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Logistics

Final project due 12/20, 11:30 AM. 
• Provide a write-up describing what you have done, along with the code. 

• Submit a Jupyter notebook if you code in Python
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Digital Camera Imaging

Color in Nature, Arts, & Tech 
(a.k.a., the birth, life, and death of light)

The Roadmap
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Theoretical Preliminaries

Human Visual Systems

Modeling and Rendering

Applications

AR/VR

Research

Cultural Heritage

Medical Imaging
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Goals and Where We Can Contribute

�6

Imaging Processing Rendering/ 
Visualization

Artifacts

More than 90% of the objects in museums around the world will never be 
seen by the public — lack of display space or damage or fragility. 

How can we turn every museum and archive into an open university? 
• Making the invisible visible. 

• Making the visible accessible.

Scholarship



The Herculaneum Papyri

�7https://www.theguardian.com/science/2019/oct/03/ancient-scrolls-charred-by-vesuvius-could-be-read-once-again

Carbonized by the eruption of Mount Vesuvius in 79 CE 
Excavated from the ancient city of Herculaneum in the late 18th century



In the 18th century, scrolls were 
unwrapped at the rate of a 
centimeter an hour, using a machine 
designed by Vatican conservator 
Antonio Piaggio. 

Hundreds of scrolls were pulled 
apart using Piaggio’s machine, but 
they revealed only limited text.

Destructive Attempts

�8https://www.smithsonianmag.com/history/buried-ash-vesuvius-scrolls-are-being-read-new-xray-technique-180969358/

Tesoro Letterario Di Ercolano, Tavola IV (1858)



Destructive Attempts

�9http://www2.cs.uky.edu/dri/herculaneum-papyrus-scrolls/

The most successful attempts were made in the 19th century, when about 
300 of them were peeled apart by machine. 

• This endeavor resulted in fragmented, layered sheets of brittle papyrus with visible, but 
largely illegible, writing on the black-as-charcoal surface.



�10http://www2.cs.uky.edu/dri/herculaneum-papyrus-scrolls/



Measurement and Approach
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Intensity difference (not always 
significant: carbon ink vs. papyrus)

SkyScan

https://www.bruker.com/en/products-and-solutions/preclinical-imaging/micro-ct.html

Morphological differences

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215775



Measurement and Approach

�11

Intensity difference (not always 
significant: carbon ink vs. papyrus)

SkyScan

https://www.bruker.com/en/products-and-solutions/preclinical-imaging/micro-ct.html

Morphological differences

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215775

CNN used to detect ink and 
reconstruct images



Results on an Emulated Setup

�12https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215775

Raw data from CT

Ground truth from writing 
on a modern papyrus

Ink detection

Rendering



Results on an Actual Piece

�13https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215775

PHerc.118; an intact scroll 
unpeeled by a machine

A: Obtained from a 
confocal microscopy, 

which is not feasible for 
the scrolled piece.

No one has 
completely digitally 
unwrapped it yet!



Reading the Scroll from En-Gedi

�14https://www.science.org/doi/10.1126/sciadv.1601247
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Codex vs. Scroll

The Codex Gigas, 13th century, Bohemia15th Century Torah scroll

https://www2.latech.edu/~bmagee/452/lectures/02A--Exodus/02A--bible_versions.html https://en.wikipedia.org/wiki/Codex
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Papyrus

https://history.churchofjesuschrist.org/content/library/egyptian-papyrus-fragment?lang=eng
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Parchment

ht
tp

s:
//

en
.w

ik
ip

ed
ia

.o
rg

/w
ik

i/P
ar

ch
m

en
t



The Archimedes Palimpsest

�18

Medieval manuscript made from parchments used for other writings. 
The over-text is a Byzantine prayerbook (1229). 
The under-texts are mainly from Archimedes and Hyperides; some are unidentified.

Wikipedia



�19https://cudl.lib.cam.ac.uk/view/MS-ADD-01879-00023/2



�20https://en.wikipedia.org/?title=Archimedes_Palimpsesthttps://www.art-prints-on-demand.com/a/artist-presented-christie/the-archimedes-palimpsest-9.htmlhttps://gregorian-chant.ning.com/group/byzantin/forum/topics/the-archimedes-palimpsest



�20https://en.wikipedia.org/?title=Archimedes_Palimpsesthttps://www.art-prints-on-demand.com/a/artist-presented-christie/the-archimedes-palimpsest-9.htmlhttps://gregorian-chant.ning.com/group/byzantin/forum/topics/the-archimedes-palimpsest



Spectral Signatures
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Figure 9. Diagrams in the palimpsest that are barely visible under tungsten illumination �left�
are easily seen under ultraviolet illumination �right�. Copyright resides Zith the oZner ofthe
Archimedes Palimpsest.

SPECTRA/ SI*1AT8RES 2F THE I1. /A<ERS

�.2

o

C2

0.�

0.6

C
cd

f�� 0.�

0.2

0 �I i i i i i i i r i i i i i i i i i i i i i i i i i i
i�

�Archimedes

�Prayerbook

��0 �00 ��0 600 6�0

:avelength �nm�

�00

Figure �0. The spectral signatures of both ink layers after dividing out the response of the
parchment.
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t The key to read texts is to find 
contrast: b/t texts and parchment 
and b/t over & under texts. 

• Texts reflectance is lower than that of 
parchment; they will look dark. 

• If two points have the same reflectance, 
the one with higher concentration 
(abundance) will appear darker.

Archimedes

Prayerbook



Spectral Signatures
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Drawings are Archimedes (under-texts); 

vertical texts are Prayerbook (over-texts).

Over- and under-texts have similar 
reflectance, but under-texts have 
lower abundance (scratched!) so 
they look lighter than over-texts. 

Both are different from the 
parchment, i.e., visible.

Under-texts reflectance is similar 
to that of the parchment so they 
are invisible. Over-texts are still 

somewhat visible.

445 nm

700 nm

https://www.archimedespalimpsest.net/Data/102r-098v/

The spectra here are not obtained in the exactly 
same setup used to take the images on the right.

Archimedes

Prayerbook



Multispectral Imaging

�23https://wiki.tum.de/display/zfp/Hyper-+and+multispectral+imaging



Initial Multispectral Imaging Device

�24http://archimedespalimpsest.org/about/imaging/capture.php

The filters used in the initial 
imaging are actually the standard 
astronomical UBVRI filters! They 

later also used XRF, too.

Liquid Crystal 
Tunable Filter



Data

�25http://archimedespalimpsest.org/about/imaging/capture.php

Illuminations: 
• 365 nm — 870 nm (11) 
- 365 nm is longwave ultraviolet, 

which induces fluorescence 

- 700 nm+ is NIR 

• 1 broadband tungsten 
light illumination 

• 2 raking illuminations 
- 445 nm and 910 nm 

- From both left and right  

• X-ray fluorescence for 
some leaves (not 
shown here).

https://www.archimedespalimpsest.net/Documents/Internal/FileNamingConventions.html

365

870

TungstenRaking 445

Raking 910



LWUV Fluorescence

�26

365 nm (LWUV) imaging best 
distinguishes the texts (both under and 
over) from the parchment. 

LWUV generates visible fluorescence. 
Both LWUV and the fluorescence are 
absorbed by the ink but not by the 
parchment. 

• See the AIPR 2003 paper.

https://www.archimedespalimpsest.net/Data/102r-098v/102r-098v_Arch39r_Sinar_LED365_01_pack8.jpg

http://Multispectral%20Imaging%20of%20the%20Archimedes%20Palimpsest


870 nm (NIR)

�27

Very little text, both under and over, 
can be seen. 

Presumably at 870 nm, the reflectances 
of the texts and the parchment are 
very similar. 

• So texts will only be visible when the 
abundance is very high.

https://www.archimedespalimpsest.net/Data/102r-098v/102r-098v_Arch39r_Sinar_LED870_01_pack8.jpg



Linear Mixing Model (Originally Used in Remo)

�28https://www.researchgate.net/figure/An-illustration-of-the-linear-mixing-model-for-hyperspectral-imaging_fig1_220323934

N: # of layers

Spectral reflectance 
of each layer

M: # of spectral bands
The goal is to 

calculate these images
Contributions of 

different layers at 𝛌

𝛌 𝛌 𝛌 

Over-determined system: N < M; solve 
by minimizing least squares error.



�29https://www.nature.com/articles/d41586-022-03296-1

By Jo Marchant

A medieval parchment from a monas-
tery in Egypt has yielded a surprising 
treasure. Hidden beneath Christian 
texts, scholars have discovered what 
seems to be part of the long-lost star 

catalogue of the astronomer Hipparchus — 
believed to be the earliest known attempt to 
map the entire sky.

Scholars have been searching for 
Hipparchus’s catalogue for centuries. James 
Evans, a historian of astronomy at the Univer-
sity of Puget Sound in Tacoma, Washington, 

describes the find as “rare” and “remark-
able”. The extract was published online last 
week in the Journal for the History of Astron-
omy (V. Gysembergh et al. J. Hist. Astron. 53, 
383–393; 2022). Evans says it proves that 
Hipparchus, often considered the greatest 
astronomer of ancient Greece, really did map 
the heavens centuries before other known 
attempts. 

The manuscript came from the Greek 
Orthodox St Catherine’s Monastery on the Sinai 
Peninsula, Egypt, but most of its 146 leaves, or 
folios, are now owned by the Museum of the 
Bible in Washington DC. The pages contain the 

Codex Climaci Rescriptus, a collection of Syriac 
texts written in the tenth or eleventh century. 
But the codex is a palimpsest: parchment that 
was scraped clean of older text by the scribe so 
that it could be reused.

The older writing was thought to contain fur-
ther Christian texts and, in 2012, biblical scholar 
Peter Williams at the University of Cambridge, 
UK, asked his students to study the pages as 
a summer project. One of them, Jamie Klair, 
unexpectedly spotted a passage in Greek often 
attributed to the astronomer Eratosthenes. In 
2017, the pages were re analysed using state-
of-the-art multispectral imaging. Researchers 

The library of St Catherine’s Monastery on the Sinai Peninsula in Egypt yielded a palimpsest containing stellar coordinates by Hipparchus.
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Fabled star catalogue by ancient Greek  
astronomer Hipparchus had been feared lost.

FIRST KNOWN MAP OF  
NIGHT SKY FOUND HIDDEN  
IN MEDIEVAL PARCHMENT

Nature | Vol 610 | 27 October 2022 | 613

The world this week

News in focus
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Hipparchus’s Star Catalogue
Recently discovered; believed to be the long-lost, earliest mapping 

of the entire sky by Hipparchus. We imaged it using multi-spectral 
imaging and are working on revealing the hidden texts.
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Pentimento

The presence/emergence of earlier paints 
that have been painted over. 

• Painter changing mind (pentimento is from 
“pentirsi” in Italian, which means repentance) 

• Underdrawing 

Can be identified using imaging 
techniques (e.g., X-ray), or from paint 
composition changes (previous slide).

https://www.nationalgallery.org.uk/research/research-resources/studying-raphael/studying-raphael-x-ray-examination
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Pentimento

The presence/emergence of earlier paints 
that have been painted over. 

• Painter changing mind (pentimento is from 
“pentirsi” in Italian, which means repentance) 

• Underdrawing 

Can be identified using imaging 
techniques (e.g., X-ray), or from paint 
composition changes (previous slide).

Portrait of Pope Julius II, Raphael, 
1511-1512. National Gallery, London.

https://www.nationalgallery.org.uk/research/research-resources/studying-raphael/studying-raphael-x-ray-examination
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The Miracles of Saint Francis of Paola, P. P. 
Rubens, 1627–8. J. Paul Getty Museum.
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The refractive index of the linseed oil in the paint increases 
over time and matches that of the pigment. The paint layer 
becomes transparent, revealing the pentimento underneath.



The Old Guitarist 
(Picasso 1903)

�32https://www.pablopicasso.org/old-guitarist.jsp



The Old Guitarist 
(Picasso 1903)

�32https://www.pablopicasso.org/old-guitarist.jsp



The Martellus Map
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Tightly Bound Books and Manuscripts

https://www.adelaide.edu.au/library/special/exhibitions/cover-to-cover/spine-lining/
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Scheimpflug Imaging

Multispectral Scheimpflug: Imaging Degraded Books that Open less than 30 Degrees, Archiving 2022

https://library.imaging.org/archiving/articles/19/1/1


�37https://www.rochester.edu/newscenter/new-imaging-system-captures-text-from-barely-open-books-495922/



�38

Post-Imaging Correction

Multispectral Scheimpflug: Imaging Degraded Books that Open less than 30 Degrees, Archiving 2022

https://library.imaging.org/archiving/articles/19/1/1


The Hunt-Lenox Globe

�39
Hunt-Lenox Globe, c. 1510.  Rare Book 
Division.  The New York Public Library.



The Hunt-Lenox Globe

�39
Hunt-Lenox Globe, c. 1510.  Rare Book 
Division.  The New York Public Library.

5 inch in 
diameter



Recall: Photogrammetry (Structure from Motion)
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min
ai, Pj

m

∑
i=1

n

∑
j=1

vij ∥Q(ai, Pj), xij∥

Whether point Pj is 
scene by camera ai

Perspective projection of 
point Pj to camera ai

Camera 6 
DoF pose

Scene point 
coordinates

Image 2

Image 1

Image 3

a2

a3

P1
P2 P3

P4

P5

x11

x14 x24

x35

a1

Take many photos of the 
scene (in theory from any 

arbitrary positions)

Align photos 
(calculating matching 
pixels across photos)

Bundle Adjustment: find 
the best-fit camera pose 
and scene point positions



Point Cloud from SfM
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Point Cloud from SfM
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Mesh From Point Clouds
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Mesh From Point Clouds
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Mesh From Point Clouds
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Future Goals
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Future Goals
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Virtual unwrapping: 
• From damage to discovery via virtual unwrapping: Reading the scroll from En-Gedi, 

Science Advances, 2016 

• From invisibility to readability: Recovering the ink of Herculaneum, PLOS One, 2019 

• A computational platform for the virtual unfolding of Herculaneum Papyri, Scientific 
Reports, 2021 

• Revealing metallic ink in Herculaneum papyri, PNAS, 2016 

Archimedes Palimpsest 
• Data: https://www.archimedespalimpsest.net/ 

• Data: https://www.cis.rit.edu/people/faculty/easton/manuscripts-short.html 

• Talk: https://www.youtube.com/watch?v=gME6fsCvonU

�45

https://www.archimedespalimpsest.net/
https://www.cis.rit.edu/people/faculty/easton/manuscripts-short.html
https://www.youtube.com/watch?v=gME6fsCvonU
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