b y v er-

tex splits. They represen t triangle meshes at di�eren t

resolutions. In the presen t pap er w e sho w progressiv e

meshes with radiance attribute.

3 Calculations on radiance functions

Surface ligh t �elds L ( p ; ! ) de�ne for ev ery p oin t p on

the surface the outgoing radiance. This is a function

that asso ciates a color to an y viewing direction ! . It

represen ts the ligh t emitted from p in to direction ! .

The domain for ! is the hemisphere of visible directions,

i.e. , cen tered on n , the normal to the surface at p .

In our setting, the surface is a triangle mesh de�ned

b y its connectivit y and its p ositions p

i

and normals n

i

at v ertices v

i

. The em b edding is linear: a p oin t with

barycen tric co ordinates ( �

1

; �

2

; �

3

) in a triangle t =

( v

1

; v

2

; v

3

) is em b edded at p = �

1

p

1

+ �

2

p

2

+ �

3

p

3

. The

normal is also assumed to b e linearly in terp olated (up

to normalization), whic h is a common appro ximation

for rendering. A radiance function L ( p

i

; ! ) is de�ned

at eac h v ertex.

In this section, w e de�ne to ols to calculate on radi-

ance functions o v er the surface. They will b e used to

design a new metric for simpli�cation (section 4) and

to de�ne impro v ed rendering form ulas (section 5). First,

w e de�ne form ulas for RF reected around the lo cal sur-

face normal (section 3.1), as they exhibit higher spatial

coherence [25]. Second, w e deriv e triangle in terp olation

(section 3.2), whic h de�nes L at an y p on the surface

(spatial con tin uit y). Third, w e deriv e triangle extrap-

olation (section 3.4), whic h de�nes RF o� the initial

surface, whic h is useful since edge collapses c hange the

geometry . The latter exploits a gradien t of the RF on

the surface (spatial deriv ativ e) whic h w e �rst presen t in

section 3.3. Finally w e prop ose distance measuremen ts

b et w een t w o RF (section 3.5) so as to serv e our metric.

3.1 Reected represen tation

Let L ( p ; ! ) b e a RF de�ned on the hemisphere orien ted

with normal n . W e apply the reection R

n

with resp ect

to n in order to get

e

L ( p ; ! ) = L ( p ; R

n

! ) whic h w e call

r ee cte d r adianc e function (r-RF). This idea impro v es

the spatial coherence for a large class of common ma-

terials. It has indeed b een used e�cien tly for compact

BRDF represen tation [22], image-based rendering b y

pre-�ltered en vironmen t mapping [1], and compression

of SLF [25]. W e apply it for coheren t in terp olation and

impro v ed rendering qualit y .

The motiv ation is that the reected

e

L tend to c hange

less than L when p v aries, i.e. , o v er the surface. Fig. 2

illustrates this on a simple example: supp ose t w o func-

tions L ( p

1

; � ) and L ( p

2

; � ) (middle) w ere reconstructed

from a similar material (sa y , a Phong-lik e reectance

mo del) and a p oin t ligh t source. They then exhibit sp ec-

ular p eaks around the ideal reection direction. Since

the surface normals n

1

and n

2

div erge, L ( p

1

; � ) and

L ( p

2

; � ) di�er a lot. In con trast,

e

L ( p

1

; � ) and

e

L ( p

2

; � )

(b ottom) are similar b ecause the p eaks are aligned with

the ligh ting direction.

This holds for complex ligh ting en vironmen ts ( e.g. ,

man y ligh ts) resulting in complex outgoing radiance

functions, pro vided that the common ligh ting en viron-

men t is at in�nite distance. In ter-reections and auto-

o cclusions violate this condition in general, but it is

resp ected lo cally when comparing nearb y p oin ts on the

surface: reection lo c al ly increases the coherence. This

is v ery imp ortan t in our con text b ecause edge collapse

(section 4) is a lo c al pro cess for simplifying preferably

homogeneous regions, and rendering (section 5) lo c al ly

in terp olates RF in triangles. As a result, a region with

homogeneous material and similar lo cal en vironmen t

results in homogeneous r-RF o v er the region.
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Fig. 2 In terp olation at p oin t p of t w o radiance functions

L ( p

1

; � ) and L ( p

2

; � ). F unctions at v ertices p

1

and p

2

are

deriv ed from a p oin t ligh t source at in�nite distance and a

Phong-lik e reectance mo del. i) Eac h function is reected

w.r.t. its o wn normal. ii) Linear in terp olation is p erformed

(b ottom). iii) The result is reected w.r.t. the in terp olated

normal n . Naiv e in terp olation on non-reected functions

(dashed line) w ould b e m uc h less coheren t.

3.2 In terp olation

In terp olation consists in deriving a RF at an y p osition

p in a triangle t from kno wn RF at v ertices p

1

, p

2

and p

3

. As presen ted in Fig. 2, w e de�ne the r-RF at

p = �

1

p

1

+ �

2

p

2

+ �

3

p

3

through linear in terp olation:

e

L

t

( p ; ! ) = �

1

e

L ( p

1

; ! ) + �

2

e

L ( p

2

; ! ) + �

3

e

L ( p

3

; ! ) (1)

whic h formally de�nes a RF in terp olation b y

L

t

( p ; ! ) = �

1

L ( p

1

; R

n

1

R

n

! )

+ �

2

L ( p

2

; R

n

2

R

n

! ) + �

3

L ( p

3

; R

n

3

R

n

! ) (2)

This pro cedure tends to preserv e sp ecular p eaks b e-

cause it essen tially in terp olates functions of ! while

naiv e in terp olation (Fig. 2, middle, dashed line) w ould

in terp olate colors at �xed ! .

3.3 Gradien t

If one �xes the viewing direction ! then equation (1)

amoun ts to simple linear in terp olation of colors o v er

the triangle t . Th us for �xed ! , the gradien t w.r.t. p of

e

L

t

is constan t o v er t . Di�eren tiation on the surface [6]

leads to

r

p

e

L

t

( ! ) = J ( J

T

J )

� 1

"

e

L ( p

2

; ! ) �

e

L ( p

1

; ! )

e

L ( p

3

; ! ) �

e

L ( p

1

; ! )

#

(3)

where J =

�

p

2

� p

1

; p

3

� p

1

�

. Note that r

p

e

L

t

is a

function de�ned o v er the hemisphere. It should b e a

Jacobian matrix but w e consider the color c hannels sep-

arately (see section 7), so w e compute one v ector p er

c hannel.

3.4 Extrap olation

By using the gradien t, equation (1) can b e rewritten as

e

L

t

( p ; ! ) =

e

L ( p

1

; ! ) + r

p

e

L

t

( ! ) � ( p � p

1

) (4)

Although the gradien t lies in the triangle's plane and

w as designed to compute interp olation , this form ula ac-

tually de�nes its extension to compute it for p that

do es not lie in the triangle, not ev en in the plane. Con-

v ersely to the straigh tforw ard equation (1) , form ula-

tion (4) pro vides extr ap olation b y extending

e

L

t

to 3D

with constan t gradien t on the whole plane and a (spa-

tially) constan t (directional) color in the normal direc-

tion. W e exploit this in section 4.

3.5 Distance measuremen ts

W e de�ne the distance b et w een radiance functions b y

d ( L ( p

1

; � ) ; L ( p

2

; � )) =







e

L ( p

1

; � ) �

e

L ( p

2

; � )







L

2

( 
 )

(5)

where

k L ( p ; � ) k

L

2

( 
 )

=

�

1

2 �

Z

! 2 


L ( p ; ! )

2

d!

�

1 = 2

(6)

is the L

2

-norm for square in tegrable functions on the

hemisphere 
 . The c hoice of 
 will b e discussed in

section 4.1.

This measure, whic h in tegrates r-RF rather than

RF, has sev eral adv an tages:

{ It is consisten t with the ab o v e in terp olation pro ce-

dure: the a v erage of L ( p

1

; � ) and L ( p

2

; � ) minimizes

the sum of squared distances to L ( p

1

; � ) and L ( p

2

; � ).

{ Distance b et w een di�use RF ( i.e. , constan t func-

tions) reduces to distance b et w een simple colors.

{ k L ( p ; � ) k

L

2

( 
 )

= k

e

L ( p ; � ) k

L

2

( 
 )

since they are de-

�ned on the same hemisphere.
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4 Mesh simpli�cation

A mesh is de�ned b y its connectivit y and its em b edding,

whic h is generally a set of attributes attac hed to the

v ertices. Mesh simpli�cation based on edge collapse [11]

essen tially consists in t w o stages:

1. build a priorit y queue of all collapsible edges;

2. un til the mesh is simpli�ed enough, collapse the �rst

edge and up date the queue.

This algorithm is grounded on a priorit y criterion (for

the edges) and an em b edding strategy (for the v ertex

resulting from a collapse), whic h m ust b oth tak e in to

accoun t all the attributes. W e �rst presen t our radiance

error metric in the con text of half-edge collapse and

then extend it to general edge collapse.

4.1 Radiance error metric for half-edge collapse

Half-edge collapse is represen ted in Fig. 3: the edge v

0

v

1

is collapsed on to v

1

. W e de�ne the radiance error caused

b y the collapse as a p erceiv ed di�erence p o w er of ligh t

emitted b y the surface. Indeed, since L is a luminous

ux (lumen) p er unit solid angle and p er unit surface

area, the error E de�ned as follo ws has squar e d lumen

for theoretic dimension.

E =

X

t

Ar ea ( t ) d

2

�

L ( p

0

; ! ) ; L

t

( p

0

; ! )

�

(7)

where the distance is de�ned b y equation (5) , extrap o-

lation is de�ned b y equation (4) , and the sum runs o v er

the p ost-collapse mo di�ed triangles (Fig. 3 righ t).

This equation can b e understo o d as follo ws. Eac h

�nal triangle t = ( v

1

; v

2

; v

3

) con tributes to the error in

prop ortion to its area m ultiplied b y the c hange of RF

caused b y the collapse. The c hange of RF is measured

b y the squared distance b et w een the RF at p osition p

0

b efore and after collapse. The RF at p

0

is L b efore

collapse and is extrap olated from the triangle t b y L

t

after collapse. Since the distance is measured at p oin t

p

0

, the hemisphere for in tegration is c hosen to b e 


0

.

Fig. 3 Half-edge collapse of v

0

v

1

on to v

1

. The p oin t p

0

(p o-

sition of the v ertex v

0

b efore collapse) is generally o� the

surface after collapse.

4.2 Coherence with di�use color

T o understand the relev ance of E in terms of color, con-

sider purely di�use materials: equation (5) still applies

and the distance reduces to an error b et w een colors. As

a consequence, E is the squared color error times the

impacted area. Fig. 4 illustrates t ypical situations: the

triangle t in red con tributes to the error if its extrap-

olated color L

t

(bac kground) di�ers from the original

color, i.e. , b efore the collapse. This is the case of p

00

0

,

as opp osed to p

0

and p

0

0

whic h p erfectly matc h L

t

. E

is a go o d measure of visible color c hanges b ecause the

gradien t links color and geometry: the con tribution at

p

00

0

is p ositiv e although its original color is the same

as p

1

, while the con tribution at p

0

0

v anishes although

its original color di�ers from that of p

1

.

Our metric can then b e compared to previous er-

rors for color attributes [8, 12, 15]. It com bines all the

follo wing adv an tages:

{ Neither lo cal parameterization nor pro jection is needed.

{ It can b e extended to functional attributes lik e ra-

diance.

{ The com bination with common quadratic geometric

errors is in v arian t under scaling (see section 4.4).

In the results section (Fig. 9), w e sho w comp etitiv e re-

sults compared to a state-of-the-art metric on colors.

4.3 Em b edding and metric for edge collapse

Compared to half-edge collapse the more general edge

collapse case requires an em b edding strategy for all at-

tributes ( p , n and L ) of the v ertex resulting from the

collapse. W e used the optimal p osition p as prop osed

in [7]. Ho w ev er, in order to de�ne the normal n , w e

Fig. 4 Illustration of the con tribution of a single triangle

t (red) to the error of the collapse of v

0

v

1

on to v

1

(equa-

tion (7)). The shaded bac kground represen ts its extrap olated

color L

t

while dots p

0

, p

0

0

and p

00

0

represen t 3 p ossible

p ositions and original colors ( i.e. , at v

0

b efore collapse, see

Fig. 3). The color error b et w een a dot and the bac kground is

measured b y d

2

in equation (7).
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Fig. 5 Edge collapse.

don't use the extended QEM [8] b ecause mixing nor-

mals and geometry is someho w arbitrary . Instead w e

pro ject p on to the edge p

0

p

1

and then linearly in terp o-

late b et w een n

1

and n

2

accordingly . The reected radi-

ance

e

L ( p ; ! ) is in terp olated in the same w a y , b y restrict-

ing equation (1) to one dimension along the edge. Unlik e

half-edge collapse, an explicit expression of

e

L ( p ; ! ) is

required here. Th us a rotation-in v arian t spherical basis

is needed (see section 6).

Finally , the RF error is computed b y summing equa-

tion (7) applied once for p

0

o v er the triangles depicted

in blue in Fig. 5 and once for p

1

o v er the triangles de-

picted in green.

4.4 Com bination with geometric error

T o b e e�ectiv e, simpli�cation m ust consider all the at-

tributes. W e therefore linearly com bine E with the mem-

oryless v arian t of the standard QEM [12] b ecause our

radiance metric is also memoryless. Lik e the QEM, our

metric has quadratic gro wth in the mesh size, so the

balance b et w een b oth do es not dep end on the geomet-

ric scaling. Still, the balance dep ends on the mesh den-

sit y and on the color space enco ding. In our examples,

the radiance error is v ery lo w b ecause color c hanges are

gradual and sp ecular e�ects impact only part of the

hemisphere. So w e empirically w eigh ted 1% geometry

and 99% radiance on all our examples.

4.5 Progressiv e meshes

Considering w e ha v e at our disp osal an edge collapse

metric and an em b edding strategy , one can build pro-

gressiv e meshes with radiance attributes. A k ey ap-

plication here is lev el-of-detail rendering. It consists

in adapting the resolution to the rendering conditions

(viewp oin t, memory and time resources, screen-space

resolution). The issue is to dynamically adapt the res-

olution in suc h a w a y that collapses and splits are not

p erceptible. Static pictures are therefore not suited for

illustrating this, esp ecially since radiance is visible when

the viewp oin t c hanges. The accompan ying video (On-

line Resource 2) sho ws that this application is e�ectiv e.

5 Rendering

Ev en tually , the ob ject is rendered. In section 4, w e de-

termined a metric that considers in terp olation of r-RF

within eac h triangle. In this section, w e de�ne ho w to

render accordingly and visually sho w wh y this in terp o-

lation is imp ortan t.

A straigh tforw ard tec hnique for shading triangles

with RF de�ned on their v ertices consists in ev aluating

the RF on these v ertices within the vertex shader and

then in terp olating resulting colors at fragmen t lev el,

i.e. , within the triangle. This approac h w orks w ell when

triangle meshes are extremely dense w.r.t. the view-

p oin t, i.e. , a triangle co v ers only a few pixels in screen-

space. Con v ersely , when considering simpli�ed meshes,

triangles can b e large in screen-space. This tec hnique

then tends to sw eep out sp ecular highligh ts, as sho wn

in Fig. 6. One can notice that this is equiv alen t to p er

fragmen t naiv e in terp olation of RF (Fig. 2, dashed line).

It generates artifacts analogous to those of Gouraud-

shading with v anishing highligh ts inside the triangles.

Rendering qualit y can signi�can tly b ene�t from the

RF in terp olation prop osed in section 3.2. In practice,

the reected functions

e

L are stored and transferred to

the GPU. The r-RF ev aluation is no w done in the fr ag-

Fig. 6 T o y example generalizing Fig. 2: four radiance func-

tions are stored on a four-v ertex plane. Their normals div erge

and the functions represen t a di�use + sp ecular b eha vior ( i.e. ,

a Phong-lik e BRDF). Left (naiv e in terp olation): the sp ecular

highligh t fades out at some angles. Righ t (equation (8)): the

sp ecular highligh t is w ell in terp olated.
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ment shader as follo ws:

L

t

( p ; ! ) = �

1

e

L ( p

1

; R

n

! )

+ �

2

e

L ( p

2

; R

n

! ) + �

3

e

L ( p

3

; R

n

! ) (8)

whic h is actually equation (2) with r-RF on the righ t-

hand side. The impro v emen t of this r-RF in terp olation

o v er naiv e RF in terp olation is analogous to the w ell-

kno wn impro v emen t of Phong shading o v er Gouraud

shading, but applied to stored RF. Fig. 6 sho ws a quad

(2 triangles) with div ergen t normals: equation (8) pre-

v en ts the sp ecular p eak to fade out inside the quad.

T o ev aluate equation 8 at fragmen t lev el, implemen-

tation needs to b e adapted. The follo wing data is re-

quired for eac h fragmen t:

{ the in terp olated p osition p and normal n ;

{ barycen tric co ordinates �

1

, �

2

and �

3

;

{ all three r-RF of its triangle (

e

L at p

1

, p

2

and p

3

).

T o obtain the three r-RF p er fragmen t, they are du-

plicated on the pro v oking v ertex of the triangle in the

ge ometry shader and exp orted as at output attributes.

W e actually duplicate only references to the r-RF whic h

are stored in arra ys.

Note that switc hing from p er-v ertex to p er-fragmen t

ev aluation impacts p erformance. It mo v es the complex-

it y from O (visible v ertices) to O (ob ject-co v ered screen-

space pixels). This implies that rendering sp eed increa-

ses when visualizing the ob ject from a distance. Con-

v ersely , rendering sp eed decreases when visualizing a

simpli�ed mesh, i.e. , when triangles co v er man y pix-

els. It is ho w ev er in the latter case that visual qual-

it y is impro v ed b y p er-fragmen t ev aluation. So ev en-

tually , the user can see the c hoice of p er-v ertex v ersus

p er-fragmen t ev aluation as a trade-o� b et w een, resp ec-

tiv ely , rendering sp eed and qualit y .

6 Results

Basis functions. W e exp erimen ted with t w o linear bases.

First, a space of p olynomials [19] that represen t hemi-

spherical functions b y orthogonal pro jection on the tan-

gen t plane. These functions m ust b e expressed in a lo cal

frame and the space is in v arian t under rotation around

the normal. F or all �gures but Fig. 7 w e used a p oly-

nomial basis (PB) of bi-degree d = 4 whic h require

( d +1)( d +2)

2

= 15 co e�cien ts p er c hannel and a rotation

(from global to lo cal frame). W e also exp erimen ted with

spherical harmonics [18] whic h represen t functions on

the en tire sphere. They can b e expressed either in a lo-

cal or a global frame and the space is in v arian t under

an y rotation. Although functions are enco ded on the en-

tire sphere, they con tain relev an t information only for

PSfrag replacemen ts

607 M B 152 M B 149 M B

188 M B 47 M B 44 M B

0 M ax

Fig. 7 The original (left) is reduced b y mesh simpli�cation

(middle) and degree reduction (righ t). Memory reduction is

similar. All ob jects use spherical harmonics in global frame.

Elephan t, resp ectiv ely: d = 6 & 1 M v ertices, d = 6 & 250 K

v ertices, d = 2 & 1 M v ertices. Mask, resp ectiv ely: d = 8 &

193 K v ertices, d = 8 & 48 K v ertices, d = 3 & 192 K v ertices.

the visible hemisphere, so it is complian t with the com-

putations of previous subsections. W e sho w spherical

harmonics (SH) of degree d = 2 ; 3 ; 6 and 8 expressed in

global frame (Fig. 7), whic h require ( d + 1)

2

= 9 ; 16 ; 49

and 81 co e�cien ts p er color c hannel, resp ectiv ely .

W e emphasize that our algorithms do not dep end

on the basis c hosen, neither on the basis degree, nor

on the frame. W e argue that the c hoice should b e left

to the �nal user according to the application needs.

Simpli�cation results only sligh tly di�er according to

the basis (see Online Resource 1). Equations (1) to (8)

apply whatev er the basis and the frame. Ho w ev er, for

hemispherical functions, (1) to (4) can b e computed for

a �xed ! only b ecause it requires rotations around arbi-

trary v ectors. On the con trary , rotation-in v arian t spher-

ical functions allo w for an explicit expression of the re-

sults in the basis. In other w ords, equations on functions

translate in to equations on co e�cien ts. A global frame

is not mandatory: it mak es most computations simpler,

except reection whic h is trivial in a lo cal frame.

Sp atial versus dir e ctional data r e duction. Fig. 7 sho ws

that, to sa v e memory , it ma y b e b ene�cial to simplify
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Fig. 8 Original data (top ro w) exhibits di�use strips on sp ec-

ular material. Compared to radiance error (b ottom), color

error (middle) fails to preserv e sp ecular features. Simpli�ca-

tion to 50% is pro cessed through half-edge collapse. The color

error is extended QEM [8] applied to the RF's a v erage color.

the mesh (spatial resolution) rather than to reduce the

degree of the basis (directional resolution). On suc h

glossy ob jects, preserving sp ecular highligh ts is essen-

tial for p erceiving the material and the geometry , as

b ecomes clear on animated ob jects in the accompan y-

ing video (Online Resource 2). The colored errors em-

phasize that simpli�cation tends to remo v e �ne details

scattered on the surface, while degree reduction tends

to pro duce large errors on the highligh ts.

Comp arison to c olor metrics. With existing tec hniques,

the b est one can do is to use color metrics applied on

p er-v ertex di�use ( i.e. , non-directional) color. Fig. 8 il-

lustrates the need for impro v emen t o v er the latter on

a syn thetic example. Sligh t simpli�cation is p erformed

on a sphere alternating di�use and sp ecular materials

(top). It sho ws that straigh tforw ard usage of a color

metric is unable to detect and preserv e sp ecular fea-

tures, while our radiance metric do es (b ottom).

T o sho w a fair comparison of our metric w.r.t. state

of the art metho ds w e compare it with color metrics

when applied on the di�use color comp onen t of our ob-

jects. In this case, our metric reduces to a color distance

(see section 4.2). The lo w er pair of Fig. 9 illustrates

this on the mask forehead. Simpli�cation at 25% still

preserv es �ne w o o d v eins; at 1 : 5%, only pronounced

features are preserv ed. Our metric applied on the full

radiance (top ro w) do es not deteriorate the results com-

pared to color metrics. Both our radiance metric (top)

and its application on di�use color (middle) comp ete

with the extended QEM (b ottom) on this material ha v-

ing predominan t non-directional color features. Note

PSfrag replacemen ts

Ext.

QEM

QEM

+

di�.

QEM

+

rad.

Original

193 k v ert.

+ wireframe25%(48 k ) 1 : 5%(3 k )

Fig. 9 The mask forehead exhibits few geometry or reec-

tion but strong color features. Our metric on radiance (top)

and its application to di�use colors only (middle) amoun t

to similar results, and they comp ete with QEM extended to

colors (b ottom) [8], ev en for sev ere simpli�cation. Note ho w

w ell the triangles adapt to the features (righ t column). RF are

enco ded with P B ( d = 4) and resp ectiv ely consume 42 M B ,

10 M B and 0 : 7 M B of memory .

ho w the resulting triangles follo w the color features at

high simpli�cation ratios (righ t column).

The mask face in con trast has a quite uniform color

and few geometry but high sp ecular e�ects, as sho wn

b y di�eren t viewp oin ts in Fig. 10. In suc h case the ra-

diance metric (middle) impro v es o v er the metric on dif-

fuse colors (b ottom): the triangles on the ey ebro w and

the ey elid are m uc h b etter adapted to the features.

Finally , w e dro v e tests on another large and complex

acquired dataset (double dragon, 921 k v ertices, Fig. 1)

whic h com bines geometry , color, and directional fea-

tures. It resists to sev ere simpli�cation and the di�er-

en t t yp es of features ha v e b een preserv ed. A go o d bal-

ance b et w een them is ensured b y the geometry-radiance

com bination describ ed in section 4.4.

Edge vs. half-e dge c ol lapse. In section 4, w e discussed

t w o em b edding strategies: edge collapse and half-edge

collapse. Fig. 7 sho ws edge-collapse whereas Fig. 9 and

Fig. 10 sho w half-edge collapse. There are no signi�can t

di�erences b et w een results: half-edge collapse generates

more elongated triangles while edge collapse ma y mix

colors. This did not result in issues on our examples so

one or the other can b e used safely .

7 T ec hnical details

Color channels. Besides R GB, w e tested CIELUV and

CIELAB color spaces b ecause they are p erceptually

uniform. Since w e observ ed only minor di�erences (see
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PSfrag replacemen ts

Original

QEM

+

di�.

QEM

+

rad.

193

k

v

ert.

1

:

5%(3

k

v

ert.)

1

:

5%(3

k

v

ert.)

Fig. 10 Simpli�cation of the mask mo del (original on top

ro w) using our radiance metric (middle) and its restriction

to di�use color (b ottom). Di�eren t viewp oin ts and close-ups

sho w imp ortan t ligh t reections on the face. The radiance

metric b etter preserv es imp ortan t visual features ( e.g. , ey e-

bro w, ey elid). See caption of Fig. 9 for mo del details.

Online Resource 3), w e w ork ed in R GB endo w ed with

the 2-norm. This norm has the adv an tage that the 3

color c hannels can b e treated separately in equation (7) .

Numeric al inte gr ation of err ors. The computation of

errors (equation (7) ) requires to in tegrate a mix of func-

tions o v er a hemisphere. Deriving a closed form w ould

b e tedious, if ev en p ossible. When using p olynomials,

this is due to lo cal frame alignmen ts and domain in-

tersections. When using spherical harmonics, it is due

to the arbitrary orien tation of the in tegration domain.

Therefore w e p erform n umerical in tegration using Leb e-

dev quadrature on the sphere.

Time c omplexity. Simpli�cations t ypically tak e a few

hours for our acquired data. The complexit y is � ( N (log N +

B P )) where N is the n um b er of v ertices, B the n um-

b er of basis functions, and P the n um b er of in tegra-

tion p oin ts. The n umerical in tegration ( B P ) actually

dominates the priorit y queue up date (log N ). Th us the

algorithm is suitable and scalable for an o�line pro cess.

Data ac quisition and r e c onstruction. The double dragon

(Fig. 1), the mask (Fig. 9 and Fig. 10) and the elephan t

(Fig. 7) are acquisitions of real ob jects. Geometry is

acquired with a 3D-scanner op erating with structured

ligh t. It generates p oin t clouds whic h are appro ximated

b y a triangle mesh using the P oisson surface recon-

struction algorithm [13]. Radiance functions are �tted

on photographs that are tak en with a hand-held high-

resolution camera and pro jected on to the mesh [24].

The radiance functions attac hed to the plane and the

spheres (Fig. 6 and 8 and accompan ying video in On-

line Resource 2) are �tted on virtually acquired pho-

tographs of a syn thetic scene c haracterized b y p oin t

ligh t sources and BRDF.

Exc e e ding hemispher es. RF ma y ha v e to b e ev aluated

outside of their hemisphere of de�nition. This happ ens

i) during simpli�cation when comparing RF with di�er-

en t normals, or ii) during visualization when a v ertex is

visible from under its tangen t plane. T o solv e this prob-

lem, colors of the hemisphere's b order are prolonged on

the opp osite hemisphere. This a v oids p opping artifacts

during rendering (except at the opp osite p ole, whic h is

nev er visible in practice).

8 Conclusion

In this pap er, w e treated the problem of the mem-

ory load of digitized surface ligh t �elds represen ted b y

radiance functions stored as attributes on mesh v er-

tices. This load can b e problematic for visualization and

streaming. W e �rst deriv ed in terp olation and gradien t

form ulas as w ell as a distance measure for RF. Then,

w e de�ned a �rst RF-a w are metric that w e exploit in a

mesh simpli�cation algorithm. Our metric has pro v en

to b e a true added v alue w.r.t. existing tec hniques ( i.e. ,

adaptations from metrics on colors) in terms of qual-

it y when directional features are presen t. When the RF

are di�use, our algorithm reduces to a color metric and

comp etes with the state of the art.

As a result, the user no w has a new c hoice to reduce

the memory load: b esides reducing the directional res-

olution (lo w ering the degree of RF functions), w e pro-

vided an algorithm for reducing the spatial resolution

while preserving geometric and directional features. W e

ha v e sho wn that this ma y b e preferable for higher o v er-

all realism. W e p oin t out that compression strategies

for the set of RF [2, 25] can b e applied as a subsequen t

complemen tary stage in the pro cessing pip eline.

As a complemen tary con tribution, w e de�ned ho w

to impro v e rendering qualit y for lo cal RF b y determin-

ing smart in terp olation of reected RF. W e ha v e also

sho wn that progressiv e meshes constitutes an e�ectiv e

application for lev el-of-detail rendering.

Based on our in terp olation and distance measure,

w e think of dealing with RF stored in textures, in-

cluding �ltering and mip-mapping. One sev ere issue is

the managemen t of parameterization b oundaries. An-

other problem for mip-mapping is the explicit a v erag-

ing of sev eral RF if hemispherical functions are c hosen.
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A more accurate view-dep enden t �ltering also requires

accoun ting for geometry-related masking e�ects.

W e w ould also lik e to push the comparison further.

Indeed, under a rendering p ersp ectiv e, simpli�cation

can b e compared to compression tec hniques. Ho w ev er,

whereas the memory load can b e measured ob jectiv ely ,

the visual qualit y is more sub jectiv e. T o this end w e

consider that a p erceptual study w ould b e helpful.

Finally , another prosp ect is adv anced signal pro-

cessing on the mesh. Indeed, in terp olation and gradien t

computations essen tially pro vide spatial con tin uit y for

SLF. In v estigating further di�eren tiation on the surface

could lead to pro cessing through di�eren tial equations.
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