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like a tiddlywinks disk. The compression
also activates enzymes that degrade 
cellular proteins, fragment the nucleus,
and weaken the cell’s adhesive bonds
with its neighbors. Those processes lead
to the detachment of the dying cell from
the tissue. As the purse string tightens,
the neighboring cells stretch to prevent 
a gap.

Intriguingly, a phenomenon akin to
extrusion also happens at defects in a
generic liquid crystal. Any elongated 
object, whether an inanimate particle or
a biological cell, becomes geometrically
frustrated at the core of a topological 
defect (the blue and green shapes in 
figure 1). The particle is unable to align
with all neighbors simultaneously, so the
best way for it to reduce the large elastic
energy it experiences near the core is to
orient itself out of the plane. In liquid-
crystal theory, the maneuver is known as
“escape in the third dimension.”6

Defect control
Although defects emerge spontaneously
in biological tissue, it’s possible to con-
trol their density—and thus the density
of extrusion hot spots. Canine kidney cells
prefer to align tangentially to the bound-
ary of a substrate, and the researchers
cultured their cells in one experiment
atop a star-shaped substrate, as shown in
figure 3. That geometry forces comet-like
defects to predominantly form around
the star’s four tips. 

By contrast, the triradius defect den-
sity was higher near the center of the star,
but without a commensurate increase in
extrusion events there. The experiment
further corroborates the causal link: The

Humans are born with built-in remote
sensing equipment: With our eyes,
ears, and noses, we gather informa-

tion about far-away objects. When we
look at a tree and judge its health based
on the number and colors of its leaves,
we are performing a sort of spectral
analysis. The three types of cone cells in
the human eye sense light in three spec-
tral bands; the mantis shrimp, with its 
16 types of cones, sees, in principle,
much more.

Similarly, a digital camera senses
three bands, whereas NASA’s Terra and
Aqua satellites each carry an instrument
called MODIS (Moderate Resolution 
Imaging Spectroradiometer) that views
Earth in 36 bands. The bands sample a

spectral region (405 nm–14.4 μm) that
ranges from the visible well into the
long-wavelength IR. Data from those in-
struments help researchers to monitor
the oceans and land and categorize
Earth’s surface into 17 broad classes—
for example, savannahs, croplands, and
water—frequently called the MODIS
land-cover types. 

However, multiband instruments
leave gaps in the spectrum. Imaging
spectrometers fill in those gaps by span-
ning the wavelength range of interest
with hundreds of contiguous bands. The
amount of information that can be ex-
tracted from an image taken by such 
an instrument depends on both the spec-
tral diversity of the light coming from a

An airborne imaging-spectroscopy campaign portends 
the wealth of information to come from future orbital 
instruments.

The many dimensions of Earth’s 
landscapes 

emergence of comet defects provides hot
spots of compressive stress, which lead to
a higher probability of cell death. 

The demonstrated control over defect
density may chart a path for scientists
trying to suppress the invasion of cancer-
ous tumors and other pathological tissue
in which the process of cell death has
gone awry. To influence the process, one

can imagine inserting implants surgically
to guide cell orientations in a way that
produces topological defects. 

Could such an approach work? “Why
not?” quipped biophysicist Guillaume
Charras at the London Centre for Nano -
technology. “I wonder about its practi-
cality as a therapy, though. The usual
problem is detection. And if you can de-
tect a cancerous lesion, the most effective
strategy is often to just cut it out with a
scalpel.”  

Mark Wilson
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FIGURE 3. GEOMETRY-INDUCED DEFECT PRODUCTION. (a) A star-shaped monolayer of
cells produces comet-shaped topological defects predominantly at the tips of its four arms.
(b) With their higher density of defects, those regions extrude a greater number of cells (red).
The color denotes the normalized extrusion number. (Adapted from ref. 2.)
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scene and the spectral sensitivity of the
instrument.

Several space-based imaging spec-
trometers are in the works, including one
proposed by the Jet Propulsion Labo -
ratory (JPL) called the Hyperspectral 
Infrared Imager (HyspIRI).1 In 2013
NASA and JPL launched the HyspIRI
Preparatory Airborne Campaign to demon -
strate the capability of such instruments.
For the job, they turned to the Airborne
Visible/Infrared Imaging Spectrometer
(AVIRIS), which has a similar bandwidth
and spectral resolution as the instrument
planned for HyspIRI. The aim was to
take multiple images of large and diverse
areas of California that represent all 17
MODIS land-cover types. 

To examine the spectral diversity seen
in the HyspIRI-preparatory data, JPL’s
David Thompson and his colleagues
have carried out a statistical analysis of
the 2013–14 data set.2 The results portray
a California of high spectral diversity
that is distributed in distinct ways for
different land-cover types.

How much does a camera see?
The spectral diversity captured by an
image can be quantified by a value called
the intrinsic dimensionality. In essence, it
is the number of independent variables
necessary to describe a given data set. Dig-

ital photographs taken with an RGB cam-
era, for instance, carry at most three di-
mensions. The number is not always equal
to the number of colors; a scene with many
colors could have a dimensionality of 1
if all the colors involve a particular linear
combination of red, green, and blue.

The AVIRIS detector measures visible
to short-wavelength IR spectra (400 nm–
2.5 μm) in 224 contiguous, 10-nm-wide
spectral bands. In flight, the instrument
sweeps a scanning mirror back and forth
perpendicular to the direction of the air-
craft’s path.3 When flown at an altitude
of 20 km, it has a spatial resolution of
about 20 m. 

As is the case with other imaging spec-
trometers, the raw data from AVIRIS come
as a data cube; each spatial x–y pixel has
a full spectrum along the z-axis. The data
that the JPL group used for their analysis
included more than 600 flight lines,
which they broke into 20 km segments.
Each of the more than 4000 segments con-
tains somewhere in the neighborhood of
700 000 spectra. That adds up to nearly
3 × 109 spectra for the entire campaign.

To estimate the dimensionality of a
scene, the group used principal-compo-
nent analysis, a venerable statistical tech-
nique that aims to recast a set of possibly
correlated independent variables into a
new set of uncorrelated variables. Those

uncorrelated variables, or principal com-
ponents, are linear combinations of the
wavelength bands ranked in order of
their degree of spatial correlation. 

The dimensionality is the number of
resulting principal components for which
the signal is greater than the noise. Con-
sequently, one has to decide what is sig-
nal and what is noise. To automate the
decision making, Thompson and his col-
leagues came up with an algorithm that
smooths the segment image for each
principal component. The signal is taken
to be the smoothed data and the noise to
be the difference between the smoothed
and unsmoothed data.

With that procedure the team obtained
the same dimensionality estimates from
multiple images—taken months apart
under varying illumination—of Ivanpah
Playa, a barren, visually unchanging 
location on the California–Nevada bor-
der. That consistency confirmed that the
noise-estimation procedure worked as it
should and gave the team confidence
that seasonal variability seen in croplands,
on mountaintops, and for other more
mercurial scenes was being correctly 
determined.

Colorful California
With one of the largest imaging spec-
troscopy data sets ever collected to hand,
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FIGURE 1. IMAGE FROM A FLIGHT LINE running roughly northwest near the San Francisco Bay area in California. The bar chart at the top
shows dimensionality estimates for each 20 km segment. Three segments representing different types of land cover are shown magnified at
the bottom. (Adapted from ref. 2.)
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Thompson and his colleagues set out to
evaluate how dimensionality was dis-
tributed for the different land-cover types
and to look at its stability over time. In
addition, they wanted to check the seem-
ingly intuitive notion that spectral diver-
sity should increase as one goes from
scenes of open water to natural environ-
ments on land to urban scenes.

The average dimensionalities in in -
dividual 20 km segments ranged from
single digits to the high 40s. For the com-
plete data set, Thompson and his col-
leagues estimate a dimensionality of
about 50. Geographer Dar Roberts of the
University of California, Santa Barbara,
says that the HyspIRI Preparatory Air-
borne Campaign provides a good pre-
view of future satellite-borne missions
that will look at the entire surface of Earth.
“As diverse as California is, it probably
still only represents a fraction of the
global diversity,” he says.

Figure 1 shows a portion of a flight
line taken in May 2014 and highlights
some representative land-cover types.
For some perspective on the dimension-
ality estimates, consider an RGB digital
photograph, which can have at most 
a dimensionality of 3. In the so-called
true-color scheme, those three dimen-
sions, each carrying an integer value be-
tween 0 and 255, can encode 2563 or
16 777 216 different colors. The number
of distinguishable things grows ex -
ponentially with the dimensionality.
“Anything raised to the 20th power is 
already mind-bogglingly high,” Thomp-
son notes. “To the 50th power is even
more so.”

A 224-band instrument might there-
fore seem like overkill for scenes with 50
spectral dimensions. But having more
bands than strictly necessary could prove
crucial. For a case in point, Thompson
uses the normalized difference vegeta-
tion index (NDVI). The index is calcu-
lated as the ratio of the difference and
sum of reflectances measured by two
spectral bands—one in the visible and
one in the near-IR. It rates the relative
greenness of vegetation and is often used
as a proxy for plant health. But haze from
atmospheric aerosols, surface material
near the vegetation, the variety of plants
present, and many other factors can af-
fect the ratio. The effects of those factors,
explains Thompson, end up as assump-
tions in models designed to infer mean-
ing from the NDVI. By dint of having so

many bands, an imaging spectrometer
can measure those confounding details
and validate or falsify the models.

Figure 2 shows the dimensionality
distribution for three types of scenes. As
expected, aquatic scenes, on average, are
the least spectrally diverse and urban
areas are the most diverse. “When we
dig minerals out of the ground and paint
them on our cars, that tends to increase
the dimensionality,” remarks Thomp-
son. Surprisingly, he says, the segments
with the greatest spectral diversity were
not in a city but in an agricultural area 
in southern California’s Imperial Valley.
The heavily irrigated region turns out 
to produce more than a hundred differ-
ent commodities, including grains, gar-
den vegetables, livestock, and flowers.
That variety gives the area a high spec-
tral diversity.

Terrestrial scenes follow a simple
Gaussian distribution, with urban areas
and croplands having a significantly
higher mean dimensionality than forests
and other natural settings. Aquatic
scenes, however, are better described by
a bimodal distribution. Thompson and
his colleagues conjecture that the higher
dimensional mode may come from seg-

ments that contain land features in addi-
tion to water.

Colorful future
Imaging spectrometers have been around
since the 1980s. The AVIRIS instrument
captured its first images in 1987. However,
the inherent complexity of the data has
presented difficulties. “We’re just now
reaching a point where we’ve matured
our algorithm savvy and our computer
capabilities so that imaging spectroscopy
is really becoming accessible in a mean-
ingful way,” says Thompson. He cites the
increasing availability of imaging spec-
troscopy data that have been precorrected
for atmospheric effects. With multiple 
international projects planned to send im-
aging spectrometers into orbit, says
Thompson, “It’s really starting to come
into its own and will continue to do so.”

Sung Chang
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FIGURE 2. DISTRIBUTION OF DIMENSIONALITY for aquatic (top), natural terrestrial
(middle), and anthropogenic terrestrial (bottom) environments. The terrestrial scenes are
well described by single Gaussian distributions. The broader distribution of the aquatic
scenes, better described by two Gaussians, may stem from some segments that contain
both water and terrain features. (Adapted from ref. 2.)


