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Abstract: This standard defines performance characteristics for hyperspectral imaging devices,
usually referred to as hyperspectral cameras or imagers, as well as metadata for hyperspectral
images, for a set of use cases defined to represent a wide range of applications. In the context of
this standard, a hyperspectral camera or data set is defined as one in which pixel spectra are
measured over a specified spectral range without gaps and with a spectral sampling interval not
exceeding 1/30 of the spectral range. The standard considers cameras operating in the spectral
range from 250 nm to 2500 nm wavelength, and applies to a defined set of hyperspectral camera
architectures. Camera characteristics are defined to cover all key aspects of camera
performance. Within the applicable camera architectures, the characteristics are defined so as to
be directly comparable between cameras. Metadata are defined for describing camera-related
aspects of a hyperspectral image, which can aid information extraction in the subsequent
exploitation of the image.

Keywords: band, camera, co-registration error, distortion, étendue, field of view, ground
sampling distance, hyperspectral, IEEE 4001™, image, imaging spectroscopy, spectrometer,
keystone, imager, metadata, multispectral, pixel, resolution, smile, spectral camera, spectral
imager, spectral image, spectral sampling interval, stray light
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https:/standards.iece.org/ipr/disclaimers/),
appear in all IEEE standards and may be found under the heading “Important Notices and Disclaimers
Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. IEEE develops its standards through an accredited consensus
development process, which brings together volunteers representing varied viewpoints and interests to
achieve the final product. IEEE standards are documents developed by volunteers with scientific, academic,
and industry-based expertise in technical working groups. Volunteers involved in technical working groups
are not necessarily members of IEEE or IEEE SA and participate without compensation from IEEE. While
IEEE administers the process and establishes rules to promote fairness in the consensus development
process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the
soundness of any judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all
warranties, express or implied, concerning all standards, including but not limited to the warranties of
merchantability, fitness for a particular purpose and non-infringement IEEE Standards documents do not
guarantee safety, security, health, or environmental protection, or compliance with law, or guarantee
against interference with or from other devices or networks. In addition, [IEEE does not warrant or represent
that the use of the material contained in its standards is free from patent infringement. IEEE Standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved
and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by
any other person or entity to another. Any person utilizing any IEEE Standards document should rely upon
their own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus balloting process involves the review of documents in English only. In the event that
an IEEE standard is translated, only the English language version published by IEEE is the approved IEEE
standard.

Use by artificial intelligence systems

In no event shall material in any IEEE Standards documents be used for the purpose of creating, training,
enhancing, developing, maintaining, or contributing to any artificial intelligence systems without the express,
written consent of IEEE SA in advance. “Artificial intelligence” refers to any software, application, or other
system that uses artificial intelligence, machine learning, or similar technologies, to analyze, train, process, or
generate content. Requests for consent can be submitted using the Contact Us form.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual is not, and shall not be considered or inferred to be, the official position of IEEE or any
of its committees and shall not be considered to be, or be relied upon as, a formal position of IEEE or IEEE
SA. At lectures, symposia, seminars, or educational courses, an individual presenting information on IEEE
standards shall make it clear that the presenter’s views should be considered the personal views of that
individual rather than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working
Group. Statements made by volunteers may not represent the formal position of their employer(s) or
affiliation(s). News releases about IEEE standards issued by entities other than IEEE SA should be
considered the view of the entity issuing the release rather than the formal position of IEEE or IEEE SA.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations,
consulting information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of
interests. For this reason, IEEE and the members of its Societies and subcommittees of the IEEE SA Board
of Governors are not able to provide an instant response to comments or questions, except in those cases
where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in evaluating comments or revisions to an
IEEE standard is welcome to join the relevant IEEE SA working group. You can indicate interest in a
working group using the Interests tab in the Manage Profile & Interests area of the IEEE SA myProject
system.! An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.>

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable
regulatory requirements. Implementers of the standard are responsible for observing or referring to the

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html.
2 Available at: https://standards.ieee.org/about/contact/.
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applicable regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action
that is not in compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, neither IEEE nor its licensors waive any rights in
copyright to the documents.

Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license
to photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400;
https://www.copyright.com/. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE.? For more
information about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard
number and year of approval to access the web page of the published standard. Errata links are located
under the Additional Resources Details section. Errata are also available in IEEE Xplore. Users are
encouraged to periodically check for errata.

3 Available at: https://ieeexplore.ieee.org/browse/standards/collection/ieee.
4 Available at: https:/standards.ieee.org/standard/.
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Patents

IEEE standards are developed in compliance with the IEEE SA Patent Policy.®

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE SA Website at https://standards.icee.org/about/sasb/patcom/patents/. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in
ways not foreseen during the standard’s development. IEEE standards development activities consider
research and information presented to the standards development group in developing any safety
recommendations. Other information about safety practices, changes in technology or technology
implementation, or impact by peripheral systems also may be pertinent to safety considerations during
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for
determining and complying with all appropriate safety, security, environmental, health, data privacy, and
interference protection practices and all applicable laws and regulations.

5 Available at: https://standards.ieee.org/about/sasb/patcom/materials/.

‘ Documents
Copyright © 2025 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 13:58:19 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 4001-2025


https://standards.ieee.org/about/sasb/patcom/materials/
https://standards.ieee.org/about/sasb/patcom/patents/
https://standards.ieee.org/about/sasb/patcom/materials/
http://www.avadocuments.com/doc/ieee-4001-2025
http://www.avadocuments.com/doc/ieee-4001-2025

Participants

At the time this standard was completed, the Test and Calibration for UV-SWIR Hyperspectral Image
Devices Working Group had the following membership:

David Allen

Bob Arlen

Kyle Ausfeld
Andreas Baumgartner
Dietmar Boeker
Ned Bragg
Yameng Cao
David Case
Kimberly Casey
David Conran
Barbara Darnell
Philippe Deliot
Barbara Eckstein

John R. Gilchrist, Chair
Torbjern Skauli, Vice Chair

Christopher Durell, Secretary

Alexandre Fong
Andrei Fridman
Hannu Holma
Donna Howland
Emmett Ientilucci
Kari Kataja
Siri-Jodha Khalsa
Ian Lau

Trond Loke

Jan Makowski
Jacob Martin
Callum Middleton

David Perry

James Peterson
Brandon Russell
Gard Momrak Selnesaunet
Alok Shrestha
Raymond Soffer
Thijs Stockmans
Robert Sundberg
Miguel Velez-Reyes
Oliver Weatherbee
Kwok Wong
Nathan Wurst
Melina Zempila

The following members of the individual Standards Association balloting group voted on this standard.
Balloters may have voted for approval, disapproval, or abstention.

Kyle Ausfeld

Dietmar Boeker

Chad Bryant

Hugo Carreno-Luengo
Philippe Deliot
Christopher Durell
Alexandre Fong
Andrei Fridman

John Gilchrist

Akram Hakiri

Werner Hoelzl
Hannu Holma
Emmett Ientilucci
Kari Kataja

Siri Jodha Khalsa
Henry Koren
Trond Loeke
Arjuna Marzuki
Sivaraman P

Bansi Patel

George Percivall

Cam Posani

Robbie Ramsay

R. K. Rannow

Paul Romanczyk
Vincent Sauer
Torbjorn Skauli

Jason Zeibel

Melina Maria Zempila

When the IEEE SA Standards Board approved this standard on 19 June 2025, it had the following membership:

Lei Wang, Chair

Jon Walter Rosdahl, Vice Chair

David J. Law, Past Chair
Alpesh Shah, Secretary

Edward Au Guido R. Hiertz Daleep C. Mohla
Ted Burse Ronald W. Hotchkiss Annette D. Reilly
Xiaofeng (Alfred) Chen Tyler L. Jaynes Robby Robson
Doug Edwards Thomas Koshy Daniel Sabin
Nehad El-Sherif Howard Li F. Keith Waters
J. Travis Griffith Xiaohui Liu Sha Wei
Deborah R. Hagar Kevin W. Lu Luyang (Eric) Zhang

Hiroshi Mano

; Documents

Copyright © 2025 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 13:58:19 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 4001-2025


http://www.avadocuments.com/doc/ieee-4001-2025
http://www.avadocuments.com/doc/ieee-4001-2025

Introduction

This introduction is not part of IEEE Std 4001-2025, IEEE Standard for Characterization of Hyperspectral Imaging
Devices—Ultraviolet through Shortwave Infrared.

Hyperspectral imaging is a rapidly growing field, and hyperspectral cameras are being used in an ever-
expanding range of applications by a growing community of users. Camera technologies for hyperspectral
imaging are an active field of research, and a growing range of hyperspectral cameras is being offered
commercially. As will be evident from this standard, the performance of a hyperspectral camera cannot be
fully accounted for by a small number of characteristics in the same way as conventional cameras. Also, if
a hyperspectral image is not accompanied by adequate metadata, the information extracted from the image
risks being of suboptimal quality.

The hyperspectral imaging community has recognized that there are shortcomings in the way hyperspectral
cameras are specified today and that there is room for improvement in the reporting of metadata for
hyperspectral images. These issues are addressed by this standard, which defines ways to specify a
hyperspectral camera that are adequate for a range of use cases. To aid the characterization of cameras, the
standard provides suggested methods for camera testing. The standard also defines a set of camera-related
metadata that can aid in the extraction of information from image data.

This standard is the result of several years of work by a large group of people from the hyperspectral
imaging community, including manufacturers, users, and researchers. The group members represent a wide
range of applications, from industrial machine vision to space-based earth observation. The working group
has held 43 official meetings, mostly online, but also in person at major conferences. In addition, work has
been ongoing in a multitude of subgroups, as well as in individual labs and in the leadership team.

It is the hope of everyone involved that this standard will bring benefits to the community by advancing the
state of the art of hyperspectral camera specification and improving the utility of hyperspectral image
datasets. Some aspects of this standard may also find utility in spectroscopy and conventional imaging.
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IEEE Standard for Characterization of
Hyperspectral Imaging Devices—
Ultraviolet through Shortwave Infrared

1. Overview

1.1 Scope

This standard defines performance characteristics for hyperspectral imaging devices, usually referred to as
hyperspectral cameras or imagers, as well as metadata for hyperspectral images, for a set of use cases
defined to represent a wide range of applications. In the context of this standard, a hyperspectral camera or
data set is defined as one in which pixel spectra are measured over a specified spectral range without gaps
and with a spectral sampling interval not exceeding 1/30 of the spectral range. The standard considers
cameras operating in the spectral range from 250 nm to 2500 nm wavelength, and applies to a defined set
of hyperspectral camera architectures. Camera characteristics are defined to cover all key aspects of camera
performance. Within the applicable camera architectures, the characteristics are defined so as to be directly
comparable between cameras. Metadata are defined for describing camera-related aspects of a
hyperspectral image, which can aid information extraction in the subsequent exploitation of the image.

1.2 Purpose

This standard aims to serve camera manufacturers, buyers, and users of hyperspectral cameras by defining
characteristics that give a comprehensive specification of camera performance, in a form that is directly
comparable between cameras. The characteristics quantify the performance of hyperspectral cameras in
such a way that the quality of the spectral image data can be robustly predicted from the camera
specification. This standard also aims to serve users of hyperspectral images by defining image metadata
that quantify camera-related image properties.

A basic premise of the standard is that hyperspectral imaging, by its nature, is optical spectroscopy applied
in a multitude of pixels across some scene or object of interest. Therefore, an important purpose is to
specify the quality of the pixel spectra in a form relevant to spectroscopic interpretation as well as to
provide metadata to aid such interpretation.
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1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).%’

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily

required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard (may
equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

EMVA 1288, Standard for Measurement and Presentation of Specifications for Machine Vision Sensors
and Cameras.®

NOTE—Only a small part of EMVA 1288 is used; see 6.4.7 and 6.4.2.°

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause.'?

NOTE—The following includes conceptual definitions of terms, which in many cases refer to specific camera
characteristics. The precise mathematical definitions of these terms used in this standard are given in their respective
subclauses of Clause 6, as indicated by notes below.

A star (A"): A quantity expressing the light collection capability of a camera.

NOTE—See 6.4.1 and [B30].!!

® The use of the word must is deprecated when stating mandatory requirements; must is used only to describe unavoidable situations.

7 The use of will is deprecated when stating mandatory requirements; will is used only in statements of fact.

8 EMVA documents are published by the European Machine Vision Association (https://www.emva.org/).

° Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.

" JEEE Standards Dictionary Online is available at: https:/dictionary.ieee.org.. An IEEE Account is required for access to the
dictionary, and one can be created at no charge on the dictionary sign-in page.

! The numbers in brackets correspond to those of the bibliography in Annex H.
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acquisition frame: A set of pixels in the output image for which recording of their spectra is simultaneous
or overlaps in time at a given instant.

NOTE—The acquisition frame is essentially the smallest set of pixels that the camera can record, and it differs between
the camera architectures covered in 4.3. This definition enables a unified definition of pixel format and frame rate for
different camera architectures. The acquisition frame rate may differ from the frame rate of the image sensor within a
hyperspectral camera, notably in the case of a tunable filter camera.

across track: The direction perpendicular to the scan direction of a line imaging camera. Contrast: along
track. See also: direction; line imaging camera.

NOTE—For a line imaging camera, the direction of the scan is assumed to be nominally parallel to one axis of the
output pixel grid, and the axes are referred to as the scan direction or along-track direction, and the across-track
direction. For a scanned point spectrometer, directions are specified as for a line imaging camera, taking the fast scan
(sweep) direction to be the across-track direction.

along track: The direction along the scan direction of a line imaging camera. Contrast: across track. See
also: direction; line imaging camera.

bad pixel: A pixel that does not conform to the given specification.
NOTE—See 6.10.1.
band: A spectral component that is sampled nominally identically in all pixels of a hyperspectral image.

NOTE—Strictly, a band is an interval of wavelength or frequency. In practice, the spectral response function always
differs from the ideal box shape implied by this narrower definition.

band center: The centroid of the spectral response function.

binning: Addition of adjacent light sample values to form a new light sample value in an image with lower
spatial or spectral resolution. Binning can be realized in hardware or software.

black box camera: A conceptual camera that performs exactly the same operation as the actual camera—
receiving light input and producing an output image—but with no access to, or information about, its inner
construction and operation.

camera: The complete optics, detection, and signal chain that produces the output image and associated
metadata that the specification relates to. The camera is taken to include processing steps that take place
outside the physical camera unit, and/or after the recording of raw data.

NOTE—The camera is taken to include the foreoptic (objective) lens.

coregistration: (A) Alignment of one image with respect to another. (B) Alignment in position and shape
of one response function with respect to another. See also: smile; keystone.

cross-track: Syn: across track. See also: direction.

dark current: The apparent signal from a photodetector element when no light is incident on the camera
input, taken to include photosignal from any internally generated radiation in the camera.

NOTE—See 6.4.4.

dark noise: The temporal noise present in repeated light sample readings due to internally generated
random fluctuations when there is no light incident on the camera input.
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dark offset: The time-averaged value of light sample readings generated when there is no light incident on
the camera input.

NOTE 1—See 6.4.10.

NOTE 2—Neglecting noise, the dark offset is the value that can be subtracted from a light sample in order to obtain a
zero reading when there is no light entering the camera.

NOTE 3—For the raw image, the dark offset is considered to include the dark current contribution to the signal as well
as contributions from electronic offsets.

NOTE 4—The camera may internally apply a correction for dark offset in the output image; see 6.4.10.

NOTE 5—The dark offset may depend on operating conditions, such as temperature, and on camera settings, such as
integration time.

NOTE 6—Dark offset is an artifact of the camera. In contrast, the data format may define a numerical zero-point offset
(e.g., to accommodate negative-going values resulting from dark noise using an unsigned number format), but this

zero-point offset is not considered to be a dark offset.

dead time: The time period during which light incident on the camera input does not contribute to the
recorded signal levels.

direction (in field of view): See: across track; along track; x direction; y direction.

NOTE—It is often necessary to refer to directions in the field of view, relative to the output pixel grid. Different terms
are used depending on the mode of operation of the camera.

distortion: Deviation from an ideal imaging geometry.
NOTE—See 6.3.7.

dynamic range: For a given illuminant spectrum shape, the ratio between the light level where one band is
in saturation and the level where the band with the lowest SNR has a signal equal to the noise floor.

NOTE—See 6.4.9.
electron: The natural unit of signal in a photodetector. See also: photoelectron.

NOTE—Strictly, this is the natural unit only in “photon detectors,” also called “quantum detectors,” as opposed to
“bolometers,” or “thermal detectors.” Hyperspectral cameras almost invariably employ the former class of detector.

étendue: A product of area and solid angle representing the geometrical light collection capability of an
optical system. See: A star.

field of view (FOV): The spatial or angular extent, in the object plane or scene, respectively, of the pixels
in an acquisition frame.

NOTE—See 6.3.2.

frame imaging camera: A camera where the acquisition frame consists of a two-dimensional spatial
arrangement of output pixels.

geometrical pixel field of view (PFOV): The geometric projection, onto the scene or object plane, of the
focal plane area that defines a single output pixel in static (non-scanning) conditions.

NOTE—See 6.3.3.
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hypercube: See: hyperspectral image.

hyperspectral image: A data set representing a rectangular array of spatial pixels in which each pixel
contains a set of light samples representing a set of spectral bands.

NOTE—A hyperspectral image may incorporate metadata, but the term, as defined here, may also be used to refer to
the image data alone. The meaning follows from context.

imager: See: camera.

NOTE—*Imager” is used interchangeably with “camera” in this standard.

instantaneous field of view: See: geometrical pixel field of view.

integration time: The duration of light collection for a single output light sample.

NOTE—See 6.5.2.

keystone: Spatial offset between bands in a line imaging spectrometer camera. See: coregistration.
NOTE—See 6.5.1.

light sample: A single measurement of an amount of light in an image, according to some spatial, spectral,
and temporal response, representing the light level in a particular pixel and band. This is a collective term
for data values in an image, regardless of whether the value expresses radiance, reflectance, raw data, or
other quantities derived from the incoming light.

line imaging camera: A camera where the acquisition frame consists of a single row of pixels (1D), whose
normal mode of operation is spatial scanning in a direction perpendicular to the pixel row. See also: across
track; along track; direction.

NOTE 1—A line imaging camera is also often referred to as a “pushbroom” camera.

NOTE 2—The projection of the line of pixels into the scene may not be perfectly straight. The issue of field-of-view
curvature for a line imaging camera is addressed in the relevant parts of the specification and metadata.

manufacturer: For brevity, this standard is worded as if a camera specification is created by a
manufacturer, but this is not a requirement.

NOTE—See 5.1.

noise-equivalent spectral radiance (NESR): An input light level resulting in a signal level equal to the
noise level.

NOTE—See 6.4.5.

object distance: The distance from some reference plane on the camera to the object plane where the
specification applies.

NOTE—See 6.3.8.
output image: The hyperspectral image output to which the specifications and metadata relate.
output light sample: A light sample in the output image.

output pixel: A pixel in the output image, consisting of a single output light sample for each band.
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photoelectron: An electron excited by incoming light and contributing to the signal from a photodetector.

photo-response non-uniformity (PRNU): Spatial nonuniformity in the scaling factor from input light
level to output light samples.

NOTE—See 6.4.2.
pixel: (A) A spatial element of an image. (B) A photodetector element in an image sensor.

NOTE 1—This term is used in several different meanings. The applicable meaning follows from the context in each
case.

NOTE 2—A pixel in a hyperspectral image contains several light samples representing different spectral bands.
pixel center: The centroid of the sampling point spread function (SPSF).

NOTE—As defined, the pixel center refers to a single light sample, and therefore can be used to define pixel centers in
a single-band image. Pixel centers for the hyperspectral image, needed in the definitions of image geometry, are
determined from an SPSF averaged over all bands, as stated in the respective definitions.

pixel field of view: See geometrical pixel field of view.

pixel format: The number of output pixels along each dimension of an acquisition frame.

NOTE—See 6.3.1.

pushbroom camera: See: line imaging camera.

pushbroom scanning: The normal mode of operation of a line imaging camera, where the field of view is
oriented nominally perpendicular to the scan direction, and the camera or object is moved relative to the
line frame of reference.

NOTE—The term colloquially refers to the motion of a straight broom ‘pushed’ in a direction to cover an area.

quantum efficiency: The fraction of a flux of photons contributing to a given effect, for example,
excitation of photoelectrons in a detector.

raw: The lowest level of unprocessed digital data in the camera signal chain, typically the “digital
numbers” output from the initial analog-to-digital conversion.

read noise: The random signal fluctuations associated with readout and digitization of the signals from an
image sensor, normally expressed as an equivalent number of photoelectrons.

NOTE—See 6.4.3.
responsivity: A ratio of a light sample value to the corresponding light input.

sampling point spread function (SPSF): For a given light sample, the SPSF is the corresponding
distribution of responsivity in the image plane. Thus, the integral of the SPSF over the image plane is unity.
The SPSF is taken to refer to a stationary field of view, thus without any effect of scan movement. The
SPSF is the projection of the spectral-spatial sampling function (SSSF) onto the image plane.

short-wave infrared (SWIR): A spectral range normally defined as wavelengths from about 1 pm to about
2.5 pm.
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smile: Band center wavelength shift between pixels, caused by optical distortion in a line imaging
spectrometer camera.

NOTE—See 6.6.2.

spectral response function (SRF): For a given light sample, the SRF is the corresponding distribution of
responsivity in the spectral dimension. Thus, the integral of the SRF over all wavelengths is unity. The SRF
is the projection of the spectral-spatial sampling function onto the wavelength axis.

spectral sampling interval: The wavelength increment between neighboring band centers.

NOTE—See 6.2.3.

spectral-spatial sampling function (SSSF): The distribution of responsivity in the three-dimentional
space spanned by the wavelength axis and the two-dimensional field of view corresponding to a given light

sample.

temporal noise: The random variation between repeated samples of a constant light level due to the
combined effect of all noise sources.

whiskbroom scanning: Image formation by raster scanning of an acquisition frame having few pixels or a
single pixel. See also: across track.

x direction: See: direction.

y direction: See: direction.

3.2 Acronyms and abbreviations

ADC analog-to-digital converter
BIL band interleave by line
BIP band interleave by pixel
BSQ band sequential
de direct current
DN digital number
FOV field of view
FWHM full width at half maximum
GEO advanced use case—Geospatial imaging/remote sensing
GNSS global navigation satellite system
HSI hyperspectral imaging
IFOV instantaneous field of view
IMU inertial measurement unit
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LAB intermediate use case—Laboratory
MVI basic use case—Machine Vision/Industrial
NESR noise-equivalent spectral radiance

OD optical density

PFOV pixel field of view

PRNU photoresponse non-uniformity

QTH quartz tungsten halogen

SLAR stray light apparent reflectance

SLSF sampling line spread function

SPSF sampling point spread function

SRF spectral response function

SSSF spectral-spatial sampling function
SWIR short-wave infrared

uv ultraviolet

VNIR visible and near-infrared spectral range

4. Preliminaries

4.1 General

This standard defines performance characteristics for hyperspectral cameras, as well as camera-related
metadata for hyperspectral images. The standard applies to cameras operating in the ultraviolet (UV) to
short-wave infrared (SWIR) wavelength range, 250 nm to 2500 nm. In remote sensing, this range is
sometimes termed the “reflective domain,” since many applications involve measurement of reflected light,
as opposed to thermal radiation and other emissive processes. The standard applies only to a set of
hyperspectral camera architectures as defined in 4.3. Three notional use cases are defined, see 4.2. For each
use case, the standard defines sets of required and optional characteristics and metadata, aiming to capture
the needs of a wide range of applications. Figure 1 is a conceptual informative illustration of the scope of
this standard.

NOTE—This standard may be partially applicable to other hyperspectral camera architectures, as well as to other
imaging techniques and other wavelength ranges. However, in such cases, compliance with this standard cannot be
claimed.
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NOTE—This figure is informative and highlights the purpose of this standard by giving an overview of the basic
concepts, major semantic components, and conventions used. This figure is not intended to be exhaustive in its listing
of elements within or outside the scope.

Figure 1—Conceptual illustration of the scope of P4001

Compliance with this standard for a given use case shall only be claimed for specifications containing the
set of characteristics mandated for that use case in accordance with Table 3.

For simplicity, the standard text assumes that testing is carried out by the manufacturer to create a
specification sheet, but of course, customers or third parties may also carry out tests.

A hyperspectral image dataset will contain a hyperspectral image data cube (hypercube), as well as
metadata related to sensor properties and file format, and also use case-dependent data external to the
camera, such as sample name, geolocation data, or date/time. This standard focuses on aspects of data and
metadata that pertain to the camera and its performance. Metadata are defined to describe camera-related
aspects of a hyperspectral image in such a way as to aid and enhance information extraction in the
subsequent exploitation of the image. Metadata related to the application, or requirements on the file
format, are not part of this standard.

The main text of this standard assumes familiarity with basic concepts of hyperspectral imaging.
Supplementary informative material can be found in Annex A and Annex B. The camera testing procedures
outlined in Annex C, Annex D, Annex E, and Annex F may also be helpful for clarifying the content of this
standard. Examples illustrating the required contents of camera datasheets are shown in Annex G.

4.2 Use case definitions

This standard defines an extensive set of characteristics and metadata related to hyperspectral cameras. Not
all of these are necessarily relevant or important in a given application. The standard therefore defines three
notional use cases with corresponding sets of mandatory and recommended characteristics for camera
specifications and image metadata:
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a) Basic use case—Machine Vision/Industrial (MVI): This use case covers cost-sensitive
hyperspectral cameras such as those used in industrial process control. It can then be assumed that
the camera is part of a larger system that may take care of data correction. The output from the
camera itself may be uncorrected raw data. The required characteristics and metadata will therefore
be only a subset of those required for other use cases.

b) Intermediate use case—Laboratory (LAB): This use case covers applications where the objective is
to record the spatially varying spectral reflectance of material samples. It is assumed that a white
reference and a dark reference are available, and that illumination is well controlled. The quality of
the images depends on good correction for the effects of optics and image sensor so that reflectance
values may be compared between different instruments. Calibration and radiometric accuracy are
typically less critical than for geospatial imaging.

¢) Advanced use case—Geospatial imaging/remote sensing (GEO): This use case is characterized by a
need for high data quality and accuracy in order to infer scene properties from spectra sensed
through an intervening medium such as an atmosphere. This use case is also characterized by a
relatively high cost of data acquisition due to the use of airborne or space platforms and/or field
activity. This justifies a more extensive set of characteristics and metadata.

Characteristic features of these notional use cases are summarized in Table 1. Table 3 in 6.11 defines the
mandated and recommended camera characteristics to be reported in datasheets compliant with this
standard, for cameras intended for a given use case. In the same way, Table 5 in Clause 7 defines mandated
and recommended metadata items for datasets compliant with this standard for a given use case. Generally,
the requirements for a higher-level use case contain the requirements of lower use cases. Further discussion
of the use cases is given in Annex B.

Table 1—Use case comparison

Basic (MV]) Intermediate (LAB) Advanced (GEO)

Camera position Fixed position Fixed position Known (moving or fixed)

Camera orientation Fixed orientation Fixed orientation Known (moving or fixed)

Typical object 0.1...2m 0.1...2m Tens of meters to hundreds of

distance kilometers

Light Controlled Controlled Uncontrolled, non-uniform,
time-varying

Atmospheric effects Known or ignored Known or ignored Must often be taken into
account

Geometric effects Not evaluated Normally evaluated Fully evaluated

Output Data stream Data cube Data cube

Calibration Minimal Extensive (using reference Comprehensive

samples)

System optimization Price performance ratio Reflectance accuracy Spectral, radiometric, and

spatial accuracy

4.3 Applicability of the standard to different camera architectures

It is an important purpose of the standard to define characteristics that are comparable between cameras.
This inevitably places some restrictions on the types of cameras for which the standard is applicable. A
general requirement is that the output data are described by the same signal model, possibly after applying
corrections as discussed in 5.5. The signal model is outlined in Annex A.

In addition, a general requirement for this standard to be applicable is that the internal processing chain
must apply the same operations independently of the recorded data values. In other words, the camera shall
not perform operations such as “noise reduction” or “reconstruction” where the internal processing is based
partly on features in the recorded raw data. The reason is that for these cases, the physics-based
characteristics used in this standard for quantities such as noise or resolution may not be applicable.
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Hyperspectral camera architectures have been developed that sample the spectral image cube in different
ways. The four different camera architectures that are addressed by this standard are illustrated by the focal
plane layouts in Figure 2. With reference to the figure, these are as follows:

a) Line imaging spectrometer: A line imaging camera with dispersive spectrograph optics where the
geometrical pixel field of view (PFOV) in the along-track direction is defined by a slit in an image
plane, and all bands are recorded simultaneously (see Figure 4) by a two-dimensional image sensor.
These cameras are normally operated in pushbroom scanning mode.

b) Tunable filter camera: A frame imaging camera where spectral bands are defined by a tunable
filter, and bands are recorded sequentially (see Figure 4) by a two-dimensional image sensor. These
cameras normally require the scene to be stationary during image recording.

¢) Scanned point spectrometer: A single-point spectrometer with dispersive spectrograph optics where
the geometrical PFOV is defined by an aperture in an image plane such that the camera records one
pixel at a time, and such that all bands are recorded simultaneously. This is taken to include
imagers based on a single-pixel “whiskbroom” scanning mode.

d) Array imaging spectrometer: A frame imaging camera with dispersive spectrograph optics where
the geometrical PFOV is defined by an array of apertures in an image plane, and all bands are
recorded simultaneously by a two-dimensional image sensor. These cameras are normally operated
in snapshot mode.
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Black: Light-sensitive areas.

Dotted red squares: Outline of the geometrical pixel field of view (PFOV) A0x and A6y.
Blue circles: Indicative SPSF contours.

Blue arrows: Scanning pattern.

Figure 2—Sampling and scanning patterns for different camera architectures, illustrated
by their focal plane layouts: a) Line imaging spectrometer; b) Tunable filter camera;
c) Scanned point spectrometer; d) Array imaging spectrometer
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Further discussion of camera architectures is given in Annex A.

NOTE—This standard may still be useful for camera characterization for other camera architectures, but compliance
with it cannot be claimed. Future versions of this standard may include additional camera types.

4.4 Assumptions and constraints

This standard makes basic assumptions with respect to the camera and data, including assumptions that are
often made tacitly by convention, as well as assumptions that constrain the applicability of the standard.
These assumptions are listed explicitly as follows:

a)  Per the charter of the working group, the standard considers the wavelength range from 250 nm to
2500 nm.

NOTE—This constraint is interpreted as emphasizing “reflective domain” applications where the desired
quantity to be measured normally is a reflectance spectrum. The spectral range also implies the use of a wide
range of image sensor types (beyond those based on silicon), with a corresponding wide range of noise and
imperfections related to the image sensor.

b) In this standard, the camera is understood to include the complete optics, detection, and signal
chain producing the output image that the specification relates to, and the associated metadata. This
may include processing steps that take place outside the physical camera unit, and/or after the
recording of raw data. It is at the discretion of the manufacturer to decide what processing steps to
include.

c¢) It is assumed that all output pixels contain the same number of bands, with each band having
nominally the same spectral response function (SRF) in all output pixels, and each pixel having
nominally the same PFOV in all bands.

d) The output image is assumed to be a rectangular array of pixels representing a projected 2D scene
or object.

NOTE—BYy applying to cameras with line-scan or point-scan architectures, the standard is applicable to cases
where the output image is a 1D linear array of pixels, and mostly also to the case of a single spectrum.

e) For a line scan camera, one of the axes of the output image pixel grid is assumed to coincide, at
least approximately, with the scan direction.

NOTE—The actual scan direction is generally not constrained by the camera itself, and may deviate from the
nominal direction perpendicular to the FOV, but this assumption is necessary to avoid excessive complication
of the formulation of the standard. It can be noted that large deviations from the nominal scan geometry are
normally unfavorable from an application point of view.

f)  For a line scan camera, each row of output pixels extending across the scan direction is assumed to
belong to a single acquisition frame.

g) For a frame imaging camera, the whole image is taken to be a single acquisition frame.

h) The relative bandwidth (ratio of bandwidth to center wavelength) is assumed to be sufficiently
small that the photon energy can be taken to be constant across the band, to a reasonable
approximation, as a consequence of the applied definition of “hyperspectral.”

NOTE 1—This allows some simplification of the signal model.

NOTE 2—Some characteristics, such as A* and NESR, are defined here assuming a small relative bandwidth.
For cameras with broader spectral responses, these would have to be given with reference to a particular
illuminant spectrum, or as functions of wavelength for each band.

i) It is assumed that any dark offset is subtracted from the output image data.

j)  The values of output light samples are assumed to be nominally proportional to the amount of light
entering the camera.
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NOTE 1—Nonlinearity correction may be part of the processing chain that produces the output image.
NOTE 2—The standard includes a characteristic for linearity error in 6.4.7.

k) In the formulation of this standard, the camera is assumed to record an image of a stationary scene
or object. Temporal or video data are not covered by the standard. Representation of 3D spatial
structure in the object or scene is also not covered by the standard.

NOTE—The synchronization error between bands expresses the susceptibility to spectral artifacts due to
motion; see 6.5.3.

5. Camera characterization

5.1 General principles

For performance characterization, the camera is considered as a “black box” in the sense that the
characteristics describe the relationship between incident light and the output image, without reference to
camera internals or to a particular camera architecture. The camera characteristics are generally defined as
physical quantities that can be measured in different ways; therefore, specific test procedures are not
mandated. The characteristics identified in the standard have been selected so as to be measurable with
commonly available test equipment. Suggested testing procedures are provided in Annex C, Annex D,
Annex E, and Annex F. Users of the standard may adapt their measurement techniques to application
requirements and to available equipment.

Several characteristics are derived from the SPSF shape, which therefore needs to be measured. It is
permissible to approximate the SPSF shape as the product of the LSFs in the x and y directions (across and
along track for a line imaging camera).

NOTE—With this simplification of the SPSF measurement, users are allowed to sidestep a somewhat complex and
time-consuming measurement of the full SPSF shape. As noted in [B34], the simplified measurement can be
inaccurate, severely so in pathological cases, but it still represents a significant improvement over the preexisting state
of the art.

The output image may have some fraction of bad pixels, normally due to imperfections in the image sensor
in the camera. This fraction shall be specified as described in 6.10.1. These pixels are ignored in the
specification of other performance characteristics.

The wording of the standard assumes, for simplicity, that the specification is created by the manufacturer,
but the camera characterization may also be carried out by other parties.

5.2 Camera testing

Manufacturers shall design test methods with the goal of ensuring that the tests are unbiased. In general,
tests shall be designed for an uncertainty (1 sigma) of 20% or better, and should be designed for an
uncertainty of 10% or better, in the estimated values of camera characteristics.

NOTE—These are basic requirements on the design of tests, applicable to all characteristics unless otherwise noted.
Future versions of the standard may set more specific requirements on the uncertainty of test results. Manufacturers are
free to characterize cameras to a better accuracy, and are free to make statements about uncertainty in the datasheet.

Annex C to Annex F outline a set of test methods for determining values of the characteristics required in
this standard. These annexes also clarify and elaborate on the definition of camera characteristics. Method
descriptions and mathematical expressions show how the characteristics relate to measurable data. Real
examples of measured data are also provided.
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The descriptions of test methods in the annexes are limited in detail, and the presented approach must be
regarded as a suggestion. Camera testing requires considerable care and skill, and can be considered a field
in itself. Manufacturers who specify their cameras according to this standard are expected to have the
necessary equipment and skill for adequate testing of their cameras.

For a given characteristic, there will be a number of different approaches to testing that will all produce an
adequate result. The choice of method may depend on the available equipment and is therefore left to the
manufacturer rather than being mandated by the standard. Simplified testing procedures may be adequate in
some cases, for example, for rapid acceptance testing in a production setting. It is then the responsibility of
the manufacturer to design such tests with the goal of ensuring that when a camera passes the simplified
test, it will perform according to the specification.

5.3 Level of verification and obligation

This standard defines sets of camera performance characteristics that must be specified in order to comply
with the standard for one or more of the notional use cases. However, specific requirements for validation
or confidence are not given. The specified values of characteristics may be determined by a wide range of
validation methods, ranging from theoretical predictions to factory acceptance testing. Also, the
specification may be given with a wide range in the degree of formal obligation, ranging from design goals
with disclaimers to the terms of a contract. How the levels of verification and obligation are defined and
specified will depend on the context, for example, whether it is for a proposal or a contract. Therefore, this
standard does not define specific levels of verification or obligation relating to camera specifications.
Recipients of camera specifications should verify that their needs are met in these respects.

5.4 Cameras with internal resampling of data

In cameras where the output image is formed by resampling or similar operations, the spectral, spatial, and
radiometric characteristics will tend to vary across the FOV and spectral range, often in an irregular (but
constant) pattern, depending on local values of the resampling coefficients. In the specification of affected
characteristics, the given “worst-case” values shall reflect such variability.

As shown in [B30], under reasonable assumptions, the radiometric behavior of cameras with resampling can
be represented as an equivalent camera without resampling, by appropriately rescaling values for noise and
light collection. Therefore, this standard seamlessly accommodates resampled and directly sampled imaging.

5.5 Data processing in the camera

Camera characteristics given according to this standard refer to the output image from a camera. In any
hyperspectral imaging system, the image data is flowing through a chain of processing stages as discussed
in Annex A. As stated in 4.4, part of the processing that produces the output image may take place outside
the physical camera unit. The camera performance, as observed from the image data, will depend on the
processing applied. It is left at the discretion of the manufacturer to decide at what stage of processing the
specification is given.

Some cameras, such as cameras targeting machine vision applications, may not perform any internal
correction of their output data. The output data may then contain artifacts, which may nonetheless be
acceptable to the end user because the application system around the camera can correct the data to an
adequate degree. In order to describe the application-relevant performance level, the specification of such
cameras may assume that correctable artifacts in the output image have been minimized by processing.
This processing shall be outlined as part of the specification. For example, this could be a statement that the
specified reflectance measurement performance can be obtained by using a white reference and a dark
reference.
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5.6 Configuration-dependent sets of characteristics

If a camera has different settings or configurations, multiple sets of characteristics may be specified to
account for the different cases. Separate sets of characteristics may also be given for subsets of measuring
ranges. This avoids specifications where worst-case values would have to be overly conservative and not
reflect the actual performance.

Examples of cases where different sets of characteristics may be appropriate are as follows:

— A camera with changeable foreoptic lenses
—  Operation at different binning levels
—  Specifications over the full FOV and over a given spatial subset where performance is better

—  Specifications over the full spectral range and over a given smaller range where performance is
better

— Operation at room temperature and at elevated temperature

— Differences in post-processing or resampling

For each configuration, the specification shall include separate values for all characteristics whose values
change from one configuration to another.

NOTE 1—1t is up to the manufacturer to define cases that are specified separately. This will be a way to highlight
camera features.

NOTE 2—In most cases, only a small subset of characteristics change their values and need to be specified separately,
while others remain unchanged.

5.7 Cameras with separated optical channels

Some cameras consist of multiple subparts with separate, or partly separated, optical channels. Incoming
light is split spectrally and/or spatially, often to different focal planes. Specifications may be reported such
that these subparts are treated as separate cameras. However, to the extent that such systems are to be
considered as a single camera, the specification shall also include characteristics as needed to reflect the
quality of the output image from the complete system, including coregistration between the subparts.

Important cases of multi-part cameras are as follows:

— Line imaging spectrometers with separate image sensors, and possibly with partially or fully
separate optical channels, for the VNIR and SWIR spectral ranges: If such multichannel cameras
are to be specified as a single camera covering the total spectral range, the specification shall
include SPSF peak width and spatial coregistration error over the full spectral range, thus reflecting
any errors resulting from discontinuity from one spectral range to the other.

— Multiple sub-cameras covering different parts of the FOV: In this case, the specification shall
include spectral coregistration over the full FOV, as well as IFOV irregularities in the transition
between subpart fields of view. The latter may be detailed in a note to the specification of IFOV.

In these cases, synchronization between bands shall also be specified for the complete camera in
accordance with 6.5.3. Other characteristics shall also be specified as needed in order to describe the
properties of the output image.

Other cases of multi-part cameras are conceivable and shall be specified in a similar fashion to reflect the
properties of the output image.
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5.8 Sampling of camera properties across the FOV and over the spectral range

Characteristics will vary across the FOV and over the spectral range, but it may not be practical to perform
tests for every band in every pixel. Then, a representative subset of the FOV and spectral range shall be tested.
Test procedures shall be designed with the goal of ensuring that the full variability of characteristics across
these ranges is reflected in the specification. Manufacturers are thus expected to have sufficient familiarity
with their products so as to devise appropriate sampling strategies. For evaluation of averages across the FOV
and spectral range, sampling density should be sufficient that linear interpolation between sampling points can
be used to estimate the full set of values to be averaged, with negligible loss of accuracy.

The sampling shall include sampling points representative of the outermost bands in the outermost pixels of
the acquisition frame.

For characteristics that are tested across the FOV at finite object distance, the distance from the test source
shall be such that the source positions lie in the same plane. In other words, the specification shall indicate
performance for imaging of a planar object.

5.9 Reference illuminants

For some characteristics (SNR, dynamic range, and stray light), the specification requires reference to a
particular illuminant spectrum shape. In order to make specifications for different cameras comparable, it is
necessary to refer to the same spectral shape. Therefore, the following spectra shall be used to represent
commonly used light sources:

— To represent daylight in laboratory testing, the specification shall use the shape of a 6500 K
blackbody.
—  To represent halogen lamp light, the specification shall use the shape of a 2855.5 K blackbody.
The spectral shapes of these illuminants are illustrated in Figure 3. Solid curves are spectral radiance in

energy units, and dotted curves are spectral photon radiance. Additional spectral shapes may be used at the
discretion of the manufacturer. These spectral shapes shall then be described as part of the specification.
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Figure 3—Reference illuminants based on blackbody spectra at different temperatures
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In practice, cameras may be tested using light sources that deviate from these reference illuminants.
Assuming that the actual illuminant spectrum is known and smooth, and that bands are narrow relative to
structures in the spectrum, the performance for the reference illuminants may be calculated from the actual
test data. The data analysis shall account for uncertainties in this process.

NOTE—The ability to correct for illuminant shape is a privilege of hyperspectral imaging, opening a degree of
freedom in camera testing that is not available for cameras with broad spectral responses. A notable exception is stray
light, which requires an actual light source that is adequately representative of a foreseen application.

6. Camera performance specification

6.1 General

This clause defines characteristics that describe camera performance, and details how the values of each
characteristic should be provided in a camera specification. A number of these definitions are also used for
metadata, as described in Clause 7. For each of the characteristics in the following, a definition of the quantity
is first given, followed by a precise description of how the value shall be given in a specification sheet.

A camera specification shall be given such that the camera meets all characteristics in the specification
simultaneously.

The specification shall include worst-case values, in order to convey the minimum performance level that
can be expected by a user. For characteristics where there is no clear worst-case direction, both maximum
and minimum values shall be given unless stated otherwise.

Unless otherwise specified, spectral characteristics shall be averaged over all pixels, and spatial
characteristics shall be averaged over all bands.

In the following, many aspects of specification are mandated (formulated with “shall”). These are overridden
by Table 3, which specifies sets of mandated, recommended, and optional characteristics for each of the

defined use cases. Thus, if the manufacturer chooses to leave out a characteristic that is not mandated for the
use case addressed, the “shall” requirements in the description of this characteristic do not apply.

6.2 Spectral characteristics

6.2.1 Spectral range
Definition: The spectral range is the wavelength interval between the outermost band edges.

Specification: The spectral range is derived from the band center wavelengths of the bands with the
longest and shortest center wavelength plus/minus, respectively, half their spectral peak width.

The spectral range shall be reported in units of micrometers or nanometers.

6.2.2 Number of bands

Definition: The number of bands is the number of light samples in each output pixel, representing different
spectral components. This number shall not be larger than the number of raw light samples with different
and linearly independent spectral response functions that contribute to values in the output pixel.
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NOTE—As defined, the number of bands may be determined in part by resampling or spectral binning, but upsampling
is not allowed to increase the reported number of bands beyond the actual number of measured independent spectral
components.

Specification: The number of bands shall be reported for the output image.

6.2.3 Spectral sampling interval

Definition: The spectral sampling interval is the wavelength increment between neighboring band centers,
calculated as the mean of the band center wavelength differences with respect to that of the neighboring
bands.

Specification: If the spectral sampling interval varies across the spectral range by more than 10% of the
shortest interval, then it shall be specified as a range from the smallest to the largest. If the variation is
smaller than 10%, it is alternatively permissible to specify the spectral sampling interval as the mean value
over all bands.

The spectral sampling interval shall be reported in units of nanometers.

6.2.4 Spectral peak width

Definition: The spectral peak width is the FWHM of a Gaussian having the same second moment
(variance) as the SRF.

NOTE 1—This definition of peak width has been found to be robust against a range of different peak shapes, where a
direct evaluation of the full width at half maximum could produce spurious results Error! Reference source not
found..

Specification: The specification of spectral peak width shall include the mean and maximum value over all
bands and over all pixels in the output image. It may be specified for each band, or graphed as a function of
wavelength.

The SRF peak width shall be reported in units of nanometers.

NOTE 2—The SRF peak width should be evaluated on averaged data so as to have negligible noise. See Annex C.

6.2.5 Equivalent band count

Definition: In an idealized case where the spectral sampling interval and SRF peak width are constant
across the spectral range, the equivalent band count is defined following [B4] as the ratio of the spectral
range to the SRF peak width. This applies to the case where the peak width is larger than the spectral
sampling interval. When the peak width is smaller than the spectral sampling interval, the equivalent band
count is the same as the nominal band count.

In practice, the spectral sampling interval and SRF peak width tend to vary over the spectral range. As
described in [B4], the same approach is then applied band by band along the spectral axis. The equivalent
band count is then found from Equation (1):

N, I
EBC=)" SSI, (D)
k=1 W/l,k
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where

EBC is the equivalent band count
N, is the number of bands

SSI,  is the spectral sampling interval for band £, as defined in 6.2.3
W,,  is the maximum of the spectral sampling interval and the peak width of the mean SRF for band

k. The mean SRF is the averaged SRF over all pixels for band &, thus including contributions
from differences in broadening and spectral shifts

NOTE 1—The equivalent band count is an indicative measure of the spectral resolution, roughly speaking, the number
of times the SRF peak will fit within the spectral range.

NOTE 2—By taking the spectral sampling interval as a lower limit on the SRF width in the calculation, it is ensured
that the value does not exceed the actual band count.

NOTE 3—Observe that the quantities entering in Equation (1) are determined from other spectral characteristics, and
thus require no extra testing.

Specification: The equivalent band count calculated according to Equation (1) shall be reported rounded to
the nearest integer.

6.3 Spatial characteristics

6.3.1 Pixel format

Definition: The pixel format is the number of output pixels along each dimension of an acquisition frame.
This number shall not be larger than the number of raw light samples with different SPSFs that contribute
to the values of the output pixels.

NOTE—As defined, the number of pixels may be determined in part by resampling or binning, but upsampling is not
allowed to increase the reported number of pixels beyond the actual number of raw pixels.

Specification: For line imaging cameras, the pixel format shall be reported as the number of across-track
output pixels. For frame imaging cameras, the pixel format shall be given as the number of output pixels in
the x and y directions. For scanned point spectrometers, the number of output pixels in the across-track
direction should be specified.

6.3.2 Field of view (FOV)
Definition: The field of view is the spatial or angular extent of the pixels in an acquisition frame.

Specification: The FOV shall be given in angular or distance units, depending on the imaging geometry,
according to Table 2.

An angular FOV shall be specified in degrees. When given as a distance, the FOV shall be given in meters
with suitable SI prefixes as needed.

For cameras with variable focus setting, the FOV shall be given for both ends of the focusing range over
which the specification is valid. Thus, when the focus range includes infinity, the specification shall include
both angular and distance units.
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For cameras employing scanning patterns other than a linear scan, the specification shall provide an
adequate description of the scan geometry and the resulting FOV.

Table 2—Definition of FOV for different cases

Infinite distance Finite distance
Scanning, across track Angle between centers of the outermost | Distance between centers of the outermost
pixels in the FOV pixels in the FOV
Scanning, along track Not specified, unless the camera incorporates the optics and/or mechanics effecting the

scan, in which case the maximum scan range shall be given as FOV, in angle or distance
as appropriate.

Framing Angle between centers of the outermost | Distance between centers of the outermost
output pixels in x and y directions pixels in x and y directions

6.3.3 Geometrical pixel field of view (PFOV)

Definition: The PFOV is the geometric projection of the focal plane area that defines a single pixel in static
(non-scanning) conditions.

NOTE—The PFOV is conventionally called the instantaneous field of view (IFOV). The term PFOV is used here to
indicate that this quantity relates to non-scanning conditions and also applies to the projected pixel of a framing
camera.

As illustrated in Figure 2, the PFOV is defined for different camera architectures as follows:

a)  For line imaging cameras, the across-track PFOV is defined by the pixel pitch, and the along-track
PFOV is taken to be the geometrical projection of the slit onto the FOV.

b) For tunable filter cameras, with a two-dimensional pixel format, the PFOV is defined by the pixel
pitch in each direction.

¢) For array imaging spectrometers, the PFOV is defined by the pixel pitch in each direction (even if
the resulting PFOV may include a large fraction of insensitive area in the focal plane).

d) For scanning point spectrometers, the PFOV is the projection of the spectrometer aperture into the
field of view.

NOTE 1—The PFOV indicates the pixel sampling pattern of the detector array.

NOTE 2—The PFOV is not an indication of the spatial resolution, or of the size of the target area that is seen by a
single pixel. Both are better represented by the SPSF peak width.

NOTE 3—The PFOV is a factor in the nominal étendue of the camera, used in the definition of A*. For angular FOV,

the PFOV is an angle. At finite distance, PFOV is a distance, most often referenced to the scene as ground sampling
distance (GSD).

NOTE 4—The definition of along-track PFOV for line imaging cameras requires knowledge of the slit width and the
focal length of the camera foreoptics. This information will normally need to be taken from the optical design, and is a
necessary departure from the principle of characterizing the camera as a “black box.” (For cameras with removable
foreoptics, the focal length and slit width can be inspected without further intrusion into the camera.)

NOTE 5—As defined, the PFOV includes any insensitive “dead” area between photodetector elements in cases where a
camera has a fill factor less than unity, particularly in the case of the array imaging spectrometer. In the radiometric
characteristics, the resulting loss is incorporated in the definition of A*.
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Specification: In cases where PFOV is determined from pixel pitch, this is estimated as the distance between
the centroids of mean SPSFs for neighboring pixels. The specification of PFOV shall include the mean,
minimum, and maximum over the FOV. In cases where the maximum and minimum differ from the mean by
less than 10%, only the mean needs to be specified. For cameras with a two-dimensional pixel format, the
PFOV shall be specified separately for the x and y directions if their means differ by more than 10%.

The PFOV shall be given in angular or distance units, depending on the imaging geometry, consistent with
Table 2. Angular PFOV shall be given in milliradians or microradians. For finite-distance imaging, the
PFOV shall be given in meters with suitable SI prefixes at a viewing distance specified in a note. A
distance of 1 m is recommended.

6.3.4 SPSF peak width

Definition: The width of the output pixel SPSF in a given direction is the FWHM of a Gaussian having the
same second moment (variance) as the projection of the SPSF onto the given direction.

NOTE 1—This definition of peak width has been found to be robust against a range of different peak shapes, where a
direct evaluation of the full width at half maximum could produce spurious results Error! Reference source not
found..

Specification: The SPSF peak width is calculated for the SPSF averaged over all bands in each output
pixel in the FOV, thus including contributions from the peak shape in all bands, and also broadening
resulting from any spatial shifts between SPSFs of individual bands, estimated in accordance with 5.8. The
specification shall include the minimum and mean over all pixels.

For line imaging cameras, values shall be reported for the across- and along-track directions.

For cameras with a 2D FOV, values shall be reported separately for the x and y directions if they differ by
more than 10%.

For a camera whose normal mode of operation includes spatial scanning, the SPSF peak width shall be
specified for the static case without scanning.

NOTE 2—The SPSF peak width should be evaluated on averaged data so as to have negligible noise. See Annex D for
details.

The SPSF peak width shall be given in angular or distance units, depending on the imaging geometry,
consistent with Table 2. Angular SPSF peak width shall be given in milliradians or microradians. For
finite-distance imaging, the SPSF peak width shall be given in meters with suitable SI prefixes (milli,
micro, etc.) at a viewing distance specified in a note. In addition, the SPSF peak width shall be given in
units of pixels in the output image, i.e., the ratio of SPSF peak width to PFOV.

6.3.5 Equivalent pixel count

Definition: In an idealized case where the PFOV and the SPSF peak width are constant across the FOV in
a given direction, the equivalent pixel count is defined following [B4] as the ratio of FOV width to SPSF
peak width in that direction. This applies to the case where the peak width is larger than the PFOV. When
the peak width is smaller than the PFOV, the equivalent pixel count is the same as the nominal pixel count.

In practice, the PFOV and SPSF peak width tend to vary over the FOV. As described in [B4], the same
approach is then applied pixel by pixel across the FOV in each direction. The equivalent pixel count in the
x direction is then found using Equation (2), which also averages out any effects of geometrical distortion:
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1 & PFOV,
EPC, =— — 2
where
EPC, is the equivalent pixel count in the x direction
N, is the number of pixels in the x direction
N is the number of pixels in the y direction

PFOV_, is the PFOV in the x direction for the pixel with x and y indices i and j, respectively
is the maximum of PFOV, , and the peak width of the mean SPSF of that pixel in the x

direction. The mean SPSF is the averaged SPSF over all bands for pixel 7, thus including
contributions from differences in broadening and spatial shifts

The equivalent pixel count in the y direction is found similarly from Equation (2) with x and y
interchanged.

NOTE 1—The EPC is an indicative measure of the spatial resolution of the image, roughly speaking, the number of
times the SPSF peak will fit within the FOV.

NOTE 2—By taking the PFOV as a lower limit on the SPSF width in the calculation, it is ensured that the value does
not exceed the raw pixel count.

NOTE 3—Observe that the quantities entering in Equation (2) are determined from other spatial characteristics, and
thus require no extra testing.

NOTE 4—For line imaging cameras, the FOV width in the along-track direction does not follow from the definition in
6.3.2 and needs to be specified separately, as detailed below.

Specification: For line imaging cameras, it is recommended to take the PFOV in the along-track direction
to be equal to the across-track PFOV. However, another PFOV value may be used at the discretion of the
manufacturer. The along-track PFOV value used shall be clearly stated as a note to the equivalent pixel
count. A recommended form of this note is “equivalent pixel fraction along track for step scan with square
pixel grid” or “equivalent pixel fraction along track for step scan with pixels elongated by a factor [...] in
the along-track direction,” as applicable.

The equivalent pixel counts shall be reported rounded to the nearest integer, except for the along-track
direction of line scan cameras, where the equivalent pixel count will normally have a small value on the
order of 1 or less. In such cases, the equivalent pixel count shall be specified as a decimal number with at
least two digits of precision.

NOTE 5—For a line imaging camera, the equivalent pixel count along track can be interpreted as a fraction of the total
number of along-track pixels for a scan with the specified step size; thus the value is independent of the actual length of
the scan.

NOTE 6—The recommended way to define along-track FOV for a line imaging camera for this purpose corresponds to
a step scan such that the pixel centers form a square grid in the scene.

NOTE 7—In practical line scan cameras, it is common to have a larger PFOV along track than across track. The
recommendation to assume a square pixel grid will therefore often give a conservative estimate of along-track
equivalent pixel count.
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6.3.6 Effective fill factor

Definition: The effective fill factor Error! Reference source not found. is a quantity that describes the
effect of insensitive areas within an image sensor, and similar pixel-scale response nonuniformities. It is
defined for a single band, in a region of the FOV surrounding a given pixel. The effective fill factor in this
neighborhood is given by Equation (3):

BFF=1- [ f,, . ISPSE,,(x,)—SPSE,, [dxdy 3)
where
EFF is the effective fill factor, where a value of 1 corresponds to 100% fill factor
SPSF,,(x,y) is the sum of the SPSF value at the point (x,y) for all the pixels in a neighborhood of
the FOV having non-negligible sensitivity at this point, see Error! Reference source
not found.
SPSE, ... is the local mean value of SPSF  (x,y) over this neighborhood (thus allowing for

gradual changes over the FOV)
The integral in Equation (3) runs over the PFOV of the pixel under test.

For a line imaging camera, a fill factor is only defined in the across-track direction, since the sampling
pattern in the along-track direction depends on the scan motion and thus depends on factors external to the
camera. Then the definition Equation (3) reduces to a one-dimensional case where SPSFs are projections
onto the across-track direction Error! Reference source not found..

NOTE 1—The deviation of effective fill factor from unity is an upper bound on the error in reflectance that can result
from response nonuniformity on the scale of a pixel Error! Reference source not found..

NOTE 2—This definition of effective fill factor reduces to the conventional fill factor for cases where the SPSF is box-
shaped.

NOTE 3—An effective fill factor below unity may occur not only in cases where the image sensor has a fill factor
below unity, but also for array imaging spectrometer cameras with an optical PSF smaller than or comparable to the
PFOV.

Specification: The effective fill factor shall be calculated from output image SPSFs in each band. It shall
be specified as the average, as well as the minimum value, over all bands and over the full FOV.

The effective fill factor shall be reported as a percentage, but may be omitted from the datasheet if the
value exceeds 95%.

NOTE 4—For the determination of effective fill factor, it may be adequate to measure the SPSF of a single pixel and
replicate it according to the PFOV to represent the neighborhood of pixels.

6.3.7 Spatial distortion

Definition: The spatial distortion at a given pixel position is defined as the relative difference between 1) the
actual radial distance from the FOV center to the pixel center and 2) the distance from the FOV center to the
ideal pixel center position defined by the PFOV at the FOV center multiplied by the pixel index.

NOTE 1—This definition is similar to the definition used in [B8] as well as in several other sources. However, in this
standard, radial distance is used instead of image height, to accommodate both line imaging and frame imaging
cameras.
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Specification: Spatial distortion shall be reported in percentage points as the absolute value of the largest
relative distortion over all pixels. The FOV center is taken to be the midpoint of the pixel index range in
each direction.

NOTE 2—The largest distortion often occurs at the edge of the FOV.

NOTE 3—For a line imaging camera, the FOV may not be perfectly straight. In this version of the standard, FOV
curvature is ignored in the specification of distortion, and only the across-track pixel position is considered.

6.3.8 Object distance

Definition: The object distance is the distance from some reference point on the camera to the object plane
where the specification applies.

Specification: For cameras with fixed focus for imaging at optical infinity, the minimum object distance
where the specified performance is maintained shall be stated. For cameras with variable focus setting, the
object distance shall be given as the range of distances over which the specification is maintained with
appropriate focus setting. The choice of reference point is left to the manufacturer and shall be stated.

6.4 Radiometric characteristics

6.4.1 Effective throughput, A*

Definition: The effective throughput at a given wavelength, denoted A*, is the product of étendue of the
camera optics, transmission of the camera optics, and quantum efficiency of the detector (taken to include
the fill factor, if less than unity). A* is calculated for each band, taking the light collection bandwidth to be
the maximum of 1) the spectral sampling interval and 2) the SRF peak width [B30].

NOTE 1—A* describes the net light collection of the camera, including the detector. This per-band A* is a
comparative figure of merit for light collection.

NOTE 2—The spectral sampling interval is taken as a lower limit so that spectral subsampling will not lead to overly
optimistic values of A*.

NOTE 3—A* determines the level of photoelectron Poisson noise (the dominating noise source in preferable operating
conditions) for a given integration time, bandwidth, and input light level.

NOTE 4—The light collection bandwidth may vary over the spectral range, and is determined for each band.

Specification: A* shall be determined from output image data. The specification of effective throughput
shall include the mean and minimum of A* over all output bands and pixels. The specification should
include graphs showing A* for each band (mean and minimum over all output pixels). The graphed A*
values shall then be averages for each band over the acquisition frame.

A* shall be reported in units of um? sr.

NOTE 5—In calculations, A* has dimension (area x solid angle), but as noted in [B30], the A* value can also be
interpreted as the pixel area of an equivalent lossless camera as defined in the paper.

NOTE 6—A* is uniquely defined only for monochromatic light. Determination of per-band A* requires a definition of
bandwidth. By defining the light collection bandwidth as above, the definition used for specification here enables the
use of broadband light for testing [B30].
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6.4.2 Camera photo response non-uniformity (PRNU)

Definition: Camera PRNU is the relative range of variation of responsivity across the field of view in a
given band, with responsivity taken to be the ratio of output light sample value to input light level.

NOTE 1—As required in 4.4, PRNU is evaluated on the output image after subtraction of any dark offset.

NOTE 2—The camera signal chain may include calibration factors that correct for the PRNU resulting from the image
sensor and optics within the camera. The measure of PRNU here will then characterize the quality of this correction, as
reflected in the term “Camera PRNU.”

NOTE 3—When the camera is viewing a uniform source, the camera PRNU represents residual contrasts in the image
resulting from imperfections in the net responsivity after any calibration factors have been applied. In comparison,
variations in A* across the FOV may be compensated by calibration and will then ideally be invisible in the (time-
averaged) image of a uniform source.

NOTE 4—For line imaging cameras, camera PRNU tends to lead to striping artifacts.

Specification: For each band, find the mean, standard deviation, minimum, and maximum of camera
responsivity across all pixels. Express the standard deviation, minimum, and maximum as deviations from
the mean in percent. The PRNU specification shall include the standard deviation over all bands, as well as
the largest deviation (maximum or minimum) over all bands, both reported as percentages. The PRNU
specification may include other values at the discretion of the manufacturer.

NOTE 5—This is similar to the PRNU specification in EMVA 1288, except that the largest deviation from the mean is
also reported.

NOTE 6—In contrast to EMVA1288, the characteristic for PRNU does not include a spatial high-pass filter, since
smooth variations of PRNU may be equally detrimental to spectral processing.

The reported camera PRNU may be compensated for residual contributions from temporal noise using the
method described in EMVA 1288 [B3].2

For cameras without internal correction, as discussed in 5.5, the specification of PRNU may be given
assuming some suitable correction method, to be outlined in a note to the specification.

6.4.3 Read noise and normalized read noise

Definition: The read noise is the component of the RMS noise in an output light sample which is
independent of signal level and integration time, normally expressed as a number of photoelectrons giving
a signal of equivalent amplitude. Dividing read noise by the effective throughput A* yields a normalized
read noise that is directly comparable between cameras having different light collection.

NOTE 1—See [B32]. EMVA 1288 [B3]includes an analogous normalized read noise for an image sensor.

NOTE 2—If the camera applies resampling, binning, or similar operations to form the output image, the read noise
then represents an equivalent non-resampled camera [B30].

Specification: The read noise shall be specified for the output image. The read noise shall be specified as a
count of electrons and as a normalized value in units of electrons/(um?sr). The specification shall include
the mean and maximum value over all pixels and bands. If camera settings affect the read noise, different
sets of values may be given for different camera settings when relevant, and also for different subsets of the
FOV or spectral range, at the discretion of the manufacturer, but including worst-case values over the
specified range of settings.

12 Information on references can be found in Clause 2.
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6.4.4 Dark current

Definition: Dark current is the apparent signal from a photodetector element when no light is incident. For
the purposes of this standard, the dark current is taken to include any photosignal from internally generated
radiation in the camera. Dark current contains noise, normally assumed to be Poisson distributed, which
may be a significant contribution to the total noise at low light levels.

NOTE 1—Dark current does not include electronic offsets.
NOTE 2—Internally generated radiation may be significant for cameras sensitive in the SWIR band.

The dark current may not be directly observable in a “black box” camera, which has internal dark level
subtraction. However, the effect of dark current is indirectly observable through an increase in noise on the
light signal, as discussed in Annex E. Dark current may also be known from specification or
characterization of the image sensor.

Specification: Dark current is taken to be the dark signal referred to the output image (after any binning or
resampling). The dark current shall be specified as the mean value over all pixels and bands in the output
image. The maximum shall also be specified in cases where it is more than double the mean value. Dark
current shall be specified for those operating conditions where it is largest, within the specified
environmental range, normally at the highest temperature. Dark current may additionally be specified at
other conditions chosen at the discretion of the manufacturer, such as at room temperature.

The dark current shall be specified in units of electrons per second.

6.4.5 Noise equivalent spectral radiance (NESR) at the noise floor

Definition: NESR is taken to be the input spectral radiance giving a signal equal to the dark noise at a
given integration time.

NOTE 1—1In this standard, NESR is used to express the noise floor, disregarding Poisson noise due to incoming light,
but including readout noise and dark current noise, as well as Poisson noise due to internally generated radiation.

Specification: Average NESR over all pixels should be specified as a set of graphs of NESR versus
wavelength at a set of integration times spanning the range over which the specification applies. Within this
range, the set of integration times should be given in millisecond units and follow a logarithmic sequence,
for example of the form ..., 1, 2, 5, 10, 20, 50, ... If the maximum NESR over all pixels is more than 40%
larger than the mean, the maximum should also be reported, either as a set of graphs or as a note on the
graph reporting the relative magnitude of the maximum value.

The NESR shall be reported in units of W/(m? st nm).

NOTE 2—Observe that NESR is derived from other characteristics, and thus requires no extra testing.

6.4.6 Saturation capacity

Definition: The saturation capacity is taken to be the highest signal level where the variance estimated
from repeated light sample values is not biased by saturation effects such as nonlinearity or truncation.

NOTE 1—For cameras exhibiting analog saturation with a gradual onset of nonlinearity near saturation, the
manufacturer may decide on a definition of saturation, traded against the resulting nonlinearity.
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