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(a) (b) (c)

(d) (e)

What	is	Spectral	Imaging?

• Over	time	(passive)	imaging	systems	have	improved	their	
spectral	(i.e.,	color)	response,	range,	and	sensitivity
– B&W	(1	spectral	band)
– Color	(RGB,	3	spectral	bands)
– “Multispectral”	(5	- 12	spectral	bands,	e.g.,	LandSat,	Worldview)
– “Hyperspectral”	(~100s	of	spectral	bands)

• “reflective”	regime	and	“emissive”	regime

• Why	more	bands?
– more	spectral	information leads	to	greater	material	separability
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(a) (b) (c)

(d) (e)

Spectroscopy
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Black	and	white	image
“Panchromatic”
1	Spectral	band

Color	image
3	Spectral	bands

objects	differ	in	“brightness”

objects	differ	in	“color”,	but	
there	are	limits	and	gaps

objects	differ	in	“color”,	starting	to	
get	less	gaps,	more	“separability”

ROYGBIV	image
7	Spectral	bands

0.4	µm 0.7	µm

Spectroscopy	- hundreds	of	narrow,	contiguous	bands

Visible Near	Infrared Short	wave	Infrared
0.4	µm 0.7	µm 1	µm 2µm



(a) (b) (c)

(d) (e)

“Normal”	RGB	Digital	Camera

• Film	based	cameras	captured	
color	through	using	multiple	
layers of	film,	chemically	sensitive	
to	different	wavelengths	of	light

• Digital	cameras	typically	use	
multiple	spatial	pixels	to	capture	
color,	then	integrate	together
– each	pixel	is	sensitive	to	a	specific	

color

• Takeaway:	spatial	and	spectral	
(color)	information	is	collected	
simultaneously
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notional	“Bayer”	pattern	
for	RGB	digital	camera



(a) (b) (c)

(d) (e)

Basic	Hyperspectral	Imaging	System
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• For	spectroscopy,	we	need	to	
spread	the	light	out	using	a	
diffraction	grating	or	a	prism

• Image	is	collected	one	line	at	a	
time,	but	full	spectral	
information	is	collected for	
each	line	on	2D	array

• Second	spatial	dimension	
collected	by	platform	or	object	
motion

2D	detector	
array

1D	
collection	
aperture



(a) (b) (c)

(d) (e)

Example	Research	Project:	The	Gough	
Map
• “The	Gough	Map	is	the	earliest	surviving	map	to	show	the	

island	of	Britain	in	a	geographically	recognizable	form.		Its	
cartographic	precision,	achieved	in	an	age	when	scientific	
surveying	techniques	were	not	yet	widely	available,	continues	
to	puzzle	scholars.”		[Solopova,	2012]

• Brief	history	of	the	map
– Created	c.	1410	(King	Henry	IV	[Delano-Smith,	et	al.,	2016]),	modified	

for	following	100	years,	now	in	the	collection	of	the	Bodleian	Library,	
University	of	Oxford

– Includes	a	network	of	distances	between	towns	and	600+	place	names
– Method	and	purpose	of	creation	of	the	map	is	unknown
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(a) (b) (c)

(d) (e)

High	Resolution	Image	of	the	Gough	Map	
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Visit	goughmap.org	for	more	information

England

Europe

Wales

Ireland

Scotland



(a) (b) (c)

(d) (e)

Map	Features
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• Buildings	are	towns

• Lines	are	distances	
between	towns

• Green	is	water:	ocean	
and	rivers

• Writing	is	town	names	
and	other	information

• Map	was	used	and	
modified	over	at	least	
100	years



(a) (b) (c)

(d) (e)

2015	Analysis	of	Map

• Several	recent	articles	of	the	map	in	the	journal	Imago	
Mundi	raised	more	questions	than	answers

• Team	of	scientists	collected	to	study	the	map
– Several	imaging	techniques	utilized

• Imagery
– Visible	– Near	Infrared	Hyperspectral	(400nm	– 1000nm)
– Shortwave	Infrared	Hyperspectral	(1000nm	– 2400	nm)
– 3D	surface	rendering
– High	resolution	RGB

• Point	Raman	Spectroscopy	also	used	to	pigment	analysis
– Dr.	Andrew	Beeby Univ.	of	Durham
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(a) (b) (c)

(d) (e)

2015	Analysis
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• Part	of	2015	analysis	team
• Gough	map	in	case

• Nick	Millea (right):	Map	
Librarian	at	Bodleian	Library



(a) (b) (c)

(d) (e)

Six	Spatially	Overlapping	Chips	in	HSI
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(a) (b) (c)

(d) (e)

Hyperspectral	image	of	the	Gough	Map
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• Imaged	in	over	300	bands	using	a	diffraction	grating	covering	the	visible	and	near-
infrared	regions.			Spatial	resolution	~	0.1mm	(77	pixels	per	cm)

Imaging	system	at	
Univ.	of	Oxford

Portion	of	the	Gough	Map	as	imaged	by	a	hyperspectral	imaging	system



(a) (b) (c)

(d) (e)

What	can	we	learn	from	the	HSI?

• Codicology
– How	was	the	map	made?		
– What	was	the	order	in	which	it	was	created?		
– How	was	it	changed	over	time?		
– What	techniques	and	materials	were	used?

• What	are	specific	features	on	the	map?		How	are	they	
related	to	other	features?

• Can	we	identify	and	read	any	text	that	has	faded,	been	
erased,	or	otherwise	is	now	unreadable	due	to	
“conservation”	efforts?
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(a) (b) (c)

(d) (e)

Principal	Components:	Subtle	Signatures
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RGB	from	HSI

PCA	Bands	[1,2,3]	showing	rib	
marks	from	lamb	skin	used	as	
substrate



(a) (b) (c)

(d) (e)

Identification	of	Faded	Text
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• Can	we	find	“sub-visual”	text	
that	has	faded or	been	
erased?
• ~30%	of	text	unreadable

• “Blotch”	is	a	spot	on	the	
sheep’s	skin	that	was	used	as	
the	substrate

• Can	we	see	if	there	once	was	
red	text	there?

• Original	approach:	spectral	
signature	matching	via	
spectral	angle



(a) (b) (c)

(d) (e)

Red	Text	Signature	Matching
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Spectral	Similarity	Rule	image
(dark	is	more	similar	to	red	pigment)

Because	the	text	is	more	similar	to	the	red	pigment	reference	spectrum	than	
the	“blotch”,	it	stands	out	more	now

High	Resolution	RGB



(a) (b) (c)

(d) (e)

Faded	Text	Analysis	– Hope!
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“When	the	Gough	map	was	scanned	David	had	to	decide,	within	the	limited	
time	the	machinery	was	available,	whether	to	scan	details	at	higher	[spatial]
resolution,	or	to	do	the	whole	map	at	lower	[spatial] resolution.	.....	When	we	
saw	the	first	results,	it	looked	as	though	the	scan	wouldn't	be	much	use	for	
reading	scripts,	so	we	should	concentrate	on	identifying	areas	of	similar	
pigment	- a	task	not	so	dependent	on	sharpness	of	image.	Looking	at	your	

results	though,	there	may	well	be	names	that	can	be	extracted	from	the	murk.	
The	one	example	of	yours	– “lamborn” - is	good	enough	to	tell	us	that	it	isn't	
“lamborn”.	Unfortunately,	it	isn't	clear	enough	to	tell	us	what	it	is,	but	it's	a	
start.	That's	a	particularly	challenging	one,	as	it's	written	on	a	blemish	on	the	

parchment	(and	on	the	sheep),	that	we	can	see	clearly	on	the	3D	scan.”

Damien	Bove,	Univ.	of	London,	email	Aug	21,	2016



(a) (b) (c)

(d) (e)

Faded	text	analysis:	Questions	

• Can	we	enhance	or	read	faded	text	or	features?
• Can	we	use	linear	and	non-linear	transformations	for	

separating	out	faded-text	pixels	from	background	pixels?
– Principal	Components	Analysis	(PCA)
– Laplacian	Eigenmaps	(LE)	and	/	or	Schroedinger	Eigenmaps	(SE)
– Spectral	Angle	Mapper	(SAM)

• Does	spatial-spectral	fusion	data	help	to	the	analysis?
– NNDiffuse Panchromatic	sharpening	(NN-PanSharp)

• What	is	the	best	way	to	present	the	results?
– False	color	composites
– Interactive	clip	of	overlaid	images
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(a) (b) (c)

(d) (e)

Geographical	sites	of	interest
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Oxford

Hawarden
Ravenglass



(a) (b) (c)

(d) (e)

Pan-Sharpening	processing
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Hyperspectral	Image	(HSI)

High	Spatial	Resolution	RGB

PanSharp Image

Hawarden	Scene



(a) (b) (c)

(d) (e)

Spectral	Fidelity	Assessment
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Spectral	bands

Reflectance

• Method:	compare	pixel	spectral	responses	before	and	after	sharpening	process
• Conclusion:	Pan	Sharpening	process	will	produce	high	resolution	imagery	with	the	full	
spectral	response	of	the	hyperspectral	sensor

• Analysis	of	faded	text	will	be	performed	on	sharpened	imagery



(a) (b) (c)

(d) (e)

Hawarden	results
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Principal	
Component	#1

Laplacian	
Eigen	Map	#3

Schroedinger
Eigen	Map	#3

SAM



(a) (b) (c)

(d) (e)

Hawarden- color	composites
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[	SAM,	Red	Band	,	PC	]	 [	SE,	Red	Band	,	PC	]	



(a) (b) (c)

(d) (e)

Ravenglass Scene
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HSI High	Spatial	Resolution PanSharp Image



(a) (b) (c)

(d) (e)

Ravenglass results:
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Principal	
Component	#1

Laplacian	
Eigen	Map	#3

Schroedinger
Eigen	Map	#1

SAM



(a) (b) (c)

(d) (e)

Ravenglass - color	composites
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[	SAM,	Red	Band	,	PC	]	 [	SE,	Red	Band	,	PC	]	



(a) (b) (c)

(d) (e)

Oxford	Scene
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HSI High	Spatial	Resolution PanSharp Image



(a) (b) (c)

(d) (e)

Oxford	results:
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Principal	
Component	#1

Schroedinger
Eigen	Map	#1

Schroedinger
Eigen	Map	#2

SAM



(a) (b) (c)

(d) (e)

Oxford- color	composites
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[	PC,	Red	Band	,	SAM	]	 [	PC,	Red	Band	,	SE	]	



(a) (b) (c)

(d) (e)

Summary

• There	is	hope	for	using	the	hyperspectral	imagery! faded	
text	analysis	

• This	is	very	labor	intensive	and	does	not	lend	itself	to	
automation
– Working	with	map	historian	to	focus	analysis	on	specific	sites	of	

interest	on	the	map
– Throw	everything	at	it	to	see	what	works

• Goal:	understand	what	works,	what	doesn’t,	and	why,	while	
providing	information	to	the	map	historians
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(a) (b) (c)

(d) (e)

Pigment	Analysis:	Principal	Components
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RGB	from	HSI False	Color	from	PCA	bands	4,5,6

• A	data	processing	tool	used	to	separate	pixels	based	on	material	differences
• Note	that	different	colors	(right)	indicate	different	materials	
• There	are	at	least	two	different	“reds”	in	the	image	(text	vs.	roofs	and	wall)
- Why?		How?



(a) (b) (c)

(d) (e)

Spectral	Comparison	Between	Red	Inks
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• “Red”	in	the	PCA	are	Wall	and	Roof	spectra
• “Magenta”	in	the	PCA	is	(mostly)	Text
•Differences	probably	related	to	slope	of	
spectra	near	550-600nm	
•Unclear	what	chemical	difference	would	
cause	this



(a) (b) (c)

(d) (e)

Red	Pigment	Analysis
“The	different	reds.	Andy	(Raman)	Beeby noticed	a	similar	thing.	Raman	shows	that	

all	reds	are	vermilion,	but	Andy	wonders	whether	a	binder	might	explain	the	
differences.	I've	asked	Andy	(no	reply	yet)	whether	the	difference	might	be	related	to	
the	tool.	The	cartouches,	text	and	red	lines	would	have	been	done	with	a	pen,	while	
the	red	roofs	are	pasted	on,	and	would	probably	have	been	done	with	a	brush.	

Perhaps	a	binder	was	added	to	one	or	the	other	to	make	it	suitable	for	the	tool.	The	
wall	doesn't	fit	my	theory	(the	Gough	map	is	a	graveyard	for	theories),	but	anyway,	
it's	certainly	something	worth	pursuing.	I'm	hoping	that	one	day	you	hyperspectral	

people	will	have	a	library	(like	for	tree	rings)	for	every	variety	of	pigment	and	
compound.”

Damien	Bove,	Univ.	of	London,	email	Aug	21,	2016
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(a) (b) (c)

(d) (e)

Analysis	of	Red	Pigments	North	to	South
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• Theory:	Map	was	created	over	time	by	
different	people	working	South	to	North

• Question:	can	we	detect	systematic	red	
ink	differences	across	the	map

• Red	Spectra:	North	of	Hadrian’s	Wall
• Blue	Spectra:	between	Wall	and	York
• Purple	Spectrum:	at	York
• Green	Spectra:	South	of	York

• Conclusion:	inks	south	of	York	are	all	very	
similar;	those	north	are	different
-Unclear	what	the	origin	of	the	
differences	is	– different	materials,	
different	times,	different	people?



(a) (b) (c)

(d) (e)

Global	Pigment	Analysis

• Most	previous	work	focused	on	middle	section	of	map	
where	most	notations	and	alterations	occurred
– area	where	Damien	and	Catherine	(Univ.	London)	were	focused

• Currently	working	on	ways	to	analyze	entire	map	at	once
– it	was	actually	imaged	as	six	segments	due	to	its	size

• Developing	a	Pigment	Analysis	Tool
– extract	all	pixels	of	a	common	pigment
– perform	various	techniques	to	analyze	the	within-pigment	

differences
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(a) (b) (c)

(d) (e)

Pigment	Analysis	Methodology

• Interested	in	analyzing	the	“within-pigment”	variations

• Method
– Classify	the	image	into	3	classes:	background,	red,	and	green	

pigments
– Per	chip,	identify	number	of	types	of	red	and	green	spectra
– Combine	across	the	entire	map
– Estimate	number	of	unique	red	and	green	spectral	globally
– Map	results	back	into	image	space	to	identify	spatial	patterns

– “Hyperspectral	Analysis	of	Cultural	Heritage	Artifacts:	Pigment	
Material	Diversity	in	the	Gough	Map	of	Britain”,	D.	Bai,	D.W.	
Messinger,	&	D.	Howell,	Optical	Engineering,	56(8),	2017
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(a) (b) (c)

(d) (e)

Result:	6	Green	Pigments

• Average	spectrum	per	
class	for	different	
green	pigments	in	the	
map

• Distinct	shapes	
indicates	distinct	
materials

• Each	green	pixel	
labeled	as	one	of	the	6	
green	pigments
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(a) (b) (c)

(d) (e)

Green	Pigment	Layout:	6	Greens	in	Map
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Class	1:	red;										Class	2:	blue;												Class	3:	green;	
Class	4:	yellow;					Class	5:	magenta;					Class	6:	cyan



(a) (b) (c)

(d) (e)

Comparison	to	Original	High-Res	RGB
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(a) (b) (c)

(d) (e)

High	Resolution	Comparison:	River	
Crossing
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Original	chip	from	2R PCA	result Classification	result



(a) (b) (c)

(d) (e)

Result:	5	Red	Pigments
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• Average	spectrum	per	
class	for	different	red	
pigments	in	the	map

• Distinct	shapes	
indicates	distinct	
materials

• Each	red	pixel	labeled	
as	one	of	the	5	red	
pigments



(a) (b) (c)

(d) (e)

Result:	Global	Map	of	Red	Pigments
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Class	1:	red;										Class	2:	blue;												Class	3:	green;	
Class	4:	yellow;					Class	5:	cyan;					



(a) (b) (c)

(d) (e)

Comparison	to	Original	High-Res	RGB
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(a) (b) (c)

(d) (e)

Comparison	to	Original	High-Res	RGB
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Note	the	difference	pigments	used	for	various	features:	towns,	writing,	wall,	etc.



(a) (b) (c)

(d) (e)

Summary

• Hyperspectral	Imagery	is	of	sufficient	spectral	and	spatial	
resolution	to	analyze	pigment	differences	across	the	map

• Different	algorithmic	challenge:	assessing	within	material
differences	to	go	beyond	visual	color	comparison

• Can	(hopefully)	be	a	useful	tool	for	codicological studies	on	a	
number	of	artifacts
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(a) (b) (c)

(d) (e)

Questions?

David	Messinger
messinger@cis.rit.edu
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https://xkcd.com/1688/


