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“The expression or application of human creative skill and imagination, typically in a visual 
form such as painting or sculpture, producing works to be appreciated primarily for their 

beauty or emotional power”.

ART



SCIENCE

“The intellectual and practical activity encompassing the systematic study of 
the structure and behavior of the physical and natural world through 

observation and experiment”.





Pratt Institute

It is a school of Art and Design. It is a school of Makers!
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Pratt Institute

Where are the students?

Architecture(725)
School of Art(1162)

Design(1435)

Liberal Arts(168)

Pratt Undergraduate

Architecture(325)

School of Art(367)
Design(430)

Liberal Arts(44)

School of Info(209)
Dual Programs(11)

Pratt Graduate
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fig 07 | Assembly sequence from flat state to fully folded configuration (fig. by Xuechen Chen)
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 Tripod crane

 Seam patches

 Sub-assembly joint

 Pulley & tab system

 Sheet / sheet seam

fig 07 | Assembly sequence from flat state to fully folded configuration (fig. by Xuechen Chen)

 Bottom rail

 Tripod crane

 Seam patches

 Sub-assembly joint

 Pulley & tab system

 Sheet / sheet seam

fig 1b | Front and side view of final structure
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Spaces within Spaces Joe Morris



https://emotivemachine.net/space-within-spaces
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Science meet Art (and Design)

Material Science

Computer Science

ElectronicsChemistry

EducationRobotics



YInMn pigment was discovered 
in 2009!

It is now being commercialized 
by Crayola - Bluetiful

“The New Blue”
(R =46, G=80, B=144)



Fading happens… 
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Digital reconstruction of ęField with Irises near ArlesĚ 

 

Conclusion 

REVIGO initially set out to develop innovative tools that would allow data for any 

work by Van Gogh to be fed into a computer program so that a correctly coloured 

reconstruction could then simply be printed off, as it were, in order to provide the 

best possible approximation of how Van Gogh might originally have painted or 

drawn it. As the project progressed, it swiftly became apparent that tools of this kind 

are highly dependent on which painting is to be reconstructed and which precise 

measurement data are available for it. We developed several different analysis tools 

specially for the painting Field with Irises near Arles. This enabled us to work out a 

digital reconstruction of the artwork, which clearly shows how certain of its colours 

have changed or lost intensity over time. 

 

We acquired an immense amount of knowledge during the project about the 

discoloration of pigments and how the colour balance in Van G+ghĚ/ F.ench 3+.k 

has been distorted or damaged. However, by no means all the questions have been 

Present DayComputer
Reconstruction

from Project REVIGO



Volcano Happens…

Fresco @ Herculaneum



Computer Reconstruction

Present Day Computer Reconstruction*





Cadmium
Yellow

Cadmium
RedMix

●

0 2 4 6 8

0
2

4
6

8

10

10

●

0 2 4 6 8

0
2

4
6

8

10

10

●

0 2 4 6 8

0
2

4
6

8

10

10





D
eg

ra
da

ti
on

 h
ap

pe
ns

…



Fig. 2a shows the CPMG relaxation decay curves of the
complete set of 50 resin samples from the ResinKit!, and
Fig. 2b focusses on a subset of four characteristic samples. A
majority of the thermoplastic resin samples exhibits relatively
fast relaxation, an example being the talc reinforced poly-
propylene sample (sample 44 in Table 1). The sample that
displays the slowest relaxation is the synthetic elastomer
(sample 35) and an example of a resin with an intermediate
relaxation behavior is the modied acrylic (sample 10). A data-
sheet consisting of the normalized even-numbered echo
intensities (X-variables) of the 50 resin samples was constructed
and subsequently loaded into the SIMCA soware to undergo
principal component analysis. The PCA creates new variables
(the scores) that summarize the X-variables. The scores are
independent as they are orthogonal to each other. They can be
represented in a score plot displaying how the X observations
are situated with respect to each other. It can be seen as a map
of the observations showing groups, similarities, the presence
of possible outliers and other patterns in the data. The score
plot from the PCA analysis of all 50 resin samples is shown in

Fig. 2c. It is immediately evident that this plot provides a good
overview of the relaxation behavior of the samples. The prin-
cipal components for resin samples exhibiting relatively fast
average relaxation such as the GP polystyrene (sample 1) the talc
reinforced polypropylene (sample 44), and the urethane elas-
tomer sample (sample 37) are located in the le half of the score
plot (PC1 < 0). In this group, samples with a fast initial decay
rather have a negative PC2 (as sample 44), while a high positive
PC2 represents a slow initial decay (as sample 37). Both samples
37 and 44 are not well described by a monoexponential decay.
Note however that the values of PC1 and 2 can not be mapped to
only one property as the time constant of the average decay or
the initial decay as they represent a more complex behaviour
with more variables which is projected onto them. The fast
relaxing group in violet is further resolved in the excerpt of the
score plot in Fig. 2d (without samples 39 and 44). It can be
separated into a set exhibiting fast (T2eff between 0.1 and
0.3 ms), nearly monoexponential decays like sample 1, a set
with still monoexponential, but a bit slower decay (T2eff about
0.5 ms) around sample 25 (HD polyethylene), and a loose group
of samples with higher PC1 and PC2 that are only insufficiently
described by a monoexponential decay, as sample 32 (acetal
resin copolymer). Samples with slower relaxation conducts are
associated with principal components located further to the
right in the score plot. The modied acrylic sample (sample 10)
is a typical example of this group. All these samples are in
addition clearly bi- or multiexponential. The synthetic elas-
tomer (sample 35) is distinctive as it exhibits by far the slowest
relaxation of all the samples in the ResinKit! (see Fig. 2b). It
therefore can be found far to the right in the lower quadrant.
Although the synthetic elastomer as well as the acrylonitrile–
butadiene–styrene (sample 5) have principal components
placed well outside of the Hotelling T2 ellipse (illustrating the
95% condence interval) they are not considered outliers since
99% [R2X(cum)] of the variance in the data set can be explained
by the established model with a predictability of 98.7%
[Q2X(cum)]. The model for the score plot in Fig. 2c has four
principal components (PC) with PC1 explaining the major part
of the variation (94%) whereas PC2 only accounts for 3.7% (PC3
and PC4 account for 0.76% and 0.14%, respectively).

To explore the relation between the principal components
and the intensity variations throughout the CPMG signal decay
we have plotted the loadings for the two rst principal compo-
nents in Fig. 2e. The loadings display which variable are inu-
ential for the established model. PC1 uses each of the points in
the relaxation decay equally for separation of the data, except
for the initial 1 ms of the decay. Therefore, the PC1 corresponds
to a great extent to the time constants obtained from mono-
exponential tting of the data (the continuum of colors in the
score in Fig. 2c from violet to red visualizes this fact). However,
although the PC2 only accounts for 3.7% of the variation in the
entire dataset this principal component is important as it
details the description of the relaxation decay. From the loading
plot (Fig. 2e) it is evident that the PC2 component mainly
discriminates data according to variations in the initial part
(until 10 ms) of the relaxation decay. We have tried a separate
PCA analysis of the fast relaxing (violet) group taking only into

Fig. 2 Analysis of the relaxation decays of resin samples. (a) CPMG echo inten-
sities of all 50 samples. (b) Echo intensities of four selected characteristic samples.
(c) PCA score plot of the first two principal components of the complete set of
relaxation decays. The white areamarks the Hotelling T2 ellipse. The color scheme
serves to compare with Fig. 3c with the continuum of colors reflecting the fast
(violet), middle (green), and red (slow) relaxation behaviour of the decays. The
same color scheme is used in (a), (b), (c) and (d). (d) Excerpt of the score plot in (c).
(e) Corresponding loading plot of the first two principal components.
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inspection that the mask is severely degraded in this region. To
obtain a detailed overview of the degradation state of the mask,
the measured relaxation decays were subject to a principal
component analysis; the resulting score plot is shown in Fig. 4d.
From the score plot, it is evident that the overall degradation
state of the mask is relatively good as most of the scores cluster
close to the score for fresh latex. The fast relaxation of eld 7 is
an exception and does not reect the overall degradation of the
mask. This eld has scores located well outside of the Hotelling
T2 ellipse and far away from the other measured elds in the
score plot.

Proles

Ultraviolet (UV) radiation is considered as one of the most
damaging factors to polymeric materials as it breaks the
chemical bonds in the polymer leading to a reduction of the
molecular weight and the formation of new chemical struc-
tures.3 The breakdown of polymers with UV light starts at the
surface of the material and as soon as the surface shows signs of
deterioration the UV radiation can reach deeper and affect the
materials underneath the surface.3 To study this phenomenon,
we exposed a urethane rubber sample to UV at 254 nm for
60 days aer which the sample showed signicant visual
degradation about 200 mm into the material. Fig. 5a shows a
cross-section of the degraded urethane rubber sample obtained
using a polarizing light microscope. We measured CPMG
relaxation decay curves at three different depths to see to which
extent the degradation of the material would be reected in
unilateral NMR relaxation decays analyzed with PCA. At 300 mm,
200 mm, and 100 mm depth nine, eight, and eleven points were
measured, respectively and at each depth the number of scans
was adjusted to provide similar signal to noise ratios to allow for
a fair comparison. Visual inspection of the normalized relaxa-
tion curves measured at 100, 200, and 300 mm depth revealed
minor differences (examples in Fig. 5b). The corresponding
mono-exponential tted transverse relaxation times show
minor disparities of, in the average, 9.7, 10.6, and 11.3! 0.2 ms,
respectively. To explore the capability of CPMG relaxation
measurements combined with multivariate data analysis in
capturing the deterioration of the material a PCA analysis was
performed. Fig. 5c shows the score plot for the established
model which reveals three distinct groups with most of the
variation in the data (87%) reected in the PC1 component
(R2X(cum) ¼ 89% and Q2X(cum) ¼ 85%). In practice, for a study
for which a potential discriminating parameter exists (here the
depth reecting the degree of degradation) a regression exten-
sion of PCA known as PLS can be used. We performed a
multivariate calibration by diving the 28 measured points into
two, where one was used as a training set while the other was
used as a prediction set to validate the model. The performance
of the regression model is interpreted by comparing the
observed depth and the predicted depth for the training set
(Fig. 5d). The strength of the association between the observed
depth and the predicted depth is quantied by the regression
line which in current case has an R2 of 0.989 indicating a strong
association. The Root Mean Square Error of estimate (RMSEE)

of the training set is 9.9 which can be compared to the predic-
tion power of the prediction set (Fig. 5e) with an RMSEP of 15.3
(R2 ¼ 0.968). From the established model with (R2X(cum) ¼
89%, R2Y(cum) ¼ 99%, and Q2X(cum) ¼ 97%) it is evident that
we can discriminate between relaxation decays measured at
different depths and thereby distinguish the degree of degra-
dation of the material.

Conclusions

Multivariate analysis offers an unambiguous, model free eval-
uation of the intrinsic multi-exponential relaxation decays
obtained by unilateral NMR. It can be used to create an overview
of large datasets obtained by e.g. mapping allowing for the
assessment of the overall degradation state of objects and the
identication and assessment of deteriorated sites. PLS can be
used in combination with proling to gain insight to degrada-
tion at various depths of objects. Provided the possibility of a
suitable calibration PLS could also be used for mapping. The
method works for low signal-to-noise ratio data making it

Fig. 5 PCA/PLS analysis of depth profiles of urethane rubber artificially aged by
UV light. (a) Microscopic image of a cross section of the urethane rubber sample
obtained using a polarizing light microscope. (b) Relaxation decays at 100, 200,
and 300 mm depths. (c) Score plot of a set of relaxation decays measured at
different depths of the sample at 100 mm (red), 200 mm (blue), and 300 mm (black)
depths. (d) Scatter plot of observed vs. predicted for the training set. (e) Scatter
plot of observed vs. predicted for the prediction set. Color coded as in (c).
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Non-invasive characterization of polymeric materials in
relation to art conservation using unilateral NMR
combined with multivariate data analysis

Cindie Kehlet,*a Eleonora Del Federico,a Hiba Schahbaz,a Amelia Catalano,a

Jens Dittmerb and Niels Chr. Nielsenc

This article shows how to interpret data obtained by unilateral NMR for the characterization of works of art
using multivariate analysis. Transverse 1H relaxation decays acquired by a Carr–Purcell–Meiboom–Gill pulse
sequence are directly treated by Principal Component Analysis (PCA) and projection to latent structure by
partial least square (PLS). The advantage of this procedure is the avoidance of any ambiguity in the model.
The NMR signal is formed by a number of different hydrogen spins rendering the resulting relaxation
decays multi-exponential. Therefore conventional approaches of fitting call for the use of mono-, bi-, or
multi-exponential models yielding results depending on the choice of the model function. We
demonstrate the technique on three examples: characterization of a set of resins representative for
modern materials in art and design artefacts, mapping the state of degradation of an art work made of
latex, and the analysis of a depth profile of an aged urethane rubber sample. In situ measurements
often result in low signal-to-noise ratio data and the suggested technique does not only allow an
unambiguous model-free approach, but is also robust against such low sensitivity data.

Introduction

During the past decades conservators at museums have expe-
rienced increasing problems with objects made of synthetic
polymeric materials.1,2 Such objects are vulnerable towards
deterioration and degradation, which in part may be ascribed to
construction from commercial products not designed for
longevity. The lifetime of modern polymeric materials is rela-
tively short and although it varies, defects such as discoloration,
stickiness, and cracking may be observed aer only a couple of
decades.3,4 A natural rst step in conservation of objects made
of modern synthetic materials is the identication of their
material composition and their state of degradation with the
most widely used technique being Fourier transform infrared
(FTIR) spectroscopy. Most of these methods are invasive or in
the case of non-invasive, non-destructive (as for example FTIR)
only provide information about the surface of the object. This
may not be adequate when the aim is to understand degrada-
tion where information about the state of the material under-
neath the surface is equally important.5 New developments in
FTIR such as synchrotron-based multibeam FTIR can probe

layered structures6 but at the expense of being invasive as
samples are required for such studies. Other recent non-inva-
sive techniques are terahertz (THz) time-domain spectroscopy
and pulsed imaging which has the potential to non-invasively
probe the bulk of materials.7

Unilateral Nuclear Magnetic Resonance (NMR)8–10 offers the
possibility of non-invasive in situ analysis of a wide range of
materials and has been successfully applied to assess the
condition of cultural heritage objects when sampling was not
possible.11–18 The mechanical properties of materials can be
investigated with the Prole NMRMOUSE! and it is possible to
obtain depth proles and thereby obtain information on, e.g.,
material composition and molecular mobility at various depths
from the surface of the object.19–21 Transverse relaxation decay
of protons in organic materials can be measured using Carr–
Purcell–Meiboom–Gill (CPMG) NMR experiments.22,23 The time
constant of the signal decay reects molecular size and
mobility. Such information is conventionally extracted by curve
tting of an exponential model function to the decay. The reli-
ability of such a procedure critically depends on the signal-to-
noise ratio typically calling for long experimental times.
Furthermore it may be impractical when handling large data-
sets. Moreover, the decays are intrinsically multiexponential,
and they must be approximated by a mono-, bi-, or multi-
exponential model function.24 Consequently, the results depend
on the selected model function and are not always comparable.
There are statistical methods to assess the signicance of a
more rened model (e.g., the F-test25) but they are not always
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Université du Maine, Le Mans, France
cCenter for Insoluble Protein Structures (inSPIN), Interdisciplinary Nanoscience Center
(iNANO) and Department of Chemistry, Aarhus University, Denmark

Cite this: Anal. Methods, 2013, 5, 4480

Received 18th April 2013
Accepted 3rd July 2013

DOI: 10.1039/c3ay40650d

www.rsc.org/methods

4480 | Anal. Methods, 2013, 5, 4480–4486 This journal is ª The Royal Society of Chemistry 2013

Analytical
Methods

PAPER



●

●●

●
●●
●

●●
●

●
●●●
●
●
●
●●

●
●
●
●

●
●
●
●
●●●●●
●●
●
●
●●
●
●●●
●●

●
●●

●●●

●
●●●●●●
●●●
●

●
●●
●●
●
●
●
●●●●●●●●●
●

●

●

●

●
●●●
●

●
●

●●●

●●
●●●●●
●

●●
●

●

●●●
●
●●●●

●●●
●●●●●

●
●●
●●

●
●
●

●
●

●

●
●
●●●
●

●
●
●●
●
●●
●●

●

●
●
●
●

●●

●●●●
●

●●●●●

●
●●
●●

●

●●
●
●

●
●●
●●●

●

●

●
●
●●●
●●

●
●●●●●●
●●
●●●

●●
●
●●●●●●
●●
●

●●●

●
●
●
●●

●

●

●

●●
●
●
●●
●●

●
●
●
●●

●
●
●
●
●
●●
●●
●●

●
●
●●●●
●
●

●

●

●●
●
●
●
●
●
●●

●

●●
●
●
●

●
●
●
●
●
●●
●
●

●
●

●

●●●
●

●

●

●
●

●

●

●

●

●●
●
●
●
●●
●
●●

●
●●
●●

●

●●
●●

●

●

●
●●
●
●

●

●

●
●
●

●

●
●●
●●

●●●●
●●●

●●
●

●
●●

●

●
●
●

●
●
●
●●●
●

●
●
●
●

●●
●

●
●●●

●●
●
●
●●●●●●
●

●●

●
●
●
●●●●

●
●
●

●

●
●

●
●
●●●
●●●
●
●●

●
●●
●
●●●
●●

●
●
●●
●●●●
●
●

●●

●●●
●●

●
●
●●

●
●

●
●
●

●
●
●●
●

●
●
●

●
●●
●

●
●
●●
●
●

●●

●●
●
●
●
●

●
●●●●
●●●●●

●

●

●●●

●
●
●

●●
●
●

●●
●
●●

●

●

●

●●●
●
●
●●
●●●
●
●
●●
●

0 5 10 15

5
10

15
20

25

time (ms)

Ec
ho

 A
m

pl
itu

de ●

●

●

●

●

●

●

●
●

●
●
●
●
●
●

●

●●●

●●

●●
●
●●●
●

●
●●●
●

●

●
●●●●

●●
●

●●●

●

●
●●●
●
●
●
●
●

●
●●
●
●
●●
●
●●

●
●
●●●●
●●
●

●
●

●
●

●

●

●

●
●●●●●●
●●
●●●●
●
●●
●●
●
●

●●

●

●
●
●
●●●●
●

●●●

●
●
●
●
●

●

●
●●●●
●●
●●

●
●
●
●●●
●

●

●
●●●
●
●●
●

●
●●

●
●
●●
●●
●

●
●●
●●
●
●

●●
●

●●

●●
●●
●

●
●●
●
●●
●

●
●●
●
●
●●●

●

●
●

●●
●
●

●●
●
●

●

●
●●

●

●
●●
●
●●
●●●
●●

●

●●

●●

●
●

●

●
●

●

●●●●
●

●●
●
●
●●●●

●
●●
●●
●
●
●
●●

●
●●●
●●
●
●

●●

●
●

●
●

●

●
●
●
●
●●
●
●

●
●
●

●

●
●●●●
●●

●
●

●

●●

●

●

●
●

●

●

●

●

●
●

●
●

●

●
●
●

●

●

●

●●
●●

●

●
●●

●
●●
●●●
●●

●
●
●
●
●

●

●
●
●
●
●
●●●●
●
●
●

●●●
●
●●

●

●

●

●

●
●●
●●
●

●
●
●
●
●
●●●

●●
●
●
●●●
●●●●
●●●
●
●●
●●
●
●●
●
●

●●
●
●
●
●
●
●
●●
●

●●●
●
●
●

●

●
●
●

●
●●●●●●●
●
●●●
●
●

●●
●

●
●●
●
●
●
●
●
●

●
●

●
●●

●●
●●

●

●
●●
●●●●
●●
●●
●
●●●

●

●●
●
●
●

●●●
●
●

●●
●

●●

●

●

●

●

●
●
●●
●●●

●

●●●●●
●
●
●

●●●

●
●

●●●
●●●●●●
●

0 5 10 15

5
10

15
20

25

time (ms)

Ec
ho

 A
m

pl
itu

de

●

●

●
●
●●
●
●
●
●
●●
●
●●●●●
●●●
●●

●

●
●●
●●
●

●●
●
●●●●●●
●
●●
●
●
●●●●●
●●●●●
●●●●
●
●●●●
●●●●●
●
●●●
●
●
●
●●●●●●●
●

●

●
●●
●

●●
●
●●●●
●
●●
●
●●●
●
●
●●●●●●●
●●
●●
●
●●
●
●●
●●●●
●
●
●●
●
●
●●●
●
●●
●●●●●
●
●●
●
●●●●
●●
●
●●●●
●

●
●
●●●
●●
●●●●
●●●●
●●●
●●
●●
●●
●
●
●
●●●●●●●
●●●●
●●
●●●●●●●●
●●●●●●●●
●●●●

●
●●●●●●●●●●●●●●●

●●●
●

●●●●●
●
●●●
●●●●●●●●●●●
●●●●●
●●
●
●●●●●●●
●●●●
●●●●●●●
●
●●
●●●●●●●●
●●
●●
●●●
●
●
●●
●
●●●
●

●●
●
●●●●
●●
●●
●

●

●●
●

●●●
●
●●●●
●
●
●●●●
●
●
●
●
●
●
●●●●●
●●●●●●●
●
●
●●
●
●●●●●●
●●●●
●
●●
●
●●●
●
●●●●●●
●
●●●●●●●●●
●●●●
●
●●
●
●●
●●
●
●●●●●
●
●●●●
●●●
●
●●●●●
●
●●●●●
●
●●●●●●
●
●●
●●●
●
●
●●●●
●
●
●●●●
●
●●
●
●●
●
●●
●●●●●●●●●●
●●
●●
●
●●●
●●●
●●
●
●●
●

●●●
●●●●●●
●●●●●
●

0 5 10 15

10
20

30
40

50

time (ms)

Ec
ho

 A
m

pl
itu

de

●

●

●

●●
●
●●●
●
●●
●

●●●●●
●
●

●●●

●

●
●
●●
●
●
●●
●
●
●●●●●

●
●●●●●
●
●
●
●
●●
●
●●
●●●
●
●

●
●
●●
●●●●●
●

●●
●

●●●

●

●●
●●
●
●

●

●
●
●
●

●

●
●
●●
●●●

●
●●●●●
●●●●●●●●●
●●●

●●
●●●
●●●●
●●
●●●●
●
●●●●●

●●●
●●●●
●
●●
●
●●
●

●●
●
●

●
●
●●●●●●●
●●
●●
●●●
●●●
●
●●●●
●●
●●

●●●●

●●
●●
●
●
●●
●●●●
●●
●●●●
●●
●●●●●●●●●●
●●●●
●
●●●●
●
●●●●
●
●●
●●
●
●●●
●

●●●●
●
●
●●●
●●●●●
●
●●●●
●●●●●●

●●●
●●
●

●●●
●
●
●
●
●●●
●
●●●●
●
●●
●
●●●●●●●
●●

●●
●●
●
●●
●●

●
●
●
●
●
●●
●●
●
●
●●●
●
●●
●
●●●
●
●
●
●
●●
●●●
●

●●●●
●●●

●
●●●●●●●
●●
●
●●

●
●●●
●●

●

●
●
●●●●
●●●●
●●●
●
●●●
●

●●●●●●
●
●
●
●●
●●
●
●
●
●●●●
●
●●●

●●
●
●●
●●
●●●

●

●●●●
●●●
●●

●

●●
●●●
●●●●●●●●●●●
●
●
●
●●
●●
●
●
●●●●
●●●●●
●

●●

●

●
●
●

●●
●●●●
●
●●●●●

●●

●
●●●●
●●
●
●
●●●●●
●

●
●
●
●●●
●●●●
●●●●
●

0 5 10 15

10
20

30
40

time (ms)

Ec
ho

 A
m

pl
itu

de

●

●

●●
●●
●●●
●●
●
●
●●●
●
●

●●●
●●

●

●

●●●●
●

●●●●●
●
●
●●
●
●
●●
●
●
●●●●●
●
●
●●
●●●●●●
●
●●
●●●●●
●
●●●●
●
●
●●
●
●●●●
●

●

●●●●

●●
●●
●●●
●
●
●
●
●●●
●●

●●
●
●
●●●
●●
●●
●
●●

●
●●
●●●●
●
●
●
●
●

●
●●●

●
●●

●
●●●●
●●
●

●
●●●●●●●
●●●●
●

●
●●●●
●●
●
●●
●●●●●●
●
●
●
●

●
●●
●
●
●
●
●●●●●
●●●
●●●
●
●

●●●●●
●
●
●
●●●●●●●●●
●
●●

●
●●●●
●●
●●●
●●●●
●
●●●
●●

●
●●●
●
●
●
●
●

●●●●●●●●●●●
●●●●●●
●
●
●●●●
●
●●
●●
●●
●
●
●

●●●●

●
●
●
●
●●
●
●●●●●●●●
●●
●
●●
●
●

●●
●●
●

●●
●●●●
●

●●
●●●

●

●●
●
●●●●●
●●●●

●

●
●●●

●●
●
●●●
●
●●●●
●●●●
●
●
●●
●●
●
●
●●
●
●●●
●●●●
●
●●
●

●
●
●
●
●●●●●●
●
●●●●●●
●
●●
●●●●
●
●●●●●
●●
●●●●●●
●
●●●●
●●●●
●
●
●●●
●●●●●●●
●●●●●●●
●
●
●●
●●
●
●●●
●

●

●
●●●●
●
●●
●
●
●●
●●
●●●●●●●●●●
●●

●
●
●

●●●
●
●●●●
●
●●
●

●●●
●
●●
●
●●●●
●●
●

●

0 5 10 15

10
20

30
40

50

time (ms)

Ec
ho

 A
m

pl
itu

de

●

●

●
●
●●
●●
●
●●
●
●
●●●
●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●
●●●●●●●
●●●●●●●●●●●●●●●●●●●

●●●
●●
●●●●●
●●●●●●●●●
●
●●●●●●●●●●
●
●●●●●●●●●●●●
●
●●
●●●●●●●●●●●●●●●●

●●●●●●●●●●
●
●●
●
●●●●●●●●●●
●●●●●●●●●●●●●●●

●
●●
●
●
●●●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●
●
●●
●●●●●●●
●●●●●
●
●●●●
●●●
●●●●●●●
●
●●●●
●
●●●●●
●
●●●●●●
●●
●
●●●●●●
●●
●●
●●
●
●●●
●●●
●
●
●●●
●
●●●●
●
●●●●●
●●
●●●●
●
●●●
●
●●
●
●
●●
●
●
●●
●
●●●●●●●●●●●
●●
●
●●●●●●●●●●●●●●●

●●
●●●●●
●●●●
●
●●●●●●●●●●●●●●●

●●●●●●
●
●
●●
●●
●●●
●
●
●
●●●
●●●●●●
●●
●●
●●●●●●●●
●
●●●●●
●
●●●●●●●●●
●●●●●●●●●●
●●●●●●
●●
●●●●●
●●●●●●●●●●●
●●●●●●●●●●●●
●●●
●
●●●●●●
●●
●●●
●
●
●
●
●

0 5 10 15

20
40

60
80

time (ms)

Ec
ho

 A
m

pl
itu

de
●

●

●
●
●●
●
●
●●●●●
●●●●●●
●●●●●
●●●●●●●●●●●●●●●●

●●●●●●●●
●●●
●
●●●●●●
●
●●
●●●●●●●●●●●
●
●●●●●
●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●●●●●●●●●●●●●●

●
●●●●
●●●
●
●●●●●●●
●
●●●
●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●
●
●●●●
●●●●●●●●●●
●
●
●●●●●●●●●●●●●

●●●●●●●●●●●●●●●
●●●●
●
●●●●●●●●●
●●●●●●●●●
●
●●●●●●
●
●●●●●●●●
●
●●●●●●
●
●●●●●●●
●
●●
●
●●●●
●●●●●●●●
●●●●●●●●●
●●●●●●●●
●
●●●
●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●

●
●●●●●●●●
●
●●
●●●●●●
●●●●
●●

0 5 10 15

20
40

60
80

10
0

time (ms)

Ec
ho

 A
m

pl
itu

de

●

●

●●
●
●
●●
●
●
●●●●●
●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●
●●
●●●●●●●●
●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●
●●●●●●●●●●●●●●●●●

●
●
●●●●●●●●●●●●●●●

●●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●
●●
●
●●
●●●●●●●
●●
●
●
●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●
●●●●●●
●●●●●
●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●
●
●
●
●●●
●
●●
●
●●●●●●●●●●●●●●

●
●●●●●●
●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●
●
●●●●●●●●●●
●●●●●●●
●●●
●
●●●●●●●
●
●●●●●●●●●●●
●●●●●

0 5 10 15

20
40

60
80

10
0

time (ms)

Ec
ho

 A
m

pl
itu

de

Signal Processing

Echo Amplitude Echo Amplitude
with Optimal Filtering



Aging

Accelerated Aging in 
Environmental Chambers



Bio-plastics

Product Manufacturing



u
u

B
B

+ e2

2 MeV
3

+e 2

2MeV
3

u

u

R

R

+ e2

2 MeV
3

+e 2

2MeV
3

u
u

B
B

- e2

2 MeV
3

-e 2

2 MeV
3

u

u

R

R

- e2

2 MeV
3

-e 2

2 MeV
3

d
d

B
B

- e1

5 MeV
3

-e 1

5 MeV
3

d

d

R

R

- e1

5 MeV
3

-e 1

5 MeV
3

u

u

G

G

- e2

2 MeV
3

-e 2

2 MeV
3

d

d

G

G

- e1

5 MeV
3

-e 1

5 MeV

3

c

c

B

B

+ e2

1.3 GeV
3

+e 2

1.3 GeV
3

c

c

B

B

- e2

1.3 GeV
3

-e 2

1.3 GeV
3

s

s

B

B

- e1

100 MeV
3

-e 1

100 MeV
3

s

s

R

R

- e1

100 MeV
3

-e 1

100 MeV
3

c

c

R

R

+ e2

1.3 GeV
3

+e 2

1.3 GeV
3

c

c

R

R

- e2

1.3 GeV
3

-e 2

1.3 GeV
3

c

c

G

G

+ e2

1.3 GeV
3

+e 2

1.3 GeV
3

c

c

G

G

- e2

1.3 GeV
3

-e 2

1.3 GeV
3

s

s

G

G

- e1

100 MeV
3

-e 1

100 MeV
3

t

t

B

B

+ e2

173 GeV
3

+e 2

173 GeV
3

t

t

B

B

- e2

173 GeV
3

-e 2

173 GeV
3

b

b

B

B

- e1

4.2 GeV
3

-e 1

4.2 GeV
3

t

t

R

R

+ e2

173 GeV
3

+e 2

173 GeV
3

t

t

R

R

- e2

173 GeV
3

-e 2

173 GeV
3

b

b

R

R

- e1

4.2 GeV
3

-e 1

4.2 GeV
3

t

t

G

G

+ e2

173 GeV
3

+e 2

173 GeV
3

t

t

G

G

- e2

173 GeV
3

-e 2

173 GeV
3

b

b

G

G

- e1

4.2 GeV
3

-e 1

4.2 GeV
3

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

W
I
L
D

Q
U
A
R
K

BARYONS AND MESONS

R
R
R

G B

G
G

B
B

d
d

B

+ e1

5 MeV
3

+e 1

5 MeV
3

B

d

d

R

+ e1

5 MeV
3

+e 1

5 MeV
3

R

e
e

- 1e

0.5 MeV
-1e

0.5 MeV

e
e

+ 1e

0.5 MeV
+1e

0.5 MeV

+
+

n 0 e

< 2 eV
0 e

< 2 eV

e
ne

n 0 e

< 2 eV
0 e

< 2 eV

e
ne

u

u

G

+ e2

2 MeV
3

+e 1

5 MeV
3

G

d

d

G

+ e1

5 MeV
3

+e 1

5 MeV
3

G

s

s

B

+ e1

100 MeV
3

+e 1

100 MeV
3

B

s

s

R

+ e1

100 MeV
3

+e 1

100 MeV
3

R

s

s

G

+ e1

100 MeV
3

+e 1

100 MeV
3

G

b

b

G

+ e1

4.2 GeV
3

+e 1

4.2 GeV
3

G

b

b

B

+ e1

4.2 GeV
3

+e 1

4.2 GeV
3

B

b

b

R

+ e1

4.2 GeV
3

+e 1

4.2 GeV
3

R

e

- 1e

106 MeV

-1e

106 MeV

+1e

106 MeV

+1e

106 MeV

+

+

0 e

< 2 eV

0 e

< 2 eV

0 e

< 2 eV

0 e

< 2 eV

- 1e

1.8 GeV

-1e

1.8 GeV

+1e

1.8 GeV

+1e

1.8 GeV

+

+

0 e

< 2 eV

0 e

< 2 eV

0 e

< 2 eV

0 e

< 2 eV

+ + i+ i+

+ i+ i+

o

o

o o

o

i

o i

oi

o i

proton
neutron
lambda
sigma+
sigma0
sigma-
delta++
delta+
delta0
omega-

pion+
kaon
Phi
D+
J/psi
Upsilon

(uud)
(udd)
(uds)
(uus)
(uds)
(dds)
(uuu)
(uud)
(ddd)
(sss)

(ud)
(us)
(ss)
(cd)
(cc)
(bb)

up strange bottom

down charm top

p
n
Λ0 
Σ+ 
Σ0 
Σ-

Δ++

Δ+

Δ0 
Ω-

π+

K 
Φ
D+

J/Ψ
Y

COLOR AND ANTICOLOR

GENERATIONS

LE
P

TO
N

S
Q

U
A

R
K

S

Quark Design

by Jooyong Park





Digital
Microscope



The Future

APPL I ED SC I ENCES AND ENG INEER ING Copyright © 2019
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
originalU.S.Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

Artificial intelligence for art investigation: Meeting
the challenge of separating x-ray images of the
Ghent Altarpiece
Z. Sabetsarvestani1*, B. Sober2*, C. Higgitt3, I. Daubechies2,4, M. R. D. Rodrigues1,5

X-ray images of polyptych wings, or other artworks painted on both sides of their support, contain in one image
content from both paintings, making them difficult for experts to “read.” To improve the utility of these x-ray
images in studying these artworks, it is desirable to separate the content into two images, each pertaining to only
one side. This is a difficult task for which previous approaches have been only partially successful. Deep neural
network algorithms have recently achieved remarkable progress in a wide range of image analysis and other
challenging tasks. We, therefore, propose a new self-supervised approach to this x-ray separation, leveraging
an available convolutional neural network architecture; results obtained for details from the Adam and Eve panels
of the Ghent Altarpiece spectacularly improve on previous attempts.

INTRODUCTION
In the art investigation domain, increasing use of extremely high-
resolution digital imaging techniques is being made in parallel with
the widespread adoption of a range of recent imaging and analytical
modalities not previously applied in the field (e.g., hyperspectral im-
aging, macro x-ray fluorescence scanning, and novel forms of imag-
ing x-ray radiography) (1–3). These techniques mean that there is a
wealth of digital data available within the sector, offering huge scope
to provide new insights but also presenting new computational chal-
lenges to the domain (4).

In the past decades, various other disciplines, experiencing simi-
lar data growth, have benefited greatly from recent breakthroughs in
artificial intelligence. The availability of cutting-edge machine learn-
ing algorithms, as well as the enhanced computation power and frame-
works necessary to deal withmassive datasets, have yielded outstanding
results in computer vision, speech recognition, speech translation, nat-
ural language processing, and more (5).

It is therefore natural to develop similar techniques to address chal-
lenging tasks arising in art investigation (6), including material iden-
tification within different strata of paintings (4, 7, 8), analysis of brush
stroke style (9, 10), automatic canvas thread counting (11), digital in-
painting of cracks (12, 13), and visualization of concealed designs and
underdrawings (14–16).

This paper dealswith a challenging image processing task arising in
the context of the paintingTheAdoration of theMystic Lamb, painted in
1432 by the brothers Hubert and Jan Van Eyck and more commonly
known as theGhent Altarpiece, shown in Fig. 1. This piece is one of the
most admired and influential paintings in the history of art, showcasing
the Van Eyck brothers’ unrivaled mastery of the oil painting technique
(17, 18). Over the centuries, the monumental polyptych (350 cm by
470 cm when open) has been prized for its stunning rendering of dif-
ferent materials and textures and its complex iconography. Originally,

the polyptych consisted of four central panels, and then two wings
each consisting of four panels painted on both sides so that entirely
different sets of images and iconography could be seen depending
on whether or not the wings were open (for example on Feast days).
This paper focuses on two of the double-sided panels, depictingAdam
and Eve on the interiors (and with the Annunciation and interior
scenes on the outside).

Since 2012, this world-famous masterpiece has been undergoing
a painstaking conservation and restoration campaign being under-
taken by the Belgian Royal Institute for Cultural Heritage (KIK-IRPA).
This treatment is being supported by an extensive research project
using a diverse range of imaging and analytical techniques to inform
and fully document the treatment, as well as provide new insights into
the materials and techniques of the Van Eyck brothers and support art
historical research. This ongoing project and most of the reports and
resources it is generating, including high-resolution images of each pan-
el, acquired using a range of differentmodalities (high-resolution visible
images, high-resolution infrared photographs, infrared reflectographs,
and x-radiographs), are fully accessible via the Closer to Van Eyck web-
site (http://closertovaneyck.kikirpa.be/ghentaltarpiece/#home).

Of particular relevance, x-radiographs (x-ray images) are a valu-
able tool during the examination and restoration of paintings, as they
can help establish the condition of a painting (e.g., whether there are
losses and damages that may not be apparent at the surface, perhaps
because of obscuring varnish, overpainted layers, structural issues, or
cracks in the paint) and the status of different paint passages (e.g., help
to identify retouchings or fills) (19). X-ray images can also be valuable
in providing insights into artists’ technique and workingmethods and
how they have used and built up different paint layers, or about the
painting support (e.g., type of canvas or the construction of a canvas or
panel). In some cases, it may also be possible to get some idea of the
materials used (e.g., distinguish pigments on the basis of elements of a
high atomic number like lead from pigments such as ochres or lake
pigments, which contain elements of a low atomic number).

However, interpreting x-ray images can be problematic. The atten-
uation of x-rays (and thus the brightness of the resulting region) de-
pends not only on the atomic number of the material but also on its
physical thickness. A further challenge is the fact that x-ray images are
two-dimensional (2D) representations of 3D objects. While paintings
are generally quite thin and flat, features at the front, back, or even

1Department of Electronic and Electrical Engineering, University College London,
London, UK. 2Department of Mathematics and Rhodes Information Initiative, Duke
University, Durham, NC, USA. 3Scientific Department, National Gallery, London, UK.
4Department of Electrical and Computer Engineering, Duke University, Durham,
NC, USA. 5Alan Turing Institute, British Library, 96 Euston Road, London NW1
2DB, UK.
*Corresponding author. Email: zahra.sabetsarvestani.14@ucl.ac.uk (Z.S.); barakino@
math.duke.edu (B.S.)
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