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The microfading tester (MFT; also refers to microfade testing) is an analytical technique developed by 
Paul Whitmore (then at Carnegie Mellon University) to determine the in situ light sensitivity of an artwork 
(Whitmore, Xun Pan, and Bailie 1999). The MFT was designed to rapidly induce and monitor color change in 
fugitive materials. This is achieved by exposing the sample surface to a high-intensity, stable, and focused 
(typically 0.5 mm or less in diameter) light spot and simultaneously examining the affected area using a 
spectrophotometer. While the resulting color change may be perceived as damage, this is mitigated by the 
small area of exposure and the termination of the test once a minimum color change threshold is reached, 
rendering the change visually imperceptible. The MFT allowed for the direct identification of the most 
fugitive colorants in an artwork and comparison to the color change behavior of light-sensitive standard 
material. Access to this predictive information for a specific object provides valuable context when decid-
ing on a preservation lighting policy.

MFT represented an advance over previous lightfastness assessments, which relied on the evaluation of 
representative mock-up samples or direct monitoring of object color change during display. The use of 
mock-up samples to inform the light sensitivity of an object is hindered by time-consuming chemical 
analysis of the colorant system and mock-up preparation that may not wholly reflect the chemical and 
physical nature of the object. While color monitoring of objects during exhibition provides a direct assess-
ment, this too is a laborious process, requiring the object to first undergo an overall color change, possible 
unmounting of the object from its display (and subsequent remounting), and careful repositioning of the 
spectrophotometer on the same areas.

Interdepartmental collaborations involving MFT can reshape the dialogue about lighting policy and man-
agement. Provided with information on object vulnerability to light, discussions among collection staff—
conservators, collection managers, curators, registrars—regarding selection of objects for exhibition may 
shift from an “us versus them” relationship to one focused on risk management and facilitating greater 
access where possible. If color change is thought to negatively affect the object, the use of the MFT al-
lows one to protect artwork that is susceptible to light-induced color change (or inform of possible con-
sequences if display is necessary). Conversely, display restrictions can be relaxed for objects shown to be 
more lightfast by MFT. The latter is particularly significant with respect to access and time (i.e., it reduces 
the need to change out objects mid-exhibition) when the object was previously thought to be highly sensi-
tive to light.  

Though MFT has been accepted as an important preventive conservation tool and is employed at over sev-
enty institutions worldwide (see appendix 1), there remain obstacles to its more widespread use. While the 
original MFT setup described by Whitmore, Xun Pan, and Bailie (1999) is most common, subsequent de-
signs have explored various light sources, measurement geometries, and means of automation. This has 
led to ambiguity as to which iteration is most appropriate for a specific context. MFT is also a rare example 
of an analytical technique that has emerged from within the conservation field rather than having been 
transferred from a larger external field. As a consequence, instrumental support and training that might be 

1. INTRODUCTION
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provided by a commercial company is limited, and a self-supporting MFT user community remains under-
developed. Access to didactic information about MFT is particularly important for sustaining institutional 
knowledge about an instrument that may be operated and maintained intermittently.  

The Getty Conservation Institute (GCI) and partner institutions have sought to examine these issues relat-
ed to advancing MFT practice. Following several MFT-focused meetings convened in 2016 by the Rathgen 
Laboratory, the New York Conservation Foundation, and the Gothenberg Museum of Art, the GCI hosted a 
public seminar and experts meeting in March 2018 with conservation scientists and conservators experi-
enced with MFT. Outcomes from this meeting included a published report summarizing the current state 
of MFT practice and defining paths forward (Beltran 2019), as well as the development of two collaborative 
MFT training workshops for the 2019 annual meetings of the American Institute of Conservation and the 
Western Association of Art Conservation.

This document, Microfading Tester: Light Sensitivity Assessment and Role in Lighting Policy, begins to ad-
dress the field’s need for additional didactic material related to MFT and is part of the GCI’s Guidelines 
series presenting practical tools for advancing heritage conservation. The aims of this document are as 
follows:

• Establish a baseline of knowledge for prospective and current MFT users, as well as stakeholders 
involved in lighting policy;

• Discuss the aforementioned obstacles to more widespread use of MFT in the heritage field;
• Reflect the range of current MFT practice with respect to operation, data collection, and interpretation; 

and
• Promote regional and global dialogue about MFT practice to foster a self-supporting user community.

Each of the chapters that follows emphasizes specific topics related to MFT. Chapter 2 is focused on the 
fundamental color science underpinning the analytical technique. Essential color and perception con-
cepts are discussed, along with descriptions of lighting and color space standards established by the 
International Commission on Illumination (Commission International de l’Eclairage [CIE]) and lightfastness 
standards developed by the International Standards Organization (ISO). This provides the necessary con-
text for understanding the spectral reflectance and colorimetry data collected by MFT.       

Succeeding chapters explore the MFT technique in depth. The components of an MFT setup—light 
source, fiber optics, lenses, measurement geometry, and spectrophotometer—and variations in design 
are discussed. Also examined are uncertainties and misperceptions associated with MFT, some of which 
are common to all accelerated aging techniques. This is essential for the effective communication of MFT 
results with stakeholders involved in collection care and exhibition. This is followed by consideration of the 
practicalities of conducting MFT, including sample and instrument setup, the collection of spectral data, 
and data analysis and visualization; this discussion was informed by the generous sharing of current MFT 
operating protocols by numerous institutions. It should be noted that the goal is not to define “best prac-
tice” but to provide context for how MFT has been employed in the field. 

The final chapter presents a decision-making framework for lighting policy and the role of MFT in this pro-
cess. It begins with a description of general principles for sustainable collection care and preventive con-
servation—including a value-based approach, museum or collection lifetime, and preservation target—and 
how these can broadly inform lighting guidelines. Several examples of MFT analyses of artists’ materials 
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and objects are presented, along with a discussion of how this information can be used to more objectively 
manage the risk of light-induced color change of artwork.

The appendices at the end of the document are as follows: a directory of institutions utilizing MFT, current 
as of publication (appendix 1), a glossary of terms (appendix 2), colorimetry calculations (appendix 3), a 
practical case study describing MFT use for exhibition screening (appendix 4), and a sample MFT analysis 
report (appendix 5).

 References   
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Conservation 38 (3): 395–409.
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Sarah K. Freeman

Color science is a broad topic that can be explored through the lenses of biology, chemistry, mathematics, 
physics, physiology, and psychology. It encompasses the study of color stimuli, illumination, and human 
color perception. This chapter aims to briefly summarize prevailing definitions of color and color percep-
tion and provides an overview of how color and light measurements can be interpreted with standards 
created by the International Commission on Illumination (CIE) and the International Organization for Stan-
dardization (ISO).

The CIE is a technical, scientific, and cultural nonprofit organization whose objective is to provide an in-
ternational forum for the discussion of all matters relating to the science, technology, and art of color and 
light. The organization provides recommendations and standards for colorimetry, illumination, and pho-
tometry and has created widely used standards available as published technical reports (e.g., CIE 2004a, 
2004b, 2018), which can also be accessed in ISO standards. Similarly, the ISO is an independent, nongov-
ernmental organization that develops international standards, technical reports, and specifications to sup-
port quality and safety assurance in world trade. While its purview is broad, the ISO often collaborates with 
the CIE on the development of lighting standards. 

The CIE and ISO standards are among the tools that have shaped how many professionals tasked with the 
preservation of cultural heritage develop guidelines for the preventive care and handling of objects.  The 
microfading tester relies on the color management framework developed by the CIE and the ISO. This 
includes reference data for standard illuminants and standard observer color matching functions, three-
dimensional color spaces, and color difference equations that are fundamental to the interpretation of 
MFT data. 

The ability of MFT to directly assess the light sensitivity of objects before display has made it an important 
tool for leveraging stakeholders in the constant negotiation between access for engagement in the pres-
ent and preservation of material cultural heritage for future generations. How we define color and describe 
color change is critically important for establishing an effective lighting policy.

 Electromagnetic Spectrum   

An understanding of color begins with light. The human eye detects electromagnetic radiation in a small 
portion of the electromagnetic spectrum from 380 to 700 nanometers (nm) called the visible light region 
(fig. 2.1). This region corresponds to wavelength and frequency ranges for seven principal colors, which 
together create white light. The electromagnetic spectrum encompasses the entire distribution of elec-
tromagnetic radiation or energy and is measured by wavelength (described in meters, though nm is more 
convenient for the visible region) and frequency (units of Hertz or cycles per second). Light can be char-
acterized as a waveform of energy, a combination of propagating electric and magnetic waves. Light also 

2. COLOR SCIENCE  
IN THE CONTEXT OF MFT
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moves at a characteristic speed, defined by the variable c, well known by Einstein’s equation of special 
relativity, E = mc2, where E is energy, m is mass, and c is the speed of light.

In addition to its wave properties, energy in the electromagnetic spectrum can be described in terms of 
photons. Photon energy is dependent on wavelength and frequency; as photon energy increases with 
decreasing wavelength and increasing frequency, there is greater potential to initiate photochemical reac-
tions within the absorbing material, which may result in color change (Michalski 2018).

Ultraviolet (UV) and infrared (IR) radiation exist beyond the visible spectrum, ranging from 100 to 380 nm 
and 700 to 1,000 nm, respectively. Possessing a higher photon energy, UV is known to cause damage when 
absorbed by cultural heritage material by inducing photochemical reactions that can result in the weaken-
ing of the support. UV is often filtered from a xenon-arc MFT light source so that it more closely resembles 
gallery lighting conditions, which typically reduce most UV radiation with coatings or filters on light fixtures 
and/or windows, as well as glazing on framed materials. Note that UV from the MFT light source can be 
included if the expected display conditions contain a significant UV component. Though possessing a re-
duced photon energy, IR is also excluded from a xenon-arc MFT light source so that the sample surface is 
not subject to excessive heating. Removing damage risk factors associated with UV and IR ensures that the 
MFT provides an assessment of color change from visible light exposure. For more detailed information on 
the damage caused by UV and IR, consult CIE Technical Report 157, Control of Damage to Museum Objects 
by Optical Radiation (CIE 2004b), which is frequently cited in the conservation literature.

Visible light can also be characterized by its color temperature. This refers to the behavior of an idealized 
thermal black-body radiator that absorbs radiation of all frequencies and emits black-body radiation that 
is dependent on that object’s temperature. In practice, color temperature is defined for light sources that 
approximate black bodies and can appear red, orange, yellow, white, and blueish-white. Color temperature 
is expressed in units of kelvin (K), with values above 5,000 K considered “cool” (blueish) and those below 
3,000 K considered “warm” (yellowish). While the typical color temperature for museum gallery lighting 
is 3,000 K, recent studies have shown that viewer preference may extend to higher color temperatures 
(e.g., Scuello et al. 2004; Pinto, Linhares, and Nascimento 2008; Nascimento and Masuda 2014). Daylight 
color temperatures are dependent on time of day and cloud cover, varying from 3,500 K immediately after 
sunrise or before sunset (the “golden hour”) to 5,500 K during midday and 6,500 K when overcast. (Note 
that the CIE standard illuminants D50 and D65 correspond to color temperatures of 5,000 K and 6,500 
K, respectively.) UV- and IR-filtered xenon-arc light sources used in MFT range in color temperature from 
5,500 to 5,700 K (Pesme et al. 2016).
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1024 1022 1020 1018 1016 1014 1012 1010 108 106 104 102 100 ν (Hz)
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FIGURE 2.1 Electromag-
netic spectrum. Image: Philip 
Ronan, 2007. Licensed under 
Creative Commons Attribu-
tion-Share Alike 2.5 Generic, 
2.0 Generic, and 1.0 Generic 
license.
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 Color Theory   

The modern study of the visible spectrum began 
with Sir Isaac Newton’s treatises on light, which 
he presented to the English scientific community 
in the seventeenth century (Williamson and Cum-
mins 1983). Newton demonstrated how white light 
splits into seven principal colors (red, orange, yel-
low, green, cyan, indigo, and violet) when passed 
through a glass prism. These seven colors, also 
referred to as the visible spectrum, were illustrated 
in a color circle in Newton’s seminal text Opticks in 
1704 (fig. 2.2). Although earlier attempts to explain 
color with wheels and spheres had been presented 
(Whitmore 2002), Newton was the first to describe 
the visible spectrum as a series of colors with dif-
ferent wave energies. 

Newton also demonstrated that the color of light 
is additive, with different wavelengths of light 
overlapping to create a new color. He described 
primary additive colors as red, green, and blue be-
cause they can be combined to form white light, 
a principle that is later correlated to the anatomy of the human eye. (Primary colors can also be mixed 
to form secondary colors—green, orange, and violet—and merging of primary and secondary colors can 
form tertiary colors.) Additive color principles were applied to early models of color space, which still apply 
today to RGB (red, green, and blue) digital color systems for colorimetric and electronic visualization with 
televisions, computer monitors, and smart phones.

In contrast, subtractive color is based on mixtures of primary colorants that absorb incident light and 
reflect back to the viewer the subtractive colorant rather than the additive color. When colorants such as 
paint or dye are mixed, the wavelength of the primary color is absorbed and the secondary color is ob-
served. CMYK (cyan, magenta, yellow, and black) is a subtractive color system used in the printing industry. 
For more about color mixing and light, see Roy S. Berns, ed., Billmeyer and Saltzman’s Principles of Color 
Technology (2000).

Many scientists challenged Newton’s mathematical theories about color and light, which shifted the focus 
to the human perception of color as reflected light rather than the physical properties of light rays. An 
early proponent of color perception originating from human physiology and psychology, rather than the 
physical sciences, was Johann Wolfgang von Goethe. Goethe’s philosophy of color was published in 1810 
in the Theory of Colours and was a direct challenge to Newton. Goethe suggested in a series of observa-
tions that the perception of color came from an emotional response to light. He illustrated his theory of 
color and its relationship to mood in an 1809 color wheel entitled Cercul culorilor pentru symbolizarea 
spirit şi sufletului omului (Color circle symbolizing the spirit and soul of man) (fig. 2.3). This visual depicts six 

FIGURE 2.2 Color circle rendering describing 7 principal 
colors: Rubeus (red), Aureus (auburn/orange), Flavus (yel-
low), Viridis (green), Caeruleus (blue/cyan), Indicus (indigo) 
and Violaceus (violet). From Sir Isaac Newton, Opticks, 1704. 
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principal colors: red = “beautiful” (schön); orange = 
“noble” (edel); yellow = “good” (gut); green = “use-
ful” (nützlich); blue = “common” (gemein); and vio-
let = “unnecessary” (unnöthig). These descriptors 
are assigned to four categories of mood: “reason” 
(vernunft) for beautiful and noble (red and orange); 
“understanding” (verstand) for good and useful 
(yellow and green); “sensuality” (sinnlichkeit) for 
useful and common (green and blue); and “imagi-
nation” (Phantasie) for unnecessary and beautiful 
(purple and red). Although many of Goethe’s ideas 
were controversial, the relationship of color to psy-
chology is inherent in modern color theory. 

 Color Perception   

In an effort to quantify color perception, the concept of a just noticeable difference (JND) emerged from 
the nineteenth-century field of psychophysics, the study of sensation and perception. Ernst Heinrich 
Weber and Gustav Theodor Fechner figure prominently in this early development in experimental psychol-
ogy. Through studies of touch senses, Weber was the first to describe the smallest perceivable difference 
between two stimuli as a JND. Weber realized that the threshold for the detection of a change in a stimulus 
was often a fixed percentage of the stimulus strength. He studied the perception of weight and noticed 
that as weights increased, so did the increments for which we could detect changes. This became known 
as Weber’s fraction, which is written Δ ϕ / ϕ = c, where c is a constant, Δ ϕ is the difference threshold, and 
ϕ is the original stimulus magnitude (Gescheider 1997).

Fechner expanded on Weber’s fraction, theorizing that there were two scales: a psychological scale of 
sensation and a physical scale of energy. Fechner showed that the JND had a nonlinear relationship with 
sensation and intensity, with the magnitude of a sensation proportional to the logarithm of the intensity 
of the stimulus causing it. This became known as the Weber-Fechner law, which is as follows: Ψ = k log ϕ, 
where Ψ is the magnitude of the sensation, ϕ is the physical intensity of the stimulus, and k is a scaling 
factor that varies from one sensation to another (Gescheider 1997).

The JND is used widely in experimental psychology as a statistical measure rather than as an exact quanti-
ty, because the difference noticed by a person will vary somewhat during the trial. It is therefore necessary 
to conduct many trials to determine the JND threshold, which may be defined by the difference observed 
in 50% of trials, though other ratios (e.g., 75:25) of stimulus recognition are also used (Gescheider 1997; 
Ashley-Smith, Derbyshire, and Pretzel 2002; Richardson and Saunders 2007; Fenech et al. 2013).

FIGURE 2.3 Color wheel. From Johann Wolfgang von 
Goethe, Zur Farbenlehre (Theory of Colours), 1810.
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 JND in the Conservation Field   

The term “just perceptible difference” and its first application in the field of cultural heritage conservation 
appeared in a 1973 article by B. H. Crawford, “Just Perceptible Colour Differences in Relation to Level of 
Illumination.” The term “just noticeable fade” (JNF) as a measure of fading became more prevalent in the 
conservation literature after the Canadian Conservation Institute created the Light Damage Calculator in 
1987, which was based on a number of studies that used the ISO Grey Scale to characterize the onset of a 
perceptible effect (Michalski 1987). The Grey Scale consists of nine pairs of nonglossy neutral grey-colored 
chips. In early lightfast studies, the Grey Scale chips were used alongside Blue Wool samples to determine 
the corresponding fastness rating (as described in ISO 105-A02) (Whitmore 2002; Ford and Druzik 2013).

Based on earlier standards in the textile industry, the Blue Wool Fade Card (also described as the Blue Wool 
Scale or Blue Wool Standard) was developed by the ISO in 1954 (ISO 105-B01:2014 and ISO B02:2104) as 
a standard for lightfastness in both sunlight and artificial illumination (Whitmore 2002) This standard con-
sists of eight dyed wools of increasing lightfastness, with Blue Wool (BW) 1 being the most fugitive and BW 
8 the most stable. Each wool sample requires twice as much light exposure to fade to the same degree 
as the previous sample (Whitmore 2002). The three most sensitive swatches—BW1, 2, and 3—encompass 
high light sensitivity colorants (Michalski 2018) and can be used as an internal standard for comparison to 
samples analyzed in any accelerated light aging test, including MFT.

The lack of available instrumentation to measure color change at that time led the textile and dye indus-
tries to develop visual comparator tools like the ISO Grey Scale and Blue Wools to aid in characterizing 
color change (Whitmore 2002; Michalski 2018). As handheld color measurement instruments became ac-
cessible in the 1980s, conservators confirmed that persons varied greatly in what they could detect and 
how they would define what was just noticeable (Ford and Druzik 2013).

While some sources refer to a just noticeable fade (JNF) rather than a just noticeable difference (JND), 
these terms are often used interchangeably in conservation. However, it should be noted that they are 
derived from different sources. As previously described, the JND originated in the field of psychophysics 
and applies to any change in stimuli from the environment. The JNF comes from the conservation literature 
and refers specifically to color fading. More recently, Ashley-Smith, Derbyshire, and Pretzel (2002) have 
suggested using perceptible change (PC) rather than JNF to describe color change rates. In this text, we 
use the broader term JND. 
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 Munsell Color System   

As color theory evolved, diagrams explaining color 
relationships became more elaborate, incorporat-
ing mathematics and the human vision system. 
An essential classification system for color is the 
empirically based Munsell System of Color Noti-
fication. A precursor to CIE color space, the Mun-
sell system represents the color properties of hue, 
chroma, and value in a three-dimensional model 
(fig. 2.4, https://munsell.com/about-munsell-color/
how- color-notation-works). 

“Chroma” is the degree of saturation or intensity of 
a color, “hue” refers to the color family (e.g., blue, 
red, or yellow), and “value” is a function of bright-
ness (e.g., light to dark, white to black). Color tiles 
are arranged in a three-dimensional model based 
on measurements of human color perception, 
and a numerical value is assigned to each color. 
Extending vertically at the center of the model is the value scale from 0 to 10, with 0 for black and 10 for 
white. The horizontal scale depicts hue, with each wedge representing a color family. Chroma is arranged 
with increasing intensity (up to 12) toward the perimeter of the wheel. The relationship of hue, chroma, and 
value illustrated in the Munsell system remains the core of color space interpretation now represented in 
other color spaces, including those from the CIE.

 Color Measurement   

The importance of color in the interpretation of objects and the increased availability and ease of use of 
color measurement instrumentation, including MFT, has facilitated the application of this technology by 
the conservation field.

Instrumentation
Three instruments have been in use in conservation as tabletop or handheld devices: colorimeters, den-
sitometers, and spectrophotometers. A colorimeter measures reflected light from a sample that passes 
through three color filters: red, green, and blue; the instrument interprets the color as a tristimulus value 
(RGB) that aligns with human color vision. However, colorimeters lack the ability to collect spectral reflec-
tance data appropriate for more complex color analysis. While it does not assess color or collect spectral 
data, a densitometer measures reflected light that has interacted with a surface to determine the density 
or degree of darkness of a material. More recently, handheld spectrophotometers have become impor-
tant tools for conservators.  A spectrophotometer provides added information by examining a material’s 
reflection or transmission behavior by measuring spectra, which shows light intensity as a function of 
wavelength. MFT incorporates a spectrophotometer to continuously collect spectral data while the object 

FIGURE 2.4 Munsell System of Color Notification. Image: 
© 2007 Jacob Rus, licensed under Creative Commons 
Attribution-Share Alike 3.0 Unported license.
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is exposed to a focused and high-intensity light spot; colorimetric values are then calculated from the 
spectral data. The collection and interpretation of MFT data are described in more detail in subsequent 
chapters. 

Spectral Reflectance
The spectral reflectance of a material is expressed as the percentage of light reflected back from a test 
site, the difference having been absorbed by or transmitted through the surface. Spectral reflectance can 
also be visualized as a curve with percent reflectance shown as a function of wavelength. This measure-
ment provides a useful illustration of color change for a test site during MFT; the first and last spectra can 
be plotted together to show the resulting shift in the amount of light reflected and absorbed during the 
test period (fig. 2.5). 

Spectral Power Distribution
Similar to the relationship between a spectral reflectance curve and color, a spectral power distribution 
(SPD) curve is unique to a light source and is referred to as its fingerprint. Measured by a spectropho-
tometer, the SPD plots the light source’s power output at each wavelength across the visible region and 
into the ultraviolet and infrared regions. (Note that this differs from spectral reflectance, which examines 
reflected energy from a surface.) The strength and distribution of the emitted energy varies for each light 
source, which is important when evaluating lighting for display purposes. With respect to MFT, xenon-arc 
light sources provide a fairly continuous SPD, while SPDs for light-emitting diode (LED) sources can exhibit 
more peaks and troughs (fig. 2.6). Color rendering indices, which measure the ability of a light source to 
realistically show color in comparison to a reference source, can also be theoretically determined from the 
spectral power distribution curve.
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CIE Standard Illuminants
To address the growing field of color science and color applications in the graphic and textile industries, 
the CIE created theoretical standard illuminants to allow for the comparison of colors measured with differ-
ent light sources. Defined by tables of average spectrophotometric data (relative energy vs. wavelength), 
these illuminants are used in colorimetric calculations to compute the tristimulus values of reflected or 
transmitted object colors under specified conditions of illumination. In 1931, the CIE introduced standard 
illuminant A for tungsten incandescent bulbs at 2,900 K; B for direct daylight at 4,900 K; and C for average 
daylight at 6,800 K. The standard illuminant D series was introduced in 1963 and supplanted illuminants B 
and C as more realistic representations of natural daylight (CIE 2004a; Saunders 2020). Standard illumi-
nants for LEDs have also been recently introduced (CIE 2018).

D65 is a common standard daylight illuminant for color and lighting studies, including MFT (Johnston-
Feller 2001; Saunders 2020). It corresponds to a color temperature of 6,500 K and represents the average 
midday light comprising both direct sunlight and the light diffused by a clear sky. Colorimetric calculations 
for MFT data typically employ D65 as the standard illuminant. Light sources that are statistically similar to 
the D65 relative spectral power distribution can be considered D65 light sources.

CIE Standard Observers and XYZ Color Space
When light energy interacts with the surface of an object, a portion of the light is reflected back to an 
observer who perceives the color through stimuli in the eye that is interpreted in the brain. Scientists 
have determined that the human eye contains three types of cone photoreceptors—long, medium, and 
short—that contribute to color perception in mid- to high-brightness conditions, with each cone sensitive 
to different, yet overlapping, wavelengths of visible light. The cones are commonly associated with the 
color to which they are most sensitive: long cones are centered near 700 nm in the red region of the visible 
spectrum, medium cones are most sensitive at 546 nm in the green region, and short cones are focused 
at 435 nm in the blue region. The individual spectral sensitivities of these cone types form the basis of 
color matching functions or tristimulus values. It should be noted that tristimulus values do not account for 

0

0.2

0.4

0.6

0.8

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

400 450 500 550 600 650 700

No
rm

al
ize

d 
Sp

ec
tra

l P
ow

er
 D

ist
rib

ut
io

n

Wavelength (nm)

Xenon Arc
LED Cold White
Tungsten-Halogen

FIGURE 2.6 Spectral power 
distribution for a xenon-arc 
lamp, cold white LED, and 
tungsten-halogen lamp. 
Xenon-arc lamps and LED are 
commonly employed as MFT 
light sources.



20Microfading Tester: Light Sensitivity Assessment and Role in Lighting Policy 2. Color Science

metamerism, in which two colors appear similar under one lighting condition but different under disparate 
lighting conditions; in this case, a spectral measurement is needed to differentiate the two colors.

To quantify the ability of the human eye to perceive color, a series of color matching experiments were 
conducted by W. David Wright and John Guild in the 1920s that formed the basis of the CIE 1931 Standard 
2° Observer. In these small-scale studies, human observers looked at a white screen through an aperture 
having a 2° field of view; this specific angle was chosen as color sensitivity was believed to be focused on 
a 2° arc of the fovea, which is a pit centered on the retina where visual acuity is greatest. With half of the 
screen illuminated by a test light, the observer adjusted the amount of three colored lights (red, green, 
and blue) until the other half of the screen matched the test light color. The results of the observers were 
combined and averaged to create the tristimulus values, which are also referred to as the x̄, ȳ, and z̄ color 
matching functions (Billmeyer and Saltzman 1981) (fig. 2.7). Based on these results, the CIE mathematically 
determined an additive color space called CIE 1931 XYZ. The CIEXYZ color space transformed visible light 
to an approximation of what the human eye perceives using three values to characterize color.

In 1964, the CIE supplemented the Standard 2° Observer with a Standard 10° Observer to account for a 
wider field of view and provide a more accurate representation of human color vision.  While the Standard 
10° Observer is often recommended for colorimetry applications with a field of view beyond 4° (Johnston-
Feller 2001), the Standard 2° Observer remains in common use, as studies have suggested that the differ-
ence in perception with a larger field of view may not be great enough to warrant use of the Standard 10° 
Observer (Crawford 1973; Berns 2000). In addition to standard illuminant D65, the Standard 2° Observer is 
also typically employed in MFT colorimetry calculations, following the initial protocol described by Whit-
more, Xun Pan, and Bailie (1999).
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CIELAB Color Space and Color Difference 
In 1976, the CIE defined a new color space called 
CIEL*a*b*, or CIELAB. Derived from CIEXYZ, CIELAB 
was intended to be more perceptually uniform 
with respect to human color vision, such that the 
similar numerical difference in these values corre-
sponded to the same perception of visual change. 
As discussed later, inconsistencies were found 
that resulted in further refinements. CIELAB color 
space became the recommended and internation-
ally sanctioned method for reporting colorimetric 
values (Berns 2016) (fig. 2.8). Note that the use 
of asterisks (L*a*b*) identifies its association with 
CIELAB color space rather than Hunter Lab color 
space, which was a precursor to CIELAB. 

The CIELAB color space expresses color as three 
numerical values: L* for lightness, a* for green-red 
components, and b* for blue-yellow components. The lightness value, L*, represents the darkest black at 
L* = 0 and the brightest white at L* = 100. The a* axis represents green in the negative direction and red in 
the positive direction, and the b* axis represents blue in the negative direction and yellow in the positive 
direction. a* and b* values of 0 represent true neutral grey.

When using a spectrophotometer, its software calculates the CIE tristimulus values (X, Y, and Z) from the 
spectrum of a sample, from which the L*, a*, and b* values can then be derived. This calculation is done 
by multiplying the spectral reflectance of the sample at wavelength spacings from 1 nm to 20 nm by (a) 
the spectral power distribution of a reference illuminant (such as D65) and (b) the standard observer color 
matching functions (2° or 10°); each product is then summed over the visible region and normalized to pro-
duce X, Y, and Z values for the sample (CIE 2018). To convert from X, Y, and Z to L*, a*, and b*, the tristimulus 
values are first divided by those of a 100% reflecting white standard; subsequent calculations are shown in 
appendix 3 (Billmeyer and Saltzman 1981).

L*a*b* values for two given colors can be used to measure the color difference, or ΔE. The initial color 
difference calculation introduced in 1976, denoted as ΔE*ab, was defined as the Euclidian or straight-line 
distance between two points in CIELAB color space and is as follows: ΔE*ab = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. 
Despite its initial motivation, CIELAB continued to present issues of perceptual nonuniformity, as the hu-
man eye exhibits higher sensitivity to certain colors. This prompted further refinements of the 1976 ΔE*ab 
calculation, which were introduced by CIE in 1994 (ΔE*94) and 2000 (ΔE*00). 

The equations for ΔE*94 and ΔE*00 are considerably more complex than the Euclidian distance determined 
by ΔE*ab. (Appendix 3 provides color difference calculations for each.) The ΔE*94 calculation incorporated 
differences in lightness, chroma, and hue values and added weighting factors specific to graphic art and 
textile applications (though these are typically set to one in the ΔE*00 calculation) (CIE 2004a, 2018). The 
ΔE*00 calculation added important corrections that accounted for differences in chroma and hue values 
in the blue region of CIELAB color space, further corrected inaccuracies in L* (lightness), and modified 
scaling along the a* (red-green) axis to correct for the nonuniformity of grey and neutral colors (CIE 2018). 
The correction in the blue region is especially relevant for MFT because of the reliance on Blue Wools as 

FIGURE 2.8 CIELAB color space. Image: courtesy of Konica 
Minolta Sensing.
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a  standard reference (Ford and Druzik 2013). Though ΔE*ab remains in common use due to its ease of cal-
culation, the ΔE*00 equation is considered the most accurate color difference calculation with respect to 
perceptual uniformity in CIELAB color space. (Note that comparisons of color change must use the same 
color difference equation.) Figure 2.9 compares the color difference equations as applied to MFT data col-
lected for a Blue Wool 1 Standard. 

The relationship between instrumental color difference (ΔE) and how it is perceived (expressed in JNDs) 
is subject to variability (Ford and Druzik 2013; Pretzel 2008). While due in part to the choice of color differ-
ence equation and the color of the samples, this variability is also related to ancillary factors on which JND 
is dependent, including differences in individual sensitivities of human vision, which impacts the percep-
tion of color; object size and orientation; the transparency, texture, and gloss of the sample surface; the 
illuminating light source; and the light level used during assessment (Richardson and Saunders 2007; Ford 
and Druzik 2013). Calculated JND values are primarily based on psychophysics research using standard 
experimental conditions: a neutral grey background for side-by-side comparisons of color samples illumi-
nated by a daylight balanced (CIE D standard illuminant) light source (Ashley-Smith, Derbyshire, and Pretzel 
2002; Richardson and Saunders 2007). Michalski equates 1 JND with a ΔE*ab value of 1.6 based on measure-
ments using ISO Grey Scale 4 (GS4, from ISO 105-A02) (Michalski 1987; CIE 2004a). Similarly, Pretzel (2008) 
suggests that a ΔE*00 of 1.5 represents a suitable compromise for 1 JND when using GS4 to evaluate color 
change in textiles; this is corroborated by Ashley-Smith and colleagues (2002) for use with light-sensitive 
objects in the Victoria and Albert collection. Richardson and Saunders (2007) also noted that the average 
viewer can distinguish a perceptible color change in adjacent color samples at a ΔE*00 of approximately 
2 under standard lighting conditions and readily recognizes change for a ΔE*00 of 4. Presumably, the JND 
threshold would be larger if a viewer is confronted with a visually complex artwork that is subject to the 
varied factors described earlier. Thus, MFT assessments of an object surface that induce a ΔE*00 value of 
~1.5 (or 1 JND) indicate very subtle changes in color.
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 Conclusion   

The goal of this chapter is to provide an introduction to the interdisciplinary field of color science that has 
led to CIE and ISO standards for color and light evaluation, which are useful in conservation practice. As a 
prequel to a discussion on color, the reader is reminded of the electromagnetic spectrum and the visible 
light range within the energy continuum. Early discoveries of light, color, and color perception provide the 
basis for psychophysics and the concept of a just noticeable difference. This was followed by the develop-
ment of CIEXYZ and CIELAB, three-dimensional color spaces based on a series of experiments describing 
how humans see color. MFT analysis uses CIELAB color space to define differences in color. The relation-
ship between the induced change in color, its instrumental measurement, and its perception is key to 
evaluating the light sensitivity of material cultural heritage.

While the visual perception of the object by the observer (e.g., visitor, conservator, curator, or lighting 
designer) remains a primary factor in guiding the management of color, light sensitivity assessments of 
objects is increasingly becoming a priority for conservators and allied professionals as instrumentation 
and published research are more accessible. Using devices such as a spectrophotometer, color change 
measurements before, during, and after gallery display can help conservators evaluate the light stability 
of the material in real time. Color change can also be evaluated prior to exhibition using accelerated aging 
tests, such as MFT or lightbox exposures. While lightbox studies typically examine representative mock-up 
samples, MFT data can be obtained directly from the object surface. The in situ color change incurred by 
MFT may be considered damage, but this is mitigated by the small size of the exposure area (less than 0.5 
mm in diameter) and real-time monitoring of color change such that the test can be halted before becom-
ing visible to the viewer. In all cases, color monitoring requires a significant time commitment of staff to 
be trained on the instrumentation, organize and document the setup (including the location of test sites, 
instrument orientation, and spot size), obtain precise measurements, and process and interpret the col-
lected data (Ford 1992).
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Vincent Laudato Beltran

In 1999, Whitmore, Xun Pan, and Bailie published a seminal paper introducing the microfading tester to 
the cultural heritage field. This accelerated aging technique had the unique capability to identify the in 
situ light sensitivity of an artwork by exposing an extremely small surface area to an intensely bright light 
while monitoring the resulting light-induced color change. Comparisons of these object-specific data to 
MFT analysis of Blue Wool Standards allowed for an assessment of the rate of color change. The general 
approach of direct light sensitivity assessments of objects was independently described by Costain et al. 
(1995), Michalski (1997), and Pretzel (2008).      

Whitmore, Xun Pan, and Bailie (1999) also defined the necessary operational requirements for the MFT, 
which can be summarized as follows:

• Continuous spectrum of wavelengths in the visible region (400–700 nm)
• High color temperature light source with filters used to exclude ultraviolet and infrared light
• Stable light intensity to increase ability to detect slight color change
• Light delivery system using fiber optic cables and lenses in a 0/45 geometry, resulting in a highly 

focused and intense spot of light 
• Rapid and simultaneous spectral analysis

Since the concept for MFT was developed within the cultural heritage field and no off-the-shelf unit ex-
isted, their paper detailed the various components, largely from Newport Oriel (now owned by MKS In-
struments), used to create such an instrument. (Newport Oriel subsequently developed an MFT kit that 
included part numbers.) The majority of MFTs employed around the world are based on this initial blueprint 
and are colloquially known as Whitmore MFTs (fig. 3.1).

3. MFT FUNDAMENTALS: COMPONENTS, 
OPERATION, AND UNCERTAINTY

FIGURE 3.1 Whitmore MFT compo-
nents. Shown are the (1) xenon-arc 
light source, (2) power supply, (3) 
digital exposure controller, (4) fiber 
optic cables, (5) 0/45 measurement 
head, (6) spectrophotometer, and  
(7) laptop.
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As stated in the introduction, MFT users began to investigate alternative light sources and geometries, as 
well as possibilities for automation. While iterative changes are expected with the maturation of an analyti-
cal technique, these adaptations were largely developed and implemented by individuals; the absence of 
an organized community of MFT users limited communication about the various MFT designs and their 
appropriateness for specific contexts. For organizations interested in MFT, the multiple iterations created 
confusion as to which route to pursue and likely delayed acquisition in some cases. Moreover, MFTs based 
on the Whitmore design required assembly of discrete parts, which can be daunting to new users.   

When introduced to the cultural heritage field, MFT remained largely in the domain of conservation sci-
ence. However, the circle of MFT users soon widened to include conservators and other collection care 
staff, revealing areas of growth and uncertainty. Potential concerns include the applicability of MFT results 
subject to high-intensity light to the low light levels present in museum galleries, use of Blue Wool Stan-
dards, differences in spectral power distribution (SPD) of light during testing and display, and atypical 
sample behavior. Though operation of the MFT is relatively straightforward following a period of training 
and use, it is crucial that MFT data and interpretations of these results are presented clearly, transparently, 
and in proper context, particularly for colleagues with varying expertise in color science and lighting.

This chapter introduces the fundamentals of the MFT, including its various components and basic prin-
ciples of operation. The discussion is based largely on the original Whitmore design due to its prevalence 
and the transparency of its various parts, but extends to subsequent designs that have sought to revisit the 
operational requirements of MFT. (Chapter 4 delves into practical considerations for conducting an MFT 
analysis.) The chapter closes with an examination of some of the uncertainties inherent to the MFT process 
to clarify its boundaries of application. 

 MFT Components and Operational Principles   

An MFT is used to assess the extent of light-induced color change occurring on an object. As such, an MFT 
system can be separated into three broad segments:

• Light source to provide stable high-intensity light
• Focused light delivery system from lamp to sample and from sample to spectrophotometer
• Spectrophotometer to assess the reflected light and the light sensitivity of the sample

Light Source

Xenon-Arc Lamp
Given the requirements of a continuous wavelength spectrum in the visible region and a high color tem-
perature light, a 75-watt (W) xenon-arc lamp was selected as the light source for the original Whitmore MFT 
design. Xenon-arc lamps generate an intense white light and are commonly used in daylight simulation 
studies. The color temperature of a filtered xenon-arc lamp is approximately 5,500 to 5,700 K (Pesme et 
al. 2016).

The requirement of stable light intensity is also compatible with the use of xenon-arc lamps. The luminous 
output of a xenon-arc lamp can be monitored and automatically adjusted by a digital exposure control, 
which ensures that the lamp intensity remains constant during each run and throughout the day. This 
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 signal stability allows MFT to measure small color differences of the sample and eases calculation of the 
light dose during a run, assuming the spot size is accurately defined.

Further, using both a digital exposure controller and a radiometer/photometer (to measure the resulting 
intensity) allows one to set the lamp intensity to the same level each day. This consistency facilitates com-
parison of MFT results obtained on different days, which is particularly useful when assessing common ref-
erence material such as Blue Wools. (As lamp performance deteriorates, a higher wattage may be needed 
to achieve this threshold intensity.) Alternatively, one could choose to maximize light intensity beyond this 
target to increase the color change observed for slower fading material, such as BW3. While Whitmore, Xun 
Pan, and Bailie (1999) reported xenon-arc light intensities as high as 950 millilumens (mlm) for a 0.4-mm-
diameter spot, resulting in an illuminance of 7.6 million lux (direct sunlight ranges from 30,000 to 100,000 
lux), a number of MFT users choose to operate at lower light intensities (e.g., ~600 mlm).  

The xenon-arc lamp employed by many legacy 
Whitmore MFTs is situated in an adjustable mir-
rored housing to focus the beam and is attached 
to a power supply and a digital exposure controller 
unit. Subsequent iterations looked for more com-
pact xenon-arc lamps that facilitated transport 
(fig. 3.2); these alternate xenon-arc lamps had a 
self-contained power supply and largely omitted 
the digital exposure controller, as experience sug-
gested that their stability was satisfactory. The cost 
of replacing xenon-arc bulbs for these compact 
units can be significantly higher than that of bulbs 
for the original xenon-arc lamp, though they are 
expected to last longer. 

The use of xenon-arc lamps is typically accompanied by filters to block the UV and IR components of the 
light, allowing only light in the visible region (400–700 nm) to reach the sample surface. This is consistent 
with the removal of nonvisible wavelengths in museum gallery lighting to reduce the risk of damage to 
light-sensitive artwork. While glass filters are typically employed, the original Whitmore system provided 
the option of a water filter to mitigate IR. Neutral density filters are also used to reduce the intensity of the 
light equally across the wavelength spectrum; this aids with the alignment of the lamp and spectropho-
tometer spots on the sample and allows for careful MFT analysis of objects with unknown color change 
behaviors. Filters can also be used to isolate specific wavelength bands or potentially reshape a xenon-arc 
SPD to more closely resemble that of an LED lamp.  

LED Lamps
LEDs are a semiconductor light source that have largely superseded incandescent lights in many galleries 
due to their energy efficiency and extended lifetime. Because of increased LED usage in museums and 
interest in assessing the color change of objects when exposed to LED-specific SPDs, MFT users have 
explored LEDs as an alternative to xenon-arc lamps. LEDs can also be more cost-effective and require less 
setup (e.g., focusing mirrors are not used) than xenon-arc light sources. For MFTs that are to be employed 
at different locations, the smaller size of LEDs may be more conducive to transport (though several users 
travel with compact footprint xenon-arc lamps).

FIGURE 3.2 Compact xenon-arc lamp with a self-contained 
power supply. Image by Katherine Schilling.
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A primary difference between LEDs and xenon-arc lamps is their SPD. Whitmore, Xun Pan, and Bailie (1999) 
called for a continuous spectrum of wavelengths in the visible region for MFT, which is provided by a xenon-
arc lamp; this allows for exposure of the sample to the worst-case scenario. In contrast, LEDs are not broad-
band light sources, as its SPD contains characteristic peaks and troughs (fig. 3.3). Further, some LEDs have 
reduced output intensity below ~450 nm and above ~700 nm, which can contribute to measurement noise 
and unreliability in these regions. A potential concern of using LEDs as an MFT light source is that troughs 
in its SPD might coincide with regions of sample absorbance responsible for color change. Thus, a sample 
could theoretically be deemed light sensitive when exposed to a broadband xenon-arc lamp and charac-
terized as stable for a specific LED light source. For example, Hattori, Yoshizumi, and Crews (2012) noted 
that AATTC Blue Wool Standard L2 was responsive in the UV region, which would be affected by exposure 
to an unfiltered xenon-arc lamp (which is atypical for MFT) and less so by exposure to an LED source.

Discussion of MFT light sources at the GCI’s 2018 MFT Experts Meeting (Beltran 2019) focused on the pur-
pose of testing. If used as a screening tool to identify light-sensitive artwork (such a case study is presented 
in appendix 4), either xenon-arc or LED was considered a suitable light source. If an MFT is to be employed 
as a research tool, the broadband nature of a xenon-arc lamp may be preferred over the notched spectra 
of an LED source; damage function studies might employ filters to focus on the effect of narrow wave-
length ranges. It should be noted that MFT results using a specific LED profile may be less relevant should 
the object be exposed to significantly different lighting conditions in the future. This may be an especially 
important factor when screening objects that will travel to multiple venues, as only light dose (and not SPD) 
is typically specified in loan agreements. While additional studies are needed and forthcoming, initial MFT 
experiments examining the exposure of select samples to xenon-arc and LED light sources suggested that 
their respective Blue Wool rankings (i.e., comparison of color difference curves to that of BW1, 2, or 3) were 
similar (Pesme et al. 2016).

Additional light-related MFT requirements put forth by Whitmore, Xun Pan, and Bailie (1999) called for a 
high color temperature light source, the exclusion of UV and IR radiation, and a stable light intensity. High 
color temperature LEDs are widely available, as are LEDs at cooler color temperatures. This range of color 
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temperature options available to museum lighting designers poses interesting MFT research possibilities. 
The blending of multiple LED lamps has been explored via a controllable 4 LED source, and development 
of an LED carousel for the automated MFT by Instytut Fotonowy allows for testing with different LED light 
sources. The lack of a significant UV or IR component in LED light makes these filters unnecessary.

With respect to stability, LEDs are not typically paired with an exposure controller to actively monitor and 
regulate its output. The output of LEDs generally responds linearly to the applied current (e.g., half current 
results in half the output intensity), which simplifies the determination of light levels. While there is some 
concern about long-term stability, given sufficient warm-up time, it is expected that the short-term stability 
of LEDs should be satisfactory, though this should be checked periodically for typical MFT durations. Long-
term changes can be monitored by a daily record of operating conditions.

Light Delivery System

Fiber Optic Cables and Lenses
Light is transferred from the light source to the sample and from the sample to the spectrophotometer via 
a series of fiber optic cables and focusing lenses. Both xenon-arc and LED lamps use a small filament that 
can direct much of its output onto a fiber optic cable. The original Whitmore design used an illumination 
fiber optic cable (from the light source to the sample) that had a smaller diameter (200 μm) than that of 
the collecting fiber optic cable (600 μm, from the sample to the spectrophotometer), providing tolerance 
when aligning the illumination and collection spots. Note that care should be taken when handling fiber 
optic cables; excessive bending or flexing of the cables can cause refraction of the optical signal or perma-
nent damage by creating micro cracks on the glass fibers, compromising the integrity of the data.  

The MFT spot size on the sample is typically less than 0.5 mm in diameter and is a function of the diameter 
of the illumination fiber optic cable and the conjugate ratio of the focusing lens. Use of a smaller spot size 
may increase the light intensity and decrease testing time to achieve a given light dose (reported in lux-
hours). However, results for a reduced spot could be less representative of the sample surface and poten-
tially increase surface heating; this latter point is particularly important to verify before testing artwork to 
ensure its safety. Larger spot sizes may be more appropriate for materials with higher surface roughness 
but can extend testing duration to reach a given light dose.

For the original Whitmore MFT design, two pairs 
of convex or converging lenses are situated in cy-
lindrical housings attached to the illumination and 
collection fiber optic cables. These lens assem-
blies are then mounted in a test head with a 0/45 
geometry; this indicates light arriving perpendicu-
lar or normal (0°) to the sample surface, while dif-
fuse reflected light from the surface is collected 
at 45° from normal. The lens pairs in the illumina-
tion and collection assemblies act to converge the 
light rays onto the sample and the collecting fiber, 
respectively; the point of convergence is known as 
the focal point (fig. 3.4). Between the lenses, the 
light is collimated or parallel. Consideration should 
also be given to the numerical aperture, which 
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Light
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FIGURE 3.4 Light rays traveling through the illumination and 
collection lens assemblies. Adapted from Jacob Thomas.
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 describes the range of angles within which light that is incident on the fiber will be transmitted along it; the 
numerical aperture of the lens should match that of the fiber optic cable to ensure that it collects all of the 
light (Thomas, pers. comm. 2021).

The choice of lens informs the working distance between the sample and the light probe. The original 
Whitmore MFT employed lenses for both the illumination and collection assemblies with a focal length of 
25 mm and a magnification of 1.3x. This allowed for noncontact operation (analysis without touching the 
sample surface) at a working distance of approximately 1 cm, due to the protrusion of the collection lens 
assembly (fig. 3.5). This setup provides an opportunity to test objects through glazing so long as the testing 
surface remains within the 1 cm working distance. Alignment of the focal points on the sample, such that 
the collection area overlaps the illumination spot, is attained by adjustment of the vertical position of the 
test head (containing both the illumination and collection assemblies).

~1cm

From
Light

Source

To
SpectrophotometerFIGURE 3.5 Profile (left) 

and plan (right) views of 
alignment of illumina-
tion (red) and collection 
(blue) spots. Adapted 
from Paul Whitmore and 
Jacob Thomas. 

Chromatic and spatial aberrations present in standard lenses have led some users to employ higher-cost 
achromat lenses to minimize these irregularities and produce a more uniform fading spot. However, the 
performance of standard lenses likely remains satisfactory for MFT. Though light intensity across the test 
area may have small nonuniformities, the validity of the test should not be affected as the objective is to 
determine a relative rate of color change of an unknown material compared to a standard material (Whit-
more, Xun Pan, and Bailie 1999).
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In addition to the lens assemblies, many MFT users employ a USB pen camera or digital microscope in 
the test head. The camera is commonly positioned at a 45° angle from the sample surface, similar to the 
collection lens assembly. While it is possible to conduct MFT without a camera, its ability to visually define 
the precise position of the MFT spot on the sample surface is invaluable when selecting a test location and 
documenting the analysis for a report. The camera is also useful when verifying the alignment of the illumi-
nation and collection spots and sharpening the focus of the illumination spot itself (achieved by adjusting 
the vertical position of the illumination assembly within the test head).

Alternate Geometries
MFT users have explored the use of 
alternate measurement geometries 
beyond 0/45, including noncontact 
retroreflection probes and contact 
heads. Retroreflective probes return 
the reflected light along the same path 
as the illumination beam, providing a 
wider depth of focus and eliminat-
ing the need to align separate illumi-
nation and collection spots (fig. 3.6). 
While users can maintain the 45° angle 
between the surface and the probe to 
mimic a 0/45 geometry, the retrore-
flective probe allows for use of differ-
ent measurement angles; shifts away 
from 45° will affect the resulting light 
intensity and dosage on the sample 
surface and require angle-specific 
calibration.

Contact MFT probes gently touch a Mylar template resting on the sample sur-
face. These probes do not require alignment of the illumination and collection 
spots (though the probe must be aligned with the test site) and may be bene-
ficial when testing surfaces with significant microroughness. Beyond contact 
itself, the possible drawbacks of a contact MFT probe are its inability to test 
through glazing, the need for a flat surface, and the fact that the area is not 
visible during testing. Several types of contact probes have been developed, 
including the following:

• A “6 around 1” probe, with the central circle delivering light to the surface 
and the perimeter circles returning light to the spectrophotometer (previ-
ously employed at the Museum of Modern Art, New York) (fig. 3.7)

• A probe containing a 3 mm ball lens (previously employed at the GRI; 
Pesme et al. 2016)

• An angled fiber holder with predrilled holes that positions separate illumi-
nation and collection fibers terminated with a 1.5 mm ferrule (Pesme et al. 
2016)

From Light Source

To Spectrophotometer
Lenses

Beam
Splitter

FIGURE 3.6 A schematic for a retroreflective probe. Adapted from Haida 
Liang.

FIGURE 3.7 A 6/1 bifurcated 
fiber optic tip (blue circle: 
light introduced to sample; 
red circles: light directed to 
spectrometer) employed as 
a contact MFT head. Photo: 
Christopher McGlinchey, 
MoMA.
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The “6 around 1” probe, ball lens probe, and retroreflective probe are each attached to a bifurcated fiber 
optic cable, which houses both the illumination and collection fiber optic cables and has attachments to 
the light source, spectrophotometer, and probe.

Mounting
Positioning of a noncontact MFT probe—0/45 test 
head and retroreflective probe—over the sam-
ple surface can be achieved in a variety of ways. 
Attachment of the MFT probe to a gantry or rail 
system can allow for manipulation in the x-, y-, 
and z-directions, though coarse vertical adjust-
ment is typically limited (fig. 3.8). Mounting of the 
MFT probe on a copy stand or microscope stand 
with a boom arm also allows for three-dimensional 
positioning with increased vertical flexibility (see 
fig. 3.1). Tripods are used as an alternate mounting 
technique, particularly when doing in situ mea-
surements of vertical objects. Note that in most 
cases the test head can be rotated to accommo-
date measurement on nonhorizontal surfaces.

Spectrophotometer
The MFT incorporates a spectrophotometer to monitor and record spectral data on the light-induced color 
change of the material. The spectrophotometer is attached to the collection lens assembly via a fiber optic 
cable. Key operational attributes for MFT spectrophotometers are rapid and near-simultaneous spectral 
analysis and a wavelength range encompassing at least the visible region. Many MFTs based on the ini-
tial blueprint defined by Whitmore, Xun Pan, and Bailie (1999, 397) employ a spectrophotometer with a 
photodiode array (PDA) detector because of its “stability and ability to monitor relatively high light inten-
sities.” As technology advanced, subsequent iterations of MFT began to use spectrophotometers with 
charge-coupled device (CCD) and complementary metal oxide semiconductor (CMOS) detectors; these 
were available at relatively low cost, and their performance met the needs of MFT (Thomas, pers. comm. 
2021). The spectrophotometer’s native software should facilitate monitoring of color change during the 
test via its user interface; if absent, third party software may be used to provide this capability (Thomas, 
pers. comm. 2021). This allows one to assess the real-time color change of a collection item and stop the 
test once a predetermined threshold color difference or ΔE is reached, ensuring that this change remains 
imperceptible to the viewer.

Automation
The operation of a Whitmore MFT typically involves several manual steps, including:

• Alignment of the illumination and collection spots
• Opening and closing of the shutter and/or removal and reinsertion of the neutral density filter
• Initiation of spectral data collection and resetting the ΔE value in the spectrophotometer software

While routine for experienced MFT users, these actions can be an obstacle for new and intermittent op-
erators who must recollect their specific order and cadence. The Instytut Fotonowy has created an auto-
mated MFT that addresses the manual steps listed above. The automated MFT seeks to simplify operation 

FIGURE 3.8 MFT measurement head attached to a rail sys-
tem. Image by Katherine Schilling.
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for the user and may improve the robustness and accuracy of color change rates determined from MFT 
data. Automated repositioning of the MFT probe to a new test location has also been explored, but this 
should be limited to testing of mock sample sets rather than artwork, which requires careful supervision. A 
residual benefit of the manual operation required of a Whitmore MFT is the acquired understanding of the 
motivations for each step and the ease of component access in case of repair or replacement; it is hoped 
that this knowledge is maintained and shared and that the evolution of MFT follows a “white box” (transpar-
ent inner logic) rather than a “black box” (limited to inputs and outputs) trajectory.    

 Uncertainty in MFT   

MFT is the primary means by which the in situ color stability of an artwork can be determined. However, as 
with any analytical technique, MFT data and its interpretation is associated with uncertainty, and there can 
be misperceptions about the technique. In both cases, effective communication is essential to ensure that 
expectations of MFT are aligned.

Reciprocity
The wide disparity between the high light intensities of MFT (~5 Mlux [million lux]) and the much lower lev-
els present in galleries (less than ~200 lux) poses a common concern regarding the relevance of its results. 
Like all accelerated aging techniques, MFT is confronted with the concept of reciprocity; this refers to a 
material response that is a function of exposure (or dosage), which can be defined as the product of inten-
sity and time. If reciprocity holds, a similar response should be observed for the same exposure, whether 
the intensity is low and the duration is extended or the intensity is high and the duration is brief. Note that 
reciprocity is not an intrinsic material property but a response of a material to a test condition.

While several MFT studies have examined reciprocity for various materials and presented examples of 
both reciprocity upheld and breaking down (e.g., Whitmore, Xun Pan, and Bailie 1999; del Hoyo-Meléndez 
and Mecklenburg 2011; Beltran et al. 2014; Lerwill et al. 2015), this question remains open due to the wide 
range of materials and MFT test conditions. A major concern with reciprocity breakdown is that the dose 
response may be so distorted as to mistake stability for instability; that is, an artwork is estimated as stable 
with MFT but proves unstable in typical light conditions. Though thought to be unlikely for the vast major-
ity of materials, such behavior has been observed in select grasses and leaves (Beltran et al. 2014) and 
arsenic sulfide–based realgar and orpiment (proposed at the 2018 GCI MFT Experts Meeting; see Beltran 
2019). The community of MFT users should continue to publicly flag similar outlier behavior. Reciprocity 
testing involving the use of a range of light intensities and durations may also be particularly important for 
extremely sensitive colorants.

Blue Wools
Despite this uncertainty with reciprocity, what is promising is the fact that Blue Wool 1, 2, and 3—encom-
passing the range of high light sensitivity material (Michalski 2018)—generally maintain their lightfastness 
rankings when examined by MFT. This allows one to use BWs as an internal standard to bridge between the 
results produced during high-intensity MFT light exposure and the expected behavior of the material while 
on gallery display. Once an object is classified by a BW equivalence, one can budget its light exposure 
based on the average light dose needed to achieve a JND for the BW. (This process is discussed further in 
chapter 5.) While Michalski (1987, 2018) reports average JND light doses for BW1, 2, and 3, some MFT users 
report that these may underestimate the sensitivity of the BWs; this reflects the uncertainty in the average 
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JND light doses, which range “approximately to the estimates of the adjacent Blue Wool” (Michalski 2018). 
Thus, considering the increasing complexity of each assessment, MFT can be used to:

• Confidently identify whether an object colorant is fugitive;
• Cautiously differentiate the degree of light sensitivity relative to that of BW Standards; and
• Cautiously predict quantitative color change when exposed to visible light in the gallery by compari-

son to the color change behavior of BW Standards in similar conditions (Lerwill et al. 2015).  

The physical nature of Blue Wool Standards themselves poses uncertainty. Their presentation as textiles 
make it important to identify and repeat testing at the top of threads, with users looking for a character-
istic “twinkle” when locating the MFT spot. Though a shift toward a nontextured BW Standard would be 
preferable, the cultural heritage field’s position as a minor BW user relative to industrial application makes 
it difficult to advocate for change. There have been ongoing research efforts in the conservation field to 
independently develop an alternative standard with lightfastness rankings similar to BW1, 2, and 3. There 
also exist several versions of BW Standards—loose weaves and card-mounted weaves—and MFT users 
have observed some inconsistency in the responses of BW1, 2, and 3; further, some users have observed 
varying BW behavior between batches. (See Sidebar: ISO and AATCC BWs.) Given that MFT results are cali-
brated against the BWs, this irregularity in response could lead to differing assignments of BW equivalence 
depending on the specific BWs tested. The occasional addition of BW4 in MFT analysis highlights the need 
to include UV to effect change in more lightfast standards. The potential inclusion of UV in MFT analysis 
may be relevant for gallery and historic house displays that contain a sizable UV component.

ISO and AATCC Blue Wools
As described in ISO 105-B02:2014, Blue Wool fabrics can refer to separate standards speci-
fied by the ISO and AATCC (American Association of Textile Chemists and Colorists). Both 
are used for lightfastness testing, though in practice most MFT users employ ISO BWs. As 
discussed in chapter 2, the ISO BW Standard has eight grades, with 1 and 8 representing the 
most fugitive and the most lightfast material, respectively. Similarly, the AATCC BW Standard 
is ranked from L2 to L9, with L2 being the most light sensitive and L9 the most stable. While 
the ISO BW standards use eight individual dyes, the AATCC BW Standards use a blend of two 
dyes in varying proportions. Both the ISO and AATCC BWs are created such that the higher 
number reference is approximately twice as resistant to light-induced color change as the 
preceding reference; however, results for the two BW Standards are not interchangeable.

Spectral Power Distribution
As previously mentioned, the shift from the use of xenon-arc to LED lamps as the MFT light source was 
motivated by the desire to more closely match the SPD of gallery LED lighting. This would theoretically 
allow for characterization of light-induced change of an object for a specific lighting condition (e.g., LED 
type, color temperature). However, given the uncertainty in MFT results due to concerns about reciprocity 
and BW consistency, there is debate as to the efficacy of aligning the SPDs for MFT and gallery lighting. 
Further, as shown in figure 3.3 above, different white LEDs can have SPDs that are markedly distinct. Follow-
ing the work of Druzik and Pesme (2010), Pesme et al. (2016), and a round-robin test conducted by Bruce 
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Ford (an independent MFT consultant from the National Museum of Australia, discussed in part in Pesme 
et al. 2016), the comparison of MFT data on a range of samples using various light sources and instrument 
setups should continue to be an area of active research.

Color Change Behavior
While MFT can be conducted on many different objects to obtain information on light-induced color 
change, the ideal sample is opaque, nonfluorescent, and not highly reflective or direction-dependent. 
Further, the color change behavior of the sample itself can present complicating factors. For example, 
some users have reported that MFT analysis of some historical papers is unable to replicate the yellowing 
behavior commonly observed for such materials. While light plays a role in this process, it is hypothesized 
that the limited temperature increase at the MFT test spot may constrain a yellowing process that is in part 
thermally driven. Further, ancillary factors associated with accelerated aging (e.g., reduced availability of 
reactants such as oxygen to the test site) might also restrict the expected color change behavior of histori-
cal paper. On the other hand, MFT may play a role in assessing the extent to which yellowed papers can be 
bleached by exposure to light.

Samples with unusual color change behaviors can complicate the interpretation of MFT results. During an 
MFT test, both Prussian blue and iron gall ink typically exhibit significant light-induced color change and 
can be characterized as highly light-sensitive. (Note that these samples also change when exposed to 
light sources other than MFT.) However, once placed in the dark, these colorants will begin to regain color, 
rendering the MFT interpretation incomplete (Ford 2014). Repeated MFT runs of Prussian blue and iron gall 
ink samples interspersed with dark periods may be used to investigate whether the extent of recovery is 
consistent or regained to a lesser degree over time. Similarly, fluorescent colors can undergo changes that 
can be challenging to evaluate with MFT.

Verifying Predictions
As described in the introduction, a primary use of MFT is to predict the color change behavior of an object 
before it is placed on exhibition, providing a unique opportunity to inform decisions about object selec-
tion and appropriate light intensity and duration. These MFT predictions based on accelerated aging data 
should ideally be paired with the collection of real-time monitoring data of object color change during 
exhibition. However, acquisition of this in situ color data with a handheld spectrophotometer may prove 
impractical for many objects due to restrictions on staff time and object access, as well as the difficulties 
associated with taking repeated color measurements on the same locations over a duration of time. A 
compilation of comparative color change studies examining MFT and real-time data would speak to the 
uncertainties associated with MFT and foster increased confidence in the technique. Though published 
comparative studies are scarce, two notable examples were presented by Freeman et al. (2014) and Ford 
and Smith (2017).

 Conclusion   

The various iterations of MFT presented in this chapter both align with the basic operation principles of the 
technique and seek to push its boundaries. By increasing transparency in the available options and motiva-
tions for their selection, prospective, new, and experienced users can make more informed decisions on 
the design of an MFT apparatus. As always, communication with the MFT user community is encouraged 
to gain more practical insight on the technique (see appendix 1).
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Also with regard to transparency, it is important to understand the uncertainties associated with MFT and 
effectively communicate these aspects with relevant stakeholders. It should be noted, however, that MFT 
is not unique in this respect, as all accelerated aging techniques are subject to similar issues. MFT remains 
an important and unique preventive conservation and risk management tool that can benefit the object 
(protect the most fugitive artwork and increase access to more lightfast objects), the collection (refine 
lighting policy), and the institution (support efficient use of resources).
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Vincent Laudato Beltran

The previous chapter described the basic components of a microfading tester and introduced several 
iterations: Whitmore, retroreflective, contact, and automated. The use of these MFT types follows a con-
sistent outline that involves sample selection and preparation, instrument setup, data collection, and data 
analysis and reporting. Each of these segments is discussed in depth in this chapter, with practical details 
informed by numerous standard operating procedures and experiences generously shared by the MFT 
user community, as well as key MFT papers in the conservation literature, including Whitmore, Xun Pan, 
and Bailie (1999), Ford and Druzik (2013), and Tse (2019). While a general discussion is the overall aim, em-
phasis is placed on the Whitmore MFT due to its prevalence and the fact that its individual components 
are visible to the viewer.

This chapter is not intended to delineate a “single, ideal” practice but rather to reflect the breadth of prac-
tice and the rationale for variations in protocol. It seeks to support the typically intermittent use of MFT 
by informing new users, refreshing the memories of existing users, and offering a means of continuity 
should key staff depart. The MFT Institution Directory in appendix 1, which lists cultural heritage institutions 
employing the instrument, provides another avenue of consultation. Of course, this text ultimately plays a 
supplemental role to the hands-on use of MFT and the procedures developed by each institution.    

 Sample Setup   

Before conducting MFT to assess the light sensitivity of an object, the user must first determine why and 
how the sample is to be tested. While this process is elaborated in chapter 5, this section explores the pri-
oritization of object selection, when to conduct MFT, how to choose testing locations, and object handling 
considerations.

Prioritization
Conducting MFT on all objects requested for display is ideal but may be impractical. When considering 
what to test, it is important to prioritize objects based on several factors:

• Likely to be highly sensitive to light
• Presence of suspected fugitive colorants
• Pristine condition

• Likely to experience high cumulative light exposure or exposure to daylight
• High significance and/or will be impacted significantly by color change
• Composed of materials for which knowledge of color change behavior when exposed to light is lim-

ited or unknown

Published guidelines can be used to roughly estimate the expected light sensitivity of various materi-
als. However, in practice, the color change behavior of a media type can be quite variable, with specific 

4. MFT PRACTICE: SETUP, DATA 
COLLECTION, AND ANALYSIS
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 examples exhibiting a range of light stability (Ford and Smith 2017). In the absence of MFT, adherence to 
conservative guidance is recommended, especially if color preservation is a priority of the institution. If 
MFT analysis is possible, decisions on object-specific lighting and access can be informed by direct as-
sessment of the light sensitivity of that object.

Scheduling
If MFT is supporting exhibition development, testing should be carried out during the early stages of deci-
sion making. This will allow ample time to craft alternate plans should MFT identify light-sensitive material. 
For the MFT user, it is suggested that objects be accumulated for batch testing (as done for the MFT case 
study and report in appendices 4 and 5, respectively), as this will minimize time spent on instrument setup, 
calibration, and Blue Wool testing for internal calibration. Since MFT may be employed intermittently, the 
user should also allow sufficient time to become reacquainted with the operational protocol and/or train 
new users. If transport of the instrument is possible, consider conducting MFT where the objects are 
located, as this can widen windows of accessibility to the object.  

In addition to exhibition-driven use, MFT can be used in a regular testing program. Some users have allot-
ted recurring periods for MFT testing, which has the benefits of technical skill development and consistent 
assessment of MFT performance, as well as:

• Investigations of the permanent collection to inform the necessary frequency of object rotation;
• Examinations of newly acquired objects or recently conserved material;
• Pursuit of research questions; and
• Potential for providing service to external clients.  

It would be particularly beneficial to the field if institutions, conservation centers, or private entities were 
to offer MFT access to external clients, as many small to mid-size museums or individual collectors may 
not possess the budget or staff to acquire an instrument. Such an effort was described by Tse (2018), a 
former Canadian Conservation Institute scientist; in addition to conducting her own MFT analyses, she was 
responsible for organizing MFT use (selection, logistics, and training) by heritage organizations throughout 
Canada. 

Site Selection
When an object is selected for examination by MFT, a testing protocol should be developed using any rel-
evant historical or technical information and in conjunction with collections staff, including conservators 
and curators. The initial step is to identify all distinct colors on the object, recognizing that this identifica-
tion may be subjective if chemical analysis is lacking. Consideration of the technique used to apply color 
may be useful to select test sites; for example, when color results from additive mixing mechanisms using 
a few primary hues, it may be sufficient to limit testing to the primary colors. For colors varying in shade, 
medium color densities are preferred, as these areas will produce higher reflectance values that, if light 
sensitive, will result in more color change. While detection of color change will be more difficult due to 
lower reflectance values, testing of darker shades is suggested if lighter regions are not present. In addition 
to areas of color, consideration should be given to examination of the substrate. Regarding locations of 
potential test areas on the object, proximity to recognizable features is beneficial in terms of report docu-
mentation. In the worst-case and highly unlikely scenario that visible change is caused by MFT, testing in 
visually complex areas of the object will mitigate the impact to the viewer.

Selection of the number of test sites for each color may be influenced by the purpose of testing, avail-
able testing time, and how cautious the curator or conservator feels about exposure of the object to MFT. 
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With typical MFT durations ranging from 5 to 30 minutes, time can be a major factor, particularly if many 
objects are to be tested within a limited period. Some users choose to examine only one location per color 
when screening objects prior to exhibition or if the object is known to be light-sensitive. The rationale for 
a single test is based on the idea that an artist’s color palette is limited and that similar colors will exhibit 
comparable change.

Examination of multiple sites allows for data averaging and assessment of statistical error, which may be 
deemed essential for research or publication purposes and increasing confidence in the data that will 
inform display recommendations. Some users choose to do two tests per color and if presented with a 
disparity, conduct a third test. While same-color locations can be in close proximity, testing in different 
areas of the object can inform its overall color change behavior (Pesme et al. 2016). To allow for spatial and 
temporal separation during analysis, it is preferable to test all colors on the object once, then conduct sub-
sequent tests of each color at different locations. The second round of testing can be further streamlined 
by prioritizing the most light-sensitive colors. As previously stated, additional tests of a specific color may 
focus on variations in color density (mid-tones first, followed by light and/or dark).

Additional testing is necessary for colorants identified as highly fugitive (i.e., color change behavior less 
than BW2), as the implications of such a finding can have a broad impact on exhibition development. 
And, as Ford (pers. comm. 2020) points out, “Wrongly identifying a colorant as fugitive is an expensive 
error.” Subsequent tests of very light-sensitive material will 
often permit early termination of the MFT run once it is de-
termined that the color change behavior tracks with the ini-
tial result.      

Test locations selected on an object should be noted on a 
printed or digital image and cross-referenced with the ob-
ject accession number and MFT data filenames. This overall 
location map can be supplemented by localized images of 
each test location taken with a pen camera or digital micro-
scope, all of which may be archived with the MFT report (fig. 
4.1 and appendix 5). Careful MFT operation will not leave a 
visible trace on the object, and this can be verified by exami-
nation of localized images before and after testing.

Handling
In consultation with conservators about access and handling requirements, the object must be secured 
so that movement does not occur during the MFT run. This can be done with weights, pillows, cradles, 
magnet/steel plates, and so on. Once the object position is fixed, test locations can be reached by moving 
the test head of the MFT by way of its mounting system. For a smaller object, it may be more convenient to 
move the object to the next test location while keeping the test head fixed, though object safety is of para-
mount concern. If repositioning art beneath the test head, be sure to raise the test head to a safe height, 
ensuring that its components (e.g., test head, fiber optic cables, USB cables) do not touch the sample 
surface. Additional handling guidelines include the following:

• Block footings of the rail system to prevent sliding along the table surface when moving the test head 
into position; one may also increase the height of the rail system by lifting it onto blocks.

• Employ a locking mechanism to ensure that the test head remains a safe minimum height above the 
sample surface.

FIGURE 4.1 Closeup of MFT spot taken with pen-
cam; spot diameter is ~0.3 mm. Image by Kirsten 
Dunne, National Gallery of Scotland.
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• Rotate the test head when examining objects on a nonhorizontal surface (e.g., angled, vertical) so that 
it is perpendicular to the plane of the test site. 

• Consider unframing and removal of glazing for objects where the distance from the testing surface to 
the test head is greater than ~1 cm (for noncontact MFT test heads).

• Possible extension of the test head beyond the counter edge and above the test site to accommodate 
analysis of larger objects brought near the MFT.

 MFT Setup   

Prior to data collection, the MFT must be carefully placed with respect to its environment to ensure stable 
test conditions. Initiation of the MFT will follow a start-up protocol to warm up the lamp, record operating 
conditions, and conduct calibrations. Aspects of this protocol may be instrument-dependent, but its gen-
eral arc is consistent for all MFT types.

Environment
The major environmental variable that negatively affects MFT operation is vibration. The consequence of 
excessive vibration is the misalignment of the illumination spot (from the light source) and the collection 
spot (from the spectrophotometer); this can render an MFT run void, exposing the object to high-intensity 
light without the collection of relevant data.

To guard against vibration, placement of the MFT and the object on a stable surface is key. A vibrationally 
damped steel optical bench or floor-mounted table can be beneficial, though some users successfully uti-
lize tables with brake mechanisms. Note that large objects may be positioned on a stable surface (e.g., cart 
or table) separate from the MFT. For tripod-mounted MFTs, it is necessary to attach sufficient weights to 
the tripod to restrict movement. One may choose to place the MFT computer on a desk independent from 
the instrument to limit physical movement of the MFT or the object; this assumes sufficient slack in the at-
tached USB cables to the spectrophotometer and digital camera. A common source of vibration and shock 
is passersby who bump into the table or apparatus, including the fiber optic cables from the test head; foot 
traffic in the vicinity of the MFT should be restricted, and erecting temporary barriers can forestall any mis-
haps. Consideration should also be given to vibration emanating from adjacent instrumentation or spaces.

It is equally important to ensure that objects are easily accessible in the space where the MFT is located. 
This may necessitate double doors to accommodate carts and sufficient working area when testing larger 
objects. Since transferring objects to the MFT can pose complications, particularly if removed from the 
museum, one might choose to bring the MFT to the objects, with consideration given to careful packaging 
of the instrument and backup components for transit, and sufficient time for performance checks after 
arrival (fig. 4.2); in addition to facilitating object access, this has the benefit of more readily engaging col-
lection staff with the technique.

Additional parameters of concern include air movement and light. Wind or internal air movement from 
HVAC systems or instrumentation (some MFT components may have cooling fans) can be directed to-
ward the test head and object, potentially disrupting readings. Of particular vulnerability is movement of 
the fiber optic cables, which will affect light transfer to the sample and spectrophotometer; this can be 
mitigated by erecting a barrier between the object and the air source. As mentioned earlier, air movement 
will impact freely hanging textiles and will need to be addressed before conducting MFT on these vertical 
surfaces (fig. 4.2). While the impact of ambient light will be masked during MFT runs by its high-intensity 
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light, excessive light exposure of the sample sur-
face before and after MFT should be limited, par-
ticularly for fugitive colorants such as BW1, 2, and 
3. If conducting MFT in a non-climate-controlled 
space, it may also be prudent to record ambient 
temperature and relative humidity conditions for 
future reference.  

Lamp Start-up and Intensity
The first step in the MFT start-up protocol is to 
power on the light source, which should then be 
allowed to thermally equilibrate. Xenon-arc lamps, 
used in most Whitmore MFTs, are typically warmed 
for 30 to 60 minutes, though some users suggest 
as little as 20 minutes and as long as 2 hours; dur-
ing this time, the xenon gas pressure within the 
bulb increases and temporal, spatial, and spec-
tral stability can be affected. Radiometer or pho-
tometer measurements of light intensity can determine when it has stabilized; note that one may need 
to maximize the reading by slight adjustments in the position of the light beam into the radiometer or 
photometer. (See Sidebar: Radiometric and Photometric Units.) Over time, the intensity of the xenon-arc 
light source can diminish due to deterioration of the lamp. Lamp lifetimes will vary roughly between 500 
and 1,500 hours based in part on power consumption, and its performance trajectory can be tracked by 
daily light-intensity measurements. When performance diminishes, the power supply to the lamp may be 
increased as compensation, though other strategies such as alignment of the optical lenses (discussed 
below) should be explored first. For a 75W lamp, manufacturers suggest a limited increase to 80W but 
levels up to 90W and 100W have been used. It is also suggested that the ferrules (or base) of the xenon-
arc bulbs and their brass sockets are occasionally inspected for corrosion (note that the pressurized bulb 
should be carefully handled with gloves and goggles should be worn), as this can result in failure of the 
power supply regulation (Ford, pers. comm. 2020).

FIGURE 4.2 MFT analysis of a hanging tapestry conducted 
in the gallery. Image by Christine Lee © 2021 J. Paul Getty 
Trust.

Radiometric and Photometric Units
Light intensity is reported by radiometers in terms of watts (radiant flux) or W/m2 (irradi-
ance) and by photometers in terms of lumens (lm, luminous flux) or lux (lm/m2, illuminance). 
Radiometers measure light across the electromagnetic spectrum, while photometers mea-
sure visible light (between roughly 400 and 700 nm) weighted at each wavelength based 
on the sensitivity of the human eye. For light source characterization, it is suggested that 
radiometric units are reported as it reflects the actual power received at the surface, but the 
common use of lux in the cultural heritage field merits the continued use of photometric 
units.  Assessment of the spectral power distribution (SPD) of the light source with a spec-
trophotometer provides a more complete depiction, and given a radiometric calibration of 
the spectrophotometer, one can calculate the luminous flux from the SPD.
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Legacy Whitmore MFTs employ a xenon-arc lamp that resides within a housing containing a series of 
movable optical lenses (collector, reflector, and condenser) (fig. 4.3). After thermal equilibration has been 
reached, these lenses can be adjusted by rotating knobs to maximize light intensity; this is an iterative 
process, and one should consult the standard operating procedure before making adjustments. A com-
parison of day-to-day light intensity (following warm-up) as measured by a radiometer or photometer can 
indicate if the current lens alignment is sufficient (i.e., similar levels are observed) or adjustment is required 
(i.e., lower levels are observed). If the MFT has been used recently and not moved, it is likely that the opti-
cal lenses within the lamp housing will need only minor adjustment or none at all. Note that if the MFT is 
transported to a new location, time should be set aside to readjust the optical lenses. In addition, the fiber 
coupler plate, which is the attachment point for one end of the illumination fiber optic cable, can be manu-
ally positioned to maximize light intensity. 

Many Whitmore MFTs incorporate a digital exposure controller to stabilize the xenon-arc light source. The 
controller setup positions a sensor in the light path that constantly monitors intensity and adjusts the 
power supply output accordingly (fig. 4.3, left image). Use of a digital exposure controller simplifies cal-
culation of light dosage during a run given a well-defined spot size. This calculation is the product of the 
illuminance (units of lux or lumens/square meter) and the exposure time (units of hours), with the former 
determined by dividing the luminous flux (units of lumens) by the area of the illumination spot. The digital 
exposure controller also allows one to reduce the intensity of the light source to a fixed level to improve 
day-to-day comparison of MFT results and preserve lamp life; a number of users choose to set the intensity 
to ~600 mlm, as this typically allows for a reasonable response from BW3. As noted in the previous chapter, 
those employing compact xenon-arc light sources will typically omit use of the exposure controller, as it is 
expected that their short-term stability is sufficient for MFT analysis.      

In some respects, the use of LEDs as an MFT light source simplifies operation. LEDs permit a shorter period 
of equilibration (~10 minutes), and, while LEDs will deteriorate over time, this occurs at a much slower rate 
than that of xenon-arc lamps. The LED package is designed to focus its light; thus, they do not require the 
optical lenses needed by some xenon-arc sources for collecting and redirecting light. While not typically 

FIGURE 4.3 Xenon-arc housing for Whitmore MFT from front 
(left) and rear (right). On the left image are tubes connected 
to the detector/digital exposure controller (left side) and the 
condenser assembly/filter holder/fiber coupler plate (right 
side). The image on the right shows the rear reflector as-
sembly above the power connection; the lamp base and rear 
reflector assembly have lamp adjustment knobs for X, Y, and 
Z directions for tilt and focus. Images by Vincent Laudato 
Beltran.
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paired with an exposure controller, the intensity 
of the LED responds linearly with amperage and 
can be controlled by a driver, allowing one to easily 
adjust and attenuate the current up to a threshold 
value, protecting the light source (fig. 4.4). How-
ever, some users suggest caution when operating 
LEDs at low voltages as its spectral power distribu-
tion may shift slightly.  Given the variability in SPDs 
between different LED lamps, the specific SPD of 
the MFT LED light source should be recorded with 
a spectrophotometer, and measurement of daily 
intensity should be done with a radiometer or pho-
tometer. As discussed in the previous chapter, MFT 
results when exposed to the characteristic troughs 
and peaks of a specific LED SPD may not represent 
the worst-case scenario of a broadband xenon-arc 
light source, though more research is needed on this topic.

For both xenon-arc and LED light sources, light intensity can be reduced by placement of a neutral density 
filter in the optical path. This decreases the intensity at all wavelengths with minimal distortion of the spec-
tral power distribution of the light source. Neutral density filters are often characterized by their optical 
density (OD); OD values of 1, 2, 3, and 4 will reduce transmittance to 10%, 1%, 0.1%, and 0.01%, respectively, 
of the original light intensity. Attenuation is achieved by absorptive glass or the addition of a thin metallic 
layer (typically Inconel); the latter is directional and must be used with the reflective surface facing the light 
source (arrows may be printed on the filter edge to guide orientation). (See Sidebar: Cautious MFT Assess-
ment Using an ND Filter.) Note that the use of a filter requires its positioning in the light path, but options for 
filter placement may be limited or absent depending on the design; some users choose to employ in-line 
fiber optic filter mounts to expand filter capacity or, if blocking light, act as a shutter.

Cautious MFT Assessment Using an ND Filter
A reduction in light intensity can be helpful when cautiously exploring unfamiliar or sus-
pected light-sensitive objects with MFT. Instead of immediately exposing the object to high-
intensity light, one can use a neutral density filter to reduce intensity by 75% to 90% during 
an MFT run. Background and reference spectrums will also be collected at this reduced level, 
but the BWs may show relatively slow change. Should the object be extremely light sensi-
tive (much higher than BW1), this conservative protocol will slow the color change and allow 
the user more time to end the MFT run and prevent undue damage. If the low-intensity MFT 
run reveals little change in the unknown sample, one can then repeat MFT using the typical 
high-intensity light.

FIGURE 4.4 LED lamp (left) and driver (right). Image by 
Vincent Laudato Beltran.
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Alignment

Whitmore MFT
Before each MFT run, it is necessary to align the 
illumination and collection spots to ensure that 
data collected by the spectrophotometer are from 
the area exposed to the high-intensity light source. 
With the illumination and collection lens assem-
blies fixed in the test head at a 0/45 geometry (i.e., 
illumination is normal to the surface, and data col-
lection is 45° from normal), alignment is achieved 
by raising or lowering the test head (fig. 4.5). 
Assuming the sample surface is horizontal, it may 
also be helpful to use a bullseye level positioned on 
the test head to verify that illumination is normal 
to the surface. (Note that the bullseye level should 
be affixed to the test head or removed when not in 
use to avoid its falling on the sample.)

Alignment of the illumination and collection spots 
can be determined when the maximum detector 
counts or highest peaks in the reflectance spectra are observed in the spectrophotometer software. As the 
two spots become increasingly aligned, one will observe a steady increase in detector counts or spectrum 
peak height. This may require removal of the neutral density filter from the light path, exposing the surface 
to full light intensity, and initiation of continuous spectra collection, allowing one to quickly see results 
when adjusting the test head height. Since a surface is being exposed to full-intensity light, a number of 
users choose to verify proper alignment via maximum detector counts only at the start of the day on a 
non-artwork sample (e.g., white reference standard) to avoid unnecessarily exposing an object to high-
intensity light. (Subsequent alignment checks might rely on use of a secondary light source, as described 
in the next paragraph.) If one chooses to do this alignment step on artwork, it should be conducted rapidly 
to minimize any color change. 

An alternative or supplementary alignment method entails detaching the collection fiber optic cable from 
the spectrophotometer and attaching it to a low-intensity light source (i.e., fiber optic continuity tester, 
tungsten halogen lamp), projecting an elliptical spot (due to its 45° angle) from the collection lens assem-
bly onto the sample. The test head is then adjusted 
vertically until the collection spot visually overlaps 
with the circular illumination spot. When this tech-
nique is used, the neutral density filter is inserted 
into the light path (with the shutter open), resulting 
in a low-intensity illumination spot on the sample 
surface. Given the small diameters of the light 
spots, use of a pen camera or digital microscope 
can allow for improved viewing of this overlap (fig. 
4.6). Rotation of the illumination and collection 
lens assemblies (after loosening their set screws) 

FIGURE 4.5 Triangular MFT test head containing the illumi-
nation barrel and fiber optic (middle), the collection barrel 
and fiber optic (left), and the pencam (right). Positioned on 
the test head is a bullseye level that ensures the light beam 
is vertical to the sample surface, assuming a level sample. 
The knobs behind the test head allow for fine vertical adjust-
ment. Image by Vincent Laudato Beltran.  

FIGURE 4.6 Pen camera images of misaligned (left) and 
aligned (right) illumination and collection spots. Note that 
the diameter of the collection spot (left spot in left image) 
is larger than that of the illumination spot. Image by Ayanna 
Lynch, GCI/GRI Marrow Undergraduate Intern.  
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may also affect spot alignment, though the extent is limited. Once alignment has been verified, turn off the 
second light source and securely reattach the collection fiber optic cable to the spectrophotometer. Note 
that the illumination and collection fiber optic cables should be assessed regularly to ensure that their SMA 
connections are firmly attached (loose connections allow for light loss) and that light is being transmitted 
through the fiber; excessive bending or flexing of the fiber optic cables can compromise their integrity.

Following alignment of the illumination and collection spots, users should also periodically assess the fo-
cus of the illumination spot. The ideal illumination spot has sharp edges and a minimum diameter (typically 
0.5 mm or less); when this spot is defocused, resulting in a hazy halo around its perimeter, light intensity 
and fading rates will be reduced. Focusing of the illumination spot is achieved by vertical adjustment of 
the illumination lens assembly. For Whitmore MFT test heads, this requires loosening the set screw, rais-
ing or lowering the illumination lens assembly in the test head, and resetting the set screw once focus 
is achieved. Adjustment of the illumination spot is best done on a flat uniform surface, such as a white 
standard, and use of a pen camera or digital microscope can provide a clearer view. The diameter of the 
light spot can be roughly determined by exposing a highly light-sensitive material (e.g., Sunprint paper) 
to full intensity light, and examining the resulting spot with a microscope; note that the size of the spot 
may increase with duration. More accurate assessments of spot size can direct the illumination spot onto 
an image sensor such as a charge-coupled device (CCD) or complementary metal oxide semiconductor 
(CMOS) sensor (Schilling, pers. comm. 2021).

Automated MFT and Retroreflective and Contact Probes
For automated MFTs (fig. 4.7), the alignment of the illumination and collection spots is automatically 
assessed. In practice, the user manually moves the motorized test head below the ideal focus position and 
then initiates an autofocusing procedure. This is con-
ducted at a fractional power setting, which is typically 
defaulted to ~5% of full power.

In contrast, retroreflective and contact MFT probes 
do not require alignment, as their illumination and 
collection paths are inherently aligned. While any an-
gle can be employed for a noncontact retroreflective 
probe, some users position the probe 45° to normal, 
mimicking the 0/45 geometry employed by the Whit-
more and automated MFTs, while others have chosen 
to shift this angle between 15°  and 35° from normal. 
In any case, MFT readings on samples and standards 
must employ the same angle to facilitate comparison 
of results.

As described in the previous chapter, there are sev-
eral types of contact probes that have been adapted 
to MFT. The “6 around 1” contact MFT probe (central illumination port surrounded by six collection ports) 
is aligned by using a Mylar guide with scribed cross-hairs. It is necessary to provide a small gap (~1–2 mm) 
between the end of the bifurcated fiber optic cable and the object, which may be defined by additional 
Mylar sheets or a black collar extending from the end of the fiber optic cable. This gap allows for reflection 
of the light beam to the perimeter collection ports. For the two contact MFT probes described by Pesme 
et al. (2016), the angled fiber holder is positioned on the sample surface using a scribed Mylar sheet, while 

FIGURE 4.7 Automated MFT developed by Instytut Foto-
nowy. Image by Vincent Laudato Beltran.
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positioning of the ball lens probe is visually guided by a low-intensity spot, after which it is lowered until 
it gently contacts the sample surface. Use of a contact probe in noncontact mode is less efficient due to 
loss of signal and possible probe vibration; however, if contact is unacceptable, multiple tests should be 
conducted using a fixed air gap between the contact probe and the surface to examine the resulting error.      

Integration Time and Sample Averaging
Following alignment of the illumination and collection spots, the user can begin to define the operational 
settings of the spectrophotometer. An initial parameter to address is integration time; this is analogous to 
a camera shutter speed and controls the amount of light to which the detector is exposed. An appropri-
ate integration time (typically in units of μsec) should maximize the signal without saturating the detector. 
To determine this parameter, a white reference sample is positioned under the MFT test head, the illumi-
nation and collection spots are aligned, and the sample is exposed to full-intensity light (the shutter in 
the light path is opened and the neutral density filter removed). The user may then initiate an automated 
function in the spectrophotometer software to define integration time; this seeks to maximize detector 
counts at ~80% of spectrophotometer capability when exposed to full intensity light. Note that analysis of 
fluorescent samples is complicated by both the reflected light and the emitted fluorescence (Connors-
Rowe, Morris, and Whitmore 2004), and MFT analysis of these sample types will need to be considered 
carefully.

Once the integration time is determined, the sample averaging parameter can be defined. This specifies 
the number of spectra to average when saving spectral data files and viewing a spectrum onscreen. This 
is particularly useful when the spectrum appears unstable, as a higher sample averaging value will reduce 
jitter in the trace. In practice, MFT users typically average between 5 and 25 spectra depending on the 
stability, with 10 being a common value. It is also suggested that samples exhibiting rapid color change 
should use a sample averaging value as low as 3.   

Record of Operating Conditions
During instrument set-up, the user should document the MFT operating conditions in a daily log. This 
data can be valuable for evaluating MFT performance (e.g., long-term drift, diminished light intensity) and 
signaling when a more thorough examination of the instrument is needed (e.g., lamp replacement, check 
of fiber optic cables, mirror adjustment, or lens positioning). Note that some spectrophotometer software 
can record select operating conditions within the sample metadata. Daily parameters to consider record-
ing include the following:

• Date, operator, and purpose
• Mode (power- or intensity-controlled)
• Lamp hours (daily, cumulative)
• If employing a digital exposure controller:

• Pre-controller maximum light intensity (from radiometer or photometer) and watts (from power 
supply)

• Controller μA (after adjusting light intensity to chosen level) and range light position (indicates 
proximity of light intensity to boundary conditions)

• Post-controller light intensity (from radiometer or photometer) and watts (from power supply)
• Spectrophotometer integration time (μsec), peak detector counts, and sample averaging
• Temperature and relative humidity (if operating in fluctuating environmental conditions)
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Background and Reference Calibration
Before MFT data can be collected, the spectrophotometer must be calibrated with respect to background 
conditions and a white reference. The background (or dark) spectrum represents the 0% reflectance signal 
when the sample surface is not exposed to the light source, though this spectrum should include ambient 
light commonly present during analysis. For Whitmore MFTs, the path from the light source can be blocked 
by closing the manual shutter knob located at the fiber coupler plate (where the illumination fiber optic 
cable is attached); other MFT designs may employ a shutter mechanism elsewhere in the light path. During 
background calibration, a white reference sample may be positioned beneath the test head in preparation 
for the subsequent collection of the reference spectrum. Alternatively, some users position the collection 
spot on a matte black surface or over a void (e.g., off the edge of a table), and others choose to defocus 
the collection spot such that it is more than two focal lengths from a reflective surface. Acquired at the 
beginning of an analysis day, the background spectrum will be subtracted from the collected data, remov-
ing unrelated background signals. It is important that the background spectrum be blacker than any dark 
color tested or subsequent spectra may go below 0% reflectance, resulting in failed color calculations 
(Whitmore 2019).

The next calibration step involves collection of a reference spectrum on a white reference sample to define 
100% reflectance across the visible wavelength region. A common reference sample is a Spectralon® white 
diffuse reflectance standard, which exhibits reflectance of ~99% and is chemically inert and environmen-
tally stable. Other white reference options are barium sulfate or magnesium oxide coatings, white opal 
glass, and Millipore filters. As with any standard, care should be taken to maintain a clean and smooth sur-
face so as not to alter its reflectance properties. Collection of the reference spectrum requires alignment 
of the illumination and collection spots on the white reference and its exposure to full intensity light (i.e., 
shutter fully open with neutral density filter removed). After collection, verify that the spectrum of the white 
reference sample produces a horizontal line at 100% reflectance; if it does not, repeat acquisition of the 
reference spectrum. The reference spectrum should be reassessed periodically throughout the day (every 
~1 to 1.5 hours, though shorter intervals are also common), as drift may result in an undulating, slanted, 
and/or translated reference spectrum. Some spectrophotometer software can also calculate luminous flux 
(units are lumens) when collecting the reference spectrum, which may be used to evaluate the stability of 
the light source over time. 

Calibration of spectrophotometer wavelength should be addressed intermittently, though this may require 
shipment of the unit to the manufacturer. The wavelength calibration procedure uses an elemental light 
source with characteristic emission peaks at specific wavelengths (e.g., mercury-argon, neon, krypton) to 
determine if they align with the resulting spectrum. If they are misaligned, one can determine the wave-
length shift and apply a correction in the spectrophotometer software. Verification of wavelength calibra-
tion may be particularly important following transit of the spectrophotometer.

 Data Collection   

Colorimetry
The following colorimetric parameters relate to MFT practice and are discussed in greater detail in chapter 
2. The calculation of CIE L*a*b* colorimetric coordinates from the spectral data requires definition of a ref-
erence illuminant and observer angle. Many MFT users employ standard illuminant D65 (overcast daylight 
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with a CCT of 6,500 K) and the CIE 1931 2° Standard Observer function for their colorimetric calculations, 
and their continued use will promote comparison of MFT data among users.

Following the collection of MFT spectral data and calculation of their CIE L*a*b* coordinates, the color 
difference or ΔE between the initial spectrum and a subsequent spectrum can be determined. The first 
color difference formula was presented by CIE in 1976 and defined as the Euclidean distance between two 
points in CIE L*a*b* color space; this metric is typically shown as ΔE*ab. Issues with perceptual nonunifor-
mities in CIE L*a*b* color space resulted in the addition of various corrections in 1994 (ΔE*94) and 2000 
(ΔE*00). While one can use any of the three color difference metrics, CIE recommends use of the ΔE*00 
metric due to its improved representation of color discrimination by the human eye. Further, calculation of 
the three color difference metrics can occasionally result in varying Blue Wool equivalence classifications, 
so use of the more accurate ΔE*00 should be relied on when assessing risk. Note that ΔE*ab continues to 
be commonly reported in the literature, in part due to its ease of calculation, and may be the only color 
difference metric calculated by the spectrophotometer software; thus, it may be prudent to report color 
difference in terms of both ΔE*ab and ΔE*00.

Data Logging
For each run, the MFT user must define in the spectrophotometer software the data collection interval 
and test duration. The data collection interval specifies the frequency in which averaged spectra are saved 
to the file. The original 1999 paper by Whitmore, Xun Pan, and Baillie stated a data collection interval of 6 
milliseconds, but current MFT users extend this interval from several seconds to one minute, with 30 and 
60 seconds being common. This choice represents a balance between coverage of the MFT run and the 
collection of a reasonable number of data files. However, one may occasionally encounter samples that 
exhibit such rapid color change (as evidenced from the near real-time ΔE*ab or ΔE*00 shown by the spec-
trophotometer software) that the run is terminated before sufficient data are collected (or, in the case of 
exceedingly fast change, before a second averaged spectrum is collected). In this instance, the user will 
typically conduct a second MFT run on a different location of the same color but significantly shorten the 
data collection interval to ensure capture of the color change behavior. Data collection intervals on the 
order of several seconds emphasize color change behavior during the earliest stages of the MFT run, when 
the fastest fading rates are often recorded; the consequence, of course, is the collection of a large number 
of data files, though the testing time might also be reduced.  

The test duration is one of the parameters that defines when to cease the MFT run. MFT test durations typi-
cally range from 5 to 30 minutes. Durations on the lower end (5 to 10 minutes) are typical, due to the need 
to examine a large number of test sites in a limited period. As previously mentioned, samples found to be 
particularly fugitive (~BW2 or less) should be retested in a different location of the same color; this subse-
quent test can be stopped early once it is determined that it tracks the previously observed color change 
behavior. Similarly, MFT runs for samples appearing to be more lightfast than BW3 may also be ceased be-
fore the end of the test as a means of saving time. Note that short test durations have the potential to miss 
a delayed color change, though this may be a nonissue as most colorants display plateauing (Type I and II) 
or continuous (Type III) color change (Crews 1987; Giles 1965; Druzik and Pesme 2010) (fig. 4.8); some users 
have reported rare instances of more atypical color difference behavior (Type IV or V curves), which should 
be flagged for the MFT community. 

When testing artwork, the MFT user must also predefine a color difference threshold at which exposure 
of the test site to high-intensity light will be blocked and the test stopped; this is intended to protect the 
object from incurring visible change from MFT. The selection of a color difference threshold varies among 
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users, but commonly reported values are ΔE*ab of 5 and ΔE*00 of 3. Higher threshold values may be ap-
propriate for visually complex artwork such as textiles, while evenly colored smooth surfaces easily marred 
by visible discoloration might merit a more conservative threshold value.

For most Whitmore MFTs, the collection of data by the spectrophotometer will stop once the test duration 
is reached, but exposure of the sample to high-intensity light will continue. Light exposure ceases only 
when a neutral density filter is inserted into the light path or the shutter is manually closed. In contrast, 
the automated MFT will mechanically close the shutter at the conclusion of a run, with end test conditions 
defined by time, light dose, or a color difference threshold. Note that use of an electronic shutter is sup-
ported by the spectrophotometer software (Spec32 by Control Development, now Perkin Elmer) used by 
many Whitmore MFTs, but this adaptation is rarely incorporated.

Blue Wool Standards
The color change behavior of an artwork as determined by MFT is typically defined by comparison to the 
behaviors of Blue Wool Standards 1, 2, and 3, which represent colorants with high light sensitivity (Michal-
ski 2018). Recall that the BW scale approximates a geometric progression, with each BW roughly twice as 
lightfast as the preceding one. When characterizing their performance, one may conduct multiple MFT 
runs of BW1, 2, and 3 to examine the variability of each and define their relative color difference behav-
ior. (Note that one needs to compare the same color difference metric—ΔE*ab, ΔE*94, or ΔE*00—for all 
samples.) While MFT users have occasionally included BW4 as a reference, its color change behavior is 
thought to be dependent on the presence of UV and there is concern about its relevance when exposure 
is limited to the visible light region (Tao and Whitmore 2010; Hattori, Yoshizumi, and Crews 2012). Due to 
the number of tests needed to adequately characterize the color change behavior of BW1, 2, and 3 (some 
call for a minimum of three runs each), a user might consider dedicating up to a day to conduct MFT runs 
on these samples. This process should also be carried out when an MFT has been inactive for an extended 
period (e.g., weeks to months) or when lighting or environmental conditions have changed significantly. 

Ideally, the standard deviation for each BW will be small and the color difference curve for BW2 will slot 
roughly equidistant between that of BW1 (highest color difference) and BW3 (lowest color difference). If ei-
ther is not the case, additional testing is needed to assess if a previous MFT run may have been anomalous 
or if that specific BW card or fabric is responding atypically and should be replaced. It may be helpful to 
compare new MFT BW results to those for previous BW Standards whose performance is trusted. However, 
given a limited on-site supply of BW Standards possibly from the same manufacturer and batch and an ex-
pectation of longevity if handled carefully, replacement of a BW card or fabric should be a careful decision.

Once a BW Standard has been well characterized and assuming the MFT is in regular use, one may choose 
to intersperse single MFT runs of BW1, 2, and 3 with testing of artwork or other samples. If the MFT re-
sults for the BWs align with previously collected data, the user can be confident that the current testing 
conditions are similar to those when the BW Standard was initially assessed. Note that the MFT setup 
(i.e., light intensity, geometry, spot size) used to assess BWs should be similar to that for the object or 
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sample;  particular consideration should be given 
to the positioning of fiber optics during testing, as 
cables that are supported by the table may trans-
mit light differently than those that are freely hang-
ing. A BW Standard can be run at the beginning 
and/or the end of the day when artwork is being 
organized and during convenient breaks. (Some 
MFT users do not routinely run BW Standards if the 
instrumental conditions are similar to prior days.) 
As previously mentioned, the textured BW surface 
necessitates careful positioning of the light spot 
on the top of a thread, which may be indicated by 
a “twinkling” phenomenon; use of a pen camera or 
digital microscope can be helpful for determining 
location (fig. 4.9). Beyond BW standards, MFT test-
ing of readily available light-sensitive material (e.g., 
commercial colored paper, markers) can provide 
another gauge of daily instrument performance, 
and there is ongoing research in the conservation 
field to develop an alternative lightfastness standard.

To ensure the extended use of BW Standards, care should be taken when handling. During testing, it is sug-
gested that, aside from the current test site, the standard be covered to limit unnecessary light exposure. Us-
ers should also avoid touching the BW fabric. When not in use, the standard should be appropriately stored 
in the dark; some users place them in a Mylar pocket and then in a Photographic Activity Test (PAT) approved 
paper folder. Each BW standard should be paired with key information such as dates of purchase and first 
use, supplier, batch number, and a unique identifier (which may be added to the MFT data filename). Use 
of a grid system can guide location selection and facilitate testing across the entirety of the BW Standard.

Protocol
While a number of the individual MFT data collection steps have been described thus far, this section elab-
orates on the practical order and pace at which these are conducted. The following protocol is based on 
the use of a Whitmore MFT and organized by three successive objectives—positioning of the light beam, 
maximizing reflectance, and initiating the run—each followed by comments. Note that this assumes that 
the topics presented above have already been addressed, including sample and site selection, vibration 
mitigation, maximizing and stabilizing light intensity, defining integration time and sample averaging, and 
conducting background and reference calibrations.

Positioning the Light Beam
• Close the shutter to block the light path to the sample.
• Position the sample beneath the test head; ensure that MFT components (e.g., fiber optic and USB 

cables) do not touch the sample surface.
• Insert the neutral density filter into the light path and then open the shutter fully, resulting in a dim spot 

on the sample.
• Position the light spot on the desired test area; a pen camera or digital microscope can aid with posi-

tioning and record images of the test area.

FIGURE 4.9 MFT light spot positioned on a Blue Wool (BW) 2 
Standard, with BW1 and BW3 above and below. The numbers 
written above on the mounting card aid in recording the 
location of measurement. Image by Vincent Laudato Beltran. 
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• Close shutter.

Comments
• As mentioned previously, textured surfaces such as BW Standards require that the light spot be posi-

tioned on the top of a thread. This can be highlighted by a “twinkling” effect when moving the sample 
laterally.

• For LED lamps, light intensity can be reduced or increased by adjusting the current on the LED driver. 
Some drivers have a trigger mode that can act as a shutter, though some users have suggested this 
may have an impact on stability.

Maximizing Reflectance
• In the spectrophotometer software, choose continuous scanning and y-axis auto scaling to allow for 

real-time visualization of the spectrum.

The following three steps should be conducted rapidly to minimize impact on the sample.

• Open the shutter and remove the neutral density filter from the light path; this will result in full intensity 
light on the sample.

• Adjust the vertical position of the test head to maximize reflectance as seen in the software interface.
• Reinsert the neutral density filter into the light path, close the shutter, and stop continuous scanning.

Comments
• As discussed previously, a number of MFT users choose to maximize reflectance only on a non-art-

work sample at the start of the analysis day. For subsequent MFT runs, an alternative or supplemental 
alignment method disconnects the fiber optic cable from the spectrophotometer and attaches it to 
a low-intensity light source (e.g., fiber optic continuity tester, tungsten halogen lamp); this produces 
dim collection and illumination spots (the neutral density filter is inserted in the MFT light path) on the 
sample surface that can be visually aligned by vertical adjustment of the test head. Once aligned, be 
sure to securely reattach the fiber optic cable to the spectrophotometer and turn off the secondary 
light source.

• When maximizing reflectance, one may insert a neutral density filter in the light path (with the shut-
ter open), resulting in a dim spot and minimizing light exposure of the sample. However, this may be 
an issue when maximizing the signal for darker objects, in which case the neutral density filter can be 
removed.

Initiating the Run
• Ensure that the shutter is closed, and remove neutral density filter.
• Set up data logging and colorimetric parameters, the colorimetry window (where real-time color differ-

ence or ΔE is shown), and allow for continuous scanning.

The following three steps should be conducted rapidly to ensure maximum data collection after exposing 
the sample to light.

• Open shutter, which exposes the sample to high-intensity light.
• Reset the onscreen ΔE to zero by defining reference L*a*b* values from the current spectrum.
• Initiate data collection.
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During the run:
• Watch the onscreen ΔE. If it exceeds the predefined ΔE threshold, stop the MFT run by inserting the 

neutral density filter into the light path, closing the shutter, and terminating data collection.
• Verify collection of the first several spectrum files.
• Show the initial spectrum onscreen for comparison to evolving spectra.
• After collection of the last spectrum, stop light exposure of the sample by closing the shutter. This can 

be followed by reinsertion of the neutral density filter into the light path and termination of continuous 
scanning.  

Comments
• Do not walk away from the MFT when testing artwork.
• The MFT setup used to assess Blue Wool standards should be similar to that for the object or sample; 

this includes positioning of the fiber optics during testing, as cables supported by the countertop may 
transmit light differently than those allowed to hang freely.

• Observation of a parallel spectral shift across the visible region may indicate potential movement in the 
test head or sample during the MFT run. If movement is due to loosening of the adjustment mecha-
nism, allowing the test head to shift under its own weight, one may explore tightening of the stage.

• Observation of a jog in a relatively smooth color difference time series can also indicate movement in 
the test head or sample.

• One can employ a Perl script (programming language adept at processing text) to monitor real-time 
ΔE and readout colorimetric data for analysis by external software.

• Some users choose to begin continuous acquisition of data before exposure of the sample to high-
intensity light. This allows for the collection of information during the earliest stages of light exposure 
when the rate of color change may be at its highest (data collected before light exposure are dis-
carded) and likely entails use of a small data collection interval (~1 second) to maximize coverage.

• Consider setting a timer that alerts the user near the end of an MFT run, so the shutter can be closed 
(avoiding unnecessary light exposure on the object) after collection of the last spectrum.

 Data Analysis   

Following the collection of spectral and colorimetric information during a series of MFT runs, data analysis 
is typically conducted using programs separate from the spectrophotometer software. These data can be 
organized in a variety of ways to facilitate comparison and interpretation, and the results for each object 
are summarized in a report.    

Software
Due to the need to examine numerous MFT data files for multiple color areas on an object, protocols were 
developed to compile and organize these results. Whitmore developed a suite of Excel macros (using 
“Visual Basic for Applications” programming) to extract and visualize spectral and colorimetric data; this 
also allowed for some automation and flexibility in configuring inputs and outputs. Use of Whitmore’s Excel 
macros remains common among MFT users. In 2006, Spectral Viewer was developed at the GCI by Lionel 
Keene. This MFT analysis software employs a graphic user interface to facilitate spectral and colorimetric 
comparisons and is currently being updated by J. P. Brown at the Field Museum, Chicago (fig. 4.10). The 
automated MFT employs its own custom software that incorporates both data analysis and hardware con-
trol (e.g., shutter, spectrophotometer).
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Data Visualization     
Spectra are the fundamental information collected by a spectrophotometer, and it is important to exam-
ine its evolution during an MFT run. A common visual compares the initial and final spectra of a test area, 
emphasizing how and at which wavelengths change occurred (fig. 4.10). For example, increasing and 
decreasing reflectance at specific wavelengths may indicate color fading and darkening, respectively, 
while a spectrum trending toward horizontal can suggest a graying behavior (Whitmore 2019). Examina-
tion of spectra might also suggest testing errors; as previously mentioned, parallel shifts across the entirety 
of the spectrum could indicate movement of the sample or test head during the MFT run, requiring retest-
ing of that color. Liang et al. (2011) advocated for the advanced exploration of MFT spectra, as this can 
provide more insight into degradation processes than reliance on colorimetry alone; a proposed approach 
is to calculate the difference in reflectance (final minus initial) across the visible region and determine the 
rate of change of the spectrum for narrow wavelength ranges (25 nm or 50 nm windows).

Given its focus on color perception, MFT data analysis emphasizes the assessment of colorimetric param-
eters calculated from the spectral data. Time series plots are used to show the progression of variables 
such as L*, a*, b*, ΔE*ab, and ΔE*00 for a specific sample. For colors with replicate analyses, average values 
and standard deviations can be included. If the light intensity during the MFT run is known (and assuming it 
is constant), time may be replaced with light dose on the x-axis; however, one should resist the temptation 
to extrapolate MFT data collected at high-intensity light levels to low-intensity gallery lighting, as reciproc-
ity may not hold.

The overlay of color difference time series for BW standards and test locations allows one to define BW 
equivalence (BWE). Color difference values recorded at the end of the test are commonly used to classify 
BWE; some users also choose to report the BWE at midpoints during the MFT run as this may differ from 
the BWE determination at the end of the run (Tse 2019). One can also define BWE at specific thresholds, 

FIGURE 4.10 Initial (thin line) and final (thick line) spectra collected during an MFT run as shown in Spectral Viewer software, 
Version 3, Beta 2 (developed by JP Brown, Field Museum).
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such as when the curve reaches a ΔE*00 of 1.5, approximating a JND (Pretzel 2008; Michalski and Druzik 
2012). Bar charts offer an alternative display of BWE; colors may be used to indicate similarities between 
the samples and BW Standards. If the color difference of the sample lies between that of two BW Stan-
dards, its BWE can be characterized by intermediate BW steps (e.g., BW1.5, BW2.5) (see, e.g., del Hoyo-
Melendez and Mecklenburg 2010; Druzik and Pesme 2010; Tse 2019) (fig. 4.11). Note that use of finer BWE 
intervals (e.g., BW1.4, BW2.2) should be done with caution as it may imply a higher level of accuracy than is 
present. Prestel (2017) suggested that comparison of the rate of color change (first derivatives of the color 
difference curves) of samples and BW Standards might be a more accurate means of assigning BWE. With 
respect to the object, its overall light sensitivity is typically defined by its most fugitive component (i.e., if 
the most light-sensitive colorant on an object has a BW2 equivalence, the overall object light sensitivity is 
also BW2); however, discussions among conservation and curatorial colleagues may suggest that deci-
sions about acceptable light exposure be adjusted if the color change of its most vulnerable colorant is 
thought to have a minimal impact on the overall significance of the object. 

While ΔE quantifies the extent of color change, the direction of color change during an MFT run can be 
described by shifts in L*, a*, and b*, which correspond to the light-dark, red-green, and yellow-blue axes, 
respectively. Categorizing the overall change in these variables between the initial and final MFT data files 
provides some insight into how the color might evolve, though this should be verified by real-time color 
monitoring. The plotting of a* versus b* is a typical visualization used to track the path of color change of 
a sample during an MFT run (fig. 4.12 and appendix 5). (Note that other color spaces, such as Luminance-
Chroma-Hue (Lch), can also be used to explore color change.)

Reporting
The MFT analysis of a specific object should be detailed in a report containing data tables and selected 
visualizations, as well as discussion of the implications for lighting policy (see chap. 5). While the report 
structure will differ among MFT users, the following is a summary of the various components that might be 
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included (appendices 4 and 5 present an object screening case study from the Getty Research Institute 
and a sample MFT report by Bruce Ford, respectively).

• Object name, artist, accession number, year of creation, materials
• Image of object and map of MFT test locations
• Verbal summary of results and their implications for display
• Summary colorimetry table for all tested colorants, including ΔL*, Δa*, Δb*, Δc, Δh, ΔE*ab, ΔE*00, and 

BWE for ΔE*ab and ΔE*00 
• Summary color difference (ΔE*ab and ΔE*00) bar chart for samples and BW Standards 
• Summary color difference (ΔE*ab and ΔE*00) time series plot for samples and BW Standards
• For each test area: image of location on object, a* versus b* plot, initial and final spectra plot, time 

series of L*, a*, and b* 
• MFT operator, key instrument details (e.g., light source, filters, measurement geometry, standard illumi-

nant, standard observer), operating conditions (e.g., light intensity, spot size, lamp SPD), BW Standard 
information (e.g., source, batch no., date purchased)

• Location and filenames of MFT data for samples and BW Standards

The inclusion of brief descriptions of various topics associated with MFT (paired with key references) can 
also be beneficial for readers inexperienced with the instrument, color science, and lighting policy termi-
nology. These topics might include:

• Description of the instrumentation
• Limitations of and uncertainty associated with MFT
• Colorimetric concepts (e.g., L*, a*, b*, ΔE*ab, ΔE*00)
• Lighting policy concepts (e.g., BW standards, JND, Museum Lifetime)
• Example of lighting policy guidelines  
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Beyond the examination of one object, the organization of MFT analyses on numerous objects and re-
search samples in a searchable database can be a useful resource for understanding broader trends; a 
notable example is the MFT database developed by Season Tse at the Canadian Conservation Institute. 
Access to MFT data from multiple institutions may allow one to revisit published lighting guidance for vari-
ous materials, which can be beneficial for those without access to MFT. Such an effort, however, should 
not detract from the unique ability of MFT to provide insight into the light sensitivity of an object with a 
specific material composition and exposure history and guide decision making on how it is displayed dur-
ing exhibition.

 Conclusion   

This chapter details the practical steps of planning and conducting an MFT analysis. Though much of this 
information can be applied to any MFT, users of a specific instrument should review its standard operat-
ing procedure and reflect on how it aligns or differs from what is described here. As previously stated, the 
goal of this chapter is not to create a uniform protocol but to explore the rationale for the various choices 
made by MFT users and to provide guidance for those considering the addition of MFT to their preventive 
conservation tool kit.
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In addition to enhancing our understanding of the light-induced color change behavior of a specific col-
lection item, the microfading tester can play a role in the broader context of lighting policy development 
for a heritage collection. This chapter seeks to expand the scope of this document by exploring a decision-
making framework for lighting policy based on concepts such as value-based collection care and risk as-
sessment that are currently being developed and applied in the cultural heritage field. Such an approach 
permits collection stewards to adjust the level of control of light exposure based on the extent of accept-
able light-induced damage of an object.

The unique predictive capacity of MFT significantly reduces the uncertainty associated with light sensi-
tivity assessments. The resulting data support collection stewards by offering a prospective approach in 
which light risk is mitigated by budgeting an object’s light exposure over its lifetime. This approach optimiz-
es the balance between present and 
future access to a collection subset 
identified as vulnerable to light and al-
lows for flexible lighting scenarios that 
support the viewing experience of an 
item.

Figure 5.1 presents a summary of the 
decisions that can be used to formu-
late lighting recommendations for dis-
play, broadly categorized as “Assess-
ing Value at Risk to Light,” “Quantifying 
Risk to Light,” and “Managing Light 
Risk.” This framework emphasizes the 
need for careful consideration of the 
item, collection, and institution, which 
is followed by the potential for MFT to 
significantly inform the management 
of light risk associated with display.

The proposed framework is also a 
methodological tool to help collec-
tion stewards set priorities based on 
the needs of the collection and the 
institution and guide development 
and implementation of display rec-
ommendations. While not all the steps 
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described in figure 5.1 may apply to specific situations, the general structure of the decision diagram will 
aid in documenting the motivations for the choices made.

 Assessing Value at Risk to Light    

For collection care, risk is related to damage that can be defined as a loss of value (Ashley-Smith, Der-
byshire, and Pretzel 2002). Light risk corresponds to the loss of cultural value induced by the exposure 
of the collection item to light. This is dependent on the color change resulting from the item‘s exposure 
to light, how much this change would reduce its cultural value and future use, and the importance and 
usability of the item for the institution. 

This section begins by summarizing the parameters involved in light-induced color change. It then pro-
vides context for the management of light risk as part of a larger value-based collection care framework. 
Central to this process are the concepts of collection value and the associated targeted collection lifetime 
and value at risk to light. The latter depends on the importance of color as a value-determining feature and 
is relevant for collection items that are likely vulnerable to light. Further, it is shown how assessing the rela-
tive value at risk to light aids in identifying priorities for light risk mitigation at the collection level.

Light-Induced Color Change
When collection items are exposed to light, the main material alterations consist of color change at the 
surface and, if UV is present, weakening and yellowing of the support and chalking of the media. Exposure 
to IR and the conversion of visible light and UV into heat will result in elevated object temperatures, which 
may cause local desiccation, distortion, or cracking. 

Color change is often the main criterion used in the conservation field to quantify material deterioration in-
duced by light exposure. Color measurement and its subsequent monitoring during and after display are typi-
cally based on nondestructive portable techniques that are relatively simple but labor-intensive. Use of these 
techniques can be complicated by the need to remove objects from their housing and the difficulty of match-
ing the same locations of measurement when monitoring color change. While light-induced color change is 
typically irreversible and cumulative, in exceptional cases it can be reversible to some extent (e.g., Prussian 
blue, iron gall ink); exhibition of such material must be managed separately from the broader collection.

Color change induced by light exposure depends on the light dose received and, if within the range of 
gallery light levels, follows the reciprocity principle, which states that material response is determined by 
total light exposure. For example, color change induced by 3 months of exposure at 100 lux is equivalent 
to the change induced after 6 months at 50 lux, all other conditions being equal. Light dose is commonly 
expressed in units of lux-hours or Megalux-hours, with 1 Megalux (Mlux) equivalent to 1 million lux. The 
spectral power distribution (SPD) of the light source will also affect color change (Saunders 2020).

Brokerhof, Ankersmit, and Ligterink (2017) provide specific examples of the relationship between visible 
light, UV, IR, and other agents of deterioration and their associated synergetic effects. (The Canadian 
Conservation Institute’s [CCI’s] 2017 webpage “Agents of Deterioration” provides information on primary 
threats to heritage.) For instance, increasing temperature will accelerate chemical reactions, including 
those induced by exposure to light, and light-induced deterioration will increase at higher levels of  relative 
 humidity. Figure 5.2 summarizes the main parameters determining material color change induced by mu-
seum gallery lighting.
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However, assessing light-induced deterioration using only color change poses two caveats. First, any light-
induced deterioration resulting in structural weakening of the support or change in appearance beyond 
color, such as gloss, may be underestimated. Second, color change resulting from exposure to other agents 
of deterioration (e.g., pollutants) may be overlooked if the risk assessment is not carefully carried out. 

Value-Based Collection Care 
Over the past twenty-five years, the concept of heritage care is transforming from a material-based 
approach to a significance- or value-based approach (ICOMOS 1994;  Keene 2002;  Avrami et al. 2019). This 
change in thinking developed from the growing recognition that heritage items comprise intertwined tan-
gible and intangible features, with the latter rarely being fully embodied or contained by the former (Aus-
tralia ICOMOS Burra Charter, 2013). An item’s cultural “significance is seen as the accretion of everything 
that has happened to it physically (including repairs and conservation) and the accumulation of diff erent 
values” (Pye 2016). Originally developed for the field of immovable heritage, this approach is increasingly 
being applied to collection care. Recognizing that collection value only becomes eff ective during interac-
tion with its intended audience, it is expected that collection stewards will promote access to collections 
and their associated data as they increase in overall cultural value and if proper care is implemented.

Value-based collection care seeks to support rational decisions concerning staff effort and allocation of 
resources so as to develop value, increase short- and long-term accessibility, and enhance use of the col-
lection (Brokerhof, Ankersmit, and Ligterink 2017; Brokerhof, Bülow, and Kemp 2017). Increasingly using 
cost-benefit analysis methodology and drawing on sustainability principles, this approach considers not 
only the value placed on cultural heritage and the people involved with it but also the impact that collec-
tion use has on people, institutional operations and finances, and the environment (Henderson, Waller, and 
Hopes 2020). 

The implementation of value-based collection care integrates value assessment and risk management 
and requires assessment of item significance to further monitor collection value. As cultural values change 
with perspective (synchronic change), assessing the significance of an item will require research, consul-
tation, discussion, and negotiation between all stakeholders, as values may be in conflict. Various meth-
ods using combinations of valuation criteria have been developed in the heritage field to analyze, assess, 
and specify significance, value, and meaning (Russell and Winkworth 2009; Bülow 2010; Cultural Heritage 
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Agency 2014; Reed 2018). The main methods currently applied in the field for movable collections are de-
scribed by Ankersmit and Stappers (2017).

Ideally, each collection item should have a statement of significance, defined as “a reasoned, readable 
summary of the values, meaning, and importance of an item or collection” (Russell and Winkworth 2009, 
11). This statement should be signed and dated as significance is not fixed in time (diachronic change). 
While item-specific statements have been adopted in certain regions, application has been uneven in the 
field. It should also be noted that the musealization process (the removal of an object from its natural or 
cultural context for exhibition in a museum) and further uses and associated care of the item in a cultural 
heritage institution will likely affect its cultural significance and values (Rubio 2020).

 Estimating Collection Value of an Item
The mission statement, collecting policy, and collection plan of the cultural heritage institution define the 
institution’s profile (e.g., museum, archive, library), while also determining the collection anatomy and indi-
cating associated uses and expected types of access. In this text, “collection value” is proposed as a work-
ing concept, understanding that it will be determined by the collecting institution on the basis of an item’s 
cultural significance, its relative importance within the collection, and its expected usability (Häyhä, Jan-
tunen, and Paaskoski 2015). On the other hand, collection value will likely determine decisions regarding 
its interpretation, use, and care by the holding institution. Taylor and Cassar (2008) refer to the relationship 
between the valuation of an item, its representation and use within the institution, and the care provided 
to it as “symbiotic.”

Estimating the relative collection value of an item using broad categories (i.e., high, medium, lower) will 
help prioritize intervention related to its care. Assessment results can be used as guiding criteria for estab-
lishing an item’s position of importance for recovery in an emergency plan and will likely play a role when 
assessing the insurance value of an item. While most institutions do not explicitly formulate rankings, items 
considered the most valuable are often indicated obliquely; for instance, they may be labeled as the “trea-
sures” of the collection and their usage via loans or in-house exhibitions will reflect their status. Formalizing 
the ranking of collection value, systematically or for specific items, will depend on the practices of each 
institution. Value classification systems can be implemented nationwide, as has been done in the Nether-
lands since the 1990s (Reuss, Scott, and MacKinnon 2005).

Collection value is related to an item’s cultural significance and will vary in time with changes in communi-
ties, culture, politics, science, and the environment. Collection value will increase or decrease depending 
on the use of the item by the institution and the quality of the care provided, and therefore needs to be 
regularly reassessed and updated. The practice of assessing and ranking collection value should be seen 
as a dynamic process that will continue to develop and adapt as circumstances of and demands on the 
collecting organization change (Brokerhof, Bülow, and Kemp 2017). The frequency of such a reassessment 
is connected with a preservation target, which is discussed below. 

Setting a Collection Lifetime for an Item
To help manage risks associated with the use of a collection item, the collecting institution may want to 
set a targeted collection lifetime (Saunders 2020). This term can be defined as the length of time for which 
the collection item will continue to be meaningful and usable, corresponding to its “serviceable life” in the 
collection.

Targeted collection lifetime(s) should be tailored to each institution and collection type. This ideally re-
sults from a collaborative decision-making process within the institution as it establishes a commitment 
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 regarding collection stewardship and the resources allocated to it. The collection lifetime associated with 
an item will likely vary according to collection value: as a general rule, the higher the collection value, the 
longer the targeted collection lifetime. 

Collection care can then be understood as the careful management of the collection value of an item 
throughout its targeted collection lifetime in a way that is consistent with and sustainable for present and 
long-term uses and functions (Lithgow 2011).

Assessing Value at Risk to Light of an Item
When analyzing the negative consequence of an item exposed to a specific agent of deterioration, the 
value at risk rarely corresponds to its total collection value. Value at risk is instead the proportion of total 
value that might be lost in the type of event/exposure considered. It should be noted that this might be 
further refined by studying the damage function, which quantifies the sensitivity of an item to the agent of 
deterioration (largely the focus of conservation scientists) and considers the impact of material change on 
the cultural value of the item, which may be more difficult to ascertain and remains understudied (Ashley-
Smith 2013; Strlič, Thickett, Taylor and Cassar 2013; Brokerhof, Ankersmit, and Ligterink 2017).  

With the main light-induced effect on materiality consisting of color change at the surface, value at risk to 
light corresponds to the portion of the cultural value that would be negatively affected by color change. 
Consequently, the value at risk to light should be assessed only for items identified as likely to be vulnerable 
to light, either due to their light sensitivity (i.e., items in pristine condition, unknown behavior, suspected 
high light sensitivity) or potential exposure to high light levels.

Assessment of the value at risk to light can be achieved based solely on the estimation of collection value, 
with a higher collection value associated with a greater value at risk to light. Alternatively, one may want 
to take a more in-depth look at the role played by color information in collection value. This is especially 
relevant for high-value items for which visual perception is important. Assessments of the role of color in-
formation in collection value may have less relevance depending on the nature of the collection or specific 
collection item. It is easy to recognize that an artist’s intended visual aesthetic value relying on excellent 
color discrimination will likely be significantly impacted by color change. Tolerance to such change may 
be larger for an item where collection value is dependent on the informational content conveyed, such as 
text readability that is based on the contrast between the text and the support and requires a high level 
of contrast acuity. Alternatively, an item with a high collection value and an aesthetic quality relying on a 
sensory rather than visual experience may not be vulnerable to color change. 

It is proposed to use three broad categories—important, average, and smaller—to evaluate the role that 
color information plays in the collection value of the item. As a general rule, value at risk to light will be 
greatest for a high collection value item in which color is an important value-determining feature.

Determining Relative Value at Risk to Light for a Collection Subset
Collection stewards may wish to determine the relative value at risk to light for a subset of the collection 
identified as vulnerable to light to help set priorities regarding mitigating light risk. Table 5.1 presents nine 
categories that can be used to assess the relative value at risk to light of a collection item. The categories 
used to assess collection value of an item are high (H), medium (M), and lower (L), while those used to 
evaluate the role of color are important (I), average (A), and smaller (S). Each combined category of rela-
tive value at risk to light can then be defined by two letters, the first corresponding to the item’s collection 
value and the second to the ranking of the role of color information. ‘HI’ corresponds to collection items 
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with high collection value and for which color information plays an important role; this also represents the 
category of items with the highest value at risk, requiring the most attention and care. On the other end of 
the scale, LS corresponds to collection items with the lowest value at risk to light.

TABLE 5.1 Matrix showing relative value at risk to light based on an item assessment of collection value and role of color infor-
mation. 

Collection Value
High (H) Medium (M) Lower (L)

Role of Color 
Information

Important (I) HI MI LI

Average (A) HA MA LA

Smaller (S) HS MS LS

The processes of risk analysis and value estimation that underlie the determination of the relative value at 
risk to light for the collection can be complex and resource-intensive. A careful analysis of the expected 
gains versus the efforts involved is therefore recommended prior to engaging in the process for the collec-
tion subset identified as light-sensitive. This decision will depend on the nature and size of the collection, 
the current condition, access level, expected use, and capacity of the cultural heritage institution. It can be 
expected that most items stored in archives will have a high or medium Collection value with an average 
role of color information, whereas color information is expected to play an important role for most items in 
a visual art museum collection.

 Quantifying Light Risk   

The management of light risk at the collection item level should ensure its effective and sustainable use 
and access for present and future stakeholders. This requires managing its value at risk to light over the 
targeted collection lifetime set by the holding institution. This section discusses determination of the total 
loss of value at risk to light and a preservation target, which is the time frame for which a just noticeable 
difference (JND) is allowed.

Establishing a set of broad categories of value at risk to light for the collection and deducing preservation 
targets accordingly permits setting priorities to guide the selection and implementation of cost-effective 
mitigation strategies. The level of light risk control should be adjusted according to the value at risk cat-
egory and resources allocated to protect items for which light exposure may induce greater damage. This 
process improves the overall balance between short- and long-term access to the collection and can help 
prioritize the selection of collection items to examine with MFT.

This section also examines the process by which literature- or MFT-based assessments of an item’s light 
sensitivity help quantify the preservation target and support the development of a prospective approach 
to the mitigation of light risk for the collection.

Assessing the Total Loss of Value at Risk to Light
Estimating the change in color after which an item’s value at risk to light would be entirely lost can be a sen-
sitive task. Attempts at quantification may easily result in a misleading interpretation that would reinforce 
“the falsehood that lighting guidelines are, should, or could ever be based on solely objective criteria,” not 
fully acknowledging that “lighting decisions legitimately depend on perceptual, social and institutional 
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criteria, as well as scientific” (Ford and Smith 2011, 81). This idea of a more holistic understanding of item 
lifetime was explored by Fenech et al. (2013), who crafted a value-based psychophysical approach that 
includes stakeholder workshops; the results, which focused on archival collections of color photographs, 
indicated that the nature of the image itself (e.g., fading profile, extent of detail) was the most prominent 
factor in the assessment of the change in color that would mark its end of life.

Assessing the maximum color change after which a collection item is no longer fit for its expected use 
should be coupled with the evaluation of the role of color information. This process provides an opportuni-
ty to reinforce collaboration and improve mutual understanding among the various stakeholders involved 
in the use and care of the collection. Discussions between curators, conservators, and collection managers 
and consultations with external stakeholders—for example, artists, representatives of the originating com-
munity, and visitors—allows for the explicit formulation of a commonly agreed upon target for the item’s 
presentation and preservation. This also benefits the institution by increasing accountability and transpar-
ency in its decision-making and aiding in the identification of resources needed to reach the agreed target. 

Threshold of Maximum Color Change 
Assessment of the maximum light-induced color change threshold was first used by Lafontaine (1980) to 
assess the suitability of felt-tip pens as artistic material. Ashley-Smith, Derbyshire, and Pretzel (2002) pro-
posed use of this concept to quantify the change in appearance after which an item would have reached 
the end of its life as a collection item and is no longer fit for display; this was set at 10 successive JNDs from 
its original appearance. (As noted in chapter 2, the JND is a context-dependent quantity for which a dif-
ference can be perceived by more than ~50% of viewers.) In addition, Michalski (2018) refers to an “almost 
total fade,” which is the threshold after which a colored sample has lost most of its color; this roughly 
corresponds to a minimum of 30 successive JNDs from its original appearance, assuming a saturated 
color. (For paler colors and items with low contrast, an almost total fade may occur at a lower successive 
JND threshold.) These different thresholds are not contradictory but rather reflect a change in scale and 
interpretation. In the first case posed by Ashley-Smith, Derbyshire, and Pretzel (2002), the color change 
induced on the item surface marks the end of its life as a collection item as it is assumed that the role of 
color information is large and its value at risk to light and collection value are the same. Michalski’s term 
“almost total fade” refers to the fading of a colored sample with no associated meaning. The two thresh-
olds—10 and 30 successive JNDs—underlie the relationship between the extent of color change and the 
role of color in conveying information or triggering a meaningful experience. 

The Light Damage Calculator developed by the CCI can aid in the determination and communication of 
the acceptable maximum color change for a collection item (Tse 2019). This interactive online tool pro-
vides visual simulations of the anticipated impact of select lighting scenarios for different colorants. The 
estimated color change is based on scientific results obtained by aging studies of various artists’ materials 
in light accelerated aging chambers. For a specific item with known dyes or pigments in the CCI database, 
the Light Damage Calculator can be used to select various lighting scenarios and assess their impact. The 
tool can also generate a scale of color change that serves as a reference for estimating the color change 
threshold(s) marking the total loss of value at risk to light. Figure 5.3 presents visual simulations of a satu-
rated red alizarin paint corresponding to color differences of 16, 24, 32, 40, and 48 ΔE*ab, as determined 
by the CCI Light Damage Calculator. Note that a JND is thought to correspond to a ΔE*ab of approximately 
1.6. The corresponding number of successive JNDs associated with each computed color change is also 
indicated. As already mentioned, in the case of a pale desaturated reference, color and the associated 
information may likely be lost after a smaller color change. Similarly, digital simulations of the light-induced 
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change of an image have also been used to examine acceptable color change (see Sidebar: Digital Simula-
tion of Overall Faded Appearance).

Reference Color

CCI Light Damage                             
Calculator Simulation

Successive JNDs ~10 ~15 ~20 ~25 ~30

ΔE*ab ~16 ~24 ~32 ~40 ~48

Dose, UV removed (Mlux-hours) 80.3 118.3 156.2 197.1 239.4

FIGURE 5.3 Levels of change from a reference red alizarin paint as modeled by the CCI Light Damage Calculator.

Digital Simulation of Overall Faded Appearance
It has been acknowledged that the JND concept is well suited to measure visual ability but 
is less suited for assessing the viewer’s perception of change in an image, with the unac-
ceptability threshold being largely image dependent (Richardson and Saunders 2007). To 
address this complexity, digital image processing techniques have been used to simulate 
various extents of light-induced change of an image’s overall appearance. These visual simu-
lations were then used to carry out psychophysical studies on unacceptability thresholds 
(Fenech et al. 2013).

A project focused on The Bedroom by Van Gogh, one of the recently conserved paint-
ings at the Van Gogh Museum, provides an example of how digital simulation of an item’s 
appearance can be used. Data obtained during accelerated light aging experiments on his-
torically reconstructed samples were used to generate two series of digital visual simulation: 
a study of the various stages of appearance leading to the painting’s current state (Geldof 
et al. 2018; Berns 2016) and a simulation of its predicted appearance when subject to con-
tinued light exposure (Hendriks, Brokerhof, and van den Meiracker 2017). The latter series 
was used to form an opinion on how much light-induced color change over how many years 
was acceptable for the collection item. Assessments were done by relevant stakeholders 
including museum visitors, with the results used to formulate display recommendations for 
the painting (Hendriks, Brokerhof, and van den Meiracker 2017). While promising, such an 
approach requires extensive research and investment of resources, and application is likely 
limited to items with high collection value on a case-by-case basis.

Morris and Whitmore (2007) have proposed using imaging software to incorporate fad-
ing colorimetric data obtained during MFT analysis to simulate the predicted overall change 
in appearance of sensitive collection items. Several authors have explored this idea (del 
Hoyo, Świt, and Sobczyk 2018; Pesme 2016); however, additional research is required before 
applying this method more systematically, particularly with respect to the correlation of the 
color change observed in the gallery and predicted by MFT (Barro et al. 2020).
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Setting a Preservation Target for Light Exposure 
Once the light-induced color change threshold (after which an item is no longer fit for its expected use) 
has been determined, the next step is to manage this change to optimize the balance between present 
and future access to the collection. Since light-induced color change is typically irreversible and cumula-
tive, this threshold may be budgeted over the targeted collection lifetime. This results in a preservation 
target for light exposure expressed in years and is defined as the period of managed use (e.g., storage, 
study, reproduction, display, or lending) during which a JND is allowed for a collection item. An item with a 
collection lifetime set to 500 years and a color change threshold of 20 successive JNDs will have a preser-
vation target equivalent to 25 years (500 divided by 20). It should be noted that the preservation target can 
alternatively be expressed as the acceptable number of JNDs within a given period of time.

Broad Categories of Value at Risk to Light for the Collection 
To manage light risk for a light-sensitive subset of the collection, collection stewards may wish to establish 
broad categories of value at risk to light by rearranging the nine categories described in table 5.1 into a 
limited and more manageable number. This will streamline the process and reduce the time required for 
implementation. The preservation target will then be deduced for each of the resulting categories of value 
at risk to light to optimize the balance between short- and long-term access. 

Table 5.2 summarizes the various parameters involved in establishing categories of value at risk to light 
for the collection and deducing the associated preservation targets for light exposure. In this example, 
the collection value categories are again defined as High, Medium, and Lower (as in table 5.1), and their 
targeted collection lifetimes are defined as 500, 300, and 150 years, respectively. In contrast to table 5.1, 
the role of color information has been assessed using only two categories; the Smaller category is retained, 
while the Larger category combines both the Important and Average roles of color information. When 
color information plays a Larger role (including low-contrast colors), a change of color corresponding to 
10 successive JNDs has been chosen as the maximum threshold beyond which an item is no longer fit 
for its expected use. When color information plays a Smaller role, the maximum color change threshold 
was set at 20 successive JNDs. This results in three broad categories of value at risk to light. Category A 
corresponds to items with High collection value and for which color information plays a Larger role. Cat-
egory B encompasses a broader collection subset, corresponding to items with High collection value and 
a Smaller role for color information, as well as items with Medium collection value. Category C includes 
items with Lower collection value. In the case of items with Medium (Category B) and Lower (Category C) 
collection values, color information is conservatively assumed to play a Larger role.

TABLE 5.2 Categories of value at risk to light and associated preservation target (PT) for items identified as likely to be vulner-
able to light. Note that color information is assumed to play an important role for Medium and Lower collection values. The 
original table 5.1 categories of relative value at risk to light are shown in parentheses, and the prioritization of resource allocation 
is also indicated. *The PT for Category B was set to 30 years (300 years/10 JNDs) to ensure the highest level of protection within 
this item grouping.

Collection Value & Target Lifetime
High (H) Medium (M) Lower (L)

Color 
Information

Role Total Loss ~500 years ~300 years ~150 years

Larger, includes 
Important (I) & 

Average (A)
~10 JNDs

Category A  
PT = 50 years  

(HI, HA) 
1st Priority

Category B 
PT = 30 years 
(MI, MA, MS) 
3rd Priority

Category C 
PT = 15 years 
(LI, LA, LS) 
4th Priority

Smaller (S) ~20 JNDs

Category B 
PT = 30 years* 

(HS) 
2nd Priority
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Resources to be allocated to the mitigation of light risk for light-sensitive collections can be prioritized us-
ing the broad categories of value at risk to light shown in table 5.2. Category A represents items for which 
it is the greatest priority to implement the maximum level of care; these items bear the highest value at 
risk to light and will likely be the most frequently requested for display due to their High collection value. 
The second priority is Category B items with High collection values, as these may be in higher demand for 
display than Category B items with Medium collection values. Table 5.3 presents brief descriptions of col-
lection items in the three categories of value at risk to light shown in table 5.2.

TABLE 5.3 Examples of collection items in each category of Value at Risk to Light as defined in table 5.2.

Category of  
Value at Risk to Light Examples of collection items

A
*Collection Value: High, Role of color information: Important or Average 
Includes unique visual art items from renown artists relying on color appearance, most valuable 
colored archival material

B

*Collection Value: High, Role of color information: Smaller 
Includes unique visual art items from renown artists, most valuable archival material for which color 
information plays a smaller role

*Collection Value: Medium, Role of color information assumed to be important 
Includes visual art items and archival material of lesser value

C 
*Collection Value: Lower, Role of color information assumed to be important 
Includes documents for which information value is not color dependent and susceptible to fading 
(e.g., maps)

The method of organizing collection items into a limited set of categories of value at risk to light, as shown 
in table 5.2, is flexible and can accommodate the nature of the collection and the specific priorities, re-
sources, and capacity of the cultural heritage institution. Some institutions may streamline the process 
by choosing a single preservation target without determining collection value or forgoing evaluation of 
the role of color information and employing a single threshold of maximum color change. These various 
options help collection stewards simplify the assessment process to establish an adequate number of rel-
evant categories of value at risk to light for the collection. The cultural heritage field would benefit from fur-
ther discussion on the application of this categorization method for a range of collections and institutions. 

Reassessing the Preservation Target over an Item’s Collection Lifetime
Setting a preservation target during which a JND is allowed for a collection item is by definition an itera-
tive process that will be revisited regularly over an item’s collection lifetime. After a preservation target is 
exhausted and before a subsequent preservation target is set, collection stewards should take the oppor-
tunity to reevaluate both the collection value and the value at risk to light. For instance, collection value 
of an item may have increased due to newly acquired knowledge on the artist’s technique, a successful 
conservation treatment, its presence in an important exhibition, or its relation to recently acquired items. 
Alternatively, unacceptable damage may have occurred, resulting in an item’s decreased usability and 
collection value. Note that the devaluation of an item’s collection value should be closely regulated; such 
a decision will likely require multiple approvals (up to the director level) and may have an impact on sub-
sequent care of the item. Reassessment of collection value and value at risk to light may be needed prior 
to the end of the current preservation target when confronted with an exceptional and/or unpredictable 
event that has a significant impact on these parameters. 

When reassessing categories of value at risk to light, it is recommended that the past appearance of the 
collection item act as a reference to avoid “shifting baseline syndrome.” This circumstance can occur when 
subsequent generations of collection stewards are unaware of the original item condition and recalibrate 
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values based on its existing condition; this will result in a larger change in the item than originally pre-
scribed (Brokerhof, pers. comm. 2021).

The concepts of collection lifetime and preservation target are sometimes criticized as overly static and 
pessimistic and placing in opposition the preservation of an item and its use (Henderson, Waller, and 
Hopes 2020). By focusing on risks related to unwanted material change induced by light exposure, insuf-
ficient consideration is given to the positive gain in cultural significance and collection value resulting from 
an item’s public display (Taylor and Cassar 2008). However, this may be mitigated by intentionally coupling 
the iterative processes of defining the preservation target and reassessing collection value; this reflects 
more accurately the dynamic and symbiotic relationship between how items are valued, used, and cared 
for within the institution. By managing light risk of an object over successive preservation targets—that is, 
durations shorter than the targeted collection lifetime—one can readjust as needed the balance between 
short-, mid-, and long-term access to the collection. This methodology also strengthens decision-making 
accountability and allows for consistent evaluation of collection care.

Assessing Material Sensitivity to Light
Light sensitivity assessment has largely been based on information about different artists’ materials avail-
able in the literature. However, with the development of MFT, object-specific information on sensitivity to 
light can now be obtained. Both methods result in the assignment of a Blue Wool equivalence (BWE) to 
the item. As discussed earlier, the BWE allows one to relate the light sensitivity of an item to a specific Blue 
Wool Standard and its associated JND dose. Once the BWE of the tested collection item is obtained, the 
next step of the risk management process is to deduce the light dose allocated to its preservation target.

Literature-Based Light Sensitivity Assessment 
Light sensitivity has traditionally been assessed using color change data obtained by aging samples in 
accelerated aging chambers and published in the relevant literature. Numerous publications have pro-
vided general light level recommendations, such as 50 lux for objects especially sensitive to light and 
200 lux for those more lightfast (Thomson 1978). Many of these publications also provide categories with 
the estimated light sensitivity of specific media and materials linked to BWE—with and without UV—and 
the approximate Mlux-hours needed to induce a JND (CIE 2004 [Technical Report 157]). Table 5.4 shows 
an example of color change information categorized by light sensitivity and BWE. It should be noted that 
while the text in table 5.4 is careful to state that “most” or “many” examples of a media type exhibit a par-
ticular light sensitivity, the practical application of these qualifiers is to assume that all examples of the said 
media type behave in a uniform manner.

Once the light sensitivity of a colorant and its BWE have been determined, it becomes possible to deduce 
the light dose allocated to the preservation target; this corresponds to the light dose assumed to induce a 
JND on the equivalent BW. Table 5.5 presents approximate light doses associated with BW1, 2, and 3. Those 
established by Michalski (1987) have been commonly used and represent averages based on a literature 
compilation of available data from light accelerated aging tests; it should be noted that “the uncertainty in 
each dose estimate ranges approximately to the estimates of the adjacent Blue Wool” (Michalski 2018). Table 
5.6 illustrates how these traditional JND light doses are typically used in the conservation field to assess the 
duration and intensity of light exposure on an item (Michalski 2018). Some collection stewards have begun to 
use more conservative estimates of the JND light dose for BW1, 2, and 3, which are shown at right in table 5.5; 
these are based on unpublished studies of BW during mild light accelerated aging tests (less than 40,000 
lux with UV excluded) carried out at the CCI (Tse, pers. comm. 2021). This difference in JND light doses for 
high-sensitivity BWs poses additional uncertainty for decision-making on lighting policy, particularly for BW1 
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whose revised light dose is reduced by 66% compared to the traditional light dose. While this should be the 
subject of further research, the use of either JND light dose supports a risk management approach to light.

TABLE 5.4 Materials grouped by light sensitivity (Michalski 2018).

No Sensitivity Low Sensitivity Medium Sensitivity High Sensitivity
Materials that do not change 
colour due to light. (These 
materials may change colour 
due to ageing or pollutants.)

Materials rated ISO Blue Wool 
#7, #8 (and higher).

Materials rated ISO Blue Wool 
#4, #5, or #6.

Materials rated ISO Blue Wool 
#1, #2, or #3.

Most but not all mineral 
pigments.

The “true fresco” palette, 
a coincidence with the 
need for stability in alkali. 
The colours of true glass 
enamels, ceramics (not to 
be confused with enamel 
paints).

Many monochrome images 
on paper, such as carbon 
inks, but the tint of the 
paper and added tint to the 
carbon ink are often high 
sensitivity. Paper itself must 
be cautiously considered low 
sensitivity.

Many high-quality modern 
pigments developed for 
exterior use, automobiles.

Artists palettes classified as 
“permanent” (a mix of truly 
permanent AND low-light 
sensitivity paints, e.g. ASTM 
D4303 Category I; Winsor 
and Newton AA).

Structural colours in insects 
(if UV blocked).

A few historic plant extracts, 
especially indigo on wool.

Silver/gelatine black-and-
white prints (not resin coated 
paper) assuming all UV 
blocked.

Many high-quality modern 
pigments developed for 
exterior use, automobiles.

Vermilion (blackens due to 
light).

Alizarin dyes and lakes. A 
few historic plant extracts, 
particularly madder-type reds 
containing primarily alizarin, 
as a dye on wool or as a lake 
pigment in all media. It varies 
throughout the range of 
medium and can reach into 
the low category, depending 
on concentration, substrate, 
and mordant.

The colour of most furs and 
feathers.

Most colour photographs 
with “chrome” in the 
name, e.g. Cibachrome, 
Kodachrome.

Most plant extracts, hence 
most historic bright dyes and 
lake pigments in all media: 
yellows, oranges, greens, 
purples, many reds, blues.

Insect extracts, such as 
lac dye and cochineal (e.g. 
carmine) in all media.

Most early synthetic colours 
such as the anilines, all 
media.

Many cheap synthetic 
colourants in all media.

Most felt tip pens including 
blacks.

Most red and blue ballpoint 
inks.

Most dyes used for tinting 
paper in the 20th century.

Most colour photographs 
with “colour” (or “color”) in 
the name. e.g. Kodacolour, 
Fujicolour.

TABLE 5.5 Estimated light doses (UV filtered) resulting in 1 JND for BW1, 2, and 3.

Blue Wool Standard Traditional JND light dose (lux-hour, 
Michalski 1987)

Revised JND light dose (lux-hour;  
Tse, pers. comm., 2021)

BW1 300,000 100,000

BW2 900,000 600,000

BW3 3,000,000 2,400,000

TABLE 5.6 Estimated time to reach a JND based on illuminance and light sensitivity, assuming use of traditional JND light doses 
presented in table 5.5. Adapted from Michalski 2018.

Approximate time to reach a JND  
(assuming display of 8 hours/day or 3000 hours/year)

Illuminance (lux, no UV)
High Sensitivity 

BWE1 - 3
Medium Sensitivity 

BWE4 - 6
Low Sensitivity 

> BWE7
50 18 months–20 years 20–700 years 300–7000 years

150 6 months–7 years 7–200 years 100–2000 years

500 7.5 weeks–2 years 2–70 years 30–700 years

The main limitation of managing light risk based on published guidelines is the lack of accuracy when as-
sessing the light sensitivity of a specific item. Absent scientific study, this method relies on a visual obser-
vation of the object surface to estimate the material composition of the artwork; this is required to assign a 
BWE using a resource similar to that in table 5.4. Even if the assessment of material composition is correct, 
the light sensitivity of an item depends on additional parameters including:
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• Chemistry of the absorbing species
• If pigments and colorants are mixed with others and their respective concentrations
• Dye aggregation and particle size distribution
• Presence of metal ions or impurities 
• Chemical and physical structure of the substrate
• Presence of glazing or coating
• Surface state
• Previous light exposure of the material (Saunders 2020)

Light sensitivity assessments that are not object specific are limited in their capacity to integrate the chem-
ical complexity of the item surface and its past light exposure history. This can result in large uncertainty 
with respect to a BWE, which is most problematic for items with the highest light sensitivity.

Comparison of Literature- and MFT-Based Light Sensitivity Assessments 
It is inevitable that one will encounter collection items whose lightfastness is either unknown or not widely 
published. Considering the numerous parameters that contribute to an object’s lightfastness, even a wealth 
of published data on a medium or material may present significant uncertainty with respect to judging the 
light sensitivity of a specific object. However, it remains appropriate and necessary to consider and apply 
published guidelines and standards on lighting recommendations if that is the only available resource for 
assessing light sensitivity, as imperfect recommendations are preferred over conjecture.

In contrast, MFT presents an opportunity to reduce this uncertainty by the collection of object-specific 
data on light sensitivity. The following examples show the straightforward but significant difference be-
tween implementation of lighting policy with and without MFT. The first example focuses on ballpoint pen 
ink, which is representative of a medium type more commonly found in library and archival collections. The 
second example highlights watercolors, a medium that is familiar in museum or fine art collections. Both of 
the selected media are generally categorized in the literature as light sensitive.

Example 1: Ballpoint Pen Ink
Libraries, special collections, and archives contain a wealth of rare historical objects that are made acces-
sible to the public. However, it would be a misconception to assume that the only access to these col-
lections is reading rooms and digital formats. Increasingly, these materials are being used for physical 
exhibitions (Chen, Pickle, and Waldroup 2015). In 2010, the Association of Research Libraries (ARL) con-
ducted a survey to determine the number of academic libraries actively mounting exhibitions; all but one 
of the seventy-nine respondents reported the development of exhibitions based on their collections, and 
a majority have a designated space within the library for this purpose (George 2010).

For conservators and collections managers, exhibiting these materials requires information on their light-
fastness. Unfortunately, many of the media and materials found in archives are not well studied. These ma-
terials can be unfamiliar to conservators or considered “non-artistic” and, therefore, may not be included 
in published lightfastness categories. These types of materials can make up a significant part of an archive 
and, if exhibited, may be at risk of irreversible damage.

The ballpoint pen is a common and inexpensive writing implement used since the mid-1950s. The ink 
formulations used in ballpoint pens have varied through the years, resulting in unpredictable lightfastness 
(Ellis 1995). The inks discussed in this example were samples purchased and prepared in 2019 for a larger 
study on real-time color change of library and archival materials at the Getty Research Institute (GRI). 
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The four colored inks were removed from the pens 
and applied to an archival paper substrate and tested 
with a Whitmore MFT; as described in previous chap-
ters, this instrument employs a xenon-arc light source 
and a noncontact 0/45 measurement geometry (i.e., 
light is introduced normal to the sample surface, and 
reflected light at an angle of 45° is collected by the 
spectrophotometer).  

Figure 5.4 shows the BWEs assigned with and without 
the use of MFT. Represented are four ballpoint pen 
inks: red, purple, blue, and black. In the absence of 
MFT data, all inks have been assigned a BWE of less 
than BW1 (or more sensitive than BW1). As previously 
mentioned, light sensitivity assessments without the 
use of MFT are largely based on display recommenda-
tions from published sources, if available. In this case, 
there exist several published references to ballpoint 
pen ink and its sensitivity to light (it should be noted 
that none of these sources specifically address the 
lightfastness of the purple ballpoint pen ink).

• The Library of Congress places these inks in the “Very light sensitive” category, with recommendations 
to “avoid display and limit use if possible” (www.loc.gov/preservation/care/light.html).

• The CCI warns that “most red and blue ballpoint inks” have a “high sensitivity” to light (this is the basis 
for the ballpoint ink recommendation in table 5.4). (www.canada.ca/en/conservation-institute/services/
agents-deterioration/light.html).

• A published MFT study of black, red, and blue ballpoint pen inks by Ford (2018) demonstrates that the 
sensitivity of these inks can range widely from significantly more sensitive than BW1 to more lightfast 
than BW3.

If basing the light sensitivity assessment on these published sources and especially considering the 2018 
work by Bruce Ford, the sensitivity of these four inks could vary considerably. In an effort to minimize risk, 
most conservators and collection managers would take a conservative position and assume all were po-
tentially more sensitive than BW1. Even when MFT data is available for the media, the inks tested in the Ford 
(2018) study may not reflect the fugitivity of the specific inks in this example. Ford (2018, 31) concludes 
that without MFT, “the only safe general exposure recommendation is to not display important documents 
or works of art containing ballpoint pen inks, or, if so, for very short periods (weeks/exhibition rather than 
months).”

At the GRI, MFT analysis was conducted on the four inks, and figure 5.4 indicates how the BWEs have 
been reassigned based on these results. While all of the inks remain in the “High Sensitivity” category cor-
responding to BW1-3, three of the four inks were found to be more lightfast than BW1. The red and blue 
inks corresponded to a BWE of 2.5, while the black ink showed a BWE of 1.5. The purple ink was identified 
by MFT as corresponding to a BWE less than BW1. These results show that the purple ink merits a more 
conservative recommendation, while a more flexible approach to lighting can be taken with the less sen-
sitive inks. The ability to go beyond the “High Sensitivity” category and refine the assignment of BWEs 

< BW1

BW1

BW2

BW3

BWE Media

FIGURE 5.4 Blue Wool equivalence (BWE) for ballpoint 
pen ink based on published guidelines (dashed borders) 
and MFT data collected for these specific ink samples 
(solid borders). Note that published display recommen-
dations were not available for the purple ink; thus, its 
BWE was assumed to be < BW1.
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for  specific inks allows the conservator to present options for access to the most lightfast material in the 
group rather than prevent access based on preconceived notions about a media type.

Example 2: Watercolors
The effect of light on watercolor paintings is well documented. George Field’s Chromatography, published 
in 1885, warns about the effects of light on watercolors and includes a list of pigments affected by light 
exposure. This sparked a spirited debate about the exposure of watercolors in museums, which was fol-
lowed in 1888 by a comprehensive investigation and report by Russell and Abney (Bromelle 1964). These 
events resulted in significant changes in the production and marketing of watercolors; manufacturers were 
now motivated to include information about the lightfastness of their pigments. The debate and experi-
mental results helped establish the importance of a permanent palette and furthered the understanding 
of the fragility of watercolor paintings (Cohn 1977).

In recent years, numerous publications have discussed the impact of light on watercolors and posed rec-
ommendations for their display (e.g., Thomson 1986; CIE 2004; Michalski 2018). These resources assist 
collection care staff by alerting them to risks for potentially light-sensitive objects but assume that the 
medium is characterized accurately and its color change behavior is uniform. As seen in the previous ex-
ample, display lighting decisions based on information from the literature may differ from those based on 
in situ light sensitivity assessments.

This example focuses on MFT analy-
sis of four hand-colored woodblock 
prints prepared for a 2014 exhibition 
at the GRI. Based on its transparent 
appearance, the hand-coloring was 
assumed to be a watercolor; no oth-
er technical analysis was conducted 
on these objects. With each item 
comprising multiple colorants, the 
most sensitive colorant or site typi-
cally defines the overall BWE. Figure 
5.5 shows the assigned BWE based 
on literature resources and MFT data 
collected for these objects. 

As previously mentioned, there are numerous sources that discuss the light sensitivity of watercolors, 
which may be relied on by conservators and institutions for their assessments.

• Thomson (1986) categorizes watercolors as “especially sensitive” to light and recommends a maximum 
illuminance of 50 lux.

• The Library of Congress categorizes watercolors as “very light sensitive” and recommends a maximum 
illuminance of 3 foot-candles (30 lux) (www.loc.gov/preservation/care/light.html).

• Ashley-Smith, Derbyshire, and Pretzel (2002) categorize watercolors as “sensitive,” with an ISO BWE of 
4 or below.

• Colby (1992) places watercolors in “Category 1, Sensitive,” with an ISO BWE of 3 or lower.
• CIE Technical Report 157 (CIE 2004) categorizes watercolors as having “medium responsivity” to light 

with an ISO BWE between 4 and 6.

BW1

BW2

BW3

BWE Object

2 22 2 2 2 2-3 2-3 2 2 2 2-3

1 2 2 22

2-3 2-32-3

2-3

FIGURE 5.5 Blue Wool equivalence (BWE) for watercolors based on 
published guidelines (dashed borders) and MFT data collected for these 
specific hand-colored prints (solid borders). The colors in each group 
represent those present in each print, including the white paper sub-
strate. The BWE as determined by MFT is shown for each color.
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Considering these published sources, the degree to which watercolors are sensitive can be difficult to in-
terpret. The inconsistency of the terms used to describe the categories and the broad assignment of BWE 
contribute to uncertainty when assessing the light sensitivity of watercolors. This variation in guidance 
ultimately results in conservators taking a precautionary position when making display recommendations; 
with this in mind, the watercolors in this example were assigned a BWE of BW1 (fig. 5.5).

MFT analysis of these objects was conducted at the GRI and showed that only one of the four hand-col-
ored prints was as light sensitive as estimated (fig. 5.5). Of the sites tested with MFT, the purple watercolor 
indeed exhibited a BW1 equivalence; only one print contained this color. For the remaining three prints, 
the most sensitive colorants tested were the turquoise, red, orange, yellow, and green watercolors; each 
showed a BW2 equivalence. The blue, brown, and grey watercolors and the paper substrate had a BWE be-
tween BW2 and BW3. While these prints remain in the “High Sensitivity” category, the MFT results allow for 
a more flexible approach when negotiating access, particularly for those with BW2 and BW3 equivalences. 

These two examples demonstrate the challenge of relying on the conservation literature to estimate ob-
ject light sensitivity and the advantage conferred by the additional information provided by MFT. Given 
their broad scope, published guidance estimating the sensitivity of a material type will always have some 
uncertainty when relating to a specific object. The first example showed three of four inks that were deter-
mined by MFT to be more lightfast than estimated by the literature. The second example showed a similar 
result for watercolors, as well as the variability in light sensitivity that can occur within a single multicolored 
object. These disparities in light sensitivity assessments based on material-based recommendations and 
object-specific MFT analysis can unnecessarily restrict access to more lightfast collection materials while 
potentially contributing to the overexposure of the most light-sensitive items in collections.

Refining BWE for Highly Light-Sensitive Items
For conservators and collections managers, the uncertainty associated with literature-based light sensi-
tivity assessments based on broad generalizations for specific media can result in lighting recommenda-
tions that limit flexibility. The consequences of this rigidity may be restricted access to collection items for 
exhibition or loan or lighting conditions and/or display durations that compromise the viewing experience. 
Collection stewards are aware that the objects in their collections do not respond uniformly to light; thus, 
it is rarely possible to group collection items into like material sensitivity categories without compromising 
the long-term preservation of a subset of the collection and unnecessarily reducing flexibility for others 
(Colby 1992). 

MFT provides data that are specific to the surface of the object, allowing users to take into account its ma-
terial complexity and exposure history. A primary function of MFT is to discriminate collection items that 
are light sensitive from those that are light stable (greater than BW3). Moreover, within the “High Sensitivity” 
category encompassed by BW1, 2, and 3, MFT allows for a more nuanced classification of light sensitivity 
and implementation of light mitigation strategies. This is an important step forward in the preventive con-
servation field as it significantly reduces the uncertainty associated with light sensitivity assessments (Ford 
and Druzik 2013), allowing one to focus on the management of light risk when most necessary (i.e., when 
an item’ s BWE is less than BW3). In addition, the unique predictive capacity of the MFT provides collection 
stewards with data to support a prospective approach that mitigates light risk by identifying an object’s 
light sensitivity and budgeting its light exposure over its targeted lifetime.

As previously discussed, once the BWE of the collection item is obtained by MFT or literature research, the 
next step in the process is to deduce the JND light dose associated with its preservation target. It should 
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be emphasized that the color change at the object surface is expected to be just noticeable once the 
light dose allocated to the preservation target has been exhausted. At this point, the item should be in 
dark storage for the remainder of the duration set by the preservation target. When nearing the end of the 
preservation target, the item’s value at risk to light should be reconsidered and a subsequent preservation 
target set accordingly.

Setting Priorities for Item Testing with MFT
MFT analysis can be a time-consuming endeavor, and it is unlikely that all collection items thought to be 
light sensitive will be tested. It is possible to extend the results obtained from MFT analysis of a specific col-
lection item to other similar items in the collection. While time-efficient, this assumes a uniform response 
among this collection subset, which, as mentioned earlier, may not always be the case.

It is recommended that collection items be prioritized for examination by MFT. An efficient tiered approach 
would be to align MFT priorities with the highest categories of value at risk to light, which would aid in es-
tablishing manageable testing plans. Using the categories shown in table 5.2, the highest priority for MFT 
analysis would be objects in Category A, which encompasses items with high collection value and impor-
tant or average roles of color information. The next priority for MFT analysis would be high-value objects 
from Category B, which is then followed by medium- and lower-value items in Categories B and C, respec-
tively. If such a testing plan is implemented, the resulting number of items to be examined by MFT will be 
dependent on the anatomy (by materiality) and value distribution of the collection and the approach taken 
when establishing broad categories of value at risk to light.

While providing light sensitivity information that is specific to an object, MFT data are also associated with 
some uncertainty. As discussed in chapter 3 and in the report from the 2018 MFT Experts Meeting (Beltran 
2019), potential issues involve reciprocity, Blue Wools, SPD, and unexpected color change behavior. When 
communicating with stakeholders about MFT, it is important that one carefully consider its various sources 
of uncertainty to ensure a rational interpretation of MFT data. This dialogue can be supported by subse-
quent in situ color change monitoring of objects previously analyzed by MFT when possible; this offers the 
opportunity to assess the accuracy of MFT results in comparison to the real-time change observed during 
exposure to gallery lighting.

 Managing Light Risk Associated with Display   

Assuming an appropriate level of collection care, gallery exhibitions offer institutions a means of promoting 
its collection and increasing its cultural value, as well as bolstering its reputation. However, exhibition of an 
object simultaneously subjects it to the deteriorating effects of light, resulting in cumulative and irrevers-
ible damage. This section discusses the consideration of light requirements and risks during the exhibition 
development process and presents examples of display recommendations for light-sensitive objects that 
offer flexibility in defining lighting scenarios to optimize the balance between short- and long-term access.       

Displaying Collection Items
The amount of light exposure received by an item and its resulting light risk will vary significantly based on 
different collection item types and their frequency and mode of use. For example, though display practices 
regarding archival material have recently shifted toward increasing gallery display, most archival collec-
tion items will rarely be exposed to light and if they are, only for brief periods; physical access to archi-
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val materials, collected and preserved as historical sources and evidence, is often limited to study room 
appointments for scholars and researchers. In contrast, visual art collection items are expected to be on 
physical display in a gallery to offer sufficient access; as a result, such items will be exposed to light for 
extended durations. Collection managers recognize that the frequency of loan requests and/or selection 
for in-house or touring exhibitions varies significantly between collection items, often based on their cul-
tural significance or collection value. 

Physical display of a collection item in a gallery setting is a valuable means of access for viewers, as it 
provides the most direct and often richest experience. The preparation of an exhibition is commonly sup-
ported by art historical research by the curatorial team; this task develops the exhibition narrative and 
contributes to new interpretations that can further enrich the cultural significance of the item. This period 
also provides an opportunity for the conservator to deepen and refine their understanding of the selected 
items while preparing them for safe display. Exhibition publicity and any associated articles and catalogs 
benefit the valuation of the collection items selected for display and their importance within the collection.

Once a collection item has been selected for public display in a gallery, the exhibition design team devel-
ops and implements strategies to support the curatorial team’s exhibition narrative, offer a rewarding ex-
perience of the item for visitors, and ensure its safe presentation. Satisfying access needs requires lighting 
conditions that allow the item on display to be visible by the audience such that its embodied meanings 
and values are properly conveyed and richly experienced. 

Ensuring proper visibility of an item on display depends on the interplay of several parameters, including 
color, reflectance, and visual complexity. Ideally, the light level and quality are tailored to render the appear-
ance of the item as intended by the artist; this supports the visual perception of subtleties in shape, texture, 
gloss, color, and contrast and enhances the curatorial interpretation and exhibition narrative. Further, the 
lighting exhibition design should be inclusive by accommodating the diversity of visual performance of its 
visitors and offer the flexibility to adjust light levels required for various visual tasks (e.g., special programs 
accompanying the exhibition, security lighting, gallery cleaning and maintenance). 

Michalski (1997, 2018) proposed the following lighting adjustments to ensure optimum viewing of a collec-
tion item on display, though adoption of any of these must be balanced by preservation needs. 

• A benchmark Illuminance of 50 lux allows a young viewer to distinguish color and details.
• To see details on a dark surface (i.e., with low reflectance), up to 3 times more light is required.
• Up to 3 times more light is required to see low-contrast details.
• Up to 3 times more light is required to perform complex time-limited tasks or see very fine details.
• Up to 3 times more light is required to accommodate older viewers, as they are likely to need more 

light than younger viewers to achieve a similar viewing experience.

While application of all the above adjustments would result in an illuminance of ~4,000 lux, the intention 
is to emphasize consideration of these individual factors for each lighting situation. Assuming sufficient 
adaptation, illumination at 250 lux will allow most visitors to see most object types reasonably well; at 500 
lux, all but the very old will see objects well (Saunders 2020). 

Saunders (2020) discusses various parameters involved in the selection of a light source for gallery display. 
These include dependence on the lighting technology available in an institution and the energy consump-
tion and associated cost of exhibition lighting. Additional criteria are reductions in the carbon footprint and 
optimization of the SPD of gallery lighting to induce minimal damage and improve the visual experience; 
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the latter is a particularly important research topic in the museum lighting field and may be supported by 
advances in LED technology (Druzik and Michalski 2012; Garside et al. 2017; Padfield, Vandyke, and Carr 
2013).

Formulating Display Recommendations
The physical display of an item in a gallery inherently places it at risk of light-induced damage. The primary 
strategy for mitigating this risk is to manage the light dose received by the item by formulating display 
recommendations that reduce the intensity and/or duration of exposure while maximizing and optimizing 
access. 

The formulation of display recommendations provides an opportunity for collaboration among all stake-
holders involved in collection item display and a better understanding of the risks related to light. Recom-
mendations for display should include information on the light sources to be used during display (Garside 
et al. 2017). This may include obtaining the SPD of the lamp and quantification of its UV component, which 
is often presented in units of microwatt/lumen. Though atypical, a maximum damage index may be de-
scribed for the light source. Additional strategies for mitigating light risk are limiting the level of oxidizing 
substances (i.e., pollution, oxygen) in the environment surrounding the object and lowering the tempera-
ture and/or relative humidity. Operational capacity and economic and ecological considerations will also 
play a role in the formulation of display recommendations (Saunders 2020).

Recommendations on the intensity of light and duration of exposure during display can be informed by 
budgeting the light dose allocated to the preservation target, which is based on the reciprocity principle. 
Light levels ranging from 50 to 250 lux typically assure satisfactory visibility of the item while on display, 
though lower levels may prove challenging for older visitors. Once a light level is chosen, a duration of ex-
posure (hours) is multiplied by the light level to determine the resulting light dose (lux-hours or Mlux-hours); 
this is then compared to the preservation target light dose. In addition to public display, the exposure 
duration should account for all periods when the item is illuminated, including conservation treatment, 
research-based activities, reproduction, exhibition setup/removal, security and custodial activities, and 
special after-hours events in the gallery. It is important that the light dose received by each item during 
exhibition is recorded and the remainder of its preservation target light dose updated accordingly. Once 
the preservation target light dose is reached, the item should be kept in the dark for the remainder of the 
duration, after which a subsequent preservation target can be established.

The following section presents two examples of managing light risk based on the preservation target con-
cept. While they differ in terms of the time frames considered, both approaches offer flexibility in selecting 
lighting scenarios for display. This allows the stakeholders involved in exhibition preparation to explore 
and negotiate appropriate options for balancing short- and long-term access. It should be noted that the 
effectiveness of these approaches increases with the accuracy of the BWE assessment and, to a lesser 
extent, the JND light dose.

Impact of Exhibition Lighting Scenarios 
Applying the reciprocity principle, a range of gallery lighting scenarios may be proposed for an individual 
exhibition. These options can accommodate special visual requirements or short periods of increased 
lighting, assuming the light dose allocated to the preservation target is not exceeded. Table 5.7 presents 
various exhibition lighting scenarios and their expected impact on the future display of various collection 
items based on the preservation target light dose determined at the time of assessment. In this example, 
the three items were examined by MFT at the same time: the light sensitivity of items 1 and 2 corresponded 
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to a BWE of BW1, while item 3 had a BW3 equivalence. Items 2 and 3 have remained in the dark since being 
examined by MFT, and their preservation target light doses are assumed to be 100,000 and 2,400,000 
lux-hours, respectively (table 5.5). In contrast, following MFT analysis, item 1 has been on display, during 
which it received a light dose of 50,000 lux-hours; thus, the remainder of its Preservation Target light dose 
is limited to 50,000 lux-hours (100,000 minus 50,000 lux-hours).

TABLE 5.7 Assessing the impact of exhibition lighting scenarios on future object display. The column highlighted in green 
shows the remainder of each object’s preservation target light dose for the given lighting scenario. Note that the BWE of each 
object was determined by MFT at the same time. *Following MFT analysis, item 1 was exhibited and exposed to a light dose of 
50,000 lux-hours.

Exhibition Lighting Scenarios Item Information Impact on Future 
Display 

Scenario
Hours of 

Exposure/
Week

Expected 
Light Level 

(lux)

Expected 
Exhibition 
Duration 
(weeks)

Expected Light 
Dose During 

Exhibition                          
(103 lux-hrs/exh)

Item
BWE 

(determined 
by MFT)

Light Dose 
Allocated 
to PT (103 
lux-hrs)

Remaining % 
of Light Dose 

Allocated to PT

A 54 50 24 64.8

1 1 50* < 0% (Not Allowed)

2 1 100 35%

3 3 2400 97%

B 54 150 24 194.4

1 1 50* < 0% (Not Allowed)

2 1 100 < 0% (Not Allowed)

3 3 2400 92%

C 54 150 6 48.6

1 1 50* < 2% (After 
exhibition, remain 
in dark until end 

of PT)

2 1 100 51%

3 3 2400 98%

Table 5.7 shows several exhibition lighting scenarios that exhaust the remaining light dose allocated to the 
preservation target. Focusing on item 2, lighting scenario B results in an expected exhibition light dose of 
~0.2 Mlux-hours (194,400 lux-hours), which exceeds the preservation target light dose of this item (0.1 Mlux-
hours) and is thus not allowed. However, scenarios A and C pose alternative lighting options—scenario A 
lowers the intensity from 150 to 50 lux, and scenario C shortens the duration from 24 to 6 weeks—that 
reduce the exhibition light dose such that the current exhibition needs of item 2 may be satisfied while 
preserving the potential for its future display. Adoption of this approach during exhibition planning allows 
curators and exhibition managers to anticipate item rotations and explore alternative display options. An 
application of this approach is also shown in an MFT case study in appendix 4. 

Formulating Long-Term Display Recommendations
Display recommendations can be formulated by budgeting the light dose allocated by the preservation 
target over extended periods. This provides flexibility by accommodating exhibition planning and long-
term operational needs, including factors such as the number of light-driven changeovers expected for 
items selected for permanent in-house exhibition or items frequently requested for display or loan for 
traveling exhibitions with multiple venues.

Table 5.8 presents display recommendations (updated from Ford and Smith 2010, 2011) implemented at 
the National Museum of Australia (NMA). Described by Ford and Smith (2011), this is one of the first ex-
amples of the incorporation of MFT into an institution’s existing lighting policy. This pragmatic approach 
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allowed the NMA to address two concerns regarding their prior lighting policy: the order of magnitude 
difference in light sensitivity between BW1 and BW4 and the assumption that all objects are equally at risk 
at all times.

TABLE 5.8 Decadal lighting recommendations based on lightfastness and significance. The colored boxes represent levels of 
light damage risk, with red indicating the most vulnerable objects. Assumed are 3,000 hours of annual exposure (UV filtered) 
and BWEs based on use of ΔE*00. Courtesy of Bruce Ford, National Museum of Australia.

Blue Wool Equivalent 
(BWE)

 1 1.5 2 2.5 3 3.5 4 
 | | | | | | |

Lightfastness  
(Mlux-hours/JND)

 0.2 0.6 1.0 1.8 3.0 5.5 10.0 
 | | | | | | |

Light Level (lux) Up to 50 lux 50 – 80 lux* 50 – 80 lux* Lighting as Required*

Display High Significance Individually Decided 2 Years/Decade 5 Years/Decade Period of Exhibition

Display Normal 
Significance

Individually Decided 
(2 Years/Decade) 5 Years/Decade Period of Exhibition Period of Exhibition

*Minimum consistent with good display

Prior to the adoption of MFT at the NMA, items presumed to be “sensitive” to light—from BW1 to BW4—were 
assigned a BW2 equivalence with suggested display at 50 lux for 2 years/decade or 10 years/50 years. The 
latter time frame aligns with an assumed preservation target of 1 JND per 50 years; it should be noted that 
the NMA has not developed consensus on a JND threshold or how long objects should last (Ford, pers. 
comm. 2021). By using MFT, the NMA has collected object-specific data that refine assessments in the 
“sensitive” category and “separates the fast from slow faders” (Ford, pers. comm. 2021). While some items 
were shown to be highly fugitive (~BW1 or less), the majority of NMA objects examined with MFT proved 
more lightfast than BW2, expanding options for their display and guiding rotation strategies. 

Significance is a key component of the NMA display recommendations. This is related to the importance 
of color for an object and its collection value, with the latter including the cultural values embodied by an 
object, the availability of duplicates or alternatives, the history of exhibition and loans, and the projected 
significance of the object. The two categories of significance—high and normal—shown in table 5.8 may 
also correspond to varying degrees of value at risk to light. By taking into account the significance of indi-
vidual objects, resources can be concentrated on protecting those items that are the most light sensitive 
and likely to be displayed. 

Lighting recommendations for the most vulnerable objects, emphasized by the red regions in table 5.8, 
are to be “individually determined”; the lighting scenario approach described in table 5.7 represents one 
means of doing so. The suggested display of more lightfast objects is 2 years/decade (BW1.5–2.5 and high 
significance) and 5 years/decade (BW1.5–2.5 and normal significance; BW2.5–3.5 and high significance). 
However, implicit in any institutional lighting policy is the idea that guidelines may be revised in the future; 
this may be due to acceptance of a different tolerance for change (e.g., changing total loss threshold or 
collection value) or a more nuanced understanding of the accuracy associated with MFT (e.g., revised JND 
light doses for BW standards). 

The NMA’s development of lighting recommendations demonstrates how the management of light risk 
using the preservation target concept can be adapted to meet the specific needs of an institution and its 
collection. In addition to refining the museum’s light sensitivity assessments using MFT and introducing a 
significance component, the selected intervals of 2 and 5 years aligned with “the NMA’s existing exhibition 
durations and periodic light-driven changeover intervals,” providing a level of familiarity and continuity for 
collection stewards (Ford, pers. comm. 2021).
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Key Implementation Factors
Determining display recommendations by budgeting the light dose allocated to the preservation target 
permits one to design various lighting scenarios that can improve the viewing experience of an item and 
ensure its long-term preservation. While the efficacy of this light risk management method is improved by 
the incorporation of MFT, additional factors play a significant role in ensuring an effective implementation.

• Setting a preservation target for light exposure as a collaborative process involving relevant stakehold-
ers across the institution. This decision-making process should be documented and recorded in the 
Collection Management System (CMS).

• Documentation of the preservation target and BWE of the collection item in a database, preferably in a 
searchable field in the CMS. If determined by MFT, the analysis report should be readily available. This 
information is useful when selecting items for exhibition display and highlights potential rotations or 
other needs associated with light sensitivity to be considered during the exhibition planning phase.

• All information associated with lighting should be recorded, including the measured light level during 
exhibition, the light source type with pertinent performance information (e.g., UV component, SPD), 
the calculated exposure light dose, and the cumulative light dose during display. When considering 
study room access, one may determine an average light dose during use and multiply it by the num-
ber of accepted consultation requests tracked in the system. Light exposure during nonpublic display 
should also be tracked and accounted for, including periods in lighted storage, conservation labs, and 
imaging studios.

• The percentage of the preservation target light dose used for each exhibition should be calculated, 
and its remainder carefully tracked. This bookkeeping exercise can be done manually or automatically 
in the CMS (fig. 5.6). Automated tracking of light dose within the CMS may allow for warning indicators 
when 90% of the light dose allocated to the preservation target has been reached.

• Once the preservation target light dose is exhausted, the item should be kept in the dark until the end 
of the duration set for the preservation target.

• Once the duration of the preservation target has been reached, the item’s collection value can be reas-
sessed and adjusted if necessary and as regulated by institutional policies; the subsequent preserva-
tion target is set based on a reassessment of the item’s value at risk to light.

Inventory Number 2014_321 Assigned at acquisition
Collection Value Ranking High Assigned at acquisition
Role of Color Information Lower Assigned at acquisition
Category of Value at Risk to Light C
Targeted Lifetime (years) 500
Preservation Target (PT, years) 50
Assessed Blue Wool Equivalence (BWE) 2 MFT, June 2015 (see report)
Light Dose Allocated to PT (lux‐hours) 600,200 Through 2064
Light Dose/Decade (lux‐hours) 60,000 Through 2024

Description Light Source Dates
Light Dose     
(lux‐hours)

% of Light Dose Allocated 
to PT Already Used

Photo Lab ‐ Reproduction MR16 May 1 2014 6,000 0.8
In House Exhibition ‐ Lalala MR16 Jan 1 2015 ‐ Jul 1 2015 64,800 12
In House Exhibition ‐ Lelele LED Warm Jan 1 2017 ‐ Apr 1 2017 32,400 17

LED Warm Venue 1: Jan 1 2019 ‐ Apr 1 2019 32,400 24
LED Warm Venue 2: May 1 2019 ‐ Aug 1 2019 32,400 30

Light Dose Since Acquisition (lux‐hours) 178,000
Light Dose Received in Current PT (lux‐hours) 178,000
% of Remaining Light Dose Allocated to PT 71%
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FIGURE 5.6 Automated tracking of cumulative light dose received and percentage of remaining light dose allocated to current 
preservation target.
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 Conclusion   

The process of determining lighting recommendations for collection items is complicated by the numer-
ous aesthetic and preservation variables at play. This chapter suggests a framework for considering and 
documenting these decisions, in which MFT can play an important role. Assessing the light sensitivity of 
valuable collection items with MFT can allow for a more prospective approach and added confidence in 
decision-making regarding the management of light risk and object access. MFT assessment may be pri-
oritized for items of high value (especially when color plays an important role) and identified as likely to be 
vulnerable to light (e.g., in pristine condition, lacking information on light sensitivity, suspected to be light 
sensitive, potentially subject to high light levels).

The following is a summary, first introduced in figure 5.1, of the process of formulating display recommen-
dations for a collection item or collection subset vulnerable to light. Similar to this document’s description 
of MFT practice, the motivation for this decision-making framework is not to present a “single, ideal path” 
but to describe the basis for variations in method. It should be reiterated that some of the individual steps 
in this framework may not apply to all situations, and the specific context of each institution and collection 
should be considered.

Assessing Value at Risk to Light
• Determine the collection value of the item and define how long the item is expected to continue to 

be meaningful and useable (i.e., targeted collection lifetime). Evaluate the role of color information, 
focusing on items with high collection value and assessing the acceptable color change threshold cor-
responding to its almost total loss.

• Determine the category of value at risk to light of the item.
• Document the decision-making process and planned reassessments.

Quantifying Light Risk
• Deduce the preservation target in terms of a time frame for reaching a JND or the number of accepted 

JNDs within a given time frame, using relevant categorization systems of value at risk to light.
• Assess the light sensitivity of the item by MFT or through literature research.
• Record the selected preservation target and light sensitivity assessments in the collection database.
• Once the preservation target is exhausted, reassess the collection value and value at risk to light and 

set the duration for the subsequent preservation target accordingly. 

Managing Light Risk
• Deduce the light dose allocated to the preservation target by considering the targeted collection life-

time and the categorization of value at risk to light. 
• Formulate display recommendations for a chosen time frame (e.g., exhibition, annual, decadal) by (a) 

evaluating the benefit to collection value against the associated risks of light exposure, (b) assessing 
the light level required to ensure satisfactory visibility of the item, and (c) deducing the duration of 
exposure (which cannot exceed the remainder of the preservation target).

• Record the light dose received by the object during exhibition (including from other uses involving 
light exposure), record the relevant performance information of the light source, and monitor the 
remaining percentage of the preservation target display life.
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• Once the light dose allocated to the preservation target is exhausted, keep the collection item in the 
dark until the end of the preservation target.

• Revise recommendations as needed; whenever possible, assess the in situ color change of the item 
and compare to the change predicted by MFT.
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From its first mention in a September 21, 1994, lab book entry by conservation scientist Paul Whitmore 
(Druzik 2010) to its current use at over seventy cultural heritage institutions around the world, the origin 
and evolution of the microfading tester has been unique. While other common scientific techniques in 
cultural heritage were transferred from broader external fields of study with robust technical and didactic 
support, MFT emerged from within the cultural heritage field as an innovative means of investigating in 
situ light sensitivity and managing light risk. Though commercially produced instruments and kits are avail-
able (primarily from Newport Oriel and Instytut Fotonowy), the small market share of MFT has limited the 
typical breadth of support observed for other scientific techniques employed across multiple disciplines. 
As a consequence, it is incumbent on the cultural heritage field itself to provide the necessary support to 
cultivate and expand use of the technique. This document represents a contribution to this effort, seeking 
to establish a baseline of knowledge about MFT.

Light plays an integral role in facilitating access to a collection item while simultaneously acting as an agent 
of deterioration. Determining the balance between access to and protection of an object and/or collection 
has been a significant focus of lighting policy discussions. Lighting decisions have previously relied on light 
sensitivity assessments using mockup samples and/or color comparisons of objects before and after dis-
play; this information is integrated in published guidance on the light sensitivity of various classes of artists’ 
materials. However, these approaches may not produce data that are representative of an item’s specific 
material composition and display history. MFT addresses this issue by providing a means of assessing the 
light sensitivity of an object.

MFT exposes the object surface to an intense and focused light spot and monitors the resulting visually 
imperceptible change. The color change behavior of the item is then compared to that of ISO Blue Wool 
Standards, allowing one to categorize objects by their light sensitivity and mitigate the risk associated with 
light exposure. Most commonly employed as a lightfastness screening tool, MFT offers important informa-
tion to the exhibition development team when choosing an object for display, as one may opt for a more 
robust object or facsimile if it fulfills a similar curatorial need. The potential that some items may be more 
lightfast than previously thought can also present significant financial and time savings by reducing the 
need for precautionary object rotations. For items identified by MFT as highly light sensitive but deemed 
necessary for inclusion in an exhibition, this offers an opportunity to delineate an evidence-based light-
ing policy that considers short- and long-term display needs, object significance, and the potential loss of 
value due to color change. Thus, MFT can support sustainable practice by allowing an institution to focus 
its resources on the objects most in need.

While MFT reduces the uncertainty regarding the light sensitivity of specific objects, this should also be 
considered within the uncertainty associated with lighting policy decisions. Once the MFT results are used 
to align the color change behavior of an object with Blue Wool (BW) 1, 2, or 3, a light dose associated with 
a just noticeable difference (JND) of that BW is used to scaffold lighting decisions. However, as shown in 
chapter 5, there exists a range of light doses thought to incur a JND for these BWs. In addition, the increas-
ing use of LEDs instead of broadband xenon-arc light sources for MFT poses concern regarding the impact 

6. CONCLUSION 
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of different spectral power distributions on the resulting MFT data. With the increasing accessibility of hand-
held color monitoring instruments, there is an opportunity to compare real-time color change of objects during 
gallery conditions to the predictions made by MFT; such case studies will continue to establish the reliability of 
the technique and prompt collective research if the in situ and predicted color change diverge. Despite these 
uncertainties (which will likely be a focus of research in the near future), MFT continues to be an important light 
sensitivity assessment technique and risk management tool as it provides crucial data on which the discussion 
of lighting policy hinges. As summarized by conservation scientist Bruce Ford, “Uncertain data is better than 
none. With data, everything becomes negotiable” (pers. comm. 2020).  

In addition to its role in assessing lightfastness to inform display decisions, MFT can be employed in a research 
capacity to examine color change behavior for different classes of artists’ materials exposed to a range of 
environmental conditions. This work can be conducted on bespoke sample sets or mine “big data” from the 
voluminous MFT analyses of different objects conducted in the field; the latter can take advantage of MFT 
databases developed by institutions such as the Canadian Conservation Institute and the Getty Conservation 
Institute. Such efforts have the potential to refine existing guidance on the light sensitivity of different material 
classes that may benefit collections without access to MFT.

It is hoped that this document can further the development of a self-sustaining MFT user community. The MFT 
Institution Directory (appendix 1) may be helpful in this regard, promoting regional networks of MFT expertise 
that can offer guidance to prospective, new, and expert users. From this rich dialogue could emerge a demand 
for hands-on and virtual training workshops for conservators and scientists, sessions or meetings focused on 
MFT that might also extend to collection managers, and research that further defines the technique’s boundar-
ies. Accessibility to MFT should also be considered, as not all institutions or private collectors will have the staff, 
budget, and/or demand to acquire an instrument; this could be addressed by supporting MFT use at regional 
conservation centers and by key private conservators or conservation scientists, the inclusion of MFT in mo-
bile conservation science laboratories, and the allotment of MFT time by larger cultural heritage institutions to 
small and mid-size museums and private conservators.
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This directory is part of the Getty Conservation Institute’s col-
laborative efforts to advance microfading tester practice in 
the cultural heritage field. It seeks to identify MFT practitio-
ners around the world (fig. A1.1), in the hope of developing 
regional networks of expertise to support prospective, new, 
and expert users. Listings are grouped by region and country 
and include institution, city, and MFT type.

Five MFT types are distinguished:

• Whitmore MFT: based on original design by Paul 
Whitmore

• Retroreflective MFT: employs noncontact measurement 
head in which light from lamp and reflected light to spec-
trometer travel on same path 

• Automated MFT: design that automates operation
• Contact MFT: employs measurement head that touches 

sample surface
• Custom MFT: design based on general MFT principles

Appendix 1 
Microfading Tester Institution Directory

FIGURE A1.1. 
Map of MFT locations (hollow circles indicate multiple institutions with MFT). Map by Savannah Novencido.
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ASIA AND OCEANIA

Australia
National Museum of Australia, Bruce Ford (Canberra) 
Whitmore MFT

Museums Victoria (Melbourne) 
Whitmore MFT

China
Beijing Jiayuanwenbo Technology Limited (Beijing) 
Automated MFT

M+ (Hong Kong S.A.R.) 
Whitmore MFT

New Zealand
Auckland War Memorial Museum (Auckland) 
Whitmore MFT

Unversity of Otago (Dunedin) 
Whitmore MFT

Qatar
Qatar National Library (Doha) 
Automated MFT

Singapore
Heritage Conservation Centre, an institution  
of the National Heritage Board (Jurong) 
Whitmore MFT

Taiwan
National Taiwan Museum of Fine Arts (Taichung) 
Automated

EUROPE AND UNITED KINGDOM

Austria
Landessammlungen Niederösterreich (St. Pölten, NÖ) 
Automated MFT

Renee Riedler 
Custom Contact MFT

Czech Republic
National Library of the Czech Republic (Prague) 
Whitmore MFT

Denmark
Det Kongelige Bibliotek (Royal Danish Library) (Copenhagen) 
Whitmore MFT

Bevaringscenter Fyn (Conservation Center Funen) at 
Langelands Museum (Rudkøbing) 
Automated MFT

Conservation Center Vejle/Odense City Museum (Vejle/
Odense) 
Automated MFT

France
Centre de Recherche et de Restauration des Musées de 
France (Paris) 
Contact MFT

Centre de Recherche sur la Conservation / CNRS - Muséum 
national d’Histoire naturelle - Ministère de la Culture (Paris) 
Whitmore MFT, Automated MFT

Musée du quai Branly - Jacques Chirac (Paris) 
Contact MFT

Germany
Christel Pesme (Berlin) 
Custom Contact MFT

Rathgen-Forschungslabor, Staatliche Museen zu Berlin - 
Preußischer Kulturbesitz (Berlin) 
Whitmore MFT

Staaliche Akademie der Bildenden Künste Stuttgart / 
Laboratory for Archaeometry and Conservation Science 
(Stuttgart) 
Automated MFT

University of Fine Arts, Dresden (Dresden) 
Whitmore MFT

Netherlands
Cultural Heritage Agency of the Netherlands (Amsterdam)  
Custom MFT

Norway
National Library of Norway (Oslo) 
Automated MFT

National Museum (Oslo) 
Automated MFT
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Poland
AGH University of Science and Technology (Krakow) 
Automated MFT

National Museum in Krakow (Krakow) 
Whitmore MFT, Custom MFT

Muzeum Śląskie w Katowicach (Silesian Museum in 
Katowice) (Katowice) 
Automated MFT

The Inter-Academy Institute of Conservation and 
Restoration of Works of Art (Warsaw) 
Automated MFT

Slovenia
Heritage Science Lab Ljubljana/ 
University of Ljubljana (Ljubljana) 
Automated MFT

Sweden
Jacob Thomas (Gothenburg) 
Retroreflective MFT, Automated MFT, Transmission MFT

Nationalmuseum (Stockholm) 
Automated MFT

Riksantikvarieämbetet (The Swedish National Heritage 
Board) (Visby) 
Retroreflective MFT

Switzerland
Kunstmuseum Basel (Basel) 
Automated MFT

Swiss National Library (Bern) 
Automated MFT

Museum zu Allerheiligen Schaffhausen (Schaffhausen) 
MFT Forthcoming

United Kingdom
British Museum (London, England) 
Whitmore MFT, Automated MFT

National Archives (London, England) 
Retroreflective MFT

Tate Gallery (London, England) 
Custom MFT

University College London, Institute for Sustainable Heritage 
(London, England) 
Retroreflective MFT

Nottingham Trent University (Nottingham, England) 
Automated Retroreflective MFT, Custom MFT

Science Museum Group, National Collections Centre 
(Swindon, England) 
Automated MFT

National Galleries Scotland (Edinburgh, Scotland) 
Whitmore MFT

NORTH AMERICA

Canada
Canadian Conservation Institute (Ottawa) 
Whitmore MFT

United States
California

Academy Museum of Motion Pictures (Los Angeles) 
Automated MFT

Getty Conservation Institute/Getty Research Institute (Los 
Angeles) 
Whitmore MFT, Contact MFT, Automated MFT

Los Angeles County Museum of Art (Los Angeles) 
Contact Whitmore MFT

Colorado

Clyfford Still Museum (Denver) 
Automated MFT, Retroreflective MFT

Connecticut

Institute for the Preservation of Cultural Heritage, Yale 
University (New Haven) 
Whitmore MFT

Delaware

Winterthur/University of Delaware (Winterthur) 
Whitmore MFT

Illinois

Art Institute of Chicago (Chicago) 
Automated MFT

Field Museum (Chicago) 
Retroreflective MFT

Indiana

Indianapolis Museum of Art at Newfields (Indianapolis)  
Whitmore MFT
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Massachusetts

Museum of Fine Arts, Boston (Boston) 
Whitmore MFT

Straus Center, Harvard Art Museums (Cambridge) 
Whitmore MFT

New Mexico

Georgia O’Keeffe Museum (Santa Fe) 
Whitmore MFT

New York

Buffalo State (Buffalo) 
Whitmore MFT

Metropolitan Museum of Art (New York) 
Whitmore MFT

The Museum of Modern Art (New York) 
Automated MFT

New York Public Library (New York) 
Whitmore MFT

Whitney Museum of American Art (New York) 
Retroreflective MFT

Oklahoma

Gilcrease Museum (Tulsa) 
Automated MFT

Pennsylvania

Philadelphia Museum of Art (Philadelphia) 
Automated MFT

Texas

Menil Collection/Museum of Fine Arts (Houston) 
Whitmore MFT

Virginia

Virginia Museum of Fine Arts (Richmond) 
Whitmore MFT

The Colonial Williamsburg Foundation (Williamsburg) 
Whitmore MFT

Washington

Seattle Art Museum (Seattle) 
Automated MFT

Washington, DC/Maryland

National Archives and Records Administration  
(College Park, MD) 
Whitmore MFT

Museum Conservation Institute, Smithsonian (Suitland, MD) 
Whitmore MFT

Hirshhorn Museum and Sculpture Garden (Washington, DC) 
Whitmore MFT

Library of Congress Preservation Research and Testing 
Division (Washington, DC) 
Whitmore MFT, Automated MFT

National Gallery of Art (Washington, DC) 
Whitmore MFT

United States Holocaust Memorial Museum  
(Washington, DC) 
Retroreflective MFT
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Appendix 2  
Glossary

0/45 Geometry Reference to the alignment geometry of 
the illumination and collection beams, with 0° indicating 
that light (from a xenon-arc or LED source) is arriving per-
pendicular or normal to the sample surface and 45° denot-
ing the angle (from normal) at which diffuse reflected light 
from the surface is collected by the spectrophotometer.

Almost Total Fade Concept defining the threshold after 
which a colored sample has lost most of its color. For satu-
rated colors, this roughly corresponds to 30 JNDs, though 
this may occur at lower thresholds for paler colors and 
items with low contrast.

Automated MFT An MFT type that automates various steps 
in the MFT process, including alignment of the illumination 
and collection spots, opening and closing of the shutter, 
and initiation of spectral data collection and resetting the 
ΔE value in the spectrophotometer software. Such an instru-
ment has been developed by Instytut Fotonowy.

Background or Dark Calibration A calibration step defin-
ing the 0% reflectance signal for the spectrophotometer. 
This can be subtracted from the collected data, removing 
unrelated background signals.

Bifurcated Fiber Optic A Y-shaped assembly consisting of 
two fiber optics. Bifurcated cables can be employed with 
contact or retroreflective MFT probes, with the single ends 
attached to the light source and spectrophotometer and 
the joined end connected to the probe.

Blue Wool Equivalence Categorization of light sensitivity of 
a sample during accelerated aging tests based on the color 
change behavior of Blue Wool Standards. Given concerns 
about reciprocity breakdown, this method provides a means 
of bridging the results produced during high-intensity MFT 
light exposure and the expected behavior of the material 
while on gallery display.

Blue Wool Standard (ISO) An ISO standard for lightfast-
ness consisting of eight dyed wools of increasing stability, 
with Blue Wool (BW) 1 being the most fugitive and BW8 the 
most lightfast. The wool sample with the higher number ref-
erence is approximately twice as resistant to light-induced 
color change as the preceding reference. The three most 
sensitive swatches—BW1, 2, and 3—are thought to represent 

high light sensitivity colorants. Note that BWs can be pre-
sented as loose weaves or mounted on a card.

CIE Acronym for the Commission International de 
l’Eclairage (International Commission on Illumination), which 
is a nonprofit organization whose objective is to provide an 
international forum for all matters relating to the science, 
technology, and art of color and light. The CIE provides rec-
ommendations and standards for colorimetry, illumination, 
and photometry.

Collection Lifetime The length of time (in years) for which 
a collection item continues to be meaningful and usable, 
corresponding to its “serviceable life” in the collection. This 
decision is driven by material, ethical, and resource con-
siderations for each institution and collection type. As a 
general rule, the higher the cultural significance, the longer 
the collection lifetime. The term “museum lifetime” is inter-
changeable with collection lifetime, but the latter is used in 
this document because it is a more inclusive term.

Collection Value A working concept based on an item’s 
cultural significance, its relative importance in the collec-
tion, and its expected usability. Collection value is defined 
by the institution and will likely influence decisions regard-
ing an item’s interpretation, use, and care. Since it can vary 
with changes in communities, culture, politics, science, and 
the environment, an item’s collection value should be regu-
larly reassessed and updated.

Color Difference (CIE) The calculated distance between 
two points in CIELAB color space. The initial color differ-
ence calculation introduced by the CIE in 1976, denoted as 
ΔE*ab, was defined as the Euclidian or straight-line distance 
between two points. Subsequent refinements of the cal-
culation were introduced in 1994 (ΔE*94) and 2000 (ΔE*00) 
to address issues of perceptual nonuniformity in CIELAB 
space, with the latter considered most accurate.

Color Difference Threshold The predetermined color dif-
ference, or ΔE value, at which exposure of the sample sur-
face to high-intensity light will be blocked and the MFT run 
stopped. This is intended to protect the object from incur-
ring visible change from MFT. Selection of a color difference 
threshold varies, but commonly reported values are a ΔE*ab 
of 5 and a ΔE*00 of 3.
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Color Temperature The behavior of an idealized thermal 
black-body radiator that absorbs radiation of all frequen-
cies and emits black-body radiation that is dependent on 
that object’s temperature. In practice, color temperature 
is defined for light sources that approximate black bodies, 
with values above 5,000 Kelvin (K) considered “cool” (bluish) 
and those below 3,000 K considered “warm” (yellowish).

Colorimeter An instrument that measures tristimulus val-
ues, which correlate with the human perception of color. 
Colorimeters incorporate an internal light source that shines 
onto a sample, with the reflected light passed through red, 
green, and blue filters. While useful for color assessment, 
colorimeters lack the ability to collect spectral reflectance 
data appropriate for more complex color analysis.

Contact MFT Probe An MFT measurement head that is in 
gentle contact with the sample surface (typically through 
a Mylar template). While not requiring alignment of the illu-
mination and collection spots, potential drawbacks of the 
contact probe, beyond contact itself, include an inability to 
test through glazing, the need for a flat surface, and the lack 
of visibility of the test area during testing.

Digital Exposure Controller A component of the original 
Whitmore MFT design that continuously monitors light 
intensity and adjusts the power supply output to maintain 
a constant intensity. This allows MFT to assess small color 
differences and eases calculation of light dose during a run. 
The unit also permits the reduction of the intensity of the 
light source to a fixed level to improve day-to-day compari-
sons of data and preserve lamp life. 

Fiber Optic Continuity Tester A tool that transmits light 
through a fiber optic to verify its light throughput. In addi-
tion to assessing fiber integrity, this can be used during the 
MFT setup to denote the collection spot and aid in its align-
ment with the illumination spot. Alternative low-intensity 
light sources, such as tungsten halogen lamps, can be used 
for this purpose.

Fiber Optics Flexible glass fibers used to transmit light 
between its two ends. For MFT, fiber optics are used to 
transmit light from the light source to the sample and 
from the sample to the spectrophotometer. The original 
Whitmore MFT design used illumination and collection fiber 
with diameters of 200 and 600 μm, respectively, provid-
ing tolerance when aligning the illumination and collection 
spots.

Grey Scale (ISO) A means of assessing the extent of color 
change and staining. The Grey Scale (ISO 105-A02) con-
sists of nine pairs of nonglossy neutral gray colored chips. 

A value of 5 indicates no difference between the standard 
and sample, while a value of 1 indicates the most difference. 
Note that the chip pairs also denote half steps of change 
(i.e., 4/5, 3/4, 2/3, and 1/2).

Infrared (IR) Radiation wavelengths from 700 to 1000 
nanometers, existing just beyond the visible spectrum. 
Though possessing a reduced photon energy compared 
to the visible region, IR is filtered from MFT xenon-arc light 
sources to limit excessive heating of the sample surface.

Integration Time Analogous to camera shutter speed, this 
controls the amount of light to which the detector in the 
spectrophotometer is exposed and is typically expressed 
as microseconds, or μsec. An appropriate integration time 
maximizes the signal (or counts) without saturating the 
detector. 

ISO Acronym for the International Organization for 
Standardization, which is an independent, nongovernmental 
organization that develops international standards, techni-
cal reports, and specifications to support quality and safety 
assurance in world trade. While their purview is broad, the 
ISO often collaborates with the CIE on the development of 
lighting standards.

Just Noticeable Difference (JND) A statistical measure by 
which the smallest difference between two stimuli is per-
ceptible to 50% (or more) of observers. In the conservation 
field, the JND has been used to quantify the perceptible 
change in color appearance under specific viewing and 
lighting conditions. In colorimetric terms, it is suggested 
that 1 JND equates to a ΔE*00 of approximately 1.5, though 
this value may be larger for visually complex artworks. 

L*a*b* Color Space (CIELAB) A three-dimensional color 
space introduced by CIE in 1976 and derived from CIEXYZ. 
The lightness value, L*, represents black at L* = 0 and white 
at L* = 100. The a* axis represents green in the negative 
direction and red in the positive direction, and the b* axis 
represents blue in the negative direction and yellow in the 
positive direction. a* and b* values of 0 represent true neu-
tral grey.

Lens An optical device that focuses or disperses light using 
refraction. In the original Whitmore MFT design, two pairs of 
convex or converging lenses are used to converge light rays 
(from the light source) onto the sample and the collecting 
fiber (to the spectrophotometer). The choice of lens also 
informs the working distance between the sample and test 
head, allowing for noncontact MFT analysis.  

Light Damage Calculator An interactive online tool devel-
oped by the Canadian Conservation Institute (CCI) that 
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 provides visual simulations of the anticipated impact of 
select lighting scenarios for different colorants. The esti-
mated color change is based on scientific results obtained 
by accelerated light aging studies of various artistic materials.

Light Dose The cumulative light exposure on a surface, 
typically in units of lux-hours. The light dose or total expo-
sure is the product of the illuminance (lux or lumens/m2) 
and exposure time (hours). Note that large light doses may 
be expressed in Megalux-hours, which is equivalent to 1 mil-
lion lux-hours.

Light Emitting Diode (LED) A semiconductor light source 
that has largely superseded incandescent lights in many 
galleries due to its energy efficiency and extended lifetime. 
MFT users have explored LEDs as an alternative to xenon-
arc light sources due to their interest in obtaining results for 
LED-specific spectral power distributions. Note that LEDs 
are not broadband light sources, as their SPD contains char-
acteristic peaks and troughs.

Lightbox An enclosure in which samples are exposed to 
light for the purposes of aging studies. Typically used for 
mock-up samples, experiments can vary the light source, 
the light intensity, and the duration of exposure, and color 
change may be assessed at different time intervals. Note 
that the light intensity within a lightbox is typically several 
orders of magnitude less than MFT.

Microfading Tester (MFT) An analytical technique that 
exposes the object surface to an intense and focused 
light spot and monitors the resulting visually imperceptible 
change. Developed by Paul Whitmore and introduced to the 
field in the mid-1990s, MFT can determine the in situ light 
sensitivity of a collection item. MFT data can inform lighting 
decisions that mitigate the risk of light damage for highly 
sensitive objects while expanding access for those items 
revealed to be more lightfast than expected.

Munsell Color System A three-dimensional color clas-
sification system that was a precursor to CIE color space. 
Introduced in 1905 by Albert H. Munsell and subsequently 
refined, the Munsell System of Color Notification was based 
on measurements of human visual responses to color and 
was the first to define the relationship between hue (color 
family), chroma (color intensity), and value (lightness). 

Neutral Density Filter A filter that reduces the intensity at 
all wavelengths of light with minimal distortion of the spec-
tral power distribution of the light source. Neutral density 
filters are characterized by the optical density, with values of 
1, 2, 3, and 4 decreasing transmittance to 10%, 1%, 0.1%, and 
0.01%, respectively, of the original light intensity. 

Pen Camera (Digital Microscope) A digital camera that 
can be mounted in the MFT test head next to the illumina-
tion and collection assemblies to magnify the view of the 
test site, document the test location, and assist with align-
ment of the illumination and collection spots.

Photometer An instrument for measuring the intensity 
of visible light (between 380 and 700 nm) weighted at 
each wavelength based on the sensitivity of the human 
eye. Photometers report light intensity as the luminous 
flux (lumens [lm]) or illuminance (lux [lm/m2]). In contrast, 
radiometers measure light intensity across the ultraviolet, 
visible, and infrared regions without bias toward the human 
visual system.

Preservation Target The period of managed use (e.g., stor-
age, study, reproduction, display, lending) during which a 
light-induced JND is allowed for a collection item. Typically 
expressed in years, the preservation target can alternatively 
be stated as the number of acceptable JNDs within a given 
period of time.

Radiometer An instrument for measuring the intensity 
of light across the ultraviolet, visible, and infrared regions 
without bias toward the human visual system. Radiometers 
report light intensity as the radiant flux (watts [W]) or irradi-
ance (W/m2). In contrast, photometers measure light inten-
sity in the visible region weighted at each wavelength by 
the sensitivity of the human eye.

Reciprocity A material response that is a function of expo-
sure (or dosage), which can be defined as the product of 
intensity and time. If reciprocity holds, a similar response 
should be observed for the same exposure, whether the 
intensity is low and the duration is extended or the intensity 
is high and the duration is brief. Reciprocity is not an intrin-
sic material property but rather a response of a material to a 
test condition.

Reference Calibration A calibration step defining 100% 
reflectance across the visible wavelength region for the 
spectrophotometer. The reference spectrum is commonly 
collected on a Spectralon® white diffuse reflectance stan-
dard and is reassessed periodically throughout an analysis 
day. 

Retroreflective Probe An MFT measurement head that 
returns the reflected light from the sample surface along 
the same path as the illumination beam, providing a wider 
depth of focus and eliminating the need to align illumina-
tion and collection spots. While the angle of measurement 
is flexible, most users maintain a 45° angle between the 
sample and the probe.
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Role of Color Information The role of color or object 
appearance in conveying the cultural value of an object. 
This role varies depending on the nature of the collec-
tion item and informs the type of visual tasks needed to 
adequately perceive an object and its necessary lighting 
conditions.

Spectral Power Distribution (SPD) A visualization of a light 
source’s power output at each wavelength across the visible 
region and into the ultraviolet and infrared, often referred to 
as its fingerprint. The strength and distribution of the emit-
ted energy varies for each light source, which is important 
when evaluating lighting for display. 

Spectral Viewer Free software developed at the Getty 
Conservation Institute that employs a graphic user interface 
to facilitate spectral and colorimetric comparisons of MFT 
data. This complements the use of an Excel Macro suite 
developed by Paul Whitmore to examine MFT data.  

Spectrophotometer A device that examines a material’s 
reflection or transmission behavior by measuring spectra 
that show light intensity as a function of wavelength. MFT 
incorporates a spectrophotometer to continuously collect 
spectral reflectance data when the object is exposed to a 
focused and high-intensity light spot; colorimetric values 
can then be calculated from the fundamental spectral data.

Standard Illuminant Theoretical standards that are used in 
colorimetric calculations to compute the tristimulus values 
of reflected or transmitted object colors under specified 
conditions of illumination and allow for the comparison of 
colors measured with different light sources. While the CIE 
has defined a range of standard illuminants, D65 is a com-
mon standard daylight illuminant for color and lighting stud-
ies, including MFT.

Standard Observer Experimentally determined color 
matching functions or tristimulus values (denoted as x, y, 
and z) corresponding to the sensitivity of long, medium, 
and short cone photoreceptors in the human eye. While the 
CIE has described functions for a Standard 2° Observer and 
a Standard 10° Observer, with the angles corresponding 
to the field of view for the observer, the former is typically 
employed in MFT colorimetry calculations.

Ultraviolet (UV) Radiation wavelengths from 100 to 380 
nanometers, just beyond the visible spectrum. Possessing a 
higher photo energy than the visible region, UV can cause 
damage when absorbed by cultural heritage material by 
inducing photochemical reactions that can weaken the sup-
port. UV is often filtered from a xenon-arc MFT light source 
so that it more closely resembles gallery lighting conditions.

Value at Risk to Light The proportion of an object’s collec-
tion value that might be lost when exposed to light, which 
depends on the importance of color as a value determining 
feature. Value at risk to light is relevant for collection items 
likely vulnerable to light, with the main light-induced effect 
on materiality consisting of surface color change.

Visible Light Radiation wavelengths from 380 to 700 nano-
meters corresponding to that which is visible by the human 
eye. This region is a continuous spectrum encompassing 
seven principal colors, which together create white light, 
and is the primary focus of MFT analysis.

Whitmore MFT A colloquial term for an MFT largely based 
on the initial blueprint introduced in 1999 by Paul Whitmore, 
Xun Pan, and Catherine Bailie. Since no off-the-shelf unit 
existed, the Whitmore design merged discrete compo-
nents to create an MFT: a xenon-arc light source, a digital 
exposure controller, filters, fiber optics, illumination and 
collection lens assemblies positioned in a 0/45 geometry 
(allowing for noncontact operation), and a spectrophotom-
eter.  

Xenon-Arc A type of gas discharge lamp that produces an 
intense white light commonly used in daylight simulation 
studies. In addition to its brightness, xenon-arc lamps were 
selected as the primary MFT light source due to their con-
tinuous spectral power distribution (representing the worst-
case scenario), high color temperature, small filament and 
directionality, and long-term stability (when employed with a 
feedback monitoring loop).

XYZ Color Space (CIEXYZ) A mathematically determined 
additive color space based on Standard 2° Observer color 
matching functions. Introduced by CIE in 1931, CIEXYZ color 
space transformed visible light to an approximation of what 
the human eye perceives using three values to character-
ize color. Subsequent color spaces, including CIELAB, were 
derived from CIEXYZ.
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CIELAB from CIEXYZ

X, Y, Z describe the color stimulus considered, and Xn, Yn, Zn describe a specified white achromatic reference illuminant.
From Wikipedia (CIELAB Color Space)

1976 Color Difference (ΔE*ab) from CIELAB

From Wikipedia (Color Difference)

Appendix 3 
Colorimetry Calculations
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1994 Color Difference (ΔE*94) from CIELAB
Given a reference color (L*1, a*1, b*1) and another color (L*2, a*2, b*2), the color difference is

From Wikipedia (Color Difference)
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2000 Color Difference (ΔE*00) from CIELAB

From Wikipedia (Color Difference)
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Appendix 4 
MFT Case Study:  
Screening Material for Exhibition
Mark Benson

The rapid and predictive nature of the microfading tester makes it an ideal tool for screening collection material for lightfastness 
prior to display. The MFT allows the user to obtain data for multiple locations on multiple objects in a relatively short time. The 
color change behavior of the artwork can then be compared to that of Blue Wool standards to inform lighting decisions. For 
over a decade, the Getty Research Institute has been using MFT as a preventive conservation tool.

The GRI rotates multiple exhibitions throughout a year in an exhibition space of approximately 3000 ft2. Light is necessary to 
access and engage with the exhibited material but is also a destructive force for many materials. A balance must be struck 
between providing sufficient light to properly see each object and limiting the extent of damage to the object during light 
exposure. The MFT has proven to be a valuable tool in assisting GRI conservators with (a) identifying objects requested for 
exhibition that are highly sensitive to light and (b) informing potential combinations of light level and display duration. This 
process allows for flexibility when collection care staff discuss lighting scenarios for each object.

EXHIBITION

In 2019, the GRI mounted the exhibition Bauhaus Beginnings. The exhibition was on view for 124 days between June 11 and 
October 13. It included over 200 works from the Bauhaus school, many of which focus on the fundamental principles of color 
and the interactions among colors (GRI 2019). Due to the important role of color in many of these works, there was significant 
cultural value at risk due to light exposure during display. The large amount of color media required a careful survey to select 
potentially sensitive works for MFT. 

Assuming that all objects are of relatively high value, an ideal MFT protocol to assess light sensitivity would be to test all colors 
and the substrate for every object. However, given a large volume of material and limited time, this is impractical. The initial 
visual survey and selection of items for screening by MFT is largely based on several factors. Priority is given to any media type 
generally accepted to be light sensitive in the conservation literature or materials whose color change behavior is unknown (and 
not included in published guidelines). In addition, item selection can be guided by previous MFT and lightbox experiments with 
various types of media, as well as consultation with the exhibition curators. While MFT experience can be helpful when selecting 
collection items for testing, caution should be given to the use of previous MFT results to inform lighting recommendations for 
similar media or material, as light sensitivity depends on multiple parameters that are specific to each object. (This is discussed 
further in chapter 5.). After careful consideration, 40 items from the Bauhaus Beginnings material were selected for MFT. 

MFT ANALYSIS

MFT analysis of the Bauhaus exhibition was carried out using a Whitmore MFT as described and pictured in figure 3.1. The light 
source is a 75-watt xenon-arc lamp with ultraviolet and infrared minimized; light intensity was measured with a photometer at 
~525 millilumens (mlm). A total of 116 sites were examined across the 40 items. The number of sites per object ranged from 1 
to 13 and was based on the number of distinct colors (including the substrate) on each object. The testing was completed over 
nine days in November and December 2018, allowing sufficient time before the exhibition to interpret the data, discuss the 
results with curators, and agree on item selection and a safe and acceptable lighting scenario for each. 

Figure A4.1 shows one of the collection items from the Bauhaus Beginnings exhibition examined by MFT. This print by Lothar 
Schreyer, an instructor at the Bauhaus, is identified in the library record as a “hand-painted lithograph,” which was supported 
by visual examination of the print. The black colorant appears printed, evenly applied, and opaque. In contrast, the red, blue, 
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and white colorants are unevenly applied and translucent in 
places, suggesting application by hand. The print is signed 
and dated in graphite at the bottom right corner.

Often used as colorants for colored prints, watercolor and 
gouache are generally accepted as sensitive to light (e.g., 
CIE 2004; Saunders 2020). As a result, any object with hand 
coloring is prioritized for MFT screening at the GRI. In addition, 
previous MFT tests at the GRI of various types of water-based 
paint suggest that their lightfastness can vary significantly. 
The uncertainty in color change behavior associated with this 
media further supported its analysis by MFT.

MFT at the GRI begins with a series of runs on ISO Blue Wool 
(BW) Standards 1, 2, and 3, which define high light sensitivity. 
As discussed in  chapter 2, BW Standards are a series of eight 
dyed wools used as a metric for lightfastness. With respect to 
MFT, the BWs are used as an internal calibration by which one 
can classify the color change behavior of sensitive materials.

At the start of testing, three 15-minute runs are conducted 
for BW1, 2, and 3 to characterize their performance. Color 
difference, or ΔE, is visualized for each set by showing the 
average color difference and standard deviation over time. For 
each subsequent MFT analysis day, an additional 15-minute 
run is carried out for each of the three BWs and compared to 
the initial BW series to ensure that the testing conditions have 
not changed; these are generally conducted at the beginning 
of the day and during breaks. If the MFT is inactive for an 
extended period or relocated, the three 15-minute runs are 
repeated for the high-sensitivity BWs. 

For the Schreyer print, a decision was made to focus on 
testing of the blue and red paint and the paper substrate; 
this was based on the earlier assumption that they are the 
least lightfast. Since it is generally accepted that the black printing ink and the graphite inscription were relatively lightfast (e.g., 
CIE2004), they were not tested. While white pigments are also generally considered stable (e.g., CIE 2004), sparse MFT data for 
this colorant had been collected at the GRI; thus, MFT was also carried out on the white paint. If time permits, any media not 
tested during the initial round can be tested.

The length of the MFT runs for the Bauhaus material typically ranged between 5 and 10 minutes, with spectral data collected 
every 30 seconds. The focus when conducting MFT runs is less about maintaining a consistent duration than on collecting 
sufficient data to confidently establish a BW equivalence (BWE). The selected durations also allow for analysis of a large number 
of test sites in a limited time window. The GRI MFT protocol defines a ΔE*ab (color difference based on the 1976 CIE calculation) 
threshold of 2.5 at which a run will be terminated to prevent any detectable color change on the print; this is based on the near 
real-time ΔE*ab displayed onscreen in the Spec32 software for the Control Development spectrophotometer. It should be noted 
that there is always the potential that shorter MFT durations may not detect delayed color changes (see chapter 4), though this 
appears to be a rare occurrence. 

Figures A4.2 and A4.3 show the MFT results for the Schreyer print. Figure A4.2. compares the initial and final spectra of the red 
hand coloring and shows shifts in L*, a*, and b*. Spectral change is greatest between 400 nm and 500 nm, while the changes 
in CIELAB indicate that the test site is becoming lighter (increasing L*), less red (decreasing a* and above 0), and less yellow 

FIGURE A4.1 Hand-painted lithograph by Lothar Schreyer, part of 
the Bauhaus Beginnings exhibition. Red circles indicate MFT test 
sites. Photo: Getty Research Institute, Los Angeles (2012.PR.4) © 
Michael Schreyer.
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(decreasing b* and above 0). Figure A4.3. shows 
a time series of ΔE*94 for the for the 3 colorants, 
substrate, and BW1, 2, and 3. (Note that this analysis 
used an earlier version of the GCI’s Spectral Viewer 
software that was limited to either ΔE*ab or ΔE*94, 
with the latter based on the 1994 CIE calculation; a 
newer version of the software includes ΔE*00, which 
is the recommended color difference calculation.)  
Focusing on the relative positioning of its final data 
point compared to the BWs, the red paint has a 
ΔE*94 just below that of BW1; for an object in which 
color plays a central role, it was decided to take a 
conservative position and assign the red colorant a 
BWE of BW1. As its most sensitive colorant, the red 
watercolor determines the overall BWE for the print. 
The BWE represents a starting point for discussion 
with curators about the MFT light sensitivity 
assessment and how these results might inform the 
formulation of appropriate lighting scenarios.

LIGHTING SCENARIOS

Consideration of lighting regimes for the Schreyer 
print is based in part on the light dose associated 
with 1 JND (ΔE*00 of 1.5) for BW1 and the preservation 
target, which is the duration over which this JND 
is allowed. Using the more conservative revised 
JND light dose for BW1 from table 5.5, this item can 
be exposed to approximately 100,000 lux-hours 
before reaching a JND. At the GRI, the preservation 
target is used to visualize different scenarios and 
communicate the impact of different lighting 
options to curators and other stakeholders.

Table A4.1 shows four display scenarios at varying 
light levels and their respective calculations for 
determining how much of a 50-year preservation 
target will be consumed. For light-sensitive items 
with the highest significance to the collection, one 
might consider allowing access for only a portion 
of the exhibition; scenario 4 reduces exhibition time 
from 18 weeks to 9 weeks at 50 lux. In this scenario, 
the print can be swapped with a similar print at the 
midpoint of the exhibition, distributing exposure 
across two objects. Alternatively, the print can be 
replaced at 9 weeks with a facsimile, though this is 
often a less popular choice.

A discussion with the curator revealed that the 
Schreyer print is part of a larger portfolio of works FIGURE A4.2 A) Initial and final spectra and temporal changes in B) L*, C) 

a*, and D) b* for the red hand coloring on the Schreyer lithograph.
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called “Erste Mappe: Meister des Staatlichen Bauhauses in Weimar.” This “Erste Mappe,” or first folder, was created at the 
Bauhaus in Weimar, Germany, and consists of 14 prints by the masters of the Bauhaus. These portfolios were sold to raise funds 
for the school, and the GRI copy of the “Erste Mappe” is complete and in excellent condition. Acquired in 2012, the Lothar 
Schreyer print had not been requested for exhibition or loan until the Bauhaus Beginnings exhibition. Outside of the GRI reading 
room, the curator does not anticipate a high volume of requests for this object in the future. 

Given this context, Scenario 1 was chosen to display the Schreyer print. The decision to display this print for the duration of the 
exhibition at 30 lux balanced the important role of the print for the exhibition with its high sensitivity to light. The overall BWE 
was slightly greater than BW1, and, at 30 lux, we expect to use less than 30% of the 50-year PT during the display period. The 
relatively simple, harder-edge composition of the Schreyer print allowed it to be displayed at 30 lux (lower than the GRI standard 
of 50 lux for works on paper) and still be viewed satisfactorily.

Figure A4.4. shows the BWE for the 40 Bauhaus items tested by MFT. With the exception of three items, all of the material is 
considered highly sensitive; however, over 60% of the items tested are more lightfast then BW2, allowing for significantly more 
flexibility with lighting recommendations. Light levels can be adjusted depending on the sensitivity of the object and the amount 
of light needed for proper viewing. The MFT results for each item are recorded in the object record of the collection database 
along with the exposure light dose (reported in lux-hours) during the exhibition. If the object is to be included in subsequent 
exhibitions, the light dose for future display periods will also be recorded and monitored to ensure that the risk of light damage 
is properly managed. It is also important to note that the MFT analysis of the Bauhaus material represents an example of how 
the testing and decision-making process associated with MFT and exhibitions can be approached. As circumstances evolve 

TABLE A4.1. 
Lighting scenarios for the Schreyer lithograph assuming a BW1 equivalency and a 50-year preservation target.

Exhibition Lighting Scenarios Item Information Impact on 
 Future Display

Scenario Light Level 
(lux)

Hours of 
Exposure/

Week

Weeks/   
Exhibition

Expected 
Light Dose 

during 
Exhibition 
(lux-hours)

BWE 
(determined 

by MFT)

Preservation 
Target (years)

Light Dose 
Allocated to PT 

(lux-hours)

% of Preservation 
Target used

1 30 54.5 18 29,430 1 50 100,000 ~30%

2 50 54.5 18 49,050 1 50 100,000 ~50%

3 70 54.5 18 68,040 1 50 100,000 ~70%

4 50 54.5 9 24,525 1 50 100,000 ~25%

FIGURE A4.3 Color difference time 
series for the Schreyer lithograph 
and BW1, 2, and 3. 
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for various exhibitions and loans, the MFT protocol can be adjusted to account for the needs of the collection and the available 
resources to conduct testing.  

CONCLUSION

At the GRI, the development of appropriate lighting scenarios for the Bauhaus material, including the Lothar Schreyer print, is 
dependent on effective communication between the conservator and the curator. The conservator conveys their understanding 
of an object’s light sensitivity, in this case based on MFT, and the implications in terms of risk from light exposure. The curator 
provides a nuanced understanding of the object’s role in current and future exhibitions and the collection, as well as its overall 
collection value. To fully understand the “value at risk” for an object, it is necessary to establish and maintain this communication 
with the various stakeholders and work toward a mutual understanding that balances both preservation and access. 
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Appendix 5 
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