
ENICS 2008 Invited SpeechENICS 2008 Invited SpeechENICS 2008 Invited Speech

Hyperspectral imaging: Hyperspectral imaging: 
sensors, algorithms and challengessensors, algorithms and challenges

Dr. Javier Calpe-Maravilla
GPDS - Department of Electronics Engineering
IPL Imaging Processing Laboratory
Analog Devices Design Center - Spain



Hyperspectral imaging: sensors, algorithms and challengesHyperspectral imaging: sensors, algorithms and challenges

CONTENTSCONTENTS

 Problem definition

 Filtering methods

 Sensors

 Data processing issues

 Applications

 Future trends



Hyperspectral imaging: sensors, algorithms and challengesHyperspectral imaging: sensors, algorithms and challenges

Problem definitionProblem definition

PixelFly monochrome CCD camera Spectral Response of a CMOS 
Sensor with RGB CFA
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4D hypercube

Spectral
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ProblemProblem definitiondefinition

Courtesy Rob Green, JPL
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whiskbroom pushbroom staring
Band Interleved
By Pixel (BIP)

Band Interleved
By Line (BIL)

Band Sequential
(BSQ)

Problem definitionProblem definition: : Image formationImage formation

Courtesy Luis Alonso, UV-EG
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Filtering methods: Point spectrometerFiltering methods: Point spectrometer

Analytical Spectral Devices, Inc. FieldSpec Pro FR
VIS-NIR: A fixed concave holographic reflective grating 

disperses the light onto a fixed photodiode array
SWIR: A rotating concave holographic reflective grating 

scans the light onto a fixed single InGaAs detector

Principle of 
measurement

1 512 element Si photodiode array 350-1000nm 
2 TE cooled, graded index InGaAs photodiodes 1-2,5um

Detectors

3 nm @ 700 nm
10 nm @ 1400 nm & 2100 nm

Spectral 
resolution

350-2500 nmSpectral range
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Filtering methodsFiltering methods

Tri-CCD to Bayer pattern
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Filtering methodsFiltering methods

ImSpector from Specim,  Inc

Captures a line image and 
disperses it to a spectrum. 
Coupled to a B/W matrix 
camera converts it to a 
spectral line imaging system

Spectral range:
400-1000 nm

Spectral resolution:
5-7 nm

For Machine Vision
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FPAFPA with spectral filter wheelwith spectral filter wheel

Straightforward implementation
Spectral/spatial information not simultaneous
Useful for several fix spectral bands using a single 
filter wheel
Dual color filter wheel implementation can result in 
large number of bands

Multiple spectral bands 
synthesized using different 
spectral filters in a wheel

User Advantages/ImplicationsKey Features

LENS

Monochrome FPA 
full range

Spectral Tunable
Filter: Wheel
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Straightforward implementation for scanners or 
starers
Simultaneous spatial/spectral information 
Straylight/radiometry implications
Small number discrete spectral bands

Diochroic elements used to 
spectrally separate and route 
light in specific spectral 
bandpasses to individual focal 
planes

User Advantages/ImplicationsKey Features

Multiple Multiple FPAsFPAs with spectral separation elementswith spectral separation elements

LENS 3-CCD PRISM

Monochrome FPA

Spectral Filter
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FluxData FD-1665 3CCD 
Multispectral Cameras 

Multiple Multiple FPAsFPAs with spectral separation elementswith spectral separation elements
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FPA with spectral tunable filterFPA with spectral tunable filter

Straightforward implementation
Spectral/spatial information not simultaneous
Useful for several tunable spectral bands using a 
single filter 

Multiple spectral bands 
synthesized using the same 
spectral tunable filter

User Advantages/ImplicationsKey Features

Monochrome FPA full range

Spectral Tunable Filter~

LENS
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Filtering methods: LCTFFiltering methods: LCTF

Liquid Crystal 
Tunable Filter

Formed by a stack of 
polarizers and tunable
retardation liquid crystal 
plates
Combining the 
transmission of all the 
plate only a narrow band 
can be transmitted
Changing the bandpass
is very fast (~50 ms)   
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Filtering methods: LCTFFiltering methods: LCTF

VarisPec Tunable
Imaging Filter 
(Cambridge 
Research, Inc.)
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Filtering methods: AOTFFiltering methods: AOTF

Acousto Optic Tunable Filter

An RF signal applied to a piezo-electric transducer, bonded to 
a suitable crystal will generate an acoustic wave.
Any incident light ray will be diffracted. The wavelength of the
1st order diffracted ray depends on the acoustic frequency.

(Order 1)

(Order 0)

 Usable wavelengths: 0.4-5.1µm
 Spectral resolution: 0.7nm 

@400nm to 10nm @ 1000nm
 µs access time to a wavelength
 Random or sequential access to 

any wavelength
Filter limited to about one octave
 AOTF are polarisation sensitive
 Small active aperture of crystal 
 Cost
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Filtering Methods: AOTFFiltering Methods: AOTF
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RF generatorRF generator

 Generates an RF signal with the proper frequency and 
power to drive the AOTF crystal.

 Based on a Direct Digital Synthesizer circuit and two 
cascaded monolithic RF amplifiers.
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G&H VIS laboratory setup imaging G&H VIS laboratory setup imaging 

642 nm 545 nm

497 nm
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BrimroseBrimrose optical systemoptical system
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Brimrose Brimrose optical systemoptical system

AOTF

Mirror

Lens

Mirror

Output filtered light

Zero order
shutter

Polarizer

Field stop

Input light
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BrimroseBrimrose AOTFAOTF



Hyperspectral imaging: sensors, algorithms and challengesHyperspectral imaging: sensors, algorithms and challenges

OSTF (OSTF (IsometIsomet))

3.36º @ 600 nmSeparation angle

4º @ 600nmAcceptance angle

NormalIncidence Angle

3.5nm @ 600nmBandwidth

>85%Diffraction efficiency

445-110 MHz (nominal)Frequency range

400nm – 1000nm (nominal)Wavelength range

5mm x 5mmAperture
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Multiple arrays sensorMultiple arrays sensor

optics bandpass
filters

VIS camera

NIR camera

beam splitter
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SensorsSensors
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SensorsSensors

Few photons get to the sensors 

Intensified technologies:
• ICCD
• EBCCD
• L3CCD
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CCD plus image intensifier fibre-optically coupled
Spectral sensitivity depending of the photocatode
High voltage for accelerating electrons
Pulse amplifier for gated intensifier

 Delft Electronic Products
 Intevac
 Hamamatsu (10,000 €)
 Proxitronic

Sensors: Intensified technologies. ICCDSensors: Intensified technologies. ICCD
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Hybrid of an image intensifier and a CCD camera
Electrons impact on the back side of a back thinned CCD
 EB-CCD N7640 Hamamatsu (640x480)

 Spectral range . . . . . . . . . . 370–920 nm
 Frame rate                           60 Hz interlaced

 EBAPS Intevac

Sensors: Intensified technologies. EBCCDSensors: Intensified technologies. EBCCD
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Applies gain to the signal charge prior to the output node. 
This effectively reduces the magnitude of the read out  noise

Image Area Image Area
(Architecture unchanged)

Serial register Serial register

On-Chip
Amplifier

On-Chip
Amplifier

Conventional CCD LLLCCD

Multiplication register

Sensors: Intensified technologies. L3CCDSensors: Intensified technologies. L3CCD

Signal Level

S
N

R

Conventional CCD

LLLCCD

E2V Technologies CCD87 (512x512)
Spectral range . . . 400–1060nm
Fill factor . . . . . . . 100%
Frame rate . . . . . . 30 Hz

TI TC253SPD (680x500)
High Uniformity from DUV to NIR
Frame rate . . . . . . . . . . 30 Hz
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ICCD
 Much higher gain than EBCCD
 Spectral range depending on selected photocatode
 Reducing average contrast 
 Gated intensifier needs pulse amplifier and high voltage power supply
 Noise factor due to MCP
 Image intensifier are “lifed” items (function of the faceplate illumination)
 Significant phosphor lag, improves SNR at the expense of DR
 Saturated even with modest light levels 
 Image intensifier can be damaged by high light overloads
EBCCD
 Gain means speed
 Relatively low noise ( 40 e-/ pixel)
 No Lag, No distortion
 Better spatial resolution and SNR at moderate light levels than ICCD
 DR limited for increased gain
 Modest low light level detection capability (gain not as high as ICCD)
 Very expensive (around 16000 $)
LLLCCD
 CCD working at very different light conditions without image intensifier (three different modes)
 No risk of hardware damage due to overexposure
 Spatial resolution is the same as for an standard CCD and not reduced by a photocathode or MCP
 Price not so high (4,500 € for front illuminated)
 Higher SNR than ICCDs and CCDs (at low light levels)
 High voltage clock (more electronics involved)
 Degradation of QE in High Gain Mode
 Dark current electrons are amplified above the readout noise (cooling possibly needed)

Sensors: Intensified technologiesSensors: Intensified technologies
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SensorsSensors

noise

fps

M
AX

 fps

L3CCDVery
low noise

50030 60 120

Hybrid
ROIC

CMOSCCD

High noise

Low noise
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FoveonFoveon Image SensorsImage Sensors
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FoveonFoveon Image Sensors: SamplesImage Sensors: Samples
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VISGaAsVISGaAs sensorssensors: : IndigoIndigo andand FLIRFLIR

InGaAs: 0.9 – 1.7 µm
VisGaAs: 0.4 – 1.7 µm
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 Develop a Multispectral System that can be used on a wide 
range of commercial and industrial applications.

 Camera characteristics:
• Cost-effective sensor for commercial applications
• Provide up to 6 electronically configurable spectral bands
• Spectral resolution: 5-50 nm
• Spatial resolution: 640 x 480
• Wide spectrum range: 400-1800nm

SmartSpectraSmartSpectra projectproject



Hyperspectral imaging: sensors, algorithms and challengesHyperspectral imaging: sensors, algorithms and challenges

Autonomous Tunable Filter System Autonomous Tunable Filter System ATFSATFS

 Maximum Efficiency Window of AOTF
 Telecentric optics
 Dynamic range optimization for each 

spectral band: Gain, RF power & Texp
 8 to 12-bit sensor
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Processing issuesProcessing issues

 Hyperspectral sensors generate lots of data
 Is it manageable?

• How to store them?
• How to transmit them?
• How to process them?

 Coregistration
 Comparison among sensors
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Processing issues: PreprocessingProcessing issues: Preprocessing

Courtesy Luis Gómez. UV-EEG
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Courtesy Luis Gómez. UV-EG
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Processing issues: PreprocessingProcessing issues: Preprocessing

Courtesy Luis Gómez. UV-EG
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Processing issues: Band selectionProcessing issues: Band selection

 A priori knowledge
 Information theory
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Land surface classification with hyperspectral data
• System: Analysis of HyMap data for band selection
• Spectral Bands: 6 significant wavelengths (6 class

problem) 500,  670, 740, 770, 1980, 2320nm

Processing issues: Band selectionProcessing issues: Band selection
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Processing issues: Band selectionProcessing issues: Band selection
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Processing issues: Band aggregationProcessing issues: Band aggregation

From Martinez-Uso at altii ICIAR 2008
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Processing issues: SegmentationProcessing issues: Segmentation

Courtesy Filiberto Pla, UJI
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ApplicationsApplications

light

ips

M
AX

 fps

noise
Remote 
sensing

Rural 
monitoring

Fruit
assessment

indoor
illumination

outdoor
illumination

90
worst case analysis ips = 6 fps

1 5 10
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Applications: Remote SensingApplications: Remote Sensing
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Applications: Remote sensingApplications: Remote sensing

 Spectral band characterization for hyperspectral 
monitoring of water quality.

 Evaluating water quality monitoring with 
multispectral imagery.
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Applications: ClassificationApplications: Classification

Orange with trip
Courtesy F. Pla IC
A

N
M

F 
PC
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• Two sugar beet leaves were 
acquired with the FR at the same 
time that the ATFS

• FR Spectrum compared to the 
integrated area in the AOTF image

• Absorption estimated from abaxial
and adaxial leaf measurements

Applications: Light Absorption in LeavesApplications: Light Absorption in Leaves

Sample leaf Reflectance RGB image

ASD ASD 
FOVFOV

Absorption = 1 – R – T
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Sa
m
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e

A
Sa
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B

550 nm (equallized for visualization) 850 nm

Applications: Light Absorption in LeavesApplications: Light Absorption in Leaves
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Potato

Applications: Light Absorption in LeavesApplications: Light Absorption in Leaves
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Applications: Light Absorption in LeavesApplications: Light Absorption in Leaves

Chlorophyll content estimate for a sunflower (Helianthus annuus) leaf, using 
the NDVI index (R800-R680)/(R800+R680), Courtesy: Joan Vila
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Applications: DermatologyApplications: Dermatology

 Requirements:
• Spectral range: 440 -

750nm
• Bandwidth around 

10nm
• Resolution > 500x500 

pixels.
• SNR: > 50dB.
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Applications: Food processing automationApplications: Food processing automation

Fecal and ingesta detection on poultry carcases 
(U.S. Dept. of Agriculture)

• System: Three CCD (Monochrome) sensors with filters

• Spectral Bands: 3 spectral bands (470-960 nm)
445nm  deoxymyoglobin (DeoxyMb)
485nm  metmyoglobin (MetMb)
560nm  oxymyoglobin (OxyMb)
635nm  sulfmyoglobin (SulfMb)
465, 575, 705 nm  skin tumors

• Speed: Real time (90 birds/min. ~ 2im./sec) 

• Implications: Significant wavelengths required (Imspector)
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Applications: Precision agricultureApplications: Precision agriculture
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FutureFuture

• Imaging is evolving from few bands to many bands

• Remote sensing pioneered the field, shy industrial penetration

• More sensitive sensors pave the way to extension

• Synergy with different sensors

• New processing algorithms will be required

Monochrome

Ultraspectral

RGB

Hyperspectral

Multispectral


