
879

Index

a
aberrations
– chromatic 8
– correction in high-resolution optical

microscopy 307–311
– – microscope configurations 307–308
– definition of 296–297
– defocus 8
– dynamics 318–319
– effects of 298–300
– – numerical aperture 300–301
– measurement 312–317
microscopy 296–301
– representation of 297–298
– sources of 300
– spherical 9
– third-order 8
absorption 44
active contours (ACs) models 288
active contours, applications of 645, 654,

657–658
active multiview 3D displays 378–379
active surfaces or balloons 654
adaptive Huffman coding 453
adaptive optics in microscopy 295–321
– control strategies for 317–320
– – aberration dynamics 318–319
– – field-dependent aberrations 319–320
– measurement 303–305
– – indirect wavefront measurement 304
– principles of 301–306
additive mapping 78
advanced moon imaging experiment (AMIE)

835
advanced video coding (AVC) standard 370
affine invariance 161
airy disk pattern 275
airy pattern 27

σ -algebra of events 49
aliasing problem 108
alternating minimization 535
ambiguity function 254
American Association of Physicists in

Medicine (AAPM) 364
amplification 45
– pumping process 45
– spontaneous emission 45
– spontaneous photons 45
amplitude modulators 179, 192–193
amplitude spectra, face features 820–826
– corrected spectra 821
– whitened spectra, face images 821–822
– – diffusion, whitening by 824–826
– – slope whitening 822
– – variance whitening 822–824
– window artifacts 821
anaglyph method 371–372
analog and digital image processing, linking

397–417, see also continuous image models,
building; discrete representation of images
and transforms

analog-to-digital converter (ADC) 572
analytic image 104
angle multiplexing 230
angular multiplexing 595, 600–601
angular resolution 28–29
anti-alias filtering for multiview

autostereoscopic displays 384–387
aperture synthesis 327–333
– earth rotation aperture synthesis, principles

327–330
– receiving system response 330–333
– single-aperture radio telescopes 326–327
approximated in frequency domain 386
approximated in spatial domain 384
approximation error 125
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approximation scheme 145
architectural axioms 158
arcminute microkelvin imager (AMI)

telescope 332
arithmetic coding 453–455
arithmetic operations 285
astigmatism 22
astronomical image formation 323–343
– CLEAN algorithm 338–339
– deconvolution techniques 337–339
– full-sky imaging 335–337
– image formation 333–342
– – derivation of intensity from visibility

333–337
astronomical image processing system

(AIPS) 341
astronomical imaging 551, 563–564
atoms 508
autofocusing 285
automated target recognition (ATR) system

667–692, see also hybrid digital–optical
correlator for ATR

automultiscopic displays 379
autoregressive moving average (ARMA)

model 539
autostereoscopic displays (without glasses)

375–378
– microlenses 376
– pseudoscopic 376
– parallax barrier 376
– viewing zone 376
average feature-value invariance 161
axial super-resolution 607–608
axioms and properties 157–162
– architectural properties 160
– – convolution kernel 160
– – infinitesimal generator 160
– – linearity 160
– – semigroup property 160
– fundamental axioms 158–159
– – architectural axioms 158
– – causality 158
– – locality 158
– – Lyapunov functionals 159
– – maximum–minimum principle 159
– – nonenhancement of local extrema

159
– – preservation of positivity 159
– – regularity 158
– – stability axioms 158
– morphological properties 161–162
– – affine invariance 161
– – average feature-value invariance 161
– – feature scale invariance 161

– – isometry invariance 161
– – scale invariance 162

b
back focal plane 6
back focal point 6, 16
background 75
backlight unit 346
barrier layer 191
baseband 400
baseline 327
basis pursuit denoising problem (BPDP) 494
basket weaving 327
Bayesian approach 617–621, 661
Bayesian radio astronomer 339–341
Bayesian restoration 577–580
bays 76
Bennett–Brassard-1984 (BB84) QKD protocol

771–774
Bèzier splines 127
bidirectional prediction 448
biharmonic spline 128
binary symmetric channel 65
binary-phase only optical correlator (BPOC)

669
binocular stereopsis 369
bitwise holographic storage 229
blind deconvolution imaging 529–547, see

also Image deconvolution
– multichannel deconvolution 539–542
– nonblind deconvolution 530
– space-variant convolution 531
– space-variant deconvolution 531
– space-variant extension 542–546
block-based motion estimation 446
block matching algorithm (BMA) 620
blue-green colors 41
blur kernel 530
border 76
Born approximation 701–704
– normalized 703–705
bragg planes 214
bragg-selective volume reflection hologram

215
Brenner’s expression 106
Briggs pattern 363
bright-field microscopy 278–279
brightness histogram 77–78
B-splines 119
butterworth filters 92

c
cardinal function 121
CARS microscopy 717, 719
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CARS microscopy image analysis, challenges
730–734

– CARS imaging chemometrics merging
734

– multiplex 734
– nonlinear microscopy particle identification

731
– nonresonant background numerical

reduction 731–732
cascade recursive least squares (CRLS) 113
cathode ray tube (CRT) dispaly 347–349
cationic ring-opening polymerization

(CROP) 245
cauchy distribution 54
central slice theorem 796
channel capacity 63–64
characteristic of random variable 54
charbonnier’s diffusion filtering 168
charge-coupled devices (CCDs) 324, 571
chebyshev distance 74
chessboard 74
chiral nematic phase of LCs 180
chromatic aberration 8
chrominance indicator 426
1931 CIE Standard 38–39
CIE 1976 UCS Diagram 39–40
CIELAB diagram 42
circular aperture, diffraction at 27–28
city block 74
class of random events 49
classical restoration techniques 574–583
– constrained least squares (CLS) method

580
– maximum likelihood method 580
– method of generalized cross-validation 580
– Poisson noise model 580–583
– regularization parameter 578, 579
– SNR method 579
classical Richardson–Lucy (RL) deconvolution

573–574, 580
CLEAN algorithm 338–339
cliques 663
closed-loop video encoder 458
coded apertures 490–492
coherence 29–30
– length 29
– temporal or longitudinal coherence 29–30
– time 29
– transverse or spatial coherence 30
coherent light 275
coherent point spread function 18
collimated light 275
colocalization analysis 586

color 35–42, see also Theory of opponent
colors

– color blindness 22
– color/spectral and multiple-component

prediction and transforms 445
– images, representations for 155–176, see

also under Scale-space representations
– spectrum of light 36
– tristimulus theory 36–40
columnar phase of LCs 180
complement event 50
complex amplitude 12
complex cells 421
compressed sensing (CS) 342, 507–526
– add or change priors 519–520
– compressive imagers 521–523
– compressive radio interferometry 523–524
– conventions 508
– greedy iterative methods 516, 518,

520–521
– information sources 524–525
– outside convexity 520
– random basis ensemble 517
– random convolution 517–518
– reconstructing from compressed

information 512–515
– reproducible research 525–526
– science 2.0 effect 524–526
– sensing strategies market 515–515
– – random Fourier ensemble 516–517
– – random sub-Gaussian matrices 516
– single stage, sensing and compressing

510–512
– – new sensing model 511–512
– – Shannon–Nyquist sampling 510–511
– sparsity 508–510
compression 135
compression, digital image and video

441–461, see also entropy coding;
quantization; video coding

– architecture 441–442
– color/spectral and multiple-component

prediction and transforms 445
– data prediction and transformation

442–449
– data redundancy, removing 442–443
– JPEG 456
– JPEG 2000, 456–457
– spatial prediction 443–444
– spatial transforms 444–445
– temporal redundancy removal by motion

estimation 445–449
– – bidirectional prediction 448
– – block-based motion estimation 446
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compression, digital image and video (contd.)

– – improvements over basic approach
447–449

– – motion-compensated prediction
445–447

– – multiple reference frames 448
– – simple block-based motion model 446
– – subpixel accuracy 447
– – variable block sizes 448
compressive image acquisition 486, 488–494
– algorithms for restoring 494–499
– – for CS minimization problem solution

494–496
– – gradient projection for sparse

reconstruction (GPSR) algorithm 495
– – iterative shrinkage/thresholding (IST)

algorithms 496
– – least absolute shrinkage and selection

operator (LASSO) 495
– – for nonnegativity constrained l2 –l2 CS

minimization 496–497
– – orthogonal matching pursuit (OMPs)

496
– – sparse reconstruction by separable

approximation (SpaRSA) algorithm
495

– architectures for 488–494
– coded aperture imagers 490–492
– compressive-coded aperture (CCA)

492–494
– experimental results 499–501
– integration downsampling 492
– model-based sparsity 497–498
– noise 502
– physical constraints 486
– practical optical systems 486
– quantization 502
– Rice single-pixel camera 488
– spectral imagers 489
– stringent time constraints 486
– task-specific information compressive

imagers 490
compressive radio interferometry 523–524
compressive sensing (CS) 485–488
– sparsity 487
compressive-coded aperture (CCA) 492–494
computer-generated holograms (CGHs) 202
computer graphics 72
computer vision 72
conditional entropy 58
conditional probabilities 51–52
– dependent events 51–52
– independent events 51–52
cones 22, 37, 421

confocal microscopy 283
constrained least squares (CLS) approach

580, 617–618
constructive interference 26
consumer drive implementation 233–234
contiguous pixels 75
continuous distribution 53
continuous faceplate devices 193
continuous Fourier transform (CFT) 621
continuous frequency response CFrR(p) 405
continuous image models, building 408–414
– discrete sinc interpolation 408–411
– image numerical differentiation and

integration 411–414
– Newton–Cotes quadrature rules 412
continuous shearlet transform 151
continuous wavelet transform (CWT)

142–143
– dilation parameter 142
– translation parameter 142
continuum 27
contrast edges hypothesis 813–814
contrast masking 422
contrast parameter 169
contrast sensitivity functions (CSFs) 422
convergent wave, diffraction by 27–28
convex regions 75
convolution concept 78
convolution mask 79
convolution theorem 87
correlator 327
Crank–Nicholson method 164
critical voltage 183
cross entropy 581
cross talk functions 383
cross terms problem 108
cross Wigner distribution 103
cubic B-splines 119
curvature-based image quality assessment

426
curvature-based scale-space filters 172

d
1D directional PWVD 105–108
1D Fourier transform 80–85
2D Fourier transform 85–90
2D log-gabor filtering 110–112
3D displays 369–394, see also Planar

multiview displays; Planar stereoscopic
displays

– intermediate view interpolation 389–393
– – image-based rendering 389
– signal processing for 3D displays 381–393
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– – 3D anaglyph visualization, enhancement
381–382

– – anti-alias filtering for multiview
autostereoscopic displays 384–387

– – luminance/color balancing for stereo pairs
387–388

– – polarized 3D displays 382–384
– – shuttered 3D displays 382–384
2D-smoothed PWVD 108–110
– aliasing problem 108
– cross terms problem 108
– frequency-filtering 108
– oversampling 108
dark contrast microscopy 280–281
data distribution 573
data-fitting 531
data redundancy, removing 442–443
dataset 432
deblurring step 584–585
decoding stage 597
deconvolution from wavefront sensing

(DWFS) 549–551
– image channel 550
– sensor channel 550
deconvolution 337–339, 529–547, see also

blind deconvolution imaging; wavefront
sensing

– maximum entropy deconvolution 339–341
deficit of convexity 75–76
deflation 113
defocus aberration 8
deformable mirrors 305
deformable models 645, 654–661
degree of coherence 602
Denisyuk holograms 209–210, 215
denoising 139
dependent events 51–52
destructive interference 26
detection mechanisms 423
DFT-based integration 412
dia-illumination microscopes 308
dichromated gelatin 240–241
dictionary 139
differential interference contrast (DIC)

microscopy 273, 281
differentiation ramp filter 412
diffraction efficiency of hologram 213–214
diffraction 11–13, 25–28
– airy pattern 27
– at a circular aperture 27–28
– by convergent wave at 28
– continuum 27
– convergent 27
– Fraunhofer diffraction pattern 27

– Fresnel diffraction pattern 27
– integral 27
– of light 27
– at a one-dimensional slit 26–27
– pattern 27
– ringing 27
diffractive optical resolution 593–594
diffractive optical super-resolution 595–608
– limitations 595–597
– nonholographic approaches 594, 597–602
diffuse optical tomography (DOT) 695
diffusion equation 699
– infinite homogeneous media 699
diffusivity 167
digital cinema 365
digital grating 598
digital holography 603–607
– digital-to-analog conversion in 414–417
– – case study (reconstruction of Kinoform)

414–417
digital image processing in microscopy

284–291
– autofocusing 285
– – active methods 285
– – passive methods 285
– classification 289–291
– – nonparametric 290
– – nonsupervised 290
– – parametric 290
– – supervised 290
– illumination correction 285
– image enhancement 286–287
– – frequency domain methods 286
– – spatial domain methods 286
– mosaic generation 285
– preprocessing 284–286
– segmentation 287–289
digital image representation 73–78
– background 75
– bays 76
– border 76
– – inner border 76
– – outer border 76
– brightness histogram 77–78
– chessboard 74
– city block 74
– contiguous pixels 75
– convex regions 75
– deficit of convexity 75–76
– discretization 73
– distance between the samples 73
– edge 77
– holes 75
– image function 73
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digital image representation (contd.)
– lakes 76
– metric properties 74–77
– 4-neighbors 74
– 6-neighbors 74
– 8-neighbors 74
– nonconvex regions 75
– objects 75
– picture element 74
– pixel 74
– pixel adjacency 74
– quantization 73
– segmentation 75
– simple contiguous 75
– spatial arrangement of samples 73
– – hexagonal grid 73
– – square grid 73
– topological properties 74–77
digital light projector (DLP) technology

185, 353–358
digital micromirror device (DMD) 192
digital postprocessing stage 597
digital video quality metric (DVQ) 424
dilation parameter 142
dirac delta functions 386
direct addressing 189
direct view displays 345–353
– types 346, see also emissive displays;

reflective displays; transmissive displays
– working principle 345–346
direct wavefront sensing 312–314
directional transforms 148–152, see also

under wavelets
– haar wavelet system 148
– separable transforms 148–149
dirichlet condition constrains 532
discrete channel 63
discrete convolution 79
discrete cosine transform (DCT) 402, 424,

464
discrete distribution 53
discrete Fourier transform (DFT) 85, 106,

402, 406, 621
– point spread function of 406–407
discrete representation of images and

transforms 398–407
– 1D integral Fourier transform 403
– equivalent analog transforms,

characterization 402–407
– mirror of digital computers, imaging

transforms in 401–402
– signal discretization 399–401
discrete shearlet transform 152

discrete sinc interpolation 408–411
– as gold standard for image resampling

408–411
– signal recovery from sparse or

nonuniformly sampled data 409–411
discrete-time Fourier transform (DTFT) 386
discrete wavelet transform (DWT) 143–144
– wavelet identity 143
– wavelet series 144
discretization 73
disjunctive events 50
disparity 390
displays 345–366, see also 3D displays; direct

view displays; medical display systems
distortion measure based models on human

visual sensitivity 425
distribution function 52–53
double-random phase encryption (DRPE)

740, 741–746
– linear method 743
– nonlinear methods 743
– optical setup for 743
– resistance against attacks 746
drizzle algorithm 325
dual-frequency effect 184
dual-tree complex wavelet transform

(DT-CWT) 149–151
dynamic holography 220–224
– holographic cinematography 220–222
– holographic video 223–224
– real-time integral holography 222–223
dynamic range 365, 602

e
earth rotation aperture synthesis, principles

327–330
edge detection 93
edge 77
edge-affected variable conductance diffusion

(EA-VCD) 168
edge-based segmentation 652–654
edge-stopping function 168
effective cutoff frequency 560–562
electrically addressed spatial light modulators

(EA-SLMs) 189–190
electroholography 202
electromagnetic (EM) spectrum 1–3
– microwaves 2
– radio waves 2
– x-rays 2
– γ -rays 2
electromagnetic fields 10
electron microscopy 283–284
electronic paper (e-Paper) 352–353
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electro-optic effect 242
elementary event 49
embedded block coding by optimized

truncation (EBCOT) 457
embedded quantization 451–452
emissive displays 348–351
– CRT display 348–349
– light-emitting diodes (LEDs) display

347
– organic light-emitting diode (OLED)

displays 348, 350–351
– plasma display 349–350
encoding–decoding process 601
encoding stage 597, 603
encryption algorithms optical techniques

740–755
– based on real functions 748–749
– color image encryption 750–751
– double-random phase encryption (DRPE)

741–746
– fractional Fourier transforms 753–755
– Fresnel domain 751–753
– holographic memory 749–750
– phase encoding 740–741
– random phase mask (RPM)

740–741
– wavelength multiplexing 750–751
energy density spectrum 99
entropy 54–62
– conditional entropy 58
– joint entropy 56–60
– properties 55–56
– relative entropy 62
– Rényi entropy 62
entropy coding 442, 452–455
– adaptive Huffman coding 453
– arithmetic coding 453–455
– Huffman coding 452–453
epidermal growth factor (EGF) 587
epi-illumination microscopes 308
equivalent analog transforms,

characterization 402–407
– 2D integral Fourier transform 404
– point spread function (PSF) 406–407
error correction codes (ECCs) 236
étendue 355
euclidean distance 74
Euler–Lagrange equation 168, 532–533
excitance 31
expectation-maximization (EM)

649–650
expected value 54
eye fundus imaging 561, 564–567

f
face image statistics, see human face

recognition and image statistics using
Matlab

far field approximation 13
farsightedness 22
fast Fourier transform (FFT) Cooley–Tukey

algorithm 517
fast Fourier transformation (FFT) 85
feature-based image quality models 425–427
– curvature-based image quality assessment

426
– distortion measure based 425
– perceptual video quality metric (PVQM)

426
– singular value decomposition (SVD) 425
– structural and information-theoretic models

427–430
– temporal trajectory aware quality measure

427
– temporal variations of

spatial-distortion-based VQA 427
– video quality metric (VQM) 426–427
feature extraction methods 682–685
– horizontal and vertical binning 682–684
– principal component analysis (PCA)

684–685
feature scale invariance 161
feature space 156
feed-forward 686–687
Fergus’s method 534–536
Fermat’s principle 3
ferroelectric LCs 187–189
ferroelectric liquid crystal (FLC) 669
ferro-electric-liquid-crystal-onsilicon

(FLCoS) 359
– architecture 360
Fick’s law 703
field-dependent aberrations 319–320
filter cube 282
filtering in image domain 90–95
– butterworth filters 92
– edge detection 93
– Gaussian filters 92
– gradient operators 90
– median filtering 92
– noise filtering 90–91
– Prewitt operator 94
– robust filtering 92
– smoothing filters 91–92
– Sobel operator 95
filters 78
– linear 78
– nonlinear filters 78
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Fisher discriminant analysis (FDA) 291
fluorescence microscopy 275, 282
fluorescence molecular tomography (FMT)

696–706
– Born approximation for excitation term

701–702
– – boundary conditions 702
– diffusion equation 699
– – for infinite homogeneous media 699
– excitation source term 700
– experimental setup 705–706
– fluorescence source term 700–702
– inverse problem 703
– normalized Born approximation 703
– optical parameters 698–699
– principle 696–697
– theoretical background 697–705
flux loss 332
fly’s eye integrator 354
focal length 71
focal point 274
Fourier analysis, classical 140–141
Fourier coefficients 140
Fourier kernels 400
Fourier optics 14–21
– applications 14–21
– back focal point 16
– Fourier plane 17
– ideal thin lens as 14–17
– image plane 17
– imaging and optical image processing

17–19
– joint-transform correlator 19
– object plane 17
– optical correlator 19–21
– pupil function 17
– spectrum 17
Fourier plane 17
Fourier series 140
Fourier transform 80, 140
– properties of 82
fovea 37, 421
fractional Fourier transforms 753–755
frame rates 183–184
Fraunhofer approximation 13
Fraunhofer diffraction formula 13–14, 27
free-space spatial impulse response 13
frequency domain methods 80–90, 286,

621–622
– 1D Fourier transform 80–85
– 2D Fourier transform 85–90
– 2D signals 80
– discrete Fourier transform (DFT) 85
– fast Fourier transformation (FFT) 85

– Fourier transform 80
– spatial frequencies 85
frequency-filtering 108
Fresnel diffraction formula 12, 14, 27
Fresnel domain 751–753
front focal plane 6
full-reference (FR) algorithms 419
full-sky imaging 335–337
fully complex modulation methods

194–195
fundamental axioms 158–159

g
Gabor filters 431
Gabor function 110–112, 141
Gaussian channel 65–66
Gaussian filters 92
Gaussian noise model 575, 578–580
Gaussian scale mixture (GSM) model

429, 573
Gaussian scale space theory 165–167
Gaussian-modulated coherent state (GMCS)

QKD protocol 776–777
general class distribution 97
generalized cross-validation method 580
generalized sampling theorem 121
generic image coding 455–456
geometrical optics 3–9, see also ray transfer

matrix; two-lens imaging system
– aberrations 8–9
– Fermat’s principle 3
– homogeneous medium 3
– photons 3
– ray optics 3
– ray transfer matrix 3–6
geometrical resolution 593–611
– fundamental limits 594–595
geometrical super-resolution 608–611
Geometry-driven scale space 171–173
– curvature-based scale-space filters 172
gerchberg–Saxton algorithm 265
global precedence 424
gold standard for image resampling 408–411
gradient-based method 288
gradient-based wavefront sensors 552–558
gradient operators 90, 93
gradient projection for sparse reconstruction

(GPSR) algorithm 495
graphic user interface (GUI) of GOC System

674–675
grating light valve (GLV) 360–361
gray-scale images, representations for

155–176, see also under Scale-space
representations
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gray-scale optical correlator (GOC) 669–670,
674, 675–676

green fluorescent protein (GFP) 587
Green’s function 163

h
Haar wavelets 146, 148
harmonic analysis 139
harmonic functions 81
Hartmann–Shack wavefront sensor 553
head-mounted displays (HMDs) 370
Heisenberg’s uncertainty principle 141
Henyey–Greenstein function 699
Hermite splines 127
hexagonal grid 73
high-pass filter 145
high-resolution optical microscopy, aberration

correction in 307–311
high-temperature polysilicon (HTPS) 353
Hilbert space 121, 139
Hilbert transform pair 149
Hogel 219
holes 75
holographic approaches 602–608
– holographic wavefront coding 602–603
holographic data storage technology

227–247
– bitwise 229
– consumer drive implementation 233–234
– data channel overview 236–237
– dichromated gelatin 240–241
– drive architecture 231–233
– light path
– – during read operation 232
– – during write operation 231
– materials for 237–242
– material for data storage 243–246
– media for 246
– microholographic storage 229
– pagewise 229
– photochromics 242
– photopolymers 239–240
– photorefractive 242
– photothermoplastics 241–242
– reading data 230
– silver halide photographic emulsion

238–239
– tolerances and basic servo 234–236
– – reference angle 235
– – tilt 235
– writing data 229
holographic memory 749–750
holographic stereograms 202

holographic visualization of 3D data,
201–225, see also Dynamic holography

– amplitude and phase, reproducing
203–207

– Bragg-selective volume reflection hologram
215

– color reproduction 210–215
– Denisyuk hologram 215
– holographic approximations 215–220
– holographic stereogram 217–220
– – integral photography 217
– – Lippmann’s photography 217
– phase versus amplitude, diffraction

efficiency 213–214
– rainbow hologram 216–217
– reflection 211–212
– surface relief holograms 214–215
– thin versus thick hologram 215
– transmission 212–213
– types of 207–215
– – Denisyuk holograms 209–210
– – transmission versus reflection 207–209
homogeneous mapping 78
homogeneous medium 3
homologous points 390
hough transform 288
hubble space telescope (HST) 324
Huber–Markov Gibbs prior model 620
Hue 41
Huffman coding 452–453
human face recognition and image statistics

using Matlab 809–831
– image statistics 811–820, see also

Amplitude spectra, face features
– – face image dataset 818–819
– – face processing 818
– – spatial frequency, dimension 819–820
– neural information-processing 811–818,

see also individual entry
human visual system (HVS) 21–23, 420–422
– abnormal eyes 22
– – astigmatism 22
– – farsightedness 22
– – nearsightedness 22
– color blindness 22
– cones 22
– contrast sensitivity functions (CSFs) 422
– human-visual-system-based models

422–425
– – digital video quality metric (DVQ) 424
– – discrete cosine transform (DCT) domain

424
– – moving picture quality metric (MPQM)

424
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human visual system (HVS) (contd.)

– – scalable wavelet-based distortion metric
for VQA 425

– – Teo and Heeger model 423–424
– – visual difference predictor (VDP) 423
– – visual discrimination model (VDM) 423
– lateral geniculate nucleus (LGN) 421
– light adaptation 422
– masking 422
– – contrast 422
– – temporal 422
– – texture 422
– photoreceptors 421
– – cones 421
– – fovea 421
– – rods 421
– – saccades 421
– point-spread function (PSF) 420
– rods 22
Hurter–Driffield curve 635
Huygens’ principle 25
hybrid digital–optical correlator for ATR

667–692
– ATR process, experimental demonstration

of 687–690
– – sonar mine identification 689–690
– – vehicle identification 687–689
– gray-scale optical correlator system’s

space–bandwidth product matching
668–670

– input SLM selection 671–673
– miniaturized gray-scale optical correlator

673–676
– neural network for target verification

681–687
– OT-MACH filter, optimization of 677–681
– – optimization approach 677–681
hybrid optical–digital implementation

114–116
hybrid restoration methods 583

i
illumination correction 285
image analysis 643–664, see also

intermediate-level vision
image and volumetric coding 455–457
– generic image coding 455–456
image deconvolution 530–534
image filtering paradigm 78–79
– additive mapping 78
– convolution concept 78
– – discrete convolution 79
– convolution mask 79
– homogeneous mapping 78

– linear combination 78
– linear filters 78
– nonlinear filters 78
image formation from optical telescopes

324–325
image interpretation 72
image plane 17
image processing, fundamentals 71–95, see

also digital image representation; frequency
domain

– image filtering paradigm 78–79
– physical process of image formation 72
image quality assessment/video quality

assessment algorithms (IQA/VQA) 419
image registration 67
image restoration 571–589
– in biomedical processing 571–589
– classical restoration techniques 574–583
– colocalization analysis 586
– outline of algorithm 584–586
– – deblurring step 585
– – noise reduction 584–585
– photon or shot noise 571
– read-out or amplifier noise 572
– sensor noise 571
imageJ for medical microscopy image

processing 859–877
– add-ons 860–861
– – macro recorder 860
– – macros 860
– – plug ins 860
– batch processing 866–869
– – filtering files 869
– – function 866–868
– – loop files, processing 868
– dialog box 869–872
– – adding 869
– – assigning values to variables 870–872
– – creating 869–870
– installation 859
– macro, developing 862–866
– – analysis planning 862–863
– – automating, recording menu commands

863–864
– – basic macro programming 865–866
– – intensity, measuring 864–865
– opening images 861
– plug in collections 861
impossible event 50
independent component analysis (ICA) 291
independent events 51–52
indirect wavefront sensing 314–317
information channel 62–66
– binary symmetric channel 65
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– channel capacity 63–64
– discrete channel 63
– Gaussian channel 65–66
– symmetric channel 64–65
information fusion by segmentation

466–470
information theory, basics 49–68, see also

probability
– Kullback–Leibler distance (KLD) 62
initial condition 12
inner border 76
integral photography 217–219
integration downsampling 492
interference 25–26
– constructive 26
– destructive 26
intermediate image plane 274
intermediate-level vision 643–664, see also

segmentation
– active contours, applications of 657–658
– deformable models 654–661
– mathematical formulation 655–657
– mathematical morphology 651
– optimal edge detection 654
– scale-space approach 654
– seeded region growing 651
– supervised approaches 646–647
– unsupervised approaches 647–650
International Electrotechnical Commission

(IEC) 455
International Standardization Organization

(ISO) 455
interpolation splines 119
inverse filter 574–575
inverse Fourier transform (IFT) 468
inverse task 72
inversion 101
– inversion formula 140
iris recognition 67–68
irradiance 31
irregularly spaced unit 386
isometry invariance 161
iterative constraint Tikhonov–Miller (ICTM)

algorithm 578–579
iterative shrinkage/thresholding (IST)

algorithms 496

j
Jepson and Fleet algorithm 431
Jet Propulsion Laboratory (JPL) 669
joint entropy 56–60
joint photographic experts group (JPEG) 464
joint spatial/spatial-frequency representations

97–116, see also 2D log-Gabor filtering;

pseudo-Wigner–Ville distribution (PWVD);
Wigner distribution

– analytic image 104
– energy density spectrum 99
– fundamentals of 98–103
– hybrid optical–digital implementation

114–116
– notation 99–100
– spatial and spatial-frequency marginal

conditions 99
– spectrogram 104
– texture segmentation 112–114
joint technical committee for information

technology 455
joint-transform correlator 19
joint-transform power spectrum (JTPS)

19–20
jones matrix formulation for TN-LC 184
JPEG 473–474
just noticeable difference (JND) index

362–363

k
Karhunen–Loève transform (KLT) 113
kernel 103
– kernel function 111
– kernel regression (KR) 638
kinoform hologram-encoding method

414–417
K-means clustering 648–649
knots 125
Koenderink’s formulation of causality 158
Köhler illumination 278
Kramers–Kronig relationship 228
Kullback–Leibler distance (KLD)

62, 535

l
L vanishing moments 145
labeling 663
laboratory for image and video engineering

(LIVE) 433
lakes 76
Laplace distribution approximation 535
Laplacian based method 288
Laplacian of Gaussian (LoG) 653
lateral geniculate nucleus (LGN) 421
law of refraction 3–4
least absolute shrinkage and selection operator

(LASSO) 495
leave-one-out principle 580
Lebesgue spaces 139
length, coherence 29
lenticular technology 377
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lexicographical ordering 174
light 275
– adaptation 422
– coherent 275
– collimated 275
– interaction with matter 275
– light-emitting diodes (LEDs) display 347
– monochromatic 275
– polarized 275
light amplification by stimulated emission of

radiation (LASER) 43
– basic elements of 46
– coherence 47
– direction 47
– intensity 47–48
– monochromatic 47
light oscillation by stimulated emission of

radiation (LOSER) 45
light polarization 371, 373–375
– µPol (micropol) 374
– Planar’s StereoMirror 374
– Zscreen 374
light shuttering 375
linear (Pearson’s) correlation coefficient

(LCC) 432
linear discriminant analysis (LDA) 291
linear nematic (TN) SLMs 181
Lippmann’s photography 217
liquid crystal displays (LCDs) 346
liquid crystal on silicon (LCoS) 353
liquid crystal TV (LCTV) 20
liquid crystals (LCs) 180–191
– addressing methods 189–191
– – direct addressing 189
– – electrical 189
– – multiplex addressing 189
– – optical 189
– – silicon backplane addressing 190
– chiral nematic phase 180
– columnar phase 180
– critical voltage 183
– ferroelectric 187–189
– frame rates 183–184
– microelectromechanical systems (MEMS)

185
– modulation methods 186–187
– nematic LC 180–183, see also Nematic

liquid crystal SLMs
– optically addressed spatial light modulators

(OA-SLMs) 190–191
– smectic LC 180
– thermotropic LC 180
Lloyd–Max quantizers 450–451
log-Gabor filters 110–112

Lorentzian distribution 54
lossless 135
lossy compression 135
low-density parity check (LDPC) 236
low-pass filter 145
Lukosz approach 603–604
lumen 34
luminance/color balancing for stereo pairs

387–388
luminous terms 33–34
– luminous flux 34
– visual or photometric quantity 34
– visual spectral flux 33
Lyapunov functionals 159, 170

m
Mach–Zehnder interferometer 466
marginal ordering 174
marginals 101
Markov chain Monte Carlo (MCMC) 341
Markov random field (MRF) approach

619, 661, 663–664
masking 422
– contrast 422
– temporal 422
– texture 422
matched probability model 469
mathematical morphology scale space

173–176
matrix formalism for phase-space rotations

255–257
maximizing the a posteriori probability (MAP)

646–647
maximum a posteriori (MAP) approach

535, 576
maximum differentiation competition

(MAD) 433
maximum entropy deconvolution 339–341
maximum entropy method (MEM)

339–341, 578
maximum likelihood difference scaling

(MLDS) 433
maximum likelihood estimation (ML)

577, 580
maximum principle 158
maximum–minimum principle 159
Maxwell’s equations 1, 9–11
mean opinion score (MOS) 419
mean square error (MSE) 419
measurement of light 30–35
– radiometry versus photometry 30
median absolute deviation (MAD) 169
median filtering 90, 92
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medical display systems 362–366
– applications 362–366
– – digital cinema 365
– – LCD displays 362
– – nighttime training 365
– calibration 362–364
– physical measurements 363
– quality assurance of 362–364
– visual inspection tests 363
metric algorithm 424
Mexican hat filter 653
microdisplays (MDs) 353
microelectromechanical systems (MEMS)

185, 193
microholographic storage 229
microlenses 376
microscopic imaging 273–292
– bright-field microscopy 278–279
– components of 276–277
– – adjustment knobs 276
– – camera 276
– – computer 277
– – condenser 277
– – eyepiece 276
– – illumination 277
– – objective 276
– – specimen holder or stage 277
– confocal microscopy 283
– continuous image 274
– dark contrast microscopy 280–281
– DIC microscopy 281
– digital image processing in 284–291
– digital image 274
– displayed image 274
– electron microscopy 283–284
– fluorescence microscopy 282
– image formation in 274–275
– image formation, basic concepts 274–276
– Köhler illumination 278
– optical image 274
– phase contrast microscopy 279–280
– resolution 275–276
– types of 277–284
– types of image 274
microwaves 2
millimeter wave (MMW) 2
miniaturized gray-scale optical correlator

673–676
– alignment mode 674
– 512 × 512 GOC system architecture

673–674
– graphic user interface (GUI) of GOC

System 674–675
– run mode 674

minimum mean square error (MMSE) 577
Minkowski formulation 424
mirror devices 192–193
– amplitude modulators 192–193
– continuous faceplate devices 193
– digital micromirror device (DMD) 192
– MEMS deformable mirrors 193
– phase modulators 193
– segmentedmirrors 193
mirror of digital computers, imaging

transforms in 401–402
mispick 114
model-based segmentation 661–664
model-based sparsity 497–498
modified peak signal-to-noise ratio

(MPSNR) 628
modified uniformly redundant array

(MURAs) 491
monochromatic light 275
monocular concept with multiplexing 233
mosaic generation 285
motion-based video integrity evaluation

(MOVIE) 431–432
motion-compensated prediction 445–447
motion-modeling-based algorithms 430–435
– MOVIE 431–432
– performance evaluation 432–434
– reduced reference (RR) algorithms 432
– spatial quality assessment 431
– SW-SSIM 431
– validation 432–434
motion parallax 378
moving picture quality metric (MPQM) 424
multichannel deconvolution 539–542
multichannel-regularized super-resolution

image reconstruction algorithm 624–628
multiconjugate adaptive optics (MCAO) 320
multiple quantum-well (MQW) SLMs

191–192
– barrier layer 191
– well layer 191
multiple reference frames 448
multiplex addressing 189
multiplexed holograms 603–604
multiplexing in other degrees of freedom

601–602
multiplexing techniques 230, 466–470
– angle multiplexing 230
– monocular concept with 233
– polytopic multiplexing 230
multiplicative bases 401
multiresolution analysis (MRA), wavelets

144–148
– approximation scheme 145
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multiresolution analysis (MRA), wavelets
(contd.)

– dilation equation or 2-scale relation 145
– Haar wavelet system 146
– high-pass filter 145
– L vanishing moments 145
– low-pass filter 145
– two-channel digital filter bank 145
multiscale analysis, splines for 129–131
– spline pyramids 129
– spline wavelets 129
multiscale structural similarity index

(MS-SSIM) 428–429
multispectral fluorescence tomography

695–713
– application 695
– experimental setup 705
– Fluorescence molecular tomography (FMT)

696–706
– methodology 711–712
– multicolor phantom 709–711
– multitarget detection and separation

709–712
– spectral deconvolution 707–708
– spectral tomography 706–708
– theory 695
– in vitro fluophore unmixing 709
– in vivo fluophore unmixing 711
multiview autostereoscopic displays, anti-alias

filtering for 384–387
multiview coding (MVC) 370
multiview displays 370, 378
mutual information 60–61
– application 67–68
– – image registration 67
– – iris recognition 67–68
mutually exclusive events 50

n
natural scene statistics (NSS) 422
Navier–Stokes equations 170
nearsightedness 22
4-neighbors 74
6-neighbors 74
8-neighbors 74
nematic liquid crystal SLMs 180–183
– dual-frequency effect 184
– linear 181
– temperature effects 184
– transient nematic effect 184
– twisted 181, 184–186, see also twisted

nematic (TN) SLMs
neural information-processing 811–818
– contrast edges hypothesis 813–814

– k−2 frequency scaling 811–813
– occlusion hypothesis 813
– response equalization 811, 816–818
– scale invariance hypothesis 812–813
– spatial decorrelation 811, 814–816
neural network identification 686–687
neurons 686
Newton–Cotes quadrature rules 412
no-cloning theorem, quantum 770–771
noise 139
– noise equivalent resolution 594
– noise filtering 90
nonblind deconvolution 530
nonconvex regions 75
nonholographic approaches 597–602
– time multiplexing 597–600
nonnegative matrix factorization (NMF) 291
nonnegative sensing matrices, compensating

for 498–499
nonnegativity constrained l2 –l2 CS

minimization, algorithms for 496–497
nonstationary signal 84
normal weighting 334
normalized Born approximation 703–705
normalized root-mean-square (NRMS) 465
numerical aperture 300–301
Nyquist sampling condition 608

o
object plane 17
objective quality assessment 419
objects 75
occlusion hypothesis 813
onboard autonomous navigation (OBAN)

835
One-Mile radio telescope 324
One-Mile telescope 324
one-panel reflective DLP with UHP lamp

358–359
one-panel reflective LCoS with

high-brightness LEDs 359
one-time pad (OTP) encryption 769–770
‘opponent colors’ theory, see theory of

opponent colors
optical and geometrical super-resolution

593–611
optical axis 3
optical correlator 19–21
optical data encryption 739–765
– security systems applications 755–765
– – biometrics verification 756–759
– – digital cryptography 755–756
– – multifactor identification 756–759
– – remote verification ID tags 759–765
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– techniques 740–755, see also encryption
algorithms optical techniques

optical homodyne detector 780–781
optical image compression methods

463–481
– background 464–466
– composite filters 464
– compressing interference patterns 465
– optical JPEG implementation results

472–473
– information fusion by segmentation

466–470
– normalized root-mean-square (NRMS) 465
– optical and digital JPEG comparison

473–474
– phase-shifting interferometry digital

holography (PSIDH) 465
– postprocessing 464
– segmented filters 465
– by using JPEG and JPEG2000 standards

470–474
optical JPEG2000 implementation 474
optical path difference 279
optical region 2
optically addressed spatial light modulators

(OA-SLMs) 190–191
optimal edge detection 654
order of approximation 125
organic light-emitting diode (OLED) displays

348, 350–351
– top-emitting 351
orthogonal matching pursuit (OMPs) 496
orthonormality 122
outer border 76
oversampling 108, 237

p
pagewise holographic storage 229
parallax barrier 376
paraxial optics 4
paraxial rays 3–4
parseval’s theorem 83
partial differential equation (PDE) 157
partial volume interpolation 67
partially coherent light 252–253
passive multiview 3D displays 379–380
path compensation 329
peak to correlation energy (PCE) 480
peak-signal-to-noise ratio (PSNR) 420
perceptual video quality metric (PVQM) 426
periodicity 88
phantom edges 653
phase center 328
phase contrast microscopy 279–280

phase modulators 179
phase-shifting interferometry digital

holography (PSIDH) 465
phase-space rotators 251–269
– applications 264–268
– matrix formalism for 255–257
– optical system design for 260–264
– signal representation in 252–255
– – partially coherent light 252–253
– – Wigner distribution 253–255
– for two-dimensional signals 257–260
phase-space tomography 789–807
– fundamentals 790–793
– Radon transform 794–796
– separable in cartesian coordinates

793–794
phasor 12
photobleaching 282
photochromics 242
photon or shot noise 571
photonics, fundamentals of 25–48,

see also color
– absorption 44
– amplification 45
– basic laser Physics 43–46
– normal or spontaneous emission of light

43–44
– photometric terms 33–34
– – spectral terms 33
– photometric units 34–35
– stimulated emission of light 44
photon-number splitting (PNS) attack 778
photons 3
photopolymers 239–240
photoreceptors 421
photorefractive effect 242
photothermoplastics 241–242
physical process of image formation 72
Picket-fence effect, 380n4
pico projector 359
picture element 74
pixels 74, 645
– pixel adjacency 74
– pixel based segmentation 645–651
planar multiview displays 378–380
– active multiview 3D displays 378–379
– passive multiview 3D displays 379–380
planar stereoscopic displays 370–378
– autostereoscopic displays (without glasses)

375–378
– head-mounted displays (HMDs) 370
– stereoscopic displays with glasses

371–375
– – light polarization 371, 373–375
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planar stereoscopic displays (contd.)
– – spectral filtering 371–373
– – temporal shuttering 371
Planck’s equation 43–44
plasma display 349–350
point spread function (PSF) 325, 420, 530,

542, 558–559, 571, 628
– of discrete Fourier analysis 406–407
point-scanning microscopes 308–309
Poisson noise model 580–583
– Richardson–Lucy restoration 580–581
polarized 3D displays 382–384
polarized light 275
polyharmonic splines 120
polyharmonic splines 127–129
– biharmonic spline 128
– thin-plate spline 127
– triharmonic spline 128
polytopic multiplexing 230
positron emission tomography (PET) 3
preprocessing, image 284–286
Prewitt operator 94
primary beam 328
principal component analysis (PCA) 291,

684–685
probability 49–54, see also Conditional

probabilities
– characteristic of random variable 54
– continuous distribution 53
– discrete distribution 53
– distribution function 52–53
– entropy 54–62
– expected value 54
– mutual information 54–62
– mutually exclusive events 50
– probability density function (PDF) 53
– probability mass function 53
– random variable 52
– several events 50–51
– sum of probabilities rule 50
projection displays 353–361
– architectures 356–361
– – one-panel reflective DLP with UHP lamp

358–359
– – one-panel reflective LCoS with

high-brightness LEDs 359
– – pico projector 359
– – three-panel grating light valve projector

359–361
– – three-panel reflective 357–358
– – three-panel transmissive technology

356–357
– – wire-grid architecture 359
– – X-cube LCoS projection architecture 359

– basic concepts 353–356
– components 353–356
– digital light processing (DLP) 353
– Fly’s eye integrator 354
– high-temperature polysilicon (HTPS) 353
– light source 354
– liquid crystal on silicon (LCoS) 353
– rod integrator 354
– UHP lamp technology 355
prolate spheroidal wavefunction (PSWF) 335
pseudoscopic display 376
pseudo-Wigner–Ville distribution (PWVD)

105–110
– 1D directional PWVD 105–108
– 1D-smoothed PWVD 105
– 2D-smoothed PWVD
– – definition 108–110
– – implementation 108–110
– Brenner’s expression 106
– spatial window 105
– spatial-averaging window 105
pseudo-WVD 98
pumping process 45
pupil function 17

q
quality assessment 419–439, see also

motion-modeling-based algorithms
– mean opinion score (MOS) 419
– objective 419
– subjective 419
– video VIF 430
quantization 73, 449–452
– embedded quantization 451–452
– Lloyd–Max quantizers 450–451
– principle 449–450
– scalar quantization 449
– vector quantization 449
quantum bit error rate (QBER) 773
quantum dots (QD) 587, 778
quantum encryption 769–788
– BB84 quantum key distribution protocol

771–774
– principle 770–777
– quantum channel 771
– quantum no-cloning theorem 770–771
– quantum nondemolition (QND)

measurement 778
quantum key distribution (QKD) systems

770, 777–783
– continuous variable QKD protocol

776–777
– demonstrations 781–783
– – free space experiments 782–783
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– – telecom fiber QKD experiments
781–782

– entanglement-based 774–776
– quantum random number generator

(QRNC) 781
– quantum state detection 779–780
– – APD-SPD 779–780
– – optical homodyne detector 780–781
– – single-photon detector 779–780
– security of 783–785
– – quantum hacking and countermeasures

783–784
– – self-testing QKD 784–785
– sources 777–779
– – attenuated laser source 778
– – EPR photon pair 778–779
– – single-photon source 777–778

r
radiance 32
radiant energy 30
radiant exposure 32
radiant flux 31
radiant flux density 31
radiant intensity 31
radiative transfer equation (RTE) 697–699
radio waves 2
radiometry
– terms and units 30–32
– versus photometry 30
Radon transform 791, 794–796
– Radon–Wigner transform 792
rainbow hologram 216–217
random basis ensemble 517
random convolution (RC) 517–518
random Fourier ensemble 516–517
random phase mask (RPM) 740–741
random sub-Gaussian matrices 516
random variable 52
ray optics 3
ray transfer matrix 3–6
– back focal plane 6
– back focal point 6
– front focal plane 6
– optical axis 3
– paraxial rays 3
– thin-lens matrix 5–6
– translation matrix 5
rays 3
γ -rays 2
read-out or amplifier noise 572
real-time integral holography 222–223
real-time processing 638
recursive dyadic partitions (RDP) 497

reduced reference (RR) algorithms 432
reduced state encounter navigation (RSEN)

835
Reed–Solomon code 236
reference beam 204
reflection holograms 207–209
reflection 275
reflective displays 351–353
– electronic paper (e-Paper) 352–353
– reflective LCD 352
refraction 275
regions
– convex regions 75
– nonconvex regions 75
– region based segmentation 645–651
– region-based segmentation methods 288
– region growing 288
– regions of interest 72
regressive filter 560
regularly spaced interpolation 121
relative entropy 62
remote verification ID tags 759–765
– NIR receiver resolution 763–764
– triangular pattern 763
Rényi entropy 62
reserve blocks 237
resolution 28–29, 275–276
– angular 28–29
– spatial 29–30
response equalization 811
restoration filter, significance of 553,

559–560
restricted isometry property (RIP) 342, 487
retina 36
Rice single-pixel camera 488
Richardson–Lucy (RL) restoration 536,

580–581
– classical regularization of 581–583
– SPERRIL 583–589
– – origin and related methods 583–584
ringing 27
robust filtering 92
rod integrator 354
rods 22, 37, 421
ronchi grating 598
root-mean-squared error (RMSE) 432

s
saccades 421
sampling functions 399
sampling interval 400
saturation or chroma 41
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scalable wavelet-based distortion metric for
VQA 425

scalar quantization 449
scalar wave equation 11
scale (multiplicative) basis functions

399–401
scale invariance hypothesis 813
scale invariance 162
scale-space approach 654
scale-space representations for gray-scale and

color images 155–176
– axioms and properties 157–162, see also

individual entry
– definitions 156–157
– Gaussian scale space 165–167
– geometry-driven scale space 171–173
– mathematical morphology scale space

173–176
– – lexicographical ordering 174
– – marginal ordering 174
– multiscale representation 155
– original signal 157
– PDE equation-based formulation 162–165
– – classification 162–163
– – explicit time marching scheme 164
– – implicit time schemes 164
– – numerical approximation 164
– – solving 163–165
– – variational formulation 165
– – von Neumann boundary conditions 162
– – well-posedness 163
– representation 165–166
– scale-space theory 155
– variable conductance diffusion 167–171
scattered light 204
science 2.0 effect 524–526
second-generation hologram 204
security systems applications of encryption

755–765, see also under optical data
encryption

segmentation 75, 287–289, 643
– edge-based 288
– – active contours (ACs) models 288
– – gradient based method 288
– – Hough transform 288
– – Laplacian based method 288
– – segmentation 652–654
– in intermediate-level vision context 644
– – edge based 645
– – model based 645
– – pixel and region based 645–651
– model-based segmentation 661–664
– – Bayesian decision theory 662
– – statistical labeling 662

– region-based 288
– – region growing 288
– – splitting 288
– – thresholding 288
– – watershed 288
segmented amplitude mask (SAM) 467
segmented composite phase-only filters

(SCPOFs) 478–479
segmented mirrors 193
self-testing QKD 784–785
semantics 72
sensor noise 571
separable transforms 148–149
servo systems 233–236
– wobble servo 236
several events 50–51
Shack–Hartman wavefront sensor (SHWS)

304, 312
Shan’s method 536
Shannon entropy 170
Shannon sampling theorem 121
Shannon–Nyquist sampling 510–511
shearlets 151–152
– continuous shearlet transform 151
– discrete shearlet transform 152
shift (convolutional) basis functions

399–400
short space Fourier transform 104
short time Fourier transformation (STFT) 84
shuttered 3D displays 382–384
sifted keys 772
signal discretization 399–401
– scale (multiplicative) basis functions 399
– shift (convolutional) basis functions 399
signal processing for 3D displays 381–393,

see also under 3D displays
signal processing techniques 464
silicon backplane addressing 190
silver halide photographic emulsion

238–239
simple block-based motion model 446
simple cells 421
simple contiguous 75
single-aperture radio telescopes 326–327
– aperture distribution 326
– beam 326
single-channel (SC) deconvolution 534–539
single-photon source, QKD 777–778
‘single-pixel’ imaging system 489
single-scale structural similarity index

(SS-SSIM) 428
singular value decomposition (SVD) 425
small missions for advanced research in

technology (SMART-1) 835
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smectic LC 180
smoothing filters 91–92
sobel operator 95
source plane 13
space–bandwidth product (SBP) 669–670
spacecraft optical navigation, image

processing for 833–858
– geometric basis 835–837
– noise and performance factors 841–844
– – amplifier noise 844
– – blooming 842
– – camera data processing 847
– – cosmic rays 843
– – dark current 842
– – deep space mission 850–855
– – dynamic range 841
– – dynamical models 845–847
– – fill factor 841
– – fixed pattern noise (FPN) 843
– – Kalman filtering 847–854
– – linearity 844
– – photon noise 844
– – quantization noise 844
– – quantum efficiency 842
– – radiation hardness 843
– – readout noise 843
– – reset noise 843
– – thermal noise 843
– – total noise 844
– – transfer efficiency 843
– sensors and models 837–845
– – imaging system resolution 838
– – imaging 840–841
– – optics 837–838
space-variant convolution 531
space-variant deconvolution 531
space-variant extension 542–546
sparse reconstruction by separable

approximation (SpaRSA) algorithm 495
sparse representation 135
spatial and spatial-frequency marginal

conditions 99
spatial arrangement of samples 73
spatial-averaging window 105
spatial decorrelation 811
spatial domain 80, 139, 286
spatial frequency 85, 329
spatial light modulators (SLMs) 20, 179–198,

229, 260, 464, 667, see also Mirror devices
– amplitude modulators 179
– applications 196–197
– fully complex modulation methods

194–195

– multiple quantum-well (MQW) SLMs
191–192

– phase modulators 179
– types of 180–193, see also Liquid crystals

(LCs)
spatial multiplexing 601
spatial prediction 443–444
spatial quality assessment 431
spatial resolution 29–30
spatial transforms 444–445
spatial window 105
Spearman’s rank ordered correlation

coefficient (SROCC) 432
speckle 355
– speckle holography 551
spectral filtering 371–373
spectral flux density 33
spectral imagers 489
spectral radiant flux 33
spectral sensitivity of the eye 33
spectrogram 104
spectrum 17, 36
speed-weighted structural similarity index

(SW-SSIM) 431
spherical aberration 9
splines 119–133, see also Polyharmonic

splines; Tensor product splines
– as interpolants and basis functions

120–129
– in biomedical image and volume

registration 131–132
– B-splines 119
– cubic B-splines 119
– interpolation splines 119
– for multiscale analysis 129–131
– polyharmonic splines 120
– theoretical results about 120–131
splitting 288
spontaneous emission 45
spontaneous parametric down-conversion

(SPDC) 778
spontaneous photons 45
spurious edges 653
square grid 73
square kilometer array (SKA) telescope 324
stability axioms 158
standard sensitivity curve 33
state-of-the-art SC algorithms 536
Stein unbiased risk estimate (SURE) threshold

573
stereoscope 370–378
stimulated emission of light 44
stimulus 38
Strehl ratio 302
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subjective quality assessment 419
submillimeter wave (SMMW) 2
subpixel motion information 613–640
subpixel-accurate motion-compensated

prediction 447–448
sum of probabilities rule 50
superposition 139
super-resolution image reconstruction

613–640
– applications of 631–640
– – for color imaging systems 632–634
– – in spatial resolution and dynamic range

634–636
– considering inaccurate subpixel motion

estimation 623–631
– – misregistration error 623–624
– – multichannel-regularized algorithm

624–628
– development 631–640
– frequency domain interpretation 621–622
– fundamentals of 614–622
– observation model 616–617
– as an inverse problem 617–621
– for video systems 636–640
super-resolution 341
– for video systems 636–640
suprathreshold distortion 424
surface relief holograms 214–215
surface-stabilized ferroelectric liquid crystal

(SS-FLC) 187
symmetric channel 64–65
synthesized beam 331
system étendue 355
system matrix 7–8

t
target verification, neural network for

681–687
task-specific information compressive

imagers 490
temporal indicator 426
temporal masking 422
temporal or longitudinal coherence 29–30
temporal redundancy removal by motion

estimation 445–449
temporal shuttering 371
temporal trajectory aware quality measure

427
temporal variations of spatial-distortion-

based VQA 427
tensor product splines 120–127
– approximation error 125
– – order of approximation 125
– Bèzier splines 127

– cardinal function 121
– generalized sampling theorem 121
– Hermite splines 127
– Hilbert space 121
– interpolation context 120
– irregular interpolation problems 125
– regularly spaced interpolation 121
– Shannon sampling theorem 121
Teo and Heeger model 423–424
terahertz band (THz band) 2
terms, photonics 30–35
texture masking 422
texture segmentation 112–114
– cascade recursive least squares (CRLS) 113
– computational procedure consists 113
– Karhunen–Loève transform (KLT) 113
– neural networks-based methods 113
theory of opponent colors 40–42
– blue-green colors 41
– hue 41
– saturation or chroma 41
– visual observations 40–41
– ‘yellow minus blue’ 41
thermotropic LC 180
thick hologram 215
thin hologram 215
thin-lens matrix 5–6
thin-plate spline 127
third-order aberrations 8
three-panel grating light valve projector

359–361
three-panel reflective technology 357–358
three-panel transmissive technology

356–357
thresholding 288, 645, 652
Tikhonov model 535
Tikhonov energy potential model 168
Tikhonov–Miller (TM) restoration 578
– iterative constrained Tikhonov–Miller 579
time domain 139
time multiplexing 597–600
time, coherence 29
time–frequency window 141
time-scale analysis 141
Toeplitz-block-Toeplitz matrix 533
tomographic reconstruction 791, 794
total variation 531
transient nematic effect 184
transition operator 157
translation invariance 101–102
translation matrix 5
translation parameter 142
transmission holograms 207–209
transmission/absorption 275
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transmissive displays 346–348
– backlight unit 346
– disadvantages 347
– liquid crystal displays (LCDs) 346–347
– placement 347
– thickness of 347
– twisted nematic (TN) LCDs 347
transverse or spatial coherence 30
triharmonic spline 128
tristimulus theory 36–40
– B-cones 37
– 1931 CIE Standard 38–39
– CIE 1976 UCS Diagram 39–40
– color-matching function 37–38
– cones 37
– fovea 37
– G-cones 37
– R-cones 37
– retina 36
– rods 37
– stimulus 38
twisted nematic (TN) LCDs 347
twisted nematic (TN) SLMs 181, 184–186
– Jones matrix formulation for 184
two-channel digital filter bank 145
two-chemistry approach 245
two-dimensional signals, basic phase-space

rotators for 257–260
two-lens imaging system 6–8
two-photon 228
two-point correlation function 790
two-step optical imagery 228

u
uncertainty principle 84
uniform chromaticity space 40
unique calculus of rationality 339
units, photonics 30–35
universal quality index (UQI) 428

v
Van Cittert–Zernike theorem 255, 523
variable block sizes 448
variable conductance diffusion 167–171
– diffusivity 167
– edge-affected variable conductance diffusion

(EA-VCD) 168
– Lyapunov functionals 170
– Navier–Stokes equations 170
– Shannon entropy 170
vector quantization 449
vector Wiener filter 560
vertical cavity surface emitting laser (VCSEL)

605

very long baseline interferometry (VLBI) 324
vibrational spectroscopic images, analysis

723–730
– background correction 724
– baseline correction 724
– bin 725
– classical image representations 725
– cluster analysis 728
– denoising 724
– exploratory image analysis 725
– functional group mapping 725
– image compression 725
– image segmentation 728
– linear discriminant analysis 729
– normalization 724
– preprocessing 723
– principal component analysis 726
– quality test 723
– supervised image segmentation 729
vibrational spectroscopy 717–739
– biomedical imaging based on 717–739
– – CARS microscopy image analysis,

challenges 730–734
– – coherent anti-Stokes–Raman scattering

microscopy 721
– – focal plane array (FPA) 719
– – infrared spectroscopy 718
– – Raman spectroscopy 720
– – vibrational imaging 718–722
– – vibrational spectroscopic images, analysis

723–730
– – vibrational spectroscopy 718–722
video coding 457–460
– closed-loop video encoder 458
– H.261 458–459
– H.264/AVC 459–460
video quality assessment (VQA) algorithms
– scalable wavelet-based distortion metric for

425
– structural similarity for 430
video quality metric (VQM) 426–427
video VIF 430
viewing zone 376
visual difference predictor (VDP) 423
visual discrimination model (VDM) 423
visual information fidelity (VIF) 429–430
visual noise 430
visual or photometric quantity 34
visual perception 419–439, see also Human

visual system (HVS)
visual signal-to-noise ratio (VSNR) 424
visual spectral flux 33
Von Neumann boundary conditions 162



900 Index

w
watershed 288
wave equation 9–11
wave optics 9, 11–13
wavefront sensing 312–317, 549–568
– application 563–567
– deconvolution from wavefront sensing

(DWFS) 550–551
– direct 312–314
– gradient-based wavefront sensors

553–558
– implementation of deconvolution from

562–563
– indirect 314–317
– minimization criteria 560
– past and present 551–552
– resolution of restored image, effective

cutoff frequency 560–562
– restoration filters 559–560
– restoration process 552–563
wavelength multiplexing 601
wavelength 36
wavelet basis functions 401
wavelet transform 141
wavelets 135–153
– classical Fourier analysis 140–141
– continuous wavelet transform 142–143
– decomposition 137
– directional transforms 148–152
– discrete wavelet transform 143–144
– dual-tree complex wavelet transform

(DT-CWT) 149–151
– forces of nature 141–142
– inversion formula 140
– large-scale features 141
– multiresolution analysis 144–148
– scrutinizing an image 139–142
– shearlets 151–152
– small-scale features 141
– time–frequency analysis 141

– time-scale analysis 141
– wavelet identity 143
– wavelet series 144
– wavelet transform 141
– window function 140
wavenumber 11
well layer 191
well-posedness 163
widefield microscopes 309–311
Wiener filter 560, 575–577
Wiener–Hopf equations 575
Wiener–Khinchin relation 328, 811
Wigner distribution (WD) 100–103,

252–255, 789, 800–807
– basic properties 100
– cross Wigner distribution 103
– inversion 101
– marginals 101
– overlap of two images 102
– product of images 102
– real images 102
– reconstruction of 800–807
– translation invariance 101–102
– WD projections measurements 798–800
Wigner–Ville distribution (WVD) 97
– pseudo-WVD 98
window function 140
windows 206
wire-grid architecture 359
wobble servo 236

x
X-cube LCoS projection architecture 359
xenon lamps 354
X-rays 2

z
Zernike polynomials 297, 315, 555
zero-crossing detection 653
zero-mean Gaussian noise 616


