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Abstract Our project goals also included developing a relatively
We present a method for computing normals and colors inexpensive scanning system in a short (i.e. months) time
from multiple sets of photometric data, that are consistent frame. Rather than have a custom laser scanning system
with each other and an underlying lower resolution mesh. fabricated, we developed a system using readily available
Normals are computed by locally adjusting the light source cameras and lights. Because measurements needed to be
intensities using data from the underlying mesh. Colors made in many short sessions in the museum environment,
are derived from the photometric calculations, and are ad- our system had to rely as little as possible on high precision

justed by a global color registration analogous to global positioning and control of electrical power levels. Work in
geometric registration. a similar environment has been described in [3].

. Our system consisted of the Virtuoso multiview shape
1 IntrOdL,lCtlon . , camera from Visual Interface [11], augmented with an in
We consider the problem of scanning objects that are 4 Jighting system consisting of five halogen lights (see
large relative to the smallest geometric level of detail to Figure 1). The system, described in more detail in [9], al-
be represented. Three dimensional models of these obqs the capture of five images with each of the five lights
jects are obtained by combining the results of hundreds y,meq on in sequence, registered to the geometry acquired
of individual scans. We have developed a hybrid mul- ,, the virtuoso shape camera. We obtained several hun-
tiview/photometric method for scanning such objects. A jqq overlapping meshes covering the sculpture. Each ge-
multiview light striping system is used to obtain a base gé- omeric mesh has a resolution of approximately 2mm, and
ometric model. A photometric system is used to obtain 4, estimated sub-millimiter accuracy. A set of normals and
normals and colors at a higher spatial resolution. In this -5\ors are computed from the five photometric images at a
paper we present a solution for computing these colors andyeso|ytion of between 0.5 and 1 mm. An example of the set

normals so that the results are consistent over the object,yt yata acquired from a single camera pose is illustrated in
and with the underlying base geometry. Figure 1.

The motivation for this work is a project to acquire

a three dimensional model of Michelangelo's Florentine Variations in lighting and positioning result in slight but
Piei [1]. The model is being used by art historian Jack discernible variations in the photometric results from mesh

Wasserman as part of a comprehensive study of the piece!© Mesh. In the rest of this paper we discuss how we cor-

The requirements are to obtain a model that can be manip-r€Ct these variations. The normals maps are made con-
ulated to study overall problems of composition and form, SiStent with the underlying mesh by locally adjusting the
and can also be examined in close detail to study tool marksIlght source mten_smes used in the_calculatlon_s, using data
and fine repairs. While there are not any substantial varia- 0™ the underlying mesh. By using a consistent global
tions in hue on the piece, there are many variations in sur- Underlying mesh computed by registering and remeshing
face reflectance as a result of repairs, applied coatings, andn® un_dr(]arlymg bas;]e meshesl,l the nohrrr;]als Imzpls are rc]:on3|s—
wear on the sculpture. The subtle variations in the tone andu:int with one another, ?js wde as wit td?)lg oba mefs ' Wﬁ
color do not represent the artist's original intent, but are /S0 compute corrected red, green and blue maps from the

useful to document for studying the treatment of the piece Photometric data. Chromatic varations from map to map
since it was originally created in the sixteenth century. are corrected with a global color registration analogous to
the global geometric registration used to obtain the global

*{holly,fausto  }@watson.ibm.com base mesh.
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Figure 1: (a) The scanning system used for data acquisition. The Virtuoso multiview shape camera is augmented with a
custom-made lighting system. Five color images, registered to the captured geometry, are taken with the five light sources
turned on in sequence. (b) Triangle mesh computed by the Virtuoso software from the six striped images. (c) Four of the
five photometric color pictures captured by our system.
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wherep, /m is the BRDF at pixep, L, is the light source
radiancel, ; , is the radiance reflected from the point vis-
ible through pixel in imagei, Aw is the solid angle sub-
tended by the light sourcey, is the surface normal at
andl; is the direction vector to the (infinitely distantth

light source (see Figure 2). The constargccounts for the
camera scaling of the reflected radiance to a value from 0 to
255, after the images are adjusted if necessary for gamma
values other than 1. The equations can be solved directly
for (ppL,Aw/am)n,. Since the magnitude ai, is one,
from this result we can obtain the normal vecigrand a
valuepre , = ppLoAw/am, thatis the reflectance at pixel

p relative to the other pixels in the image.

Two difficulties with this approach are the presence of
The photometric stereo method for computing three a highly specular component in the BRDF of the surface
dimensional shapes was originally developed by Wood- being measured, and shadows. Following the approach
ham [7]. The essence of the method is to take a seriesused by other researchers (E.g. see [6]) we obtain extra
of images from the same camera view, each with light- images from additional light source positions. For each
ing from a different, known, direction. Assuming an ap- pixel location, pixels with very high values are not used
proximately Lambertian bidirectional reflectance distribu- to exclude specular reflections, and pixels with low values
tion function (BRDF) and identical light sources, the rel- are not used to exclude shadows. We use relative value
ative reflectance and normal at each pixel location can beonly rather than color to distinguish possible specular re-
computed from three images. Specifically, the following flection [10], since there are spectrally flat regions in the
set of equations are solved: statue for which such methods would fail. Pixel locations

. p
with radianceL, ; ,

Figure 2: Geometry of light reflectance used in Eq. 1

2 Photometric Stereo — Calculations and
Problems



where fewer than three images have pixel values that fall in these problems by exploiting the existence of an underly-
the valid range are not used in the computations that follow. ing lower resolution mesh, and by performing a global reg-
In our system we used a system of five lights, i.e. two re- istration of results.
dundant reflectance measurements per pixel location. This ] ]
number was used because it allowed a set of lights with a3 Revised Calculation of Normals
significant physical separation while keeping to an overall ~ Because of the variations from an ideal photometric set-
manageable size for mounting on a tripod. ting, we need a method to solve the system in Eq. 1 ex-
In a controlled environment, the teri, can be made  pressed with variable light source radiances and solid an-
the same for each source for all points on the scanned targegles. We assume that the radidi®f the light sources is
by using controlled, identical, isotropic light sources. The the same for all the sources, and thas small (i.e. less
termAw can be made constant for all points and all sources that 10 per cent) relative to the distangg, from surface
by placing the sources at a distance from the target that ispointp to each light sourcéso that the solid anglaw; for
large relative to the sizes of the light sources and the target.each source can be approximatedrdal /r?7p. We denote
In an inexpensive system used in an environment suchthe radiance of light soureeat pixel locatiorp with L, ; .
as the museum, any number of variations in light source Eq. 1 can be rewritten as
radiances and position can occur:

¢ The sources may not be identical. The radiance from Lpz bLps lpa Np.o
individual bulbs of the same type will vary slightly, @ | lipy lopy l3py Npy | =
particularly for inexpensive off-the-shelf bulbs. lipz lp: l3p: Np,
2
e The sources may not be isotropic. In our case we used O‘LM’PTLPz/LO’LP
halogen bulbs for their brightness and ease of use. O‘LW’PTZ’PQ/LO%P @)
The emitted radiance is approximately uniform in a aLr3prap” /Lo

30 degree cone around the direction that the source is All of th tities in the ab i téo
aimed. There are small variations across the scanned otthe quantiies in the above equation exceptdor
andd vary from pixel to pixel across the image.

area, and small disturbances caused slight changes in i X i .
the source direction. With our hybrid system, we obtain a geometric mesh at
a spatial resolution of approximately 2mm registered with
e The sources may vary over time. The emittance ra- each set of five photometric images obtained. The individ-
diance varies with the age of the bulb. It also varies ual meshes (Figure 1) are registered to one another using a
with each use as a function of time since the bulb was two pass method that first uses a set of laser dots projected
turned on. onto the statue for an initial alignment, and then a form of
) ) . ) Iterative Closest Point (see e.qg. [4]) for a final more pre-
* The source radiance varies with the electrical power gjse registration. The meshes are combined into one single
level. A regulated power supply is required to main-  e5h ysing the Ball-Pivoting Algorithm described in [5].
tain a consistent source level. For each set of photometric images we have in the end a
o The distance from the light sources to the area being COnsistent underlying mesh, and a camera transformation
scanned varies across the piece. Requiring the dis_thatglve_s the camera parameters fort_he photometrlcw_nage
tance to the light sources to be large relative to the capture in terms of the _global coordinate sys_tem. Given
scanned area would result in very small areas being these data, we can easily compute the following for each

scanned in each shot to obtain the spatial resolution PIX€! Of the photometric images:

required.
e The distances; ;, from the visible surface poini to
e As well as overall strength, the light source spectrum each of the light sources While there is some error
varies bulb to bulb, with time and with level of power in this distance approximation, the error is well under
input. one percent over the typical 0.75 meter distance from

] o the surface to the camera.
All of these factors can be treated by high precision

characterization and control of the lighting system, and by ¢ The directionl; , from the visible surface point to
restricting the spatial extent of data acquired for each set of each light source.

photometric images. However, such precision adds greatly

to the cost of the system, and to the time required to ac- e Anapproximate surface normal, at the visible point
quire the data for the full sculpture. Instead, we deal with computed from the lower resolution surface.
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Figure 3: Intermediate images used in computing normals. (a) A color image of a small section of the statue. (b) The

underlying geometry computed for this section, with a reflectance of one, lit from the front. (c) A grey scale version of the

section in one of the photometric images (the one with the lighting from directly in front) and (d) a grey scale image after
averaging. (e) The final surface normals (as lit from the front) computed from converting all of the photometric light images

into the forms shown in (c) and (d).

We can immediately use the underlying valuedqf assumptions are the same basic assumptions made in all
andr; , as good estimates for the values in Eq. 2. We need photometric stereo calculations — with the exception that
to find estimates for the relative values bf ; , that ac- we now make the assumptions in a (small) region of pix-

count for the temporal, directional and bulb to bulb varia- els rather than for just the surface represented by a single
tions of sources. To do this, we equate the relative reflectedpixel. With these assumptions we have:
radiances from the underlying surface illuminated by ideal
sources, to the relative image radiances in the neighbor- aLy;p ~ ppaLo,L,,d?/ripli,p ‘) (6)
hood of the pixel.

Consider ideal light sources with uniform radiandgs
in the same positions as the physical light sources.
these ideal sources illuminated the underlying base surfac

coated with a Lambertian reflectance of 1, the reflected ra- . _
diances would be: Lyip/aLyip =~ Ly/ppaLo,ip (7)

We now form the ratio of the radiance reflected from the
If underlying surface given in Eq. 3 to the average recorded
gradiance in the pixel neighborhood given in Eq. 6:

. 5 s , We can use Eq. 7 to express the unknown source ra-
Lyip = (Lud” /1) Lip - my, (3)  diancesL,, in terms of quantities we can compute, or
For thei-th photometric image, the reflected radiance in Which are the same for all light source directions:
the neighborhood around pixgls _
LuaLr,im

PpQLyip

0,i,p = (8)
Using Eq. 8 in the right hand side of Eq. 2, and simpli-

i Its in:
where we consider a neighborhood of pixels Q that approx- fying terms results in

imately represents the area on the surface of a disk with a
radius equal to the base geometry resolution (i.e. for our hpz lepe lapae Nip.
system 2 mm). Notice that from the images, we do not =d* | lipy lopy lapy Npy | =
haveL, ; , directly, but the quantity L, ; , as recorded by [ Lpe lops l3p: J [ J
the camera. The valuedl, ; , are the result of recording
the reflection from the true physical sources:

Q
Lyip = Z aLyiq/|Q (4)
q

Np,z
7 _
Ly 1,pr1,p° L p/ L p
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2
Ly, = pqaLo,i,qd2/r2q 1, n, (5) alysprsp”Lrsp/alesp
We make the assumption that althoygh L, ; p, 7 p, We have left in the values ef since the quantities L,
andl; ,, vary pixel by pixel over the entire image, they vary are the values actually available from the recorded images.
relatively little in the small neighborhood around pixel Eqg. 9 can be solved for a vector in the direction of the sur-
We also assume that the average oyeof the dot prod- face normal, and normalization gives the resylt The

uctsl; , - n, is approximately equal to the dot product of effect of the surface reflectanpg is in both the individual
1, and the underlying surface norma]. Note that these  pixel values and the averaged pixel values. As a result the



reflectance term is canceled out of the equation, and the
length of the vector in the direction of the surface normal
no longer has a useful physical interpretation.
The new calculation process is illustrated in Figure 3.
The accuracy of the resulting normals depends on the
validity of the assumptions made in the approximation in
Eqg. 6. The small size of the neighborhood used for aver- l 1
aging relative to the distance to the camera (2mm versus 0
750mm), justifies the assumptions that; ,,, r; , andl; ,
are uniform. The reflectance is also reasonably assumed to

be uniform in a small neighborhood. Exceptions to this are 1 0.1)

abrupt changes due to a change in surface coating. How- \

ever, changes in reflectance cause a consistent change in no _1+ (0,h)

all of the photometric images and can be detected. That is, s AN

a sharp increase in reflectance results in an increase in re- > , N R

flected radiance for all light source directions. The main s n RN
assumption is the equivalence of the average of the dot (0.0) \(2 0)

product of the light direction and the normals on the high
resolution surface and the dot product of the light direction
with the normal of the underlying lower resolution surface.
To evaluate the assumption of equating the average and
single dot products we consider the simple two dimen- (0,-1)
sional system shown in Figure 4. We consider a horizontal
surface, of width 2, that is approximated by the low reso-
lution surface connecting the poir(, 0) and(2,0). The (a)
surface is illuminated by two lightdp in direction (0, 1),
andl, in direction(—v/2/2,v/2/2). We apply our calcula- 50 ‘ ‘ mse ol T
tion method to a higher resolution surface that consists of promancromal
two facets formed by a displaceménin the center of the
surface. We examine the accuracy of the result we obtain
for the normal of the left facet as a function/af
Specifically, we compute the following quantities:

w
&

20

e The underlying surface normal = (0, 1) for all h.

angle from true normal, in degrees

e The true facets normalsy = (—h,1)/v/1 + h? and
n; = (h,1)/V1 + h?

e The reflected light for each facet for each light,
Lni,j = ll sy

e The approximate surface normal from Eq. 9, using (b)
L.;=Ly;0+Ly;1andL,; =1;-n' and setting the

Figure 4: (a) The two dimensional system used to eval-
constant factor to one.

uate the validity of assumptions made in computing the

The results of these calculations are shown in Figure 4. normals. (b) Results of applying our method for normals

The plot compares the angle between the estimated and-omputation.
true normal from using the underlying surface normal, and

from using the approximate normal from the photometric

method. The non-linearity of the dot products with normal

vectors accounts for the errors in the photometric method,

and for the asymmetry between negative and positive val-

ues forh. Although the error in the photometric method



increases with the absolute valueifthe photometric es- Intensity [%]
timate of the normal is in all the cases a significant im- 125
provement over using the underlying normal.

The above calculations do not account for interreflec-

100

tions that would occur wheh is negative. In our applica- =

tion we are measuring a surface with low reflectance and so =0

have relatively little indirect illumination from interreflec-

tions. For surfaces with high reflectance and steep slopes in 25_ 3 i
the high resolution surface there would be additional error T T e A T A §
in the computed normals. CEE R R

“Wwavelength [nm)
4 Color Calculations -

Given an estimate of the surface normal at each pixel, Intf;gt}' (=l
we can compute versions of the photometric input images
with the shading effects due to the directional lighting re-
moved. By taking a weighted average of these corrected 75
images, we obtain an estimate of reflectances in the red,
green and blue color channels. Unlike scans with poly-

100

chromatic laser [2], we can not obtain the absolute value of &2 .
the reflectance in each channel, or a precise spectral def- n-m'ﬁl.n R R
inition of each channel. However, using some additional B Y ¥R IE I ECR
spot measurements of spectral reflectance we can adjust Wwavelength nm)

the corrected images to approximate absolute reflectance
in defined spectral ranges.
Denoting the wavelength of light asand using the sub- ~ Figure 5: Typical reflectance spectra measured on the
scriptC to denote the color channel that is either red, green Statue.
or blue, the recorded color valuel, ; , « of each pixelp

in each photometric imagds given by: ) )
all five of the images have non-zero values are found, and

the averages for these overlapping pixels are computed.

Lyioc = Oo AN Lo nON(@2 /12 )1 -1, S¢ (N) dA The overall level of the images is adjusted by making all
Aorin© /0 PN Lot M@ /rip) Lip-mpSc( )( ) of the average values equal.
10

hereS.-(\) is th ral itivity of th . Once the images levels are adjusted, the five images are
Wh ere 8( ) is the spectral sensitivity of the camera in combined with a weighted average to produce a single cor-
channet.. . . rected RGB image for the camera position. The weight as-
Using the normals from the previous section, we com-

. lati f : hch signed to each pixel in each image increases with distance
Eglt?rirrlfpproxmate relative reflectapeg foreachchan- e nearest black edge in the image. This weighting

is used to avoid small but sudden changes at edges where
each photometricimage stops contributing to the combined
Prel,i,p,C = aLr,i,p,CTi,pZ/li,p "1y (11) average.

This reflectance is relative to other pixels in the same  Clearly the relative reflectances computed from Eq. 11
channel in the same image. As in the case of the calcu-are not scaled to the actual percentage of visible light that
lation of normals, we do not use high or low pixel val- would be reflected. The images also still contain the ef-
ues to avoid using data in areas of specular reflection andfects of the light source spectra and the camera spectral
shadow. Unlike the normals calculations, we do not need sensitivity. Furthermore, the red, green and blue channels
a pixel estimate from three images to estimate the relative are not defined in terms of wavelengths. To deal with these
reflectance. Because we can afford to use less of the im-problems, we made separate spot measurements of spectral
age, we avoid including the effects of directionally vary- reflectance using the Colortron color ruler [8]. Two typical
ing light source intensity by only using pixels that fall in a spectra measured on the sculpture are shown in Figure 5.
small cone around the direction the light source is aimed. The spectral reflectances are simple functions in this case,

The five relative reflectance images computed with and we can readily define spectral bounds for red, green,
Eq. 11 are adjusted relative to one another to compensateand blue for which the spectral reflectances vary little from
for variations in light source strength. The pixels for which the average for the range. That is we can delpgy,



and\A¢,mq; and compute from about 0.6 to 1.4 in our tests). After all of the images
have been adjusted to one another, global correction values
for red, green and blue can be made to match the Colortron

Ac,maz
Pave,C = / p()\)/()\C,maz — AC,min) d\ (]_2) measurements.
A

C,min .
5 Results and Conclusions

B.y taking the ratio 0pqye,c andprei,c atthe locationin The results of using our new method for computing col-
the image where the spot measurement was taken, We Cag, and normals are shown Figures 6 and 7. Figure 6 shows
estimate the scaling for light source and camera spectrala small 20cm-wide section of the statue. The top row of
_effects_ in the image. US|_ng the scaling fo_r each channel images shows the low resolution geometry lit from below,
in the image, we can obtain at least approximate values fordirectly in front and from the right. The lower row of im-
the absolute values of reflectance in clearly defined spectralages shows the same section with the normals computed
ranges. We are still performing tests to better quantify the using the photometric method lit from the same directions.

quality of thehestlmaftes we can oEtalr;]. b di q Figure 6 demonstrates that the only difference between the
Oncg We have a few |m§gest at have been adjuste tooriginal base surface and the photometric results are high
approximate reflectances in the three color channels, Wespatial frequency details. The appearance of the details

can ":‘jdéUSt all of the |rr1nagels for_Wh'meth hasbeencom- 4 1ies 5 great deal with lighting direction, and so could not
puted by requiring the colors in matching points in over- be represented with a simple texture map.

Iapping i_mag_e; tq be the same. A.S in the case of geometric Figure 7 demonstrates that the normals and colors com-
_reg|strat|on, '.t IS mad_equate to simply perform these ad- puted from various camera positions are consistent with
Justments'pa|rW|se, since small e_rrors_accumulate. InsteadOne another. Pictures (a) and (b) in Figure 7 show 72
we do a.3|multane'ous, global reglstratlop L .. meshes with their default texture maps, used to reconstruct
Forming equajuon.s_ for the colqr reg|strat!on IS f.a(.:|.l|- a 2.25m tall section of the statue. The patchwork effect
tated by_ the_avallablllty of the points us_eq n th_e initial is due to the varying lighting conditions as the camera is
geometric alignment. One result of the initial alignment moved around the statue. Image (c) shows the model with

s a list of p_omts in overlapping images that represent the the computed photometric normals. The seams between
same location on the base geometry. We compute a color,

; h of th ints by taking th f I the individual meshes are not visible. The next image
or each ot Inese points by taking the average ot a small o1, s the color reflectances computed from the 72 camera
neighborhood of pixels in the corrected image. We use a

ithborhood rather th it le si ”viewpoints. This is the result of the global color registra-
neighborhood rather than a point sample since very small;, , only, the final adjustments to true spectral quantities
alignment errors (e.g. of the size of one pixel projected have not been madelmage (e) shows a rendering of the
onto the surface) can produce a very large color error when model with photometric normals and colors
there are abrupt changes in colors between pixelsgtgt '
. T We have presented a method for successfully comput-
be the level adjustment for theth corrected photometric Ve p . uy by

. . . . . . ing consistent normals and colors from photometric data
image in the® channel. Each matching pair of points gives from many different camera viewpoints. We are contin-
an equation of the following form for images andn;: '

uing to refine our color calcualtions to better represent
the actual spectral characteristics of the measured surface.
Pret,0;mBe,m = Pretc.nfon =0 (13) Our method produces many overlapping normals and color

There are far many more matching points than corrected maps for each area on the surface. We are exploring meth-

images, so a least squares solution is used to compute th@ds for selecting and weighting the best maps to use in each

values of3. In Eq. 13 no level has been set for the sys- area.

tem. We could set the value @ffor the image (or images)

that have been adjusted with the Colortron measurementsReferences
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Figure 6: A comparison of the low resolution model (top row) and the same model augmented by the normals computed
with our method. The three columns from left to right represent the same section of the statue lit from below, directly in
front and from the right.
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Figure 7: Results of our method applied to the Riata. From left to right: (a) A montage of sample photometric images of

the statue, showing the wide range of variation in illumination conditions. (b) Inconsistencies are evident in the patchwork
effect resulting from stitching together the meshes and textures. (c) Photometric normals applied to the base mesh. (d) Color
reflectance computed with our method. (e) A rendering of the combined normals and color maps.
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