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THE INTERNATIONAL COMMISSION ON ILLUMINATION

The International Commission on Illumination (CIE) is an organization devoted to international co-operation and exchange
of information among its member countries on all matters relating to the art and science of lighting. Its membership
consists of the National Committees in about 40 countries.

The objectives of the CIE are:

1. To provide an international forum for the discussion of all matters relating to the science, technology and art in the
fields of light and lighting and for the interchange of information in these fields between countries.

2. To develop basic standards and procedures of metrology in the fields of light and lighting.

3. To provide guidance in the application of principles and procedures in the development of international and national
standards in the fields of light and lighting.

4. To prepare and publish standards, reports and other publications concerned with all matters relating to the science,
technology and art in the fields of light and lighting.

5. To maintain liaison and technical interaction with other international organizations concerned with matters related to

the science, technology, standardization and art in the fields of light and lighting.

The work of the CIE is carried out by Technical Committees, organized in seven Divisions. This work covers subjects
ranging from fundamental matters to all types of lighting applications. The standards and technical reports developed by
these international Divisions of the CIE are accepted throughout the world.

A plenary session is held every four years at which the work of the Divisions and Technical Committees is reported and
reviewed, and plans are made for the future. The CIE is recognized as the authority on all aspects of light and lighting.
As such it occupies an important position among international organizations.

LA COMMISSION INTERNATIONALE DE L'ECLAIRAGE

La Commission Internationale de [I'Eclairage (CIE) est une organisation qui se donne pour but la coopération
internationale et I'échange d'informations entre les Pays membres sur toutes les questions relatives a I'art et a la science
de I'éclairage. Elle est composée de Comités Nationaux représentant environ 40 pays.

Les objectifs de la CIE sont :

1. De constituer un centre d'étude international pour toute matiere relevant de la science, de la technologie et de I'art
de la lumiére et de I'éclairage et pour I'échange entre pays d'informations dans ces domaines.

2. D'élaborer des normes et des méthodes de base pour la métrologie dans les domaines de la lumiere et de
I'éclairage.

3. De donner des directives pour I'application des principes et des méthodes d'élaboration de normes internationales
et nationales dans les domaines de la lumiére et de I'éclairage.

4. De préparer et publier des normes, rapports et autres textes, concernant toutes matiéres relatives a la science, la
technologie et I'art dans les domaines de la lumiére et de I'éclairage.

5. De maintenir une liaison et une collaboration technique avec les autres organisations internationales concernées
par des sujets relatifs a la science, la technologie, la normalisation et I'art dans les domaines de la lumiére et de
I'éclairage.

Les travaux de la CIE sont effectués par Comités Techniques, organisés en sept Divisions. Les sujets d'études
s'étendent des questions fondamentales, a tous les types d'applications de I'éclairage. Les normes et les rapports
techniques élaborés par ces Divisions Internationales de la CIE sont reconnus dans le monde entier.

Tous les quatre ans, une Session pléniére passe en revue le travail des Divisions et des Comités Techniques, en fait
rapport et établit les projets de travaux pour l'avenir. La CIE est reconnue comme la plus haute autorité en ce qui
concerne tous les aspects de la lumiere et de I'éclairage. Elle occupe comme telle une position importante parmi les
organisations internationales.

DIE INTERNATIONALE BELEUCHTUNGSKOMMISSION

Die Internationale Beleuchtungskommission (CIE) ist eine Organisation, die sich der internationalen Zusammenarbeit und
dem Austausch von Informationen zwischen ihren Mitgliedslandern bezlglich der Kunst und Wissenschaft der Lichttechnik
widmet. Die Mitgliedschaft besteht aus den Nationalen Komitees in rund 40 Landern.

Die Ziele der CIE sind:

1. Ein internationales Forum fur Diskussionen aller Fragen auf dem Gebiet der Wissenschaft, Technik und Kunst der
Lichttechnik und fiir den Informationsaustausch auf diesen Gebieten zwischen den einzelnen Landern zu sein.

2. Grundnormen und Verfahren der Messtechnik auf dem Gebiet der Lichttechnik zu entwickeln.

3. Richtlinien fir die Anwendung von Prinzipien und Vorgangen in der Entwicklung internationaler und nationaler
Normen auf dem Gebiet der Lichttechnik zu erstellen.

4. Normen, Berichte und andere Publikationen zu erstellen und zu veroffentlichen, die alle Fragen auf dem Gebiet der
Wissenschaft, Technik und Kunst der Lichttechnik betreffen.

5. Liaison und technische Zusammenarbeit mit anderen internationalen Organisationen zu unterhalten, die mit Fragen

der Wissenschaft, Technik, Normung und Kunst auf dem Gebiet der Lichttechnik zu tun haben.

Die Arbeit der CIE wird durch Technische Komitees geleistet, die in sieben Divisionen organisiert sind. Diese Arbeit
betrifft Gebiete mit grundlegendem Inhalt bis zu allen Arten der Lichtanwendung. Die Normen und Technischen Berichte,
die von diesen international zusammengesetzten Divisionen ausgearbeitet werden, sind auf der ganzen Welt anerkannt.
Alle vier Jahre findet eine Session statt, in der die Arbeiten der Divisionen berichtet und Uberprift werden, sowie neue
Plane fir die Zukunft ausgearbeitet werden. Die CIE wird als hoéchste Autoritat fir alle Aspekte des Lichtes und der
Beleuchtung angesehen. Auf diese Weise unterhadlt sie eine bedeutende Stellung unter den internationalen
Organisationen.

Published by the
COMMISSION INTERNATIONALE DE L'ECLAIRAGE
CIE Central Bureau
Babenbergerstrasse 9, A-1010 Vienna, AUSTRIA
Tel: +43(1)714 31 87
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www.cie.co.at
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This Technical Report has been prepared by CIE Technical Committee 8-07 of Division 8
"Image Technology" and has been approved by the Board of Administration as well as by
Division 8 of the Commission Internationale de I'Eclairage. The document reports on current
knowledge and experience within the specific field of light and lighting described, and is
intended to be used by the CIE membership and other interested parties. It should be noted,
however, that the status of this document is advisory and not mandatory.

Ce rapport technique a été élaboré par le Comité Technique CIE 8-07 de la Division 8
"Technologie des images" et a été approuvé par le Bureau et Division 8 de la Commission
Internationale de I'Eclairage. Le document expose les connaissances et I'expérience actuelles
dans le domaine particulier de la lumiére et de I'éclairage décrit ici. |l est destiné a étre utilisé
par les membres de la CIE et par tous les intéressés. Il faut cependant noter que ce
document est indicatif et non obligatoire.

Dieser Technische Bericht ist vom Technischen Komitee CIE 8-07 der Division 8
"Bildverarbeitung" ausgearbeitet und vom Vorstand sowie Division 8 der Commission
Internationale de I'Eclairage gebilligt worden. Das Dokument berichtet Uber den derzeitigen
Stand des Wissens und Erfahrung in dem behandelten Gebiet von Licht und Beleuchtung; es
ist zur Verwendung durch CIE-Mitglieder und durch andere Interessierte bestimmt. Es sollte
jedoch beachtet werden, dass das Dokument eine Empfehlung und keine Vorschrift ist.

Any mention of organizations or products does not imply endorsement by the CIE. Whilst
every care has been taken in the compilation of any lists, up to the time of going to press,
these may not be comprehensive.

Toute mention d'organisme ou de produit n'implique pas une préférence de la CIE. Malgré le
soin apporté a la compilation de tous les documents jusqu'a la mise sous presse, ce travail ne
saurait étre exhaustif.

Die Erwahnung von Organisationen oder Erzeugnissen bedeutet keine Billigung durch die CIE.
Obgleich grofte Sorgfalt bei der Erstellung von Verzeichnissen bis zum Zeitpunkt der
Drucklegung angewendet wurde, besteht die Mdglichkeit, dass diese nicht vollstandig sind.
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MULTISPECTRAL IMAGE FORMATS
Summary

This technical report describes the basic model of multispectral imaging technology followed
by the requirements and the examples of multispectral image formats suitable for colour
imaging applications. Four example formats are introduced and compared in typical use cases:
JPEG 2000, Spectral Binary File Format, Natural Vision, and multispectral image file format
AIX. The specifications of those formats except for JPEG 2000 are provided in the Annex.

FORMATS DES IMAGES MULTISPECTRALES
Resume

Ce rapport technique décrit les bases technologiques en imagerie multispectrale puis donne
les exigences et des exemples en termes de formats appropriés d'images multispectrales
pour des applications en imagerie couleur. Quatre exemples de formats — JPEG 2000, le
format de fichier spectral binaire, Vision Naturelle et le format d'image multispectrale AIX -
sont introduits et comparés dans des cas typiques d'utilisation. Les spécifications de ces
formats, a I'exception de JPEG 2000, sont fournis en annexe.

FORMATE FUR MULTISPEKTRALE BILDER
Zusammenfassung

Dieser technische Bericht beschreibt das grundlegende Modell der Multispektraltechnik und
die daraus resultierenden Anforderungen an multispektrale Bildformate fur Anwendungen in
der Farbbildtechnik. Es werden vier geeignete Bildformate eingefihrt: JPEG 2000, Spectral
Binary Format, Natural Vision und das Multispektralformat AlIX. Diese vier Formate werden
anhand typischer Anwendungsfalle miteinander verglichen. Die Spezifikationen von Spectral
Binary Format, Natural Vision und AIX sind im Anhang gegeben.
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1 Background

Increasingly, colour imaging is being done with cameras capable of capturing more than three
channels or bands. With its focus on promoting colour science, CIE Division 8 "Image
Technology" established a technical committee on "Multispectral Image Formats" to address
issues related to such imaging.

For the purposes of this discussion, a multispectral image will be considered to be an image
with more than three channels or bands of wavelengths. The visible wavelength range is the
main concern, but the spectral channels may include bands in the ultraviolet or infrared. The
term hyperspectral image is sometimes used, and a hyperspectral image is usually
considered as having more channels (for example, more than 50) than a multispectral image.
A hyperspectral image is often thought to be one that allows an almost continuous spectrum
to be obtained without wavelength interpolation, but a continuous spectrum in each pixel can
often be reconstructed from a multispectral image, as described in 3.4. However, the
boundary between multispectral and hyperspectral is not accurately defined, so, in this
technical report, multispectral and hyperspectral images are not distinguished and the term
"multispectral” is used for simplicity. Furthermore, the term "spectral image" refers to a
multispectral image, a hyperspectral image, or an image with reconstructed continuous
spectra. This document deals with two-dimensional (planar) multispectral images only.

Spectral imaging is found in many applications including medical imaging, document
preservation, fashion design, automobile manufacturing, recycling, science, and remote
sensing. It is desirable to have a common format that can be used to share spectral images
between various users. Candidate formats include those already standardized by other
organizations as well as native formats that are currently used by a very select group of
individuals or organizations.

The scope of this report includes the study, development, and recommendation of encoding
techniques and data formats for the exchange of multispectral images, as well as testing and
evaluation.

2 Terms, definitions and abbreviations

For the purposes of this document, the terms, definitions and abbreviated terms given in CIE
S 017/E:2011 and the following apply.

21
lossless compression
method of data compression that permits reconstruction of the original data exactly, bit-for-bit

[SOURCE: ISO/IEC 15948:2004]

2.2

lossy compression

method of data compression that permits reconstruction of the original data approximately,
rather than exactly

[SOURCE: ISO/IEC 15948:2004]

2.3

LUT

look-up table

collection of values used for translating data samples from one value to another, in which the
run-time computation of arbitrary transformation is replaced with the table reference of pre-
calculated values

24

LZW

Lempel-Ziv—Welch

name of a lossless data compression algorithm
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2.5

metadata

data associated with a digital image aside from the pixel values that comprise the digital
image

[SOURCE: ISO 12231:2012]

Note 1 to entry: In multispectral images, the metadata may include the number of channels, the spectral
characteristics of channels, the number of pixels in horizontal and vertical directions, the number of bits
in each sample, and the spectral characteristics of channels data.

2.6

Moore-Penrose pseudo-inverse

one of the common types of matrix pseudo-inverse, which is the generalization of the inverse
matrix originally defined with respect to a non-singular and square matrix to an arbitrary
matrix

2.7

PCA

principal component analysis

mathematical process that transforms correlated variables into uncorrelated ones

2.8
pixel value
discrete value that represents colour, intensity, or other attribute of a pixel

[SOURCE: ISO 12231:2012]

Note 1 to entry: In multispectral images, a pixel consists of multiple channels. The pixel value of each
channel may represent the radiance, radiance factor, reflectance factor, or reflectance, sometimes
multiplied with a certain scaling factor.

29
reconstruction matrix
matrix for the spectral reconstruction from multispectral channel data

210

spectral reconstruction

spectral estimation

process to reconstruct continuous (or densely sampled) spectral data from discrete
multispectral channel data

Note 1 to entry: Spectral reconstruction is similar to interpolation, but more advanced reconstruction
techniques, such as Wiener estimation, are available.

211
spectral unmixing
process for the decomposition when mixing multiple spectral components in a pixel

212

Wiener estimation

method to estimate the original signal from the observation based on the minimum mean
square error criterion, assuming that the original signal and noise are modelled as random
processes

Abbreviations

API Application Program Interface

BSQ Band Sequential

BIL Band Interleaved by Line

BIP Band Interleaved by Pixel

ICC International Color Consortium
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PCS Profile Connection Space
TIFF Tagged Image File Format
XML eXtensible Markup Language
XMP eXtensible Metadata Platform

ZIP The name of a file format that supports lossless compression

3 Multispectral image model

3.1 Multispectral image applications

Before considering the general model of multispectral imaging, various multispectral imaging

applications are reviewed:

e Spectral or colour measurement (point-based or image-based) (Simpson and Jansen,
1991; Hill and Vorhagen, 1994; Burns and Berns, 1996)

e Object detection, recognition, or pattern classification (Tominaga, 2002; LI et al., 2008;
Gomez et al., 2007)
(Spectral signature, spectral texture, matching of reflectance, segmentation)

e Spectral component analysis (Vrhel and Trussell, 1992; Tsumura et. al., 1999; Rabinovich
et al., 2004), spectral unmixing (Miao and Qi, 2007)
(PCA, Independent Component Analysis, Nonnegative Matrix Factorization, etc.)

e Narrow band imaging (Gono et al., 2003 )

e False colour image display

e Spectral image enhancement (Mitsui et. al., 2005)

e llluminant estimation (Tominaga and Wandell,1989; Maloney and Wandell, 1986)

e Colour reproduction (different llluminant, appearance model, etc.) (Hill, 1998; Yamaguchi
et al., 1997; Hardeberg et al., 1998)

e Spectral imaging (spectral printing, imaging simulation, etc.) (Yamaguchi et. al., 2008;
Imai et al., 2001; Tzeng et. al, 2000)

e Spectral rendering (artificial spectral image) (Peercy, 1993; Tominaga, 1996)
e Digital archiving (Cotte, 2006; Ribes et al., 2005)

In some of the above applications, the spectral radiance of the object is reconstructed; in
others spectral reflectance or spectral transmittance can be the aim of the reconstruction.
Spectral reconstruction is explained in 3.4. In other classes of applications, the multichannel
data are transformed into a colour image, where the nature of the transformation is
determined by the application's requirements.

3.2 Generic model for multispectral imaging systems

Multispectral images can be captured by modifying the spectral sensitivities of the imaging
sensors. A simple imaging model (Burns and Berns, 1996; Maloney, 1986; Wandell, 1987)
can be described by

ﬂmax
8k = 9 .[ fe(ﬂ“)sk(}“)d/1 (1)

Amin
or, specifically for reflective objects,

ci-ap | £(2)S(2)se(2)d2 @)

Amin
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where the spatial coordinates are omitted for simplicity. In Egs. (1) and (2), fe(4) is the
spectral power distribution of the captured light from an object. It is usually given by fe(1) =
ae Lz, where L, and ae denote the spectral radiance of the object and a constant which
depends on the observation geometry, respectively. si(1) is the spectral sensitivity of the k-th
channel of the imaging sensor, S(A) is the spectral power distribution of the illuminant, and g;
is the detector output of the corresponding pixel of the captured multispectral image. a; is the
scaling factor that converts the physical quantity in radiometric unit into the range of digital
value. f{1) represents the spectral reflection property of the object, e.g., the spectral radiance
factor if the solid angle of the emitted light captured by the camera is small enough. When the
solid angle is larger, it can be the spectral reflectance factor (Lee, 2005), or for Lambertian
surface, f{1) can be considered as the spectral reflectance. The difference among them is
often disregarded because it depends on the observation geometry, and thus f{1) is referred
to as "spectral reflectance" hereafter. In the case of transmissive object, it represents the
transmittance of the object. The index £ = 1 ... K, where K is the number of channels. The
limits Amin and Amax denote the shortest and longest wavelengths of the considered wavelength
range; in the case of visible radiation imaging the lower limit is taken between 360 nm and
400 nm and the upper limit is taken between 760 nm and 830 nm (CIE, 2011). It is also
possible to modify the illumination spectrum instead of the spectral sensitivity of the imaging
sensor. In this case, in Eq. (2), S(1) is replaced with Si(1) and s«(1) is replaced with s(1). The
detector output also depends on some other factors, e.g. transmittance of the air and the
optics between the source and the sensor, which are omitted in Egs. (1) and (2) for simplicity.
In addition, the photoelectric transfer characteristic, or tone curve, of the imaging sensor is
assumed to be linear in Eqs (1) and (2).

If we consider a fluorescent object, the model becomes rather complicated:

Amax “max
8kl = Ak I _[ f(,u,l) Sl(,“) Sk (/l)d,u da (3)

Amin Hmin

where the subscript / = 1 ... L denotes the index for the excitation lights, L is the number of
the different excitation lights used in the imaging, a:; is the scaling factor, and f{u,A)
represents the fluorescence characteristics; it may be f(,u,ﬂ) =as B,(u), where S;(u) and a;
denote the bispectral radiance factor and a constant that depends on the observation

geometry, respectively. The variables ¢ and 1 correspond to the wavelengths of excitation
and emission lights with [umin, umax] and [Amin, Amax] being their respective ranges.

3.3 Input of multispectral images

The input process of multispectral images can be mathematically modelled by Eq. (1) in 3.2.
However, in real multispectral image capture, some characteristics of the imaging device
should be considered. These include camera gain (bx), dark current (bdc), noise (nx) and tone

curve ( T{} ). Then Eq. (1) is rewritten as

ﬂmax
gar =ar T by [ fo(2)S(2)dA+bgs +nyp, (4)

Amin

where gd,« is the device pixel value of the multispectral image, and ay is the scaling factor. To
derive the spectral radiance, reflectance, or transmittance of the object, it is necessary to
characterize the multispectral imaging device. In some cases, the geometrical distortion of an
input device should be corrected before the image analysis.

3.4 Spectral reconstruction

If the number of channels is large enough to represent a continuous spectrum in each pixel,
and the bandwidth of the spectral sensitivity s«(1) is narrow, the spectral reflectance f{1) can
be simply estimated from gq,x by
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2ay (/) 2dx (for)

5
gax (fw)—gax (fok) ®

fest(A) = a

where ga.i(f), gda.x(fox), and ga.i(fw) are the multispectral pixel values of target, black (bk), and
white (w) objects, respectively. Again a, is the scaling factor. The value gaq,(fox) is obtained

with a cap on the camera lens and gq(fw) is the multispectral pixel value of a standard white
diffuser. When measuring spectral transmittance, ga(fw)is captured by the same device
without placing any object.

On the other hand, if the number of channels is not enough to directly represent the
continuous spectrum, spectral reconstruction is required. Various methods for the
reconstruction of spectral reflectance, radiance, or transmittance from the multispectral image
data have been developed. It is known that the spectral reflectance of natural objects can be
well approximated with a limited number of spectral basis functions (Maloney, 1986; Wandell,
1987; Vrhel et al.,, 1994). On this basis, the continuous spectral distributions can be
reconstructed from the multispectral data of a limited number of channels.

The reconstruction methods can be categorized into linear and nonlinear techniques.
Examples of linear technique are Moore—Penrose pseudo-inverse (Pratt and Mancill, 1976),
Wiener estimation(Pratt and Mancill, 1976) and PCA (Vrhel and Trussell, 1992). In linear
reconstruction, the spectral reflectance of the object is estimated by an equation of the form

Jest=Mg (6)

where fost = (fest(41) fest (A2) fest (43)--- fest (An )¢ 18 the vector representation of estimated
spectral reflectance and g=(gig,g5...gx)! is the multispectral image data obtained using
Eq. (1) or gk=T—1{gd7k/ak}—bdc from Eq.(4). M is an NxK matrix for the spectral

reconstruction. When applying Wiener estimation, M is often derived from the spectral
sensitivity of the input device, illuminant spectrum, and the correlation matrices of object and
noise.

Nonlinear estimation methods have more variations, but some of them can be considered as
combinations of linear estimations. Some of the reconstruction methods require an iterative
process, such as the one based on compressive sensing theory (Gehm et al., 2007).

3.5 Output or display of multispectral image

When the output or display of a multispectral imaging system is in the form of an image, the
multispectral image is normally converted to a colour or monochromatic image, depending on
the application. The colour image under a certain illuminant (called the rendering illuminant)
can be obtained from the estimated reflectance by using the CIE colour-matching functions as

(v 21= | a2, 5020 2 () )

Amin

where the spatial coordinates are omitted, (X, Y, Z) are the XYZ tristimulus values, s/(4) is the
spectral power distribution of the rendering illuminant, and ( X(4),¥(4).z(1)) are the CIE

colour-matching functions. The tristimulus values can then be transferred to output or display
devices for colorimetric reproduction.

The spectral radiance fest(1) sr(4) can be used to derive device signals for spectral displays,
such as multi-primary colour displays (Murakami et al., 2004), and the spectral reflectance
can be directly employed as the data for spectral printing (Tzeng et al., 2000).

In some applications, output images are not rendered in natural colour, but false or enhanced
colour. False colour representation is often adopted for the results of image analysis, such as
PCA or image segmentation. An easy method of colour representation for a multispectral
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image is assigning certain bands to R, G, B channels of a display, for example, { band1 = R,
band4 = G, band5 = B } (Gono et al.,.2003).

Multispectral imaging is also employed for pigment analysis of art paintings (Cotte, 2006;
Ribes et al., 2005), biological samples, and stained histological microscopic images. Also the
decomposition of fluorescent dye is an important application of multispectral imaging in fields
such as biomedical imaging. Those processes are sometimes called colour unmixing
(Rabinovich et al., 2004), which can be achieved very effectively by multispectral imaging. In
such cases, the colourization is based on the unmixed component images.

3.6 Workflow model

From the above considerations, the workflow model of multispectral imaging can be
schematically illustrated as in Figure 1 (Yamaguchi et al., 2008).

Once a multispectral image is captured by an input device, raw image data are obtained. The
pixel value of each multispectral channel depends on the characteristics of input device, such
as the spectral sensitivity, dark current level, noise deviation and tone curve as in equations
(1) and (3). It also depends on the illuminant spectrum of the input environment, which is also
required for reflectance estimation. The characteristics of the input device may be partly
corrected after the image is captured, as indicated in "post-processing (device correction)"
box of Figure 1. In such cases, some of the input device characteristics, such as the dark
current and tone curve, can be disregarded.

To make use of the stored multispectral data afterward, it is important to know such
information about the input device. For this purpose, the profile data of the spectral input
device should be attached to the image data. By applying spectral reconstruction techniques,
the matrix to estimate the spectral reflectance, transmittance, or radiance can be derived.
Instead of storing the reconstructed spectra, which would require much more capacity, it is
convenient to store the original multispectral image data with such estimation matrices (see

Eg. (6)).

Artificial spectral images can also be considered. In these cases, the image can be
accompanied by the characteristics of the virtual input device or spectral reconstruction matrix.
For convenience, it is also possible to include the matrix needed to estimate the tristimulus
values under a certain illuminant.

When a multispectral image is processed, as in enhancement, pattern analysis and false
colour assignment, the pixel values of the multispectral image may be modified. For false
colour assignment, for example, the specification of each band of the multispectral image is
required. The result of image processing may be a colour image or a single channel image
when the processing aims at visualization or quantification. In some cases the output may be
multispectral. It is sometimes possible to define the visualization method in metadata with
preserving the original or modified multispectral image.

In image display or printing, the tristimulus values can be derived using the reconstructed
spectra under an arbitrary illuminant. To make use of conventional colour management
systems, a standard illuminant (such as CIE D65 or D50) can be specified for output to
conventional colour display or printing devices.
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Figure 1 — Workflow model of multispectral imaging systems

4 Encoding of multispectral images

In the encoding of multispectral

(a) Metadata are essential in the workflow of multispectral imaging systems.

images, some issues that are different from those
encountered for monochromatic or colour image encoding must be addressed.

In contrast to traditional grey-scale or colour images, the number of channels varies in
multispectral images. The meaning of each channel also depends on the imaging devices.
Such information is required in applications of multispectral imaging, and should be stored as

metadata. In the encoding of multispectral images, both the image data stream and metadata
should be addressed, as shown in Figure 2.

Metadata
(Profile)

Image data
(Bit stream)

Multispectral image file

Figure 2 — Structure of multispectral image file

(b) More than three channels in a single pixel

In the image data stream there are several different schemes to store pixel data with more
than three channels used in conventional multispectral formats. The order of binary data in
the image can be as follows (where x; and y; are coordinates of pixel (i, j) within each frame):
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Band sequential, "BSQ":

g(xpy1t1).8(x2,01.4),--g (xp. 1. 44),
g(x1,y2,ﬂ1), (xz,yz,/7«1),~~~g(xP’J’2'ﬂ1)’

) A4 Frame
g(x%yQ,ﬂq),g(xz,yQ,l1),...g(xp,yQ,/M),
g(x1y1.42).8 (x2: 31, 42) -8 (x pry1.22),
g(X1,y2,/12),g(x2,y2,/12),...g(xp,yz,ﬂ-z),

‘ A, Frame

g(v17g.22).8(x270:42) -8 (xp.30. 22),
g(x1.r14k ). (x2, 01,2k )2 (xp v Ak ),
g(x1v2:2x )-8 (x2,92, 4k )»--- & (xp,y2, Ak ),
‘ Ax Frame
o0 2 (v2 30 2 ) (xpov )
Band interleaved by line, "BIL":
g(X1,y1,/11)v (xz Y1 11) (xP Y1, ’11)
g(¥1r1.42).8(x2,01.42),--& (xp.v1.42), y4 line

' 1
g(xu 1k )8 (x2 01k ) (xpryadx ),
g(x1 yz,i»]) (XZ y2,/11) g(xP’yZ’Z"I)

) Y2
g(x172.2k).8 (x2. 72,2k )-8 (¥pr v 2 )
g(X11yQ1/11)= (xz va/11) (’CP yQ”“)

(x1 yQ!ﬂZ)!g(xz yQ'ﬂ“Z) (xP yQ’iz) y line
0
o0 2 (v2 v A ) xpov )

8

International Commission on lllumination
Provided by IHS Markit under license with CIE

Full document details: CIE 223-2017

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/cie-223-2017
http://www.avadocuments.com/doc/cie-223-2017

CIE 223:2017

Band interleaved by pixel, "BIP":

g(x1y1.4).8(x1.71.42) g (x4, 71,4k ) (x1,1) pixel
g(x2,312).8(x2,71,42) -2 (¥2, 31,2k ) (x2,31) pixel
g(xpyite).g(xpy142).-g(xp.y1. Ag) (xp,yq) Pixel
g(x172.21).8(x1,72:42)---8 (x4, ¥2, A ) (x1,52) pixel
g(x2.32:21).8(x2,¥2.22),---8 (x2:¥2. ) (x2,¥2) pixel
g(xP!yQ!ﬂ“'])ig(xP!yQ!lz)7---g(xP;yQ;lK) (xP’yQ) piXeI

Here P and Q denote the numbers of pixels in the x and y directions, respectively.

The scheme for storing pixel data is sometimes selected depending on the imaging apparatus:
for example, BSQ is suitable for cameras with a filter-wheel, whereas BIL often matches
imaging devices with gratings or prism spectrometers. On the other hand, BIP is usually
convenient for spectral processing.

As another way to store pixel data, an encoding method compatible with RGB-based imaging
systems has been proposed (Keusen and Praefcke, 1995). In this method, the first three
channels are standard RGB, while the remaining channels represent the spectral data that are
orthogonal to the RGB components.

(c) Compression methods for multispectral images

Compression is another important aspect of multispectral image encoding and there are
several different approaches:

— Lossless compression

Basically the same techniques that are used in grey scale image compression, such as
PNG (Portable Network Graphics) and LZW (Lempel-Ziv—-Welch), can be applied to each
channel of a multispectral image.

— Lossy, spatial compression only

Each channel is compressed independently. Techniques for grey scale images are
applicable, such as JPEG compression.

— Spectral transform and spatial compression

A spectral transform, such as PCA, prior to spatial compression effectively reduces the
redundancy in spectral data. As the spectral reflectance of natural objects has high
spectral correlation, this approach achieves a higher compression ratio than methods using
spatial compression only (Markas and Reif, 1993; Saghri et al., 1995). When considering
colour reproduction applications, several methods suitable for preserving colour accuracy
as well as accurate spectral reconstruction have been proposed (Keusen and Praefcke,
1995; Yu et. al., 2006).

— Spectral and spatial (3D) compression

Greater efficacy may be realized by applying 3-D compression, considering spectral and
spatial correlations of the 3-D data cube of a spectral image. One method for this is known
as 3-D SPIHT (Set Partitioning In Hierarchical Tree) (Dragotti et al., 2000), which utilizes
3-D wavelet transforms.
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— Spectral video compression

There are not many reports of the compressions of multispectral video. An example
approach is to apply a spectral transform and a video compression standard sequentially
(Takamura and Yashima, 2004).

5 Requirements for multispectral image formats

One of the first actions of TC 8-07 was to establish a list of desired criteria for a multispectral
image format. The requirements are categorized into four groups, "basic", "highly desirable",
"nice to have", and "optional", depending upon the importance of each item. Table 1
summarizes those criteria. Although the requirements depend on the application, the
requirements shown in Table 1 assume generic applications, particularly scientific use or R&D
purposes, rather than industrial, specific-purpose systems.

It is necessary that the multispectral image data should be usable in various types of
operating systems (platform independent) and royalty free to allow the exchange of data for
not only commercial applications but also experimental or scientific purposes.

In most multispectral applications, high accuracy is required, so images with many channels,
many pixels, many bits, and large size must be stored.

Image compression is therefore essential for multispectral image applications, as the sizes of
data files will be much larger than those of conventional grey scale and colour images. Since
the technologies of multispectral image compression are still under development, both
lossless and lossy compression methods which act independently for each channel are
categorized as being of the highest importance. As the important applications include spectral
measurement, it is also highly desirable to have the capability to store uncompressed data.
Other advanced compression technologies are categorized as being of lower importance or
not included.

In scientific applications, multispectral images are sometimes captured by uncalibrated
devices and the calibration is done using the white and black images. In such cases, it is
necessary to store raw data, such as naked camera output, dark current bias values and
camera gain. It is also convenient to store geometric registration information including a pin
cushion model along with a grid of registration control points. In some measurement
applications, absolute radiometric values are required, and the units of measurement need to
be included in the data format after calibration. However the units of data are not always
necessary, for example, when a target image is captured along with reference image data,
such as gai(fbk) and gai(fw) in Eq. (5), and all datasets are stored for later calibration
processing. In airborne and satellite imaging applications geolocation information is also
necessary.

In many cases, it is necessary to reconstruct a continuous spectrum from multispectral pixel
data. If linear reconstruction is employed, as in Eq. (6), the reconstruction matrix is required
along with the multispectral data of each pixel. Then the continuous spectrum can be easily
reconstructed by just multiplying the channels by the matrix M. For this purpose, the
reconstruction matrix should be stored in the metadata of the multispectral image file. This is
a convenient method for industrial applications. Another relevant consideration is compatibility
with conventional RGB-based systems, so that the first three channels in the image file can
be directly employed in conventional systems, while a multispectral image can be
reconstructed by reading all the data (Hill, 1998). Such functionality can be straightforwardly
implemented in BSQ mode, which utilizes a planar packing of image data.

It is better if the multispectral image file contains information about the spectral
characteristics of filters or sensors, as such information is useful for understanding the
meaning of the image data or designing spectral reconstruction methods.

Functions that are convenient for some applications but not mandatory are categorized as
"optional" in Table 1. These functions include encoding image data in terms of colorimetric
values under an arbitrary illuminant or output device signals for spectral display or spectral
printers.
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Table 1 — Requirements for a spectral image format

Basic

Platform independent

Lossless compression (ZIP, LZW, etc.)

Lossy compression (JPEG, Wavelets, etc.), independent for each channel
Geolocation information (e.g. latitude and longitude of the corner pixels)
High Accuracy: many channels, many pixels, many bits

Ability to store raw data such as naked camera outputs, dark current bias values,
camera gain

Unevenly-sampled spectral interval
Royalty free

File size limitation

Archiving Application (details)

Highly desirable

Ability to store uncompressed data

Geometric registration information including pin cushion model along with a grid of
registration control points

Possibility to store company specific information (native tags)
Storage compatible with L*a*b*, RGB possible (e. g., L*, a*, b*, ch4, ch5, ch6, ...)
Reconstruction matrix stored as part of the file format

Simple usage, easy spectral reconstruction (e.g. just multiply the channels by a
matrix in order to yield the spectra)

All information in one file

Units of the data (e.g. reflectance (per cent or one) or radiance (watts per square
metre, etc.))

Planar packing available
Industrial Application (simple reconstruction)

Nice to have

Spectral characteristics of filters, sensors, etc.
Different ways of channel storage
Ability to store output device data

Optional
Image data can be represented in terms of encoded colorimetric values under
arbitrary illuminant
Image data can be represented in terms of display device signal
The tone curve of each channel can be either linear or not (with the curve included)
Nonlinear bit encoding available
Spatial subsampling (independent for each channel)
dark noise in each channel (and the manner in which it was determined)
API library available
Storage of arbitrary colour management function

6 Candidate formats

Candidate algorithms that were initially brought forward for consideration were TIFF, GeoTIFF,
MUSP/AIX, NITF (National Imagery Transmission Format) 2.0, Natural Vision Format, HDF5
(Hierarchical Data Format 5), JPEG, JPEG 2000, SPB (SPectral Binary) and ENVI
(ENvironment for Visualizing Images). A matrix was constructed using these formats and the
format criteria. As time progressed, many formats were eliminated from future consideration.
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The remaining candidates are JPEG 2000 (an international standard), Spectral Binary file
format (a simple format from Finland), Natural Vision format (a native format from Japan), and
the multispectral Image file format AIX (a native format from Germany) (Jetsu et al., 2005).
The specification of JPEG 2000 is available from(ISO/IEC/ITU 2004a; ISO/IEC/ITU 2004b).
The complete documentation for the Spectral Binary, Natural Vision, and AIX formats are
attached as annexes to this report. The details of these formats are described in the following
subclauses.

6.1 JPEG 2000
General Description of JPEG 2000

JPEG 2000 (ISO/IEC/ITU 2004a; ISO/IEC/ITU 2004b) is an advanced standardized image
format with a coding system developed to serve applications "into the next millennium." It was
developed by the Joint Photographic Experts Group and was approved as an ISO standard in
Dec. 2000. JPEG 2000 addresses areas where earlier standards failed to produce the best
quality or performance such as in high-compression ratios or image scalability. It also
provides capabilities to markets that previously had not used compression (e.g. medical
imaging). JPEG 2000 provides an open system approach to the storage and transmission of
imagery. Image data are stored as wavelets and metadata are stored in XML.

OIld compression paradigms put all the choices on the encoder end of the imaging process.
The JPEG 2000 standard allows choices on the decoding end, including image resolution,
signal-to-noise fidelity, visual fidelity, target file size, lossless/lossy, region-of-interest, and
tiles. In fact, the JPEG 2000 standard only specifies a decoder and bit-stream syntax. Since
the standard is issued in several parts, the user should be aware that any particular
implementation may not comply with all parts.

JPEG 2000 features and benefits include the following:
1) Improved compression efficiency (estimated 5 %—30 % better than conventional JPEG

compression depending on the image size and bit rate)

2) From lossy to lossless compression (providing a selectable quality level based on
requirements)

3) Multiple resolution (provides end-user selectable quality)
4) Embedded bit-stream (provides progressive decoding)

5) Region of interest coding (reduces the amount of data that must be decompressed when
only a small area of the image is of interest)

6) Error resilience (helps ensure no loss of data)
7) Bit stream syntax (gives quick access to any region or component of the image)

8) High fidelity based on options for large numbers of spectral components, high bit depth,
and lossless compression

9) Discrete wavelet transform which provides the following benefits:
e Multiple resolution representation (provides end-user selectable quality)
e Lossless representation with integer filters (for high fidelity)

o Better decorrelation than Discrete Cosine Transform (DCT), resulting in higher
compression efficiency (increases compression ratio at a given quality level)

e Frequency band decomposition where each subband can be quantized according to its
visual importance (optimizes compression for human visual system)

Since its introduction, JPEG 2000 has slowly been gaining acceptance in various imagery
user communities. Of particular note are the digital cinema, medical, and remote sensing
communities, which have all embraced the new technology. JPEG 2000 is also being used in
document and cultural preservation, e.g. the United States' and Japanese national archives
are being digitized and converted to JPEG 2000 format. JPEG 2000 also extends to video and
3-D compression (being used by the medical industry to get greater compression ratio). The
higher complexity of JPEG 2000 has been a drawback to its acceptance for commercial digital

Documents
12 Document Sharing Hub

International Commission on lllumination
Provided by IHS Markit under license with CIE

Full document details: CIE 223-2017


http://www.avadocuments.com/doc/cie-223-2017
http://www.avadocuments.com/doc/cie-223-2017

CIE 223:2017

camera applications, where JPEG DCT is perfectly adequate. Communities that have
embraced JPEG 2000 technology typically deal with more complex imagery (e.g. multispectral)
where the advantages of JPEG 2000 outweigh the added complexity.

JPEG 2000 vs. CIE Established Requirements

The following describes how JPEG 2000 performs relative to each of the format requirements
established by the CIE committee.

Basic
[ )
[ )

Platform independent: Works across all computer platforms.
Lossless compression: Yes.

Lossy compression: Yes, no compression limit.

Geolocation information: Yes.

High accuracy: channel limit (16 384 channels); pixel limit ((232 - 1)*(232 - 1)); bit limit
(38 bits/pixel).

Ability to store raw data: Yes.

Unevenly-sampled spectral interval: Yes.

Royalty free: Yes.

File size limitation: 264 bytes.

Archiving application: Intended for archiving as well as transmission.

Highly Desirable

Geometric registration information: Reference grid + grid for each band.

Possibility to store company-specific information (native tags): Native tags can be
created in XML format.

Storage compatible with L*a*b*, RGB: Any spectral representation of the data is
possible.

Reconstruction matrix: Can be stored in metadata.

Simple usage, easy spectral reconstruction: Yes.

All information in one file: Yes.

Units of the data: Can be stored in metadata.

Planar packing available: Can be packaged band-by-band or any other way.

Industrial application (simple reconstruction): Free Java viewers can read and
reconstruct.

Nice to Have

Spectral characteristics of filters, sensors, etc.: Can be stored in metadata.
Channel storage: Components.

Ability to store output device data: Can be stored in the metadata.

Optional

International Commission on lllumination

Image data can be represented in terms of encoded colorimetric values under arbitrary
illumination: With use of ICC profiles, this can be accomplished without modifying the
original data.

Image data can be represented in terms of display device signal: With use of ICC
profiles, this can be accomplished without modifying the original data.
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