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ABSTRACT

The Selden Map of China, an early 17th century wall map of East Asia was rediscovered in 2008. Recently, the
map was imaged using a VNIR hyperspectral imaging system while in the collection at the Bodleian Library,
Oxford University. The goal of the collection of the hyperspectral image (HSI) of the Selden Map was to help
historians understand the material diversity of its composition and potentially the methods used in the creation
of the map. The Selden map has been named one of the ”Treasures of the Bodleian” and it poses many questions
such as the diversity of pigments used to create the map. In this research, we extract visually common pixels
(here, the green pigments) from the Selden Map and estimate the material diversity of the green pixels. Previ-
ous pigment analysis on the HSI of the Gough Map1, 2 used an endmember based approach, the Gram Matrix
technique,3, 4 to understand the number of distinct materials in a scene and then used spectral angle mapper
(SAM) to classify all the pigments. Here, we use the same Gram Matrix technique, but due to the complexity
of the Selden Map data, instead of using SAM, we use two spectral unmixing techniques, NNLS (nonnegative
linear least squares)5 and FUMI (functions of multiple instances)6 to determine the weights of all the endmem-
bers for each data point to study the within-material diversity. Results show that the Selden Map is composed
of at least 6 kinds of dominant green pigments with a particular spatial pattern. This research provides a useful
tool for historical geographers and cartographic historians to analyze the material diversity of HSI of cultural
heritage artifacts.

Keywords: Hyperspectral imagery, pigment analysis, dimensionality estimation, spectral unmixing

1. INTRODUCTION

The Selden Map of China, dating from c.1619, arrived at the University of Oxford’s Bodleian Library in 1659.7–9

Rediscovered by Robert Batchelor in 2008, this map provided an opportunity to reexamine the history of Chi-
nese cartography and dispute about maritime dimensions of the Ming Empire.7 The map was drawn with
carbon ink and watercolours on Chinese paper, depicting China (Ming dynasty), the East and South China Sea
from Japan to Timor, and a network of shipping routes from Indonesia to the western coast of India.8, 9 There
are mountains, rivers, ocean waves, forests, plants and flowers drawn using six different colors: red, green,
blue, yellow, white and black.9 The color green dominates this map due to the large areas of the sea in the
map.10 Questions were posed such as pigment analysis for estimation of material diversity in the Selden Map.
To answer such questions, hyperspectral images (HSI) of the map were collected at the Bodleian Library, Oxford
University in 2015. The collection was done in 12 overlapping ”chips” to ensure the full coverage of the entire
map with sufficient spatial resolution. Each HSI chip has 334 spectral bands (colors) over the Vis-NIR spectrum
ranging from 400nm to 1000nm. The size of each chip varies from 1600 (pixels) x 2300 (pixels) to 1600 (pixels) x
3250 (pixels). Section 3.1 states more collection details. This research is significant because the pigment analysis
of the HSI of the Selden Map contributes to the codicological studies of the map (i.e., understanding the tools,
techniques, and timeline of its creation and revision).
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In cultural heritage codicological studies, faded text enhancement and pigment analysis are always im-
portant to historical geographers and cartographic historians. For faded text analysis, popular methods such
as multispectral reflectance, fluoresence, and transmission imaging11–19 were used to enhance faded text for
reading. For example, Easton and his collegues used a Megavision Imaging System to collect and generate
multispectral images of manuscripts and then used multiple image processing techniques to enhance the texts.
Methods included unsupervised/supervised classification, independent component analysis (ICA), principal
component analysis (PCA), renderings in pseudo-color and spectral pseudoinverse calculation to enhance mul-
tispectral images of historical manuscripts, such as the Herculaneum Papyri and Archimedes Palimpsest.11–19

For hyperspectral image analysis, Goltz20 applied hyperspectral imaging to assess stains on historical docu-
ments. He generated optical density slices (which is the minus log function of the image pixel value divided by
the white reference) of certain ranges of spectra and created false color images to enhance the faded text.

For pigment analysis, in recent years, hyperspectral Imaging has been used in the cultural heritage artifacts
such as material identification and mapping of the work of art.21–26 Using HSI systems with different classifi-
cation algorithms allows: (a) restoration and pigment differentiation of the historical paintings,26–29 (b) study
of the methods and materials used in the artifact creation,30 (c) analysis of an artwork’s historic value,31–33 (d)
identification of timeline of a manuscipt creation31 and (e) recovery of erased and overwritten scripts.32 Differ-
ent imaging methods like X-ray fluorescence imaging,21, 26 Infrared imaging34, 35 and laser induced breakdown
spectroscopy31 were used to obtain the HSIs. Image processing techniques included PCA,24, 29, 30 spectral angle
mapper,28 spectral unmixing27 and support vector machine.36 Dooley et al24 and Delaney et al25 also used ENVI
N-d visualizer to find endmember spectra through clustering and then use spectral angle mapper to classify
pigments of hyperspectral images. In 2017, Bai et al1 presented an approach by using Gram Matrix and end-
member analysis to estimate the green pigment diversity over the Gough Map and their results showed that
there were at least 6 kinds of dominant green pigments used in the map. That was the first time estimating
within material diversity in cultural heritage artifacts. In this paper, we extend Bai’s research by using two
spectral unmixing techniques to classify the green pigments in the Selden Map. We also propose a new spectral
angle spatial pattern method to validate the classification results.

This paper is organized as follows. Section 2 describes 1) the MaxD and Gram Matrix techniques used
to estimate material diversity in the HSI of the Selden Map and 2) the NNLS and FUMI spectral unmixing
techniques. Section 3 describes application using this technique to estimate the material diversity of green
pigments in the Selden Map and presents the results. Section 4 summarizes the results and findings.

2. MATERIAL DIVERSITY ESTIMATION & SPECTRAL UNMIXING

This section provides the theoretical basis of understanding the number of distinct materials (green pigments)
in the Selden Map and how to use spectral unmixing to output a spatial distribution of the green pigments.
Material diversity estimation outputs the representatives (endmembers) of different colors (materials) within
a hyperspectral image. Then, spectral unmixing techniques calculate the abundances of those representatives
and classify the hyperspectral image.

2.1 Material Diversity Estimation
Material diversity estimation of a data set can be related to the dimensionality of the data in the spectral domain.
The dimensionality of a data set is the estimation of the least number of free variables required to represent the
data without losing information.37 There have been many approaches used in dimensionality estimation of
hyperspectral dataset,3, 37–43 but the most common one is PCA,39, 40 which transforms the original data into
a new space through the magnitude of its eigenvalue, but equates the dimensionality of the data with the
significance of a dimension in the new space.

In this research, we use an approach developed by Messinger, et al (2011)3 and applied by Canham, et al
(2011)38 to estimate the diversity of green river and ocean pigments in the HSI of the Selden Map. The Gram
Matrix is first used to estimate the dimensionality of hyperspectra data and then the MaxD algorithm is used
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to extract associated endmembers. Gram Matrix is an k× k matrix, where k is the number of vectors in the set.
The (m,n)th element of the Gram matrix is the inner product of the m and n vectors in the set, such that

Gm,n = 〈xm, xn〉 . (1)

Note that the determinant of G (known as the Gramian) is the square of the volume of the parallelepiped that
encloses the vector set. An important property of the Gram matrix is that if the Gram Matrix is composed
of endmembers extracted from the image, when the Gramian approaches zero, the vectors in the set are no
longer linearly independent, which indicates the number of distinct materials in the hyperspectral image. After
acquiring the number of endmembers, MaxD algorithm is used to extract endmembers, which represent the
number of ”pure” materials in the HSI image. More details of this approach can be found in the literature.3, 38, 41

2.2 Spectral Unmixing
After acquiring the endmembers of the HSI, spectral unmixing is used to identify the abundances of those end-
members in each pixel.44 NNLS (nonnegative linear least squares)5 and FUMI (functions of multiple instances)6

were used in this research. Lawson and Hanson gave the standard algorithm for NNLS in 1995.5 Mathworks
modified the algorithm and renamed it to lsqnonneg.45 The NNLS algorithm solves a nonnegative least squares
curve fitting problem by minimizing the objective function: min

x
‖C · x− d‖22, where x ≥ 0. In this function,

d represents the reflectance vector of each pixel, C is the endmember matrix and x is the abundances of those
endmembers. More details of this approach can be found in the literature.46

The functions of multiple instances (FUMI) technique6, 47 is a generalization of multiple instance learning
(MIL). In HSI spectral unmixing, FUMI treats each data point as a function of endmembers. The function
parameters define the relationship between each data point and the endmembers. The output will be an abun-
dance matrix of the proportion of the endmembers for each data point. The objective function to minimize is
shown below:
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where, eT is the target signature, ek is the nontarget signature, pi is the proportion value of the kth signature in
data point, µ0 is the global data mean, l(xi) is the binary label determining target or nontarget, wl(xi) depicts the
weight of target and nontarget samples. More details of this approach are in the literature.47 The algorithm’s
code is accessible at GitHub.48

In this paper, we first use Photoshop to create a green pigment mask of the Selden Map. After that, the green
pixels from the Selden Map (including rivers and oceans) are extracted and their dimensionality is estimated by
the Gram Matrix technique. Spectral unmixing is then applied to classify all the green pigments into different
classes. We also generate spectral angle spatial patterns (the spectral angle between every pixel and its belong-
ing class’s average spectra) within each class to validate the classification results. The goal of this research is
to estimate the number of distinct green pigments utilized in the creation of the entire Selden Map and to find
whether there is a spatial pattern in the distribution of each pigment type across the map. The Gram matrix
technique enables us to estimate within-class dimensionality of the data and spectral unmixing technique sep-
arates out potentially different green pigments based on their spectra, despite their common visually ”green”
appearance.

3. APPLICATION TO THE SELDEN MAP
In this paper, our goal is to estimate the within material diversity of the green pigments in the Selden Map
through analysis of the hyperspectral imagery. In this section, we introduce the application of the above-
described analysis techniques to the green pigments.
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3.1 Collection Parameters
The RGB image of the Selden Map is shown in Fig. 1(a) and the map with landmarks’ names is in Fig. 1(b).
The actual size of the Selden Map is 100cm x 160cm. To ensure full coverage of the map with sufficient spatial
resolution, the Selden Map was imaged in 12 spatially overlapping chips and labeled as chip 1 to chip 12 as
shown in Fig. 1(c). Note that chip 2 was lost during its collection.

(a) (b) (c)

Figure 1. High resolution images of the Selden Map. (a) The RGB image of the map showing particular topographical fea-
tures, including mountains, rivers, oceans, islands, straits, provincial boundaries, cities and coastal routes in different colors
and patterns. The green (yellowish green) pigment dominants this map. (b) Labelled Selden Map with major landmarks.
(c) RGB renderings of the HSI chips representing the collection of the entire Selden Map. Note that HSI data of Chip 2 was
lost during the collection process.

Each HSI chip has 334 bands with the size varying from 1600 (pixels) x 2300 (pixels) to 1600 (pixels) x 3250
(pixels). The entire Selden Map is about 4784 (pixels) x 7657 (pixels) x 334 (bands). Given the actual size of the
Selden Map: 100cm x 160cm, the spatial resolution is about ∆x ' ∆y ' 48 pixels/cm. In addition, each chip
has 334 bands over the visible and near infrared (Vis-NIR) range from 398.7 nm to 1000.3 nm, so that ∆λ = 1.8
nm.

3.2 Methodology
The diversity of the green pigments in the Selden Map is estimated by using the Gram Matrix technique as
described above. Two spectral unmixing techniques: FUMI and NNLS are used to classify the Selden Map. The
methodology is outlined here:

1. Use Photoshop to create a green pigments mask of the Selden Map.

2. Extract green pixels from each HSI chip of the Selden Map.

3. Hyperspectral data preprocessing.

(a) Sphere the data of each chip by unit magnitude normalizing each pixel to eliminate brightness dif-
ferences in the reflectance.
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(b) Bin the data of each HSI chip of the Selden Map (spectrally) from 334 bands to 111 bands, so as to
increase the SNR.

4. Use the MaxD and Gram Matrix techniques to estimate the dimensionality for each chip and compute
endmembers.

(a) extract k endmembers (k ≈ 10)

(b) iterate i from 3 to k endmembers

i. represent the j endmembers in the Gram matrix
ii. compute the convex hull volume for j endmembers

iii. save that volume as a function of j

(c) the estimated dimensionality of the HSI chip is the number of endmembers where the convex hull
volume function approaches zero.

5. Compute global endmembers of the green pigments across entire Selden Map.

6. Classify green pixels per chip.

(a) For each chip, use NNLS (or FUMI) spectral unmixing method to compute the abundances of each
global endmember.

(b) Use K-means classification method to classify the abundances matrix into certain classes.

(c) Label each pixel based on the classification results of the K-means.

(d) Map the classification results back to the image for visual interpretation.

7. Compute average spectral within each class and compute spectral angle spatial patterns of each class to
validate the classification accuracy.

Details are provided in following subsections on the steps outlined above.

3.2.1 Create mask and extract green pixels

To ensure a full and accurate coverage of all the green pigments, we create a mask of each chip using Photoshop.
An example of extracting the green pigments from chip 4 of the Selden Map is shown in Fig. 2. Fig. 2(a) is the
original RGB image of chip 4 and Fig. 2(b) is the mask of all the green pigments. Then we simply add a threshold
to convert (b) to a binary image shown in Fig. 2(c), so that the black pixels in (c) represent all the green pixels
in the original chip, automatically extracted. Finally, the data of green pixels in each chip are exported for
endmember analysis and meanwhile, the coordinates of the green pixels are also saved for future mapping
back into the image space.

3.2.2 Hyperspectral data preprocessing

The next step is to preprocess the hyperspectral data, which includes sphering the data and binning the data.
We first sphere the data of the green pigments within each chip of the Selden Map. In each collection, a white
reference image for each chip was also obtained and then, by normalizing out this white reference, the estimated
reflectance of each pixel in the Selden Map was acquired. However, to ensure all of the chips have the same
brightness levels, we sphere the data (i.e., unit normalize each pixel vector) to make each pixel have a vector
magnitude of 1. This results in a normalized reflectance for each pixel.

Then, we spectrally bin the data of each HSI chip of the Selden Map to increase the SNR. Previous research1

showed that the pixels’ spectral signatures are generally slowly varying, especially in the spectral range of
400nm – 500nm and 800nm – 1000nm. In order to boost the signal to noise ratio (SNR), we spectrally bin each
chip by three. Compared to the original HSI chip with 334 bands (∆λ = 1.8 nm), now we have 111 bands (∆λ =
5.4 nm).
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(a) (b) (c)

Figure 2. Example process of extracting green pixels in one chip of the Selden Map. (a) Original chip 4 from the Selden
Map; (b) Green region mask specified in Photoshop; (c) Binary image of (b) with black pixels representing green pixels of
the original chip 4.

3.2.3 Extract endmembers and estimate material diversity

The third step uses the MaxD and Gram Matrix techniques to extract endmembers and estimate the number
of distinct green pigments used in each HSI chip. Specifically, because the green pigments in chip 10 are very
few and the data of chip 2 was lost during its collection, we only analyze the green pigments in the remaining
10 chips. In Fig. 3(a), as described in the Messinger, et al (2011),3 here we plot the estimated convex hull vol-
ume vs the number of endmembers (dimensionality) of an example (chip 1) of the Selden Map and when the
dimensionality at which the volume function approaches zero, the endmembers indicate the number of distinct
materials in the scene. The reflectance of the six endmembers of chip 1 are plotted in Fig. 3(b). We apply the
same method to the remaining chips and find that all of them show that there are six distinct green pigments
within each chip. The similar results are expected since common materials and methodology were likely used
across the entire Selden Map. Given the dimensionality of the green pixels of each chip is six, we output six
endmembers for each chip. Those endmembers are actual spectra of green pixels in each corresponding chip.

3.2.4 Compute global endmembers

In order to present a distribution pattern of the green pigments across the entire Selden Map, we need to com-
pute global endmembers. First, we use the MaxD and Gram Matrix approach to estimate the number of distinct
green pigments from the 60 primary endmembers depicted in 3.2.3. Similarly, the Gram matrix function shows
that there are six distinct green pigments used to represent the green pigments over the entire Selden Map.

Then, we use K-means classification to classify the spectra of the 60 endmembers into six clusters. Results
are shown in Fig. 4 (a-f). Notice that these six classes are distinct from each other. Fig. 4(g) shows the averaged
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Figure 3. Material diversity plot for chip 1 of the Selden Map in (a), with x axis: number of endmembers and y axis:
estimated convex hull volume. Endmember plot for chip 1 in (b), with x axis as wavelength in nm and y axis as reflectance.

spectra within each class in (a-f). These six distinct spectra represents the global distinct green pigments in the
Selden Map.

(a) (b) (c) (d)

(e) (f) (g)

Figure 4. K-means classification results of 60 primary endmembers of the green pixels in (a-f) and averaged spectra of above
six classes (g) representing six global endmembers in the map.

3.2.5 Classify the green pixels per chip

Now we use spectral unmixing techniques to classify the green pixels based on the six global endmembers per
chip. Using either FUMI or NNLS, the output is an abundance matrix, whose size is 6 (rows) x p (columns),
where p is the number of pixels. Each column gives the proportion of the six endmembers in one pixel. Here,
instead of simply choosing the maximum proportion within each column as the class of the pixel, we use K-
means to classify the abundance matrix into six classes. We also expand the abundance matrix into a 21 (rows) x
p (columns) matrix which also includes the differences between each row of the abundance matrix and then use
K-means to classify the new ”abundance+difference” matrix. Compared to the original 6 (rows) x p (columns)
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matrix, the new matrix contains more descriptors for each pixel, which enables to identify subtle differences
between the pixels, for example, the waves in the ocean. The output of the K-means classification result is the
label of green pigment. After classification, we map the results back to the image for visual interpretation. The
final results, after stitching all the chips, are shown in Fig. 5 (a-d). Fig. 5 (e) and (f) are for comparison.

From Fig. 5, notice that all the classification results in (a-d) show a clear separation between the north and
south of the rivers inside the Ming Empire. Specifically, the green pigments of the rivers in the north side is
the same as the pigments used in Ambon and west of the Banda. The boundary pigments of Korea are the
same as the rivers in the north of Ming Empire, but they are different from those inside Korea. The pigments
inside Korea is similar to the green pigments in the green land between Java and Banda. The green waves of
the Eastern Sea can be easily noticed and there is a clear separation between the waves and their background.
Also notice that there is a folding line in the south of this map, where even though the pigments in either side
of the folding line have some similarities, there is a clear faded line shown in all classification results.

The Selden Map was frequently displayed for its unusual characters and by the early 20th century, it had
deteriorated and had been repaired and mounted as a wall hanging.49 By the 1970s, the map was significant
damaged according to the conservation records.49 It is impossible for us to know exactly how many green
pigments were used in this map and we do not have ground truth for it.

As far as we know, previous study of the Selden Map suggested that:

1. The ocean in the map was flooded in an uneven greenish wash. The waves are those patterns with cloud-
like billows. It might have been blue before the copper pigment oxidised.50

2. Large areas of the map (the ocean) were painted with green. Most of it was in a brownish green color but
some regions were drawn with brighter green pigments.10

3. The ocean of the map is colour-washed in a yellowish green with conventional and faint waves. Around
Korea in the north, to the south and west of Borneo, darker green pigments were used. In the Borneo area,
the new sea color blots out what was formerly a region of land.7

4. In the southeastern corner of the map, the darker green might be a correction that removes a former
connection between Timor and Ambon.7

5. In 2016, three green pigments were examined by a X–ray fluorescence (XRF) Spectrometer including 1)
indigo, 2) copper green (a basic copper chloride and possibly malachite) and 3) orpiment.10

The classification results enriched previous work by providing a spatial classification pattern of all the green
pigments and these results give historians more insight on the creation, revision of the map and even the
transformation of the continent.
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(a) (b) (c)

(d) (e) (f)

Figure 5. Classication results of HSI of the entire Selden Map (combination of 10 chips). (a) is the spectral unmixing
result using NNLS+abundances. (b) is the spectral unmixing result using NNLS+abundances+diffrences. (c) is the spectral
unmixing result using FUMI+abundances. (d) is the spectral unmixing result using FUMI+abundances+diffrences. (e) The
RGB image of the map for comparison. (f) Labelled Selden Map with major landmarks.
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3.2.6 Spectral angle spatial patterns

Due to the absence of ground truth data, in this research, we use four different ways to classify the HSI of
the Selden Map. Notice that the four classification results are very close, but not exactly the same, which is
expected. However, it is desirable to validate the classification results as best as possible. Here, we develop a
spectral angle spatial pattern method. After classification, we first compute the average spectrum within each
class and take that spectrum as the representative of this class. Then we replace each pixel’s value by its spectral
angle to this class’s representative spectra and map the results back to the image. In this way, the spectral angle
spatial patterns of each class convey how close the pigments are within each class to the mean of that class.

Figs. 6, 7, 8 & 9 shows the spatial patterns of the green pigments in six classes using four different methods:
1) NNLS + abundances, 2) NNLS + abundances + differences, 3) FUMI + abundances, 4) FUMI + abundances
+ differences. The color bar depicts the spectral angle ranging from 0 to 10 degrees. Notice that almost all the
patterns are mainly composed of blue and cyan, which indicate that most of the spectral angles are around
2-3 degrees indicating the class label is generally good and there is not much variability in the class. Fig. 9(b)
has some red points with large spectral angle, but there are very few points in this class compared to the
other classes and we will ignore that. Since spectral angle is globally small in each class, we conclude that our
classification results are acceptable.

4. SUMMARY

This research provides a novel application for pigment analysis of a medieval map using hyperspectral imagery.
The Selden Map of China was likely created in 17th century and the rediscovery of the Selden Map of China
in the Bodleian Library in 2008 provides an opportunity to reassess the history of Chinese cartography. The
Selden Map was imaged using a hyperspectral imaging system, which provides both spatial information and
spectral information of this map for the first time. The goal of this research is to estimate the material diversity
of the green pigments of the Selden Map and propose a new spectral angle spatial pattern method to validate
the classification results. The Gram matrix and MaxD techniques are used to estimate the dimensionality and
compute the endmembers of each HSI chip. After using spectral unmixing methods to classify pigments based
on six global endmembers, we map them back into the original image so that global patterns are identified. Four
different techniques based on NNLS and FUMI convey similar classification results, which enrich previous
study on the green pigment analysis of the Selden Map. To validate the classification results, we generate
spectral angle spatial patterns within each class. Since the dominant spectral angle are smaller than 3 degrees,
we can confidently say that our classification results are acceptable.

The conclusion of this research is that there are six distinct green pigments present in the Selden Map. In
addition, there is a clear separation inside the rivers of the Ming Empire. The green pigments of the rivers in the
north side is the same as the pigments used in Ambon and west of the Banda. The green pigments inside Korea
is similar to the land between Java and Banda. The green waves in the Eastern Sea can be easily noticed and
there is a folding line in the south of this map. Apparently, there is some spatial relationship to the distribution
of the green pigment classes that could be related to the timeline of the construction and correction of the
Selden Map. This methodology can be generalized to a novel pigment analysis tool for historical geographers
and cartographic historians to analyze the material diversity of cultural heritage artifacts by using hyperspectral
imaging and consequently, contribute to the codicological study of the cultural heritage.
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Figure 6. Spatial pattern of the spectral angles using NNLS+abundances within each class. (a) to (e) represent class 1 to 6
of the green pigment classification. (g) is the color bar ranging from 0 to 10.
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Figure 7. Spatial pattern of the spectral angles using NNLS+abundances+differences within each class. (a) to (e) represent
class 1 to 6 of the green pigment classification. (g) is the color bar ranging from 0 to 10.
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Figure 8. Spatial pattern of the spectral angles using FUMI+abundances within each class. (a) to (e) represent class 1 to 6 of
the green pigment classification. (g) is the color bar ranging from 0 to 10.
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Figure 9. Spatial pattern of the spectral angles using FUMI+abundances+differences within each class. (a) to (e) represent
class 1 to 6 of the green pigment classification. (g) is the color bar ranging from 0 to 10.
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