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ABSTRACT

Multi-light, single-camera imaging techniques like Reflectance Transformation Imaging (RTI, including PTM,
HSH, and PCA-RBF) and the Portable Light Dome (PLD) have been used by cultural heritage scholars and
collection curators extensively because of the extra interactive visual information that can be revealed on artefacts
when compared to standard digital photography. Besides a virtual relighting of the scanned object, these
techniques offer filters to accentuate different aspects of the studied surface. The main focus of RTI, developed
at HP, CHI and among others elaborated by ISTI CNR, is aimed at photo-realistic virtual relighting. PLD,
developed at KU Leuven, on the other hand, is aimed at extracting surface properties such as surface color
(albedo), surface gradient (normals), 3D surface features (height profiles) and reflectance distribution (reflectance
maps). PLD and RTI both produce interactive pixel based file formats, which are dissimilar, resulting in
incompatible datasets. The pixel+ project (Art and History Museum, KU Leuven, and KBR, Belspo BRAIN-be
funded) aims to merge both technologies into one web-based consultation platform, allowing existing PLD and
RTTI datasets to be viewed in one web environment with their respective viewing filters as well as to illuminate
the virtual model. Moreover, as both methods are alike in terms of required input and processed output, pixel+
focuses on other types of integration, resulting in new viewing modes for processed data as well as a novel
reprocessing pipeline for existing source images. In addition, for sustainable and flexible web consultation a new
open format, based on gITF, is suggested and a first elaboration is presented.
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1. OVERVIEW OF SINGLE-CAMERA, MULTI-LIGHT TECHNOLOGIES

The diversity of acquiring, processing and viewing single-camera, multi-light (SCML) data sets is extensive.
Equally, the terminology defining this technology is diverse: among many Multi-Light Image Collections (MLICs),
Relightable Images, Multi-light Reflectance Imaging (MLR), Reflectance Transformation Imaging (RTT); all
focusing on a particular aspect of the acquisition, processing or viewing. As the starting point of all interactions
within this technology is the data collection, throughout this paper the physical description of how these data
sets are created is used: single-camera, multi-light. Thus, the pixel4+ project is aimed at bringing together data
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(a) PLD’s sketchl style on a PLD SCML dataset
with simultaneously 5 views active of a 21st c. BCE

cuneiform tablet with both written characters (sunken . . i
relief) and a seal impression (low relief) (© Art and 3 verso of the Bible of Anjou, ca. 1340 (© KU Leuven:

History Museum: 0.181 - KU Leuven) Ms. 1))
Figure 1: Two interactive visualizations with varying shaders in the pixel+ viewer

(b) Novel Specular enhancement style on a PCA+RBF
RTI processed PLD SCML dataset of a section on folio

sets where the position of the incident illumination is changed from image to image, and more specific on PLD,*
PTM,2 HSH RTI,® and RBF RTL* The focus is laid on PLD, PTM and HSH RTI as many existing data sets
have been captured and processed using one of these methods. RBF RTT is included as well, as it is a novel and
promising RTT interpolation method.

1.1 PLD

PLD’s processing technology is based on the principle of photometric stereo.’®> By observing an object
from the same point of view under varying illumination directions, the local surface gradient and albedo can
be determined. For ideal matte (so called Lambertian'4) materials, the observed light intensity depends on the
cosine of the angle between the incident light ray and the local surface gradient (i.e. normal). Although only 2 (if
the albedo is known) or 3 different light directions are needed,'® photometric stereo acquisition setups typically
use many more light directions to handle outliers caused by self-shadowing, interreflections, non-Lambertian
behaviour, image noise, non-linear camera response, etc.®> PLD’s minidome has 260 white light LED (white light
version) or narrow band NIR, R, G, B, NUV LED (multi-spectral version) emitters. Their smaller microdome
has 228 white light or multi spectral LEDs.*?

1,5{12

PLD supports several output formats. The CUN format is optimized for data transfer and consultation with
PLD’s desktop application'® The ZUN format is similar to CUN, but sacrifices some compression efficiency in
return for faster parsing by a web browser. Both formats contain a normal and albedo map,*® and an ambient
map (a weighted average of the input images). A multi-spectral CUN/ZUN stores these maps for each of the
sets of input images obtained with one of the 5 spectral bands. Up to six views (f. ex.: top, bottom, front, back,
left and right of a 3D object) can be stored, and are simultaneously displayed in the viewer application as nets
of a cube. The desktop viewer is needed to calculate height profiles, depth maps, histograms, and reflectance
maps. The latter requires the set of original images.

PLD files can be viewed using several visual styles, each one accentuating certain aspects of the object’s
material. The default color mode allows virtual relighting using Lambertian shading, which can be seen as
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the inverse of photometric stereo. By removing the local color information, small surface detail is more easily
visualized in the shaded style. The local surface gradient can be artificially boosted by scaling the normals along
the viewing direction (shaded exaggerated) The sketch style visualizes areas where the normal changes quickly,
like the steep indentations in clay tablets. Note that in all PLD (and RTI) viewing styles self shadowing and
interreflections are (explicitly) not modeled.

1.2 RTI
1.2.1 PTM

RTT starts from a similar data set, i.e. a sequence of images in which the incident illumination is changed. RTI’s
objective is however different. It is a data fitting method that tries to find a (compact) interpolation-based
formulation that describes the changing pixel values as a function of the light direction. Polynomial Texture
Maps? 17 store this information in a 6 degree polynomial (per color channel). This can be compressed further by
observing that for many materials the color doesn’t change much when the direction of the incident illumination
is changed. Instead of 18 numbers per pixel, LPTM (Luminance PTM) only requires 9 (6 for the polynomial
describing the change of luminance and 3 for the static RGB color information). It results in smaller file sizes,
one of the evident reasons why it is often preferred.

The principal visual style of PTM is photo-realistic relighting. However, it has been demonstrated a 6th
degree polynomial can’t properly capture specular highlights and shadows.'® For this reason, higher order
PTMs have been developed, but as they are more prone to overfitting, causing the interpolation results at novel
light directions to suffer, high order PTM coefficients need to be calculated with more robust fitting methods.*® 20

The local surface gradient (normal) can be calculated by finding the direction with the maximum luminance,
i.e. finding the maximum of the polynomial.?1® This however only holds true for diffuse surfaces. Many materials
are not ideal-diffuse and have e.g. a specular component.?? In the case of specular reflections, the normal will
be halfway between the viewing ray and the illumination ray. In contrast, photometric methods like PLD are
based on a physical model'® and tend to provide better surface gradient estimations.

A number of viewing styles have been developed to accentuate particular surface detail. The Specular enhance-
ment style artificially accentuates the surface gradient by introducing a specular Phong term in the rendering
equation.

1.2.2 HSH RTI

Another popular RTI approach uses hemispherical harmonics.® Data fitting and relighting is more accurate than
PTM, especially when using 2nd or 3rd order HSH. 2nd order HSH RTT suffers from an artificial increase in
brightness at grazing angles.'8

HSH RTIs are typically saved in the RTI file format.?? Besides the default color style for photo-realistic
relighting, HSH can also be viewed with the same Specular enhancement style. Next to the HSH coefficients,
this style requires the calculation of the surface orientation.'®

1.2.3 RBF RTI

A novel approach? combines Principal Component Analysis (a data reduction algorithm) with Gaussian Radial
Basis Functions (an interpolation algorithm) and attains higher PSNR on the relightable images while keeping
the total amount of data to a minimum. The data is contained in a JSON file and several JPEGs, containing
the compressed versions of the coefficients.

1.2.4 OTHER RTI TYPES

Other SCML methods are based on Discrete Modal Decomposition,?® Neural Networks?* or the Light Transport
Matrix.?®> This paper will not further elaborate on these methods as they are used less frequently and the
calculation of the surface gradient, a necessary requirement for the first integration type (infra), is not always
possible.
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