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(57) ABSTRACT 
A compressive imaging mechanism for increasing the rate at 
which images can be acquired and reconstructed. An incident 
light stream is modulated with a time sequence of spatial 
patterns using a light modulator. The modulated light stream 
is sensed with a light sensor to obtain a time sequence 
(stream) of measurements. Overlapping Subsets of the mea 
Surements are generated at a rate that equals a desired image 
rate. Each of the Subsets is processed to algorithmically 
reconstruct a corresponding image, preferably with bounded 
latency. The resulting images are displayed at the desired 
image rate. The modulation, sensing, Subset generation, 
reconstruction and display may be arranged as a continuous 
pipeline process. Different images rates may be achieved by 
changing the amount of overlap between the Subsets. 
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600 

modulate an incident light Stream with a sequence of Spatial 
patterns to obtain a modulated light Stream, where the action 
of modulating the incident light stream includes applying the 

Spatial patterns Successively in time to the incident light Stream 
610 

acquire a Sequence of measurements representing 
intensity of the modulated light stream over time, where 
each of the measurements is acquired in response to 

a respective One of the Spatial patterns 
615 

generate a sequence of Subsets of the intensity measurements, 
Where each Consecutive pair Of the SubSets Overlap by a nonzero 
amount, where each of the Subsets corresponds to a respective 

grOup Of the Spitial patternS 

reCOnStruct a Sequence Of imageS, Where each Of the imageS is 
reconstructed from a respective input data Set including a 

respective One of the Subsets of intensity measurements and a 
respective One of the groups of the Spatial patterns 

625 

display the image Sequence via a display device 
630 

FIG. 6 
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IMAGE SEQUENCE RECONSTRUCTION 
BASED ON OVERLAPPING MEASUREMENT 

SUBSETS 

RELATED APPLICATION DATA 

0001. This application claims the benefit of priority to 
U.S. Provisional Application No. 61/502,153, filed on Jun. 
28, 2011, entitled “Various Compressive Sensing Mecha 
nisms, invented by Tidman, Weston, Bridge, McMackin, 
Chatterjee, Woods, Baraniuk and Kelly, which is hereby 
incorporated by reference in its entirety as though fully and 
completely set forth herein. 

FIELD OF THE INVENTION 

0002 The present invention relates to the field of compres 
sive imaging, and more particularly, to mechanisms for accel 
erating the rate at which compressive imaging devices can 
acquire and reconstruct sequences of images. 

DESCRIPTION OF THE RELATED ART 

0003. According to Nyquist theory, a signal x(t) whose 
signal energy is Supported on the frequency interval-B.B 
may be reconstructed from samples x(nT)} of the signal x(t), 
provided the ratef-1/Ts at which the samples are captured is 
Sufficiently high, i.e., provided that f is greater than 2B. 
Similarly, for a signal whose signal energy is Supported on the 
frequency interval A.B., the signal may be reconstructed 
from samples captured with sample rate greater than B-A. A 
fundamental problem with any attempt to capture a signal X(t) 
according to Nyquist theory is the large number of Samples 
that are generated, especially when B (or B-A) is large. The 
large number of samples is taxing on memory resources and 
on the capacity of transmission channels. 
0004 Nyquist theory is not limited to functions of time. 
Indeed, Nyquist theory applies more generally to any func 
tion of one or more real variables. For example, Nyquist 
theory applies to functions of two spatial variables such as 
images, to functions of time and two spatial variables such as 
Video, and to the functions used in multispectral imaging, 
hyperspectral imaging, medical imaging and a wide variety of 
other applications. In the case of an image I(X,y) that depends 
on spatial variables X and y, the image may be reconstructed 
from Samples of the image, provided the samples are captured 
with Sufficiently high spatial density. For example, given 
samples {I(nAX.mAy)} captured along a rectangular grid, the 
horizontal and vertical densities 1/AX and 1/Ay should be 
respectively greater than 2B, and 2B, where B, and B, are the 
highest X and y spatial frequencies occurring in the image 
I(x,y). The same problem of overwhelming data Volume is 
experienced when attempting to capture an image according 
to Nyquist theory. The modern theory of compressive sensing 
is directed to such problems. 
0005 Compressive sensing relies on the observation that 
many signals (e.g., images or video sequences) of practical 
interest are not only band-limited but also sparse or approxi 
mately sparse when represented using an appropriate choice 
of transformation, for example, a transformation Such as a 
Fourier transform, a wavelet transform or a discrete cosine 
transform (DCT). A signal vector v is said to be K-sparse with 
respect to a given transformation T when the transformation 
of the signal vector, TV, has no more than K non-Zero coeffi 
cients. A signal vector V is said to be sparse with respect to a 
given transformation Twhen it is K-sparse with respect to that 
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transformation for some integer K much smaller than the 
number L of components in the transformation vector Tv. 
0006. A signal vector v is said to be approximately 
K-sparse with respect to a given transformation T when the 
coefficients of the transformation vector, TV, are dominated 
by the K largest coefficients (i.e., largest in the sense of 
magnitude or absolute value). In other words, if the Klargest 
coefficients account for a high percentage of the energy in the 
entire set of coefficients, then the signal vector V is approxi 
mately K-sparse with respect to transformation T. A signal 
vector V is said to be approximately sparse with respect to a 
given transformation T when it is approximately K-sparse 
with respect to the transformation T for some integer K much 
less than the number L of components in the transformation 
vector TV. 
0007 Given a sensing device that captures images with N 
samples perimage and in conformity to the Nyquist condition 
on spatial rates, it is often the case that there exists some 
transformation and some integer K very much smaller than N 
such that the transform of each captured image will be 
approximately K sparse. The set of K dominant coefficients 
may vary from one image to the next. Furthermore, the value 
of K and the selection of the transformation may vary from 
one context (e.g., imaging application) to the next. Examples 
of typical transforms that might work in different contexts 
include the Fourier transform, the wavelet transform, the 
DCT, the Gabor transform, etc. 
0008 Compressive sensing specifies a way of operating 
on the Nsamples of an image so as to generate a much smaller 
set of samples from which the N samples may be recon 
structed, given knowledge of the transform under which the 
image is sparse (or approximately sparse). In particular, com 
pressive sensing invites one to think of the N samples as a 
vector V in an N-dimensional space and to imagine projecting 
the vector V onto each vector in a series of M vectors {R(i): 
i=1,2,..., M. in the N-dimensional space, where M is larger 
than K but still much smaller than N. Each projection gives a 
corresponding real number S(i), e.g., according to the expres 
S1O. 

where the notation <V.R(i)> represents the inner product (or 
dot product) of the vector V and the vector R(i). Thus, the 
series of M projections gives a vector U including M real 
numbers: U.S(i). Compressive sensing theory further pre 
scribes methods for reconstructing (or estimating) the vector 
V of N samples from the vector U of M real numbers. For 
example, according to one method, one should determine the 
vector X that has the Smallest length (in the sense of the L 
norm) subject to the condition that dTx=U, where d is a 
matrix whose rows are the transposes of the vectors R(i), 
where T is the transformation under which the image is K 
sparse or approximately K sparse. 
0009 Compressive sensing is important because, among 
other reasons, it allows reconstruction of an image based on 
M measurements instead of the much larger number of mea 
surements N recommended by Nyquist theory. Thus, for 
example, a compressive sensing camera would be able to 
capture a significantly larger number of images for a given 
size of image store, and/or, transmit a significantly larger 
number of images per unit time through a communication 
channel of given capacity. 
0010. As mentioned above, compressive sensing operates 
by projecting the image vector V onto a series of M vectors. As 
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discussed in U.S. Pat. No. 8,199,244, issued Jun. 12, 2012 
(invented by Baraniuk et al.) and illustrated in FIG. 1A, an 
imaging device (e.g., camera) may be configured to take 
advantage of the compressive sensing paradigm by using a 
digital micromirror device (DMD) 40. An incident lightfield 
10 passes through a lens 20 and then interacts with the DMD 
40. The DMD includes a two-dimensional array of micromir 
rors, each of which is configured to independently and con 
trollably switch between two orientation states. Each micro 
mirror reflects a corresponding portion of the incident light 
field based on its instantaneous orientation. Any micromirrors 
in a first of the two orientation states will reflect their corre 
sponding light portions so that they pass through lens 50. Any 
micromirrors in a second of the two orientation states will 
reflect their corresponding light portions away from lens 50. 
Lens 50 serves to concentrate the light portions from micro 
mirrors in the first orientation state onto a photodiode (or 
photodetector) situated at location 60. Thus, the photodiode 
generates a signal whose amplitude at any given time repre 
sents a sum of the intensities of the light portions from the 
micromirrors in the first orientation state. 
0011. The compressive sensing is implemented by driving 
the orientations of the micromirrors through a series of spatial 
patterns. Each spatial pattern specifies an orientation state for 
each of the micromirrors. The output signal of the photodiode 
is digitized by an A/D converter 70. In this fashion, the imag 
ing device is able to capture a series of measurements {S(i)} 
that represent inner products (dot products) between the inci 
dent light field and the series of spatial patterns without first 
acquiring the incident light field as a pixelized digital image. 
The incident light field corresponds to the vector V of the 
discussion above, and the spatial patterns correspond to the 
vectors R(i) of the discussion above. 
0012. The incident light field may be modeled by a func 
tion I(X.y,t) of two spatial variables and time. Assuming for 
the sake of discussion that the DMD comprises a rectangular 
array, the DMD implements a spatial modulation of the inci 
dent light field so that the light field leaving the DMD in the 
direction of the lens 50 might be modeled by 

where m and n are integer indices, where I(nAX.mAy,t) rep 
resents the portion of the light field that is incident upon that 
(nm)" mirror of the DMD at time t. The function M(n.m,t) 
represents the orientation of the (nm)" mirror of the DMD at 
time t. At Sampling times, the function M(n.m,t) equals one or 
Zero, depending on the state of the digital control signal that 
controls the (nm)" mirror. The condition M(n.m,t)=1 corre 
sponds to the orientation state that reflects onto the path that 
leads to the lens 50. The condition M(n,m,t)=0 corresponds to 
the orientation state that reflects away from the lens 50. 
0013 The lens 50 concentrates the spatially-modulated 
light field 

{I(nAx, mAy, t)*M(n,m, t)} 

onto a light sensitive surface of the photodiode. Thus, the lens 
and the photodiode together implement a spatial Summation 
of the light portions in the spatially-modulated light field: 

S(t) = X. (nAy, may, t) M(n, n, t). 
nia 
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0014 Signal S(t) may be interpreted as the intensity at 
time t of the concentrated spot of light impinging upon the 
light sensing surface of the photodiode. The A/D converter 
captures measurements of S(t). In this fashion, the compres 
sive sensing camera optically computes an inner product of 
the incident light field with each spatial pattern imposed on 
the mirrors. The multiplication portion of the inner product is 
implemented by the mirrors of the DMD. The summation 
portion of the inner product is implemented by the concen 
trating action of the lens and also the integrating action of the 
photodiode. 

SUMMARY 

0015. In a compressive imaging system, an incident light 
stream from a scene under observation is modulated with a 
time sequence of spatial patterns, and the modulated light 
stream is sensed with a light detector. The electrical signal 
generated by the light detector is sampled by an analog-to 
digital converter to acquire a sequence of samples. The 
sequence of samples may comprise a compressed represen 
tation of a sequence of images carried by the incident light 
stream. The samples may be partitioned into non-overlapping 
subsets of Msamples each. As shown in FIG. 1B, each sample 
Subset may be processed by a computational algorithm to 
reconstruct a corresponding N-pixel image, where N is 
greater than M. (Each image is said to be “reconstructed 
because it is recognized as having previously existed, 
although only transiently, in the incident light stream. By use 
of the term “reconstructing, we do not mean to suggest that 
the image has existed in Stored digital form prior to the acqui 
sition of the samples.) For example, the first set of Msamples 
of the sample sequence may be used to reconstruct the image 
F1. The second set of Msamples of the sample sequence may 
be used to reconstruct the image F2, and so on. 
0016 One of the challenges in compressive imaging is 
acquiring the sample Subsets fast enough to compete with 
conventional cameras that employ array-based light sensors 
(such as focal plane arrays, CCD arrays, etc.), and therefore, 
are able to non-compressively acquire images at video rates. 
In a compressive imaging system, the rate of acquisition of 
the sample subsets may be limited by the rate at which the 
light modulator can be reconfigured. For example, one of the 
digital micromirror devices (DMDs) supplied by Texas 
Instruments has a maximum pattern modulation rate of about 
32,000 patterns per second. Under the assumption of a 10% 
compressive sensing ratio, the compressive imaging system 
would have to collect 100,000 samples in order to effectively 
capture a one megapixel image. The 100,000 samples would 
be algorithmically processed to reconstruct the one mega 
pixel image. However, approximately three seconds (100K/ 
32 KHZ) are required to collect the 100,000 samples, assum 
ing the 32 KHZ pattern modulation rate. Thus, there exists a 
need for mechanisms capable of increasing the rate at which 
reconstructed images can be generated. 
0017. It should be understood that the specific numbers 
(32,000 KHZ, 100000 samples, one megapixel, 10% com 
pression ratio) given above are only for the sake of illustration 
and are not meant to be limiting to the Scope of the inventions 
herein claimed. 
0018. A method for reconstructing a sequence of images 
from compressively-acquired sequence of measurements 
may involve the following operations. 
0019. The method may include modulating an incident 
light stream with a sequence of spatial patterns to obtain a 
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modulated light stream, where the modulation includes 
applying the spatial patterns to the incident light stream suc 
cessively in time. A sequence of measurements is acquired 
from a light sensing device. The sequence of measurements 
represents intensity of the modulated light stream over time. 
Each of the measurements is acquired in response to the 
application of a respective one of the spatial patterns to the 
incident light stream. 
0020. The method may also include generating a sequence 
of Subsets of the intensity measurements. Each consecutive 
pair of the subsets overlap by a nonzero amount. Each of the 
Subsets corresponds to a respective group of the spatial pat 
terns. 

0021. The method may also include reconstructing a 
sequence of images, where each of the images is recon 
structed from a respective input data set including a respective 
one of the Subsets of intensity measurements and a respective 
one of the groups of the spatial patterns. The sequence of 
images may be displayed using a display device. 
0022. In some embodiments, the input data set for the 
reconstruction of a current image of the image sequence may 
also include a previously-reconstructed image of the image 
sequence. The previously-reconstructed image serves as an 
initial estimate for the current image, and, may allow the 
reconstruction algorithm to converge faster to its final esti 
mate for the current image than if no initial estimate were 
provided. 
0023. In some embodiments, the input data set for the 
reconstruction of a current image of the image sequence may 
also include a partially-reconstructed version of a previous 
image of the image sequence. 
0024. Various additional embodiments are described in 
U.S. Provisional Application No. 61/502,153, filed on Jun. 
28, 2011, entitled “Various Compressive Sensing Mecha 
nisms’. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0025. A better understanding of the present invention can 
be obtained when the following detailed description of the 
preferred embodiments is considered in conjunction with the 
following drawings. 
0026 FIG. 1A illustrates a compressive sensing camera 
according to the prior art. 
0027 FIG. 1B illustrates a scheme for generating a 
sequence of images from a sequence of non-overlapping Sub 
sets of a measurement stream. 

0028 FIG. 2A illustrates one embodiment of a system 100 
that is operable to capture compressive imaging samples and 
also samples of background light level. (LMU is an acronym 
for “light modulation unit. MLS is an acronym for “modu 
lated light stream. LSD is an acronym for “light sensing 
device”.) 
0029 FIG. 2B illustrates an embodiment of system 100 
that includes a processing unit 150. 
0030 FIG. 2C illustrates an embodiment of system 100 
that includes an optical subsystem 105 to focus received light 
L onto the light modulation unit 110. 
0031 FIG. 2D illustrates an embodiment of system 100 
that includes an optical subsystem 117 to direct or focus or 
concentrate the modulated light stream MLS onto the light 
sensing device 130. 
0032 FIG.2E illustrates an embodiment where the optical 
subsystem 117 is realized by a lens 117L. 
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0033 FIG. 2F illustrates an embodiment of system 100 
that includes a control unit that is configured to Supply a series 
of spatial patterns to the light modulation unit 110. 
0034 FIG. 3A illustrates system 200, where the light 
modulation unit 110 is realized by a plurality of mirrors 
(collectively referenced by label 110M). 
0035 FIG. 3B shows an embodiment of system 200 that 
includes the processing unit 150. 
0036 FIG. 4 shows an embodiment of system 200 that 
includes the optical subsystem 117 to direct or focus or con 
centrate the modulated light stream MLS onto the light sens 
ing device 130. 
0037 FIG.5A shows an embodiment of system 200 where 
the optical subsystem 117 is realized by the lens 117L. 
0038 FIG.5B shows an embodiment of system 200 where 
the optical subsystem 117 is realized by a mirror 117M and 
lens 117L in series. 

0039 FIG. 5C shows another embodiment of system 200 
that includes a TIR prism pair 107. 
0040 FIG. 6 illustrates one embodiment of a method for 
operating a compressive imaging system, involving the 
reconstruction of images from overlapping Subsets of a com 
pressively-acquired stream of measurements. 
0041 FIG. 7 illustrates an example of the overlap between 
Successive Subsets of the measurement stream, where the 
overlap ratio is 75%. 
0042 FIG. 8 illustrates a generic model for the overlap 
ping Subsets, where the overlap ratio is r. 
0043 FIG.9A illustrates an example of the arrangement in 
time of Subset acquisition and image reconstruction for three 
Successive Subsets of the measurement stream. 
0044 FIG.9B illustrates an example of the arrangement in 
time of Subset acquisition and image reconstruction for Suc 
cessive Subsets of the measurement stream in the case where 
the overlap ratio is 75%. 
0045 FIG. 10 illustrates one embodiment of a system 
1000 configured to reconstruct images based on overlapping 
Subsets of the measurements captured from light sensing 
device 1020. 

0046 FIG. 11 illustrates one embodiment of the system 
1000 where image reconstruction is performed at a location 
separate from the location of the compressive acquisition 
hardware (i.e., the light modulation unit 1010 and light sens 
ing device 1020). 
0047 FIG. 12 illustrates one embodiment of the system 
1000 that includes a user interface 1050 for controlling a 
target image rate of the reconstructed image sequence. 
0048 FIG. 13 illustrates one embodiment of a compres 
sive imaging system 1300 including one or more detector 
channels. 
0049 FIG. 14 illustrates one embodiment of a compres 
sive imaging system 1400 where separate portions of the 
modulated light stream MLS are delivered to respective light 
sensing devices. 
0050. While the invention is susceptible to various modi 
fications and alternative forms, specific embodiments thereof 
are shown by way of example in the drawings and are herein 
described in detail. It should be understood, however, that the 
drawings and detailed description thereto are not intended to 
limit the invention to the particular form disclosed, but on the 
contrary, the intention is to cover all modifications, equiva 
lents and alternatives falling within the spirit and scope of the 
present invention as defined by the appended claims. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0051) Terminology 
0052 A memory medium is a non-transitory medium con 
figured for the storage and retrieval of information. Examples 
of memory media include: various kinds of semiconductor 
based memory such as RAM and ROM; various kinds of 
magnetic media Such as magnetic disk, tape, strip and film; 
various kinds of optical media such as CD-ROM and DVD 
ROM; various media based on the storage of electrical charge 
and/or any of a wide variety of other physical quantities; 
media fabricated using various lithographic techniques; etc. 
The term “memory medium' includes within its scope of 
meaning the possibility that a given memory medium might 
be a union of two or more memory media that reside at 
different locations, e.g., on different chips in a system or on 
different computers in a network. 
0053 A computer-readable memory medium may be con 
figured so that it stores program instructions and/or data, 
where the program instructions, if executed by a computer 
system, cause the computer system to perform a method, e.g., 
any of a method embodiments described herein, or, any com 
bination of the method embodiments described herein, or, any 
subset of any of the method embodiments described herein, 
or, any combination of Such Subsets. 
0054. A computer system is any device (or combination of 
devices) having at least one processor that is configured to 
execute program instructions stored on a memory medium. 
Examples of computer systems include personal computers 
(PCs), workstations, laptop computers, tablet computers, 
mainframe computers, server computers, client computers, 
network or Internet appliances, hand-held devices, mobile 
devices, personal digital assistants (PDAs), tablet computers, 
computer-based television systems, grid computing systems, 
wearable computers, computers implanted in living organ 
isms, computers embedded in head-mounted displays, com 
puters embedded in sensors forming a distributed network, 
etc. 

0055. A programmable hardware element (PHE) is a hard 
ware device that includes multiple programmable function 
blocks connected via a system of programmable intercon 
nects. Examples of PHEs include FPGAs (Field Program 
mable Gate Arrays), PLDs (Programmable Logic Devices), 
FPOAS (Field Programmable Object Arrays), and CPLDs 
(Complex PLDs). The programmable function blocks may 
range from fine grained (combinatorial logic or look up 
tables) to coarse grained (arithmetic logic units or processor 
cores). 
0056. As used herein, the term “light' is meant to encom 
pass within its scope of meaning any electromagnetic radia 
tion whose spectrum lies within the wavelength range W. 
w, where the wavelength range includes the visible spec 
trum, the ultra-violet (UV) spectrum, infrared (IR) spectrum 
and the terahertz (THz) spectrum. Thus, for example, visible 
radiation, or UV radiation, or IR radiation, or THz radiation, 
or any combination thereof is “light’ as used herein. 
0057. In some embodiments, a computer system may be 
configured to include a processor (or a set of processors) and 
a memory medium, where the memory medium stores pro 
gram instructions, where the processor is configured to read 
and execute the program instructions stored in the memory 
medium, where the program instructions are executable by 
the processor to implement a method, e.g., any of the various 
method embodiments described herein, or, any combination 
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of the method embodiments described herein, or, any subset 
of any of the method embodiments described herein, or, any 
combination of Such Subsets. 

0.058 
0059 A system 100 for operating on light may be config 
ured as shown in FIG. 2A. The system 100 may include a light 
modulation unit 110, a light sensing device 130 and an ana 
log-to-digital converter (ADC) 140. 
0060. The light modulation unit 110 is configured to 
modulate a received stream of light L with a series of spatial 
patterns in order to produce a modulated light stream (MLS). 
The spatial patterns of the series may be applied sequentially 
to the light stream so that Successive time slices of the light 
stream are modulated, respectively, with Successive ones of 
the spatial patterns. (The action of sequentially modulating 
the light stream L with the spatial patterns imposes the struc 
ture of time slices on the light stream.) The light modulation 
unit 110 includes a plurality of light modulating elements 
configured to modulate corresponding portions of the light 
stream. Each of the spatial patterns specifies an amount (or 
extent or value) of modulation for each of the light modulat 
ing elements. Mathematically, one might think of the light 
modulation unit’s action of applying a given spatial pattern as 
performing an element-wise multiplication of a light field 
vector (x,) representing a time slice of the light stream L by a 
vector of scalar modulation values (m) to obtain a time slice 
of the modulated light stream: (m)*(x)=(mx). The vec 
tor (m) is specified by the spatial pattern. Each light modu 
lating element effectively scales (multiplies) the intensity of 
its corresponding light stream portion by the corresponding 
Scalar factor. 

0061 The light modulation unit 110 may be realized in 
various ways. In some embodiments, the LMU 110 may be 
realized by a plurality of mirrors (e.g., micromirrors) whose 
orientations are independently controllable. In another set of 
embodiments, the LMU 110 may be realized by an array of 
elements whose transmittances are independently control 
lable, e.g., as with an array of LCD shutters. An electrical 
control signal Supplied to each element controls the extent to 
which light is able to transmit through the element. In yet 
another set of embodiments, the LMU 110 may be realized by 
an array of independently-controllable mechanical shutters 
(e.g., micromechanical shutters) that cover an array of aper 
tures, with the shutters opening and closing in response to 
electrical control signals, thereby controlling the flow of light 
through the corresponding apertures. In yet another set of 
embodiments, the LMU 110 may be realized by a perforated 
mechanical plate, with the entire plate moving in response to 
electrical control signals, thereby controlling the flow of light 
through the corresponding perforations. In yet another set of 
embodiments, the LMU 110 may be realized by an array of 
transceiver elements, where each element receives and then 
immediately retransmits light in a controllable fashion. In yet 
another set of embodiments, the LMU 110 may be realized by 
a grating light valve (GLV) device. In yet another embodi 
ment, the LMU 110 may be realized by a liquid-crystal-on 
silicon (LCOS) device. 
0062. In some embodiments, the light modulating ele 
ments are arranged in an array, e.g., a two-dimensional array 
or a one-dimensional array. Any of various array geometries 
are contemplated. For example, in Some embodiments, the 
array is a square array or rectangular array. In another 
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embodiment, the array is hexagonal. In some embodiments, 
the light modulating elements are arranged in a spatially 
random fashion. 
0063 Let N denote the number of light modulating ele 
ments in the light modulation unit 110. In various embodi 
ments, the number N may take a wide variety of values. For 
example, in different sets of embodiments, N may be, respec 
tively, in the range 64, 256, in the range 256, 1024, in the 
range 1024.4096, in the range 2''.2'), in the range 2''. 
2'), in the range 2.2'), in the range 2,2'), in the range 
2.2°, in the range 2.2 in the range 2.2°, in the 
range from 2 to infinity. The particular value used in any 
given embodiment may depend on one or more factors spe 
cific to the embodiment. 
0064. The light sensing device 130 may be configured to 
receive the modulated light stream MLS and to generate an 
analog electrical signal Is(t) representing intensity of the 
modulated light stream as a function of time. 
0065. The light sensing device 130 may include one or 
more light sensing elements. The term “light sensing ele 
ment may be interpreted as meaning “a transducer between 
a light signal and an electrical signal'. For example, a photo 
diode is a light sensing element. In various other embodi 
ments, light sensing elements might include devices Such as 
metal-semiconductor-metal (MSM) photodetectors, pho 
totransistors, phototubes and photomultiplier tubes. 
0066. In some embodiments, the light sensing device 130 
includes one or more amplifiers (e.g., transimpedance ampli 
fiers) to amplify the analog electrical signals generated by the 
one or more light sensing elements. 
0067. The ADC 140 acquires a sequence of samples {Is 
(k) of the analog electrical signal Is(t). Each of the 
samples may be interpreted as an inner product between a 
corresponding time slice of the light stream L and a corre 
sponding one of the spatial patterns. The set of samples {Is 
(k) comprises an encoded representation, e.g., a compressed 
representation, of an image (or a video sequence) and may be 
used to reconstruct the image (or video sequence) based on 
any reconstruction algorithm known in the field of compres 
sive sensing. (For video sequence reconstruction, the samples 
may be partitioned into contiguous Subsets, and then the 
Subsets may be processed to reconstruct corresponding 
images.) 
0068. In some embodiments, the samples {Is(k)} may 
be used for some purpose other than, or in addition to, image 
(or video) reconstruction. For example, system 100 (or some 
other system) may operate on the samples to perform an 
inference task, such as detecting the presence of a signal or 
object, identifying a signal oran object, classifying a signal or 
an object, estimating one or more parameters relating to a 
signal oran object, tracking a signal or an object, etc. In some 
embodiments, an object under observation by system 100 
may be identified or classified by virtue of its sample set 
{Is(k)} (or parameters derived from that sample set) being 
similar to one of a collection of stored sample sets (or param 
eter sets). 
0069. In some embodiments, the light sensing device 130 
includes exactly one light sensing element. (For example, the 
single light sensing element may be a photodiode.) The light 
sensing element may couple to an amplifier (e.g., a TIA) (e.g., 
a multi-stage amplifier). 
0070. In some embodiments, the light sensing device 130 
may include a plurality of light sensing elements (e.g., pho 
todiodes). Each light sensing element may convert light 
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impinging on its light sensing Surface into a corresponding 
analog electrical signal representing intensity of the imping 
ing light as a function of time. In some embodiments, each 
light sensing element may couple to a corresponding ampli 
fier so that the analog electrical signal produced by the light 
sensing element can be amplified prior to digitization. System 
100 may be configured so that each light sensing element 
receives, e.g., a corresponding spatial portion (or spectral 
portion) of the modulated light stream. 
0071. In one embodiment, the analog electrical signals 
produced, respectively, by the light sensing elements may be 
Summed to obtain a Sum signal. The Sum signal may then be 
digitized by the ADC 140 to obtain the sequence of samples 
{Is(k)}. In another embodiment, the analog electrical sig 
nals may be individually digitized, each with its own ADC, to 
obtain corresponding sample sequences. The sample 
sequences may then be added to obtain the sequence {Is 
(k)}. In another embodiment, the analog electrical signals 
produced by the light sensing elements may be sampled by a 
Smaller number of ADCs than light sensing elements through 
the use of time multiplexing. For example, in one embodi 
ment, system 100 may be configured to sample two or more of 
the analog electrical signals by Switching the input of an ADC 
among the outputs of the two or more corresponding light 
sensing elements at a sufficiently high rate. 
0072. In some embodiments, the light sensing device 130 
may include an array of light sensing elements. Arrays of any 
of a wide variety of sizes, configurations and material tech 
nologies are contemplated. In one embodiment, the light 
sensing device 130 includes a focal plane array coupled to a 
readout integrated circuit. In one embodiment, the light sens 
ing device 130 may include an array of cells, where each cell 
includes a corresponding light sensing element and is config 
ured to integrate and hold photo-induced charge created by 
the light sensing element, and to convert the integrated charge 
into a corresponding cell Voltage. The light sensing device 
may also include (or couple to) circuitry configured to sample 
the cell Voltages using one or more ADCs. 
0073. In some embodiments, the light sensing device 130 
may include a plurality (or array) of light sensing elements, 
where each light sensing element is configured to receive a 
corresponding spatial portion of the modulated light stream, 
and each spatial portion of the modulated light stream comes 
from a corresponding Sub-region of the array of light modu 
lating elements. (For example, the light sensing device 130 
may include a quadrant photodiode, where each quadrant of 
the photodiode is configured to receive modulated light from 
a corresponding quadrant of the array of light modulating 
elements. As another example, the light sensing device 130 
may include a bi-cellphotodiode. As yet another example, the 
light sensing device 130 may include a focal plane array.) 
Each light sensing element generates a corresponding signal 
representing intensity of the corresponding spatial portion as 
a function of time. Each signal may be digitized (e.g., by a 
corresponding ADC, or perhaps by a shared ADC) to obtain a 
corresponding sequence of samples. Thus, a plurality of 
sample sequences are obtained, one sample sequence per 
light sensing element. Each sample sequence may be pro 
cessed to reconstruct a corresponding Sub-image (or Sub 
Video sequence). The Sub-images may be joined together to 
form a whole image (or whole video sequence). The sample 
sequences may be captured in response to the modulation of 
the incident light stream with a sequence of M spatial pat 
terns, e.g., as variously described above. By employing any of 



US 2013/0002715 A1 

various reconstruction algorithms known in the field of com 
pressive sensing, the number of pixels (voxels) in each recon 
structed image (Sub-video sequence) may be greater than 
(e.g., much greater than) M. To reconstruct each Sub-image 
(Sub-video), the reconstruction algorithm uses the corre 
sponding sample sequence and the restriction of the spatial 
patterns to the corresponding Sub-region of the array of light 
modulating elements. 
0074. In some embodiments, the light sensing device 130 
includes a small number of light sensing elements (e.g., in 
respective embodiments, one, two, less than 8, less than 16, 
less the 32, less than 64, less than 128, less than 256). Because 
the light sensing device of these embodiments includes a 
Small number of light sensing elements (e.g., far less than the 
typical modern CCD-based or CMOS-based camera), an 
entity interested in producing any of these embodiments may 
afford to spend more per light sensing element to realize 
features that are beyond the capabilities of modern array 
based image sensors of large pixel count, e.g., features such as 
higher sensitivity, extended range of sensitivity, new range(s) 
of sensitivity, extended dynamic range, higher bandwidth/ 
lower response time. Furthermore, because the light sensing 
device includes a small number of light sensing elements, an 
entity interested in producing any of these embodiments may 
use newer light sensing technologies (e.g., based on new 
materials or combinations of materials) that are not yet 
mature enough to be manufactured into focal plane arrays 
(FPA) with large pixel count. For example, new detector 
materials such as Super-lattices, quantum dots, carbon nano 
tubes and graphene can significantly enhance the perfor 
mance of IR detectors by reducing detector noise, increasing 
sensitivity, and/or decreasing detector cooling requirements. 
0075. In one embodiment, the light sensing device 130 is a 
thermo-electrically cooled InGaAs detector. (InGaAs stands 
for “Indium Gallium Arsenide'.) In other embodiments, the 
InGaAs detector may be cooled by other mechanisms (e.g., 
liquid nitrogen or a Sterling engine). In yet other embodi 
ments, the InGaAs detector may operate without cooling. In 
yet other embodiments, different detector materials may be 
used, e.g., materials such as MCT (mercury-cadmium-tellu 
ride), InSb (Indium Antimonide) and VOX (Vanadium 
Oxide). 
0076. In different embodiments, the light sensing device 
130 may be sensitive to light at different wavelengths or 
wavelength ranges. In some embodiments, the light sensing 
device 130 may be sensitive to light over a broad range of 
wavelengths, e.g., over the entire visible spectrum or over the 
entire range W.W. as defined above. 
0077. In some embodiments, the light sensing device 130 
may include one or more dual-sandwich photodetectors. A 
dual sandwich photodetector includes two photodiodes 
stacked (or layered) one on top of the other. 
0078. In one embodiment, the light sensing device 130 
may include one or more avalanche photodiodes. 
0079. In one embodiment, the light sensing device 130 
may include one or more photomultiplier tubes (PMTs). 
0080. In some embodiments, a filter may be placed in front 
of the light sensing device 130 to restrict the modulated light 
stream to a specific range of wavelengths or specific polar 
ization. Thus, the signal Is(t) generated by the light sensing 
device 130 may be representative of the intensity of the 
restricted light stream. For example, by using a filter that 
passes only IR light, the light sensing device may be effec 
tively converted into an IR detector. The sample principle 
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may be applied to effectively convert the light sensing device 
into a detector for red or blue or green or UV or any desired 
wavelength band, or, a detector for light of a certain polariza 
tion. 
I0081. In some embodiments, system 100 includes a color 
wheel whose rotation is synchronized with the application of 
the spatial patterns to the light modulation unit. As it rotates, 
the color wheel cyclically applies a number of optical band 
pass filters to the modulated light stream MLS. Each band 
pass filter restricts the modulated light stream to a corre 
sponding Sub-band of wavelengths. Thus, the samples 
captured by the ADC 140 will include samples of intensity in 
each of the sub-bands. The samples may be de-multiplexed to 
form separate Sub-band sequences. Each Sub-band sequence 
may be processed to generate a corresponding Sub-band 
image. (As an example, the color wheel may include a red 
pass filter, a green-pass filter and a blue-pass filter to Support 
color imaging.) 
I0082 In some embodiments, the system 100 may include 
a memory (or a set of memories of one or more kinds). 
I0083. In some embodiments, system 100 may include a 
processing unit 150, e.g., as shown in FIG. 2B. The process 
ing unit 150 may be a digital circuit or a combination of 
digital circuits. For example, the processing unit may be a 
microprocessor (or system of interconnected of microproces 
sors), a programmable hardware element Such as a field 
programmable gate array (FPGA), an application specific 
integrated circuit (ASIC), or any combination Such elements. 
The processing unit 150 may be configured to perform one or 
more functions such as image/video reconstruction, system 
control, user interface, statistical analysis, and one or more 
inferences tasks. 
I0084. The system 100 (e.g., the processing unit 150) may 
store the samples {Is(k)} in a memory, e.g., a memory 
resident in the system 100 or in some other system. 
I0085. In one embodiment, processing unit 150 is config 
ured to operate on the samples {Is(k) to generate the 
image or video sequence. In this embodiment, the processing 
unit 150 may include a microprocessor configured to execute 
Software (i.e., program instructions), especially software for 
performing an image/video reconstruction algorithm. In one 
embodiment, system 100 is configured to transmit the com 
pensated Samples to some other system through a communi 
cation channel. (In embodiments where the spatial patterns 
are randomly-generated, system 100 may also transmit the 
random seed(s) used to generate the spatial patterns.) That 
other system may operate on the samples to reconstruct the 
image/video. System 100 may have one or more interfaces 
configured for sending (and perhaps also receiving) data 
through one or more communication channels, e.g., channels 
Such as wireless channels, wired channels, fiber optic chan 
nels, acoustic channels, laser-based channels, etc. 
I0086. In some embodiments, processing unit 150 is con 
figured to use any of a variety of algorithms and/or any of a 
variety of transformations to perform image/video recon 
struction. System 100 may allow a user to choose a desired 
algorithm and/or a desired transformation for performing the 
image/video reconstruction. 
I0087. In some embodiments, the system 100 is configured 
to acquire a set Z of samples from the ADC 140 so that the 
sample set Z corresponds to Mofthe spatial patterns applied 
to the light modulation unit 110, where M is a positive integer. 
The number M is selected so that the sample set Z is useable 
to reconstruct an n-pixel image or n-voxel video sequence 
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that represents the incident light stream, where n is a positive 
integer less than or equal to the number N of light modulating 
elements in the light modulation unit 110. System 100 may be 
configured so that the number M is smaller than n. Thus, 
system 100 may operate as a compressive sensing device. 
(The number of “voxels' in a video sequence is the number of 
images in the video sequence times the number of pixels per 
image, or equivalently, the Sum of the pixel counts of the 
images in the video sequence.) 
0088. In various embodiments, the compression ratio M/n 
may take any of a wide variety of values. For example, in 
different sets of embodiments, M/n may be, respectively, in 
the range 0.9.0.8), in the range 0.8.0.7, in the range 0.7.0. 
6, in the range 0.6,0.5, in the range 0.5,0.4, in the range 
0.4,0.3), in the range 0.3.0.2, in the range 0.2.0.1, in the 
range 0.1.0.05, in the range 0.05,0.01, in the range 0.001, 
0.01). 
0089 Superpixels for Modulation at Lower Spatial Reso 
lution 

0090. As noted above, the image reconstructed from the 
sample Subset Z may be an n-pixel image with nsN. The 
spatial patterns may be designed to Support a value of n less 
than N, e.g., by forcing the array of light modulating elements 
to operate at a lower effective resolution than the physical 
resolution N. For example, the spatial patterns may be 
designed to force each 2x2 cell of light modulating elements 
to act in unison. At any given time, the modulation state of the 
four elements in a 2x2 cell will agree. Thus, the effective 
resolution of the array of light modulating elements is 
reduced to N/4. This principle generalizes to any cell size, to 
cells of any shape, and to collections of cells with non-uni 
form cell size and/or cell shape. For example, a collection of 
cells of size k, xk, where k and k are positive integers, 
would give an effective resolution equal to N/(kik). In one 
alternative embodiment, cells near the center of the array may 
have smaller sizes than cells near the periphery of the array. 
0091. The “cells” of the above discussion are referred to 
herein as “superpixels'. When the reconstruction algorithm 
generates an image (video frame) from the acquired sample 
data, each Superpixel corresponds to one pixel in the recon 
structed image (video frame). 
0092 Restricting the Spatial Patterns to a Subset of the 
Modulation Array 
0093. Another way the spatial patterns may be arranged to 
Support the reconstruction of ann-pixel image with n less than 
N is to allow the spatial patterns to vary only within a subset 
(or region) of the array of light modulating elements. In this 
mode of operation, the spatial patterns are null (take the value 
Zero) outside the subset. (Control unit 120 may be configured 
to implement this restriction of the spatial patterns.) Light 
modulating elements corresponding to positions outside of 
the Subset do not send any light (or send only the minimum 
amount of light attainable) to the light sensing device. Thus, 
the reconstructed image is restricted to the Subset. In some 
embodiments, each spatial pattern (e.g., of a measurement 
pattern sequence) may be multiplied element-wise by a 
binary mask that takes the one value only in the allowed 
Subset, and the resulting product pattern may be supplied to 
the light modulation unit. In some embodiments, the Subset is 
a contiguous region of the array of light modulating elements, 
e.g., a rectangle or a circular disk or a hexagon. In some 
embodiments, the size and/or position of the region may vary 
(e.g., dynamically). The position of the region may vary in 
order to track a moving object. The size of the region may 
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vary in order to dynamically control the rate of image acqui 
sition or video frame rate. In some embodiments, the size of 
the region may be determined by user input. For example, 
system 100 may provide an input interface (GUI and/or 
mechanical control device) through which the user may vary 
the size of the region over a continuous range of values (or 
alternatively, a discrete set of values), thereby implementing 
a digital Zoom function. Furthermore, in Some embodiments, 
the position of the region within the field of view may be 
controlled by user input. 
0094. Oversampling Relative to Pattern Modulation Rate 
0095. In some embodiments, the A/D converter 140 may 
oversample the electrical signal generated by the light sensing 
device 130, i.e., acquire samples of the electrical signal at a 
rate higher than (e.g., a multiple of) the pattern modulation 
rate. The pattern modulation rate is the rate at which the 
spatial patterns are applied to the incident light stream L. by 
the light modulation unit 110. Thus, the A/D converter may 
generate a plurality of Samples per spatial pattern. The plu 
rality of samples may be averaged to obtain a single averaged 
sample per spatial pattern. The averaging tends to reduce 
noise, and thus, to increase quality of image reconstruction. 
The averaging may be performed by processing unit 150 or 
Some other processing agent. The oversampling ratio may be 
controlled by setting the pattern modulation rate and/or set 
ting the A/D sampling rate. 
0096. In one embodiment, system 100 may include a light 
transmitter configured to generate a light beam (e.g., a laser 
beam), to modulate the light beam with a data signal and to 
transmit the modulated light beam into space or onto an 
optical fiber. System 100 may also include a light receiver 
configured to receive a modulated light beam from space or 
from an optical fiber, and to recover a data stream from the 
received modulated light beam. 
0097. In one embodiment, system 100 may be configured 
as a low-cost sensor system having minimal processing 
resources, e.g., processing resources insufficient to perform 
image (or video) reconstruction in user-acceptable time. In 
this embodiment, the system 100 may store and/or transmit 
the samples {Is(k)} so that another agent, more plentifully 
endowed with processing resources, may perform the image/ 
Video reconstruction based on the samples. 
0098. In some embodiments, system 100 may include an 
optical subsystem 105 that is configured to modify or condi 
tion the light stream L before it arrives at the light modulation 
unit 110, e.g., as shown in FIG. 2C. For example, the optical 
subsystem 105 may be configured to receive the light stream 
L from the environment and to focus the light stream onto a 
modulating plane of the light modulation unit 110. The opti 
cal subsystem 105 may include a camera lens (or a set of 
lenses). The lens (or set of lenses) may be adjustable to 
accommodate a range of distances to external objects being 
imaged/sensed/captured. The optical subsystem 105 may 
allow manual and/or digital control of one or more parameters 
Such as focus, Zoom, shutter speed and f-stop. 
0099. In some embodiments, system 100 may include an 
optical subsystem 117 to direct the modulated light stream 
MLS onto a light sensing Surface (or Surfaces) of the light 
sensing device 130. 
0100. In some embodiments, the optical subsystem 117 
may include one or more lenses, and/or, one or more mirrors. 
0101. In some embodiments, the optical subsystem 117 is 
configured to focus the modulated light stream onto the light 
sensing Surface (or Surfaces). The term “focus' implies an 
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attempt to achieve the condition that rays (photons) diverging 
from a point on an object plane converge to a point (or an 
acceptably Small spot) on an image plane. The term “focus’ 
also typically implies continuity between the object plane 
point and the image plane point (or image plane spot); points 
close together on the object plane map respectively to points 
(or spots) close together on the image plane. In at least some 
of the system embodiments that include an array of light 
sensing elements, it may be desirable for the modulated light 
stream MLS to be focused onto the light sensing array so that 
there is continuity between points on the light modulation 
unit LMU and points (or spots) on the light sensing array. 
0102. In some embodiments, the optical subsystem 117 
may be configured to direct the modulated light stream MLS 
onto the light sensing Surface (or Surfaces) of the light sensing 
device 130 in a non-focusing fashion. For example, in a 
system embodiment that includes only one photodiode, it 
may not be so important to achieve the “in focus’ condition at 
the light sensing Surface of the photodiode since positional 
information of photons arriving at that light sensing Surface 
will be immediately lost. 
0103) In one embodiment, the optical subsystem 117 may 
be configured to receive the modulated light stream and to 
concentrate the modulated light stream into an area (e.g., a 
Small area) on a light sensing Surface of the light sensing 
device 130. Thus, the diameter of the modulated light stream 
may be reduced (possibly, radically reduced) in its transit 
from the optical subsystem 117 to the light sensing surface (or 
surfaces) of the light sensing device 130. For example, in 
some embodiments, the diameter may be reduced by a factor 
of more than 1.5 to 1. In other embodiments, the diameter 
may be reduced by a factor of more than 2 to 1. In yet other 
embodiments, the diameter may be reduced by a factor of 
more than 10 to 1. In yet other embodiments, the diameter 
may be reduced by factor of more than 100 to 1. In yet other 
embodiments, the diameter may be reduced by factor of more 
than 400 to 1. In one embodiment, the diameter is reduced so 
that the modulated light stream is concentrated onto the light 
sensing Surface of a single light sensing element (e.g., a single 
photodiode). 
0104. In some embodiments, this feature of concentrating 
the modulated light stream onto the light sensing Surface (or 
Surfaces) of the light sensing device allows the light sensing 
device to sense at any given time the sum (or Surface integral) 
of the intensities of the modulated light portions within the 
modulated light stream. (Each time slice of the modulated 
light stream comprises a spatial ensemble of modulated light 
portions due to the modulation unit’s action of applying the 
corresponding spatial pattern to the light stream.) 
0105. In some embodiments, the modulated light stream 
MLS may be directed onto the light sensing surface of the 
light sensing device 130 without concentration, i.e., without 
decrease in diameter of the modulated light stream, e.g., by 
use of photodiode having a large light sensing Surface, large 
enough to contain the cross section of the modulated light 
stream without the modulated light stream being concen 
trated. 
0106. In some embodiments, the optical subsystem 117 
may include one or more lenses. FIG. 2E shows an embodi 
ment where optical subsystem 117 is realized by a lens 117L, 
e.g., a biconvex lens or a condenser lens. 
0107. In some embodiments, the optical subsystem 117 
may include one or more mirrors. In one embodiment, the 
optical subsystem 117 includes a parabolic mirror (or spheri 
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cal mirror) to concentrate the modulated light stream onto a 
neighborhood (e.g., a small neighborhood) of the parabolic 
focal point. In this embodiment, the light sensing Surface of 
the light sensing device may be positioned at the focal point. 
0108. In some embodiments, system 100 may include an 
optical mechanism (e.g., an optical mechanism including one 
or more prisms and/or one or more diffraction gratings) for 
splitting or separating the modulated light stream MLS into 
two or more separate streams (perhaps numerous streams), 
where each of the streams is confined to a different wave 
length range. The separate streams may each be sensed by a 
separate light sensing device. (In some embodiments, the 
number of wavelength ranges may be, e.g., greater than 8, or 
greater than 16, or greater than 64, or greater than 256, or 
greater than 1024.) Furthermore, each separate stream may be 
directed (e.g., focused or concentrated) onto the correspond 
ing light sensing device as described above in connection 
with optical subsystem 117. The samples captured from each 
light sensing device may be used to reconstruct a correspond 
ing image (or video sequence) for the corresponding wave 
length range. In one embodiment, the modulated light stream 
is separated into red, green and blue streams to Support color 
(R,G,B) measurements. In another embodiment, the modu 
lated light stream may be separated into IR, red, green, blue 
and UV streams to Support five-channel multi-spectral imag 
ing: (IR, R, G, B, UV). In some embodiments, the modulated 
light stream may be separated into a number of Sub-bands 
(e.g., adjacent Sub-bands) within the IR band to Support 
multi-spectral or hyper-spectral IR imaging. In some embodi 
ments, the number of IR Sub-bands may be, e.g., greater than 
8, or greater than 16, or greater than 64, or greater than 256, or 
greater than 1024. In some embodiments, the modulated light 
stream may experience two or more stages of spectral sepa 
ration. For example, in a first stage the modulated light stream 
may be separated into an IR stream confined to the IR band 
and one or more additional streams confined to other bands. 
In a second stage, the IR stream may be separated into a 
number of Sub-bands (e.g., numerous Sub-bands) (e.g., adja 
cent sub-bands) within the IR band to support multispectral or 
hyper-spectral IR imaging. 
0109. In some embodiments, system 100 may include an 
optical mechanism (e.g., a mechanism including one or more 
beam splitters) for splitting or separating the modulated light 
stream MLS into two or more separate streams, e.g., where 
each of the streams have the same (or approximately the 
same) spectral characteristics or wavelength range. The sepa 
rate streams may then pass through respective bandpass filters 
to obtain corresponding modified streams, where each modi 
fied stream is restricted to a corresponding band of wave 
lengths. Each of the modified streams may be sensed by a 
separate light sensing device. (In some embodiments, the 
number of wavelength bands may be, e.g., greater than 8, or 
greater than 16, or greater than 64, or greater than 256, or 
greater than 1024.) Furthermore, each of the modified 
streams may be directed (e.g., focused or concentrated) onto 
the corresponding light sensing device as described above in 
connection with optical subsystem 117. The samples cap 
tured from each light sensing device may be used to recon 
struct a corresponding image (or video sequence) for the 
corresponding wavelength band. In one embodiment, the 
modulated light stream is separated into three streams which 
are then filtered, respectively, with a red-pass filter, a green 
pass filter and a blue-pass filter. The resulting red, green and 
blue streams are then respectively detected by three light 
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sensing devices to Support color (R,G,B) acquisition. In 
another similar embodiment, five streams are generated, fil 
tered with five respective filters, and then measured with five 
respective light sensing devices to support (IR, R, G, B, UV) 
multi-spectral acquisition. In yet another embodiment, the 
modulated light stream of a given band may be separated into 
a number of (e.g., numerous) Sub-bands to Support multi 
spectral or hyper-spectral imaging. 
0110. In some embodiments, system 100 may include an 
optical mechanism for splitting or separating the modulated 
light stream MLS into two or more separate streams. The 
separate streams may be directed to (e.g., concentrated onto) 
respective light sensing devices. The light sensing devices 
may be configured to be sensitive in different wavelength 
ranges, e.g., by virtue of their different material properties. 
Samples captured from each light sensing device may be used 
to reconstruct a corresponding image (or video sequence) for 
the corresponding wavelength range. 
0111. In some embodiments, system 100 may include a 
control unit 120 configured to Supply the spatial patterns to 
the light modulation unit 110, as shown in FIG. 2F. The 
control unit may itself generate the patterns or may receive 
the patterns from some other agent. The control unit 120 and 
the ADC 140 may be controlled by a common clock signal so 
that ADC 140 can coordinate (synchronize) its action of cap 
turing the samples {Is(k)} with the control unit's action of 
Supplying spatial patterns to the light modulation unit 110. 
(System 100 may include clock generation circuitry.) 
0112. In some embodiments, the control unit 120 may 
Supply the spatial patterns to the light modulation unit in a 
periodic fashion. 
0113. The control unit 120 may be a digital circuit or a 
combination of digital circuits. For example, the control unit 
may include a microprocessor (or system of interconnected of 
microprocessors), a programmable hardware element such as 
a field-programmable gate array (FPGA), an application spe 
cific integrated circuit (ASIC), or any combination Such ele 
mentS. 

0114. In some embodiments, the control unit 120 may 
include a random number generator (RNG) or a set of random 
number generators to generate the spatial patterns or some 
Subset of the spatial patterns. 
0115. In some embodiments, system 100 is battery pow 
ered. In some embodiments, the system 100 includes a set of 
one or more Solar cells and associated circuitry to derive 
power from Sunlight. 
0116. In some embodiments, system 100 includes its own 
light source for illuminating the environment or a target por 
tion of the environment. 

0117. In some embodiments, system 100 may include a 
display (or an interface configured for coupling to a display) 
for displaying reconstructed images/videos. 
0118. In some embodiments, system 100 may include one 
or more input devices (and/or, one or more interfaces for input 
devices), e.g., any combination or Subset of the following 
devices: a set of buttons and/or knobs, a keyboard, a keypad, 
a mouse, a touch-sensitive pad Such as a trackpad, a touch 
sensitive display screen, one or more microphones, one or 
more temperature sensors, one or more chemical sensors, one 
or more pressure sensors, one or more accelerometers, one or 
more orientation sensors (e.g., a three-axis gyroscopic sen 
sor), one or more proximity sensors, one or more antennas, 
etc. 
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0119 Regarding the spatial patterns that are used to modu 
late the light stream L., it should be understood that there are 
a wide variety of possibilities. In some embodiments, the 
control unit 120 may be programmable so that any desired set 
of spatial patterns may be used. 
I0120 In some embodiments, the spatial patterns are 
binary valued. Such an embodiment may be used, e.g., when 
the light modulating elements are two-state devices. In some 
embodiments, the spatial patterns are n-state valued, where 
each element of each pattern takes one of n states, where n is 
an integer greater than two. (Such an embodiment may be 
used, e.g., when the light modulating elements are each able 
to achieve in or more modulation states). In some embodi 
ments, the spatial patterns are real valued, e.g., when each of 
the light modulating elements admits a continuous range of 
modulation. (It is noted that even a two-state modulating 
element may be made to effectively apply a continuous range 
of modulation by duty cycling the two states during modula 
tion intervals.) 
0121 
0.122 The spatial patterns may belong to a set of measure 
ment vectors that is incoherent with a set of vectors in which 
the image/video is approximately sparse (“the sparsity vector 
set'). (See “Sparse Signal Detection from Incoherent Projec 
tions'. Proc. Int. Conf. Acoustics, Speech Signal Process 
ing ICASSP, May 2006, Duarte et al.) Given two sets of 
vectors A={a} and B={b} in the same N-dimensional space, 
A and B are said to be incoherent if their coherence measure 
L(A,B) is sufficiently small. Assuming that the vectors {a} 
and {b, each have unit Li norm, then coherence measure 
may be defined as: 

Coherence 

pi(A, B) = maxical, bi). 

I0123. The number of compressive sensing measurements 
(i.e., samples of the sequence {Is(k)} needed to reconstruct 
an N-pixel image (or N-Voxel video sequence) that accurately 
represents the scene being captured is a strictly increasing 
function of the coherence between the measurement vector 
set and the sparsity vector set. Thus, better compression can 
be achieved with smaller values of the coherence. 

0.124. In some embodiments, the measurement vector set 
may be based on a code. Any of various codes from informa 
tion theory may be used, e.g., codes such as exponentiated 
Kerdock codes, exponentiated Delsarte-Goethals codes, run 
length limited codes, LDPC codes, Reed Solomon codes and 
Reed Muller codes. 

0.125. In some embodiments, the measurement vector set 
corresponds to a randomized or permuted basis, where the 
basis may be, for example, the DCT basis (DCT is an acronym 
for Discrete Cosine Transform) or Hadamard basis. 
I0126. In some embodiments, the spatial patterns may be 
random orpseudo-random patterns, e.g., generated according 
to a random number generation (RNG) algorithm using one 
or more seeds. In some embodiments, the elements of each 
pattern are generated by a series of Bernoulli trials, where 
each trial has a probability p of giving the value one and 
probability 1-p of giving the value Zero. (For example, in one 
embodiment p=/2.) In some embodiments, the elements of 
each pattern are generated by a series of draws from a Gaus 
sian random variable.) 
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0127. The system 100 may be configured to operate in a 
compressive fashion, where the number of the samples {Is 
(k)} captured by the system 100 is less than (e.g., much less 
than) the number of pixels in the image (or video) to be 
reconstructed from the samples. In many applications, this 
compressive realization is very desirable because it saves on 
power consumption, memory utilization and transmission 
bandwidth consumption. However, non-compressive realiza 
tions are contemplated as well. 
0128. In some embodiments, the system 100 is configured 
as a camera or imager that captures information representing 
an image (or a series of images) from the external environ 
ment, e.g., an image (or a series of images) of some external 
object or scene. The camera system may take different forms 
in different application domains, e.g., domains such as visible 
light photography, infrared photography, ultraviolet photog 
raphy, high-speed photography, low-light photography, 
underwater photography, multi-spectral imaging, hyper 
spectral imaging, etc. In some embodiments, system 100 is 
configured to operate in conjunction with (or as part of) 
another system, e.g., in conjunction with (or as part of) a 
microscope, a telescope, a robot, a security system, a Surveil 
lance system, a fire sensor, a node in a distributed sensor 
network, etc. 
0129. In some embodiments, system 100 is configured as 
a spectrometer. 
0130. In some embodiments, system 100 is configured as 
a multi-spectral or hyper-spectral imager. 
0131. In some embodiments, system 100 may configured 
as a single integrated package, e.g., as a camera. 
0.132. In some embodiments, system 100 may also be con 
figured to operate as a projector. Thus, system 100 may 
include a light source, e.g., a light Source located at or near a 
focal point of optical subsystem 117. In projection mode, the 
light modulation unit 110 may be supplied with an image (or 
a sequence of images), e.g., by control unit 120. The light 
modulation unit may receive a light beam generated by the 
light source, and modulate the light beam with the image (or 
sequence of images) to obtain a modulated light beam. The 
modulated light beam exits the system 100 and is displayed 
on a display Surface (e.g., an external screen). 
0133. In one embodiment, the light modulation unit 110 
may receive the light beam from the light Source and modu 
late the light beam with a time sequence of spatial patterns 
(from a measurement pattern set). The resulting modulated 
light beam exits the system 100 and is used to illuminate the 
external scene. Light reflected from the external scene in 
response to the modulated light beam is measured by a light 
sensing device (e.g., a photodiode). The samples captured by 
the light sensing device comprise compressive measurements 
of external scene. Those compressive measurements may be 
used to reconstruct an image or video sequence as variously 
described above. 

0134. In some embodiments, system 100 includes an inter 
face for communicating with a host computer. The host com 
puter may send control information and/or program code to 
the system 100 via the interface. Furthermore, the host com 
puter may receive status information and/or compressive 
sensing measurements from System 100 via the interface. 
0135) In one realization 200 of system 100, the light 
modulation unit 110 may be realized by a plurality of mirrors, 
e.g., as shown in FIG. 3A. (The mirrors are collectively indi 
cated by the label110M.) The mirrors 110M are configured to 
receive corresponding portions of the light L received from 
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the environment, albeit not necessarily directly from the envi 
ronment. (There may be one or more optical elements, e.g., 
one or more lenses along the input path to the mirrors 110M.) 
Each of the mirrors is configured to controllably switch 
between at least two orientation states. In addition, each of the 
mirrors is configured to (a) reflect the corresponding portion 
of the light onto a sensing path 115 when the mirroris in a first 
of the two orientation states and (b) reflect the corresponding 
portion of the light away from the sensing path when the 
mirror is in a second of the two orientation states. 
0.136. In some embodiments, the mirrors 110M are 
arranged in an array, e.g., a two-dimensional array or a one 
dimensional array. Any of various array geometries are con 
templated. For example, in different embodiments, the array 
may be a square array, a rectangular array, a hexagonal array, 
etc. In some embodiments, the mirrors are arranged in a 
spatially-random fashion. 
0.137 The mirrors 110M may be part of a digital micro 
mirror device (DMD). For example, in some embodiments, 
one of the DMDs manufactured by Texas Instruments may be 
used. 
0.138. The control unit 120 may be configured to drive the 
orientation states of the mirrors through the series of spatial 
patterns, where each of the patterns of the series specifies an 
orientation state for each of the mirrors. 
0.139. The light sensing device 130 may be configured to 
receive the light portions reflected at any given time onto the 
sensing path 115 by the subset of mirrors in the first orienta 
tion state and to generate an analog electrical signal Is(t) 
representing a cumulative intensity of the received light por 
tions as function of time. As the mirrors are driven through the 
series of spatial patterns, the subset of mirrors in the first 
orientation state will vary from one spatial pattern to the next. 
Thus, the cumulative intensity of light portions reflected onto 
the sensing path 115 and arriving at the light sensing device 
will vary as a function time. Note that the term “cumulative' 
is meant to suggest a Summation (spatial integration) over the 
light portions arriving at the light sensing device at any given 
time. This Summation may be implemented, at least in part, 
optically (e.g., by means of a lens and/or mirror that concen 
trates or focuses the light portions onto a concentrated area as 
described above). 
0140) System realization 200 may include any subset of 
the features, embodiments and elements discussed above 
with respect to system 100. For example, system realization 
200 may include the optical subsystem 105 to operate on the 
incoming light L before it arrives at the mirrors 110M, e.g., as 
shown in FIG. 3B. 
0.141. In some embodiments, system realization 200 may 
include the optical Subsystem 117 along the sensing path as 
shown in FIG. 4. The optical subsystem 117 receives the light 
portions reflected onto the sensing path 115 and directs (e.g., 
focuses or concentrates) the received light portions onto a 
light sensing Surface (or Surfaces) of the light sensing device 
130. In one embodiment, the optical subsystem 117 may 
include a lens 117L, e.g., as shown in FIG. 5A. 
0142. In some embodiments, the optical subsystem 117 
may include one or more mirrors, e.g., a mirror 117M as 
shown in FIG. 5B. Thus, the sensing path may be a bent path 
having more than one segment. FIG. 5B also shows one 
possible embodiment of optical subsystem 105, as a lens 
10SL. 

0143. In some embodiments, there may be one or more 
optical elements intervening between the optical Subsystem 
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105 and the mirrors 110M. For example, as shown in FIG.5C, 
a TIR prism pair 107 may be positioned between the optical 
subsystem 105 and the mirrors 110M. (TIR is an acronym for 
“total internal reflection.) Light from optical subsystem 105 
is transmitted through the TIR prism pair and then interacts 
with the mirrors 110M. After having interacted with the mir 
rors 110M, light portions from mirrors in the first orientation 
state are reflected by a second prism of the pair onto the 
sensing path 115. Light portions from mirrors in the second 
orientation state may be reflected away from the sensing path. 
0144. Rolling Window Reconstruction 
0145. In one set of embodiments, a method 600 for recon 
structing a sequence of images from a stream of compressive 
imaging measurements may involve the operations shown in 
FIG. 6. Furthermore, method 600 may include any subset of 
the features, embodiments and elements described above in 
connection with system 100 and system realization 200 and 
described below in connection with system 1000, in the sec 
tion “Rolling Reconstruction from a Mathematical View 
point” and in the section Acceleration of Matching Pursuit”. 
0146) Operation 610 involves modulating an incident light 
stream with a sequence of spatial patterns {a} to obtain a 
modulated light stream, e.g., as variously described above in 
connection with system 100 and system realization 200. (In 
dex j is the sequence index.) The action of modulating the 
incident light stream includes applying the spatial patterns 
Successively in time to the incident light stream. 
0147 Operation 615 involves acquiring a sequence of 
measurements {I(j)} representing intensity of the modulated 
light stream over time. (See the above description of the light 
sensing device 130 in connection with system 100 and system 
realization 200.) Each of the measurements I() is acquired in 
response to the application of a respective one of the spatial 
patterns to the incident light stream, and represents the inten 
sity of the modulated light stream during the application of 
the respective spatial pattern. In some embodiments, the 
acquisition of the sequence of measurements may include 
oversampling and averaging as described above in the section 
entitled “Oversampling Relative to Pattern Modulation 
Rate'. 
0148 Operation 620 involves generating a sequence of 
Subsets of the measurements, where each consecutive pair of 
the subsets overlaps by a nonzero amount. Each of the subsets 
corresponds to a respective group of the spatial patterns. 
Because each measurement I() of the measurement sequence 
corresponds to a respective pattern a' of the sequence of spa 
tial patterns, the spatial pattern groups will overlap in time by 
the same amount that the measurement Subsets do. 
014.9 FIG.7 shows the process of generating the sequence 
of Subsets, denoted S. S. S. . . . . from the sequence of 
measurements {I(k) in the case where each subset overlaps 
the previous subset by 75%. The subsets, each being M mea 
Surements in length, may be generated by acquiring the mea 
Surements from the light sensing device and storing them into 
a memory buffer in blocks of size M74 measurements, and 
then composing each four consecutive blocks into a corre 
sponding Subset S. For example, Subset S is composed of the 
blocks P, P, P and P. Furthermore, subset S is composed 
of the blocks P., P1, P2 and Ps. 
0150 More generally, FIG. 8 shows a sequence of subsets 
S. S. S. ... being generated from the sequence of measure 
ments {I(k) for an arbitrary value r of the overlap ratio. (The 
overlap ratio r is the number of measurement in the overlap 
divided by the number of measurement in the generic subset.) 
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Each of the subsets may be of length M measurements. A first 
subset S may be composed from the first M measurements of 
the sequence of measurements. Then, for each Succeeding 
group of (1-r)M measurements in the sequence of measure 
ments, a corresponding Subset S may be composed. For 
example, a second subset S may be composed from the last 
rM measurements that contributed to subset S and the 
(1-r)M measurements that follow subset S in the sequence of 
measurements. The subset S may be composed from the 
last rM measurements that contributed to subset S and the 
(1-r)M measurements that follow subset S in the sequence of 
measurementS. 

0151. In some embodiments, action of generating the sub 
sets may involve receiving each measurement from the light 
sensing device, and storing the measurement into a buffer, 
e.g., a FIFO buffer. The subsets may be generated periodi 
cally in time, with each Subset being composed from the most 
recent M measurements in the buffer. (FIFO is an acronym for 
“first in, first out”.) 
0152 Referring once again to FIG. 6, operation 625 
involves reconstructing a sequence of images, where each of 
the images is reconstructed from a respective input data set 
including a respective one of the Subsets of intensity measure 
ments and a respective one of the groups of the spatial pat 
terns. Each image of the image sequence represents the inci 
dent light stream as it impinges upon the Surface of the light 
modulation array over the period of time that the spatial 
patterns of the respective spatial pattern group were being 
asserted on the array of light modulating elements. 
0153. The reconstruction of each image may be started as 
Soon as the corresponding Subset of measurements becomes 
available. For example, as shown in FIG.9A, reconstruction 
of the first image F may be started as soon as the subset S is 
completed, e.g., as soon as the measurements composing the 
Subset S have been acquired from the light sensing device. 
Similarly, the reconstruction of image F may be started as 
soon as the subset S is completed. FIG.9B shows a special 
case where each subset overlaps the previous subset by 75%, 
i.e., r=3/4. 
0154 While the subsets shown in FIGS. 7, 8, 9A and 9B 
are all contiguous Subsets of measurements, in Some embodi 
ments, one or more or all of the Subsets may be non-contigu 
ous Subsets. For example, Subset generation process skip 
excessively noisy measurements when forming a Subset. As 
another example, the sequence of spatial patterns used to 
modulate the incident light stream may include measurement 
patterns and non-measurement patterns. (Non-measurement 
patterns might include, e.g., calibration patterns and/or hot 
spot search patterns.) The Subset generation process may 
incorporate into the Subsets only those measurements that 
correspond to the measurement patterns, skipping over the 
measurements that correspond to the non-measurement pat 
terns. 

0155 The reconstruction algorithm used to reconstruct 
each image of the image sequence may be any reconstruction 
algorithm known in the field of compressive sensing. 
0156 Operations 610 through 625 may be performed as a 
pipeline process, i.e., each of the operations may be per 
formed continuously, and each of the operations continuously 
consumes the output of the previous operation. 
0157 Operation 630 involves displaying the images of the 
image sequence using a display device. The display device 
may include a display screen conforming to any desired type 
of display technology. In some embodiments, the display 
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device may include a video projector for projecting the image 
sequence on a display Surface. 
0158. In some embodiments, the input data set used for the 
reconstruction of the current image of the image sequence 
also includes a previously-reconstructed image of the image 
sequence. The image reconstruction algorithm may be con 
figured to converge upon an estimate of the current image in 
an iterative fashion. Thus, a previously-reconstructed image 
of the image sequence may provide a warm start for the 
reconstruction of the current image, i.e., may decrease the 
time to convergence for the reconstruction of the current 
image. 
0159. If the reconstruction algorithm takes more than 
(1-r)MTs units of times to reconstruct a given image, where 
Ts is the measurement period (i.e., the reciprocal of the mea 
surement rate f), then the reconstruction of the next image 
may start before the reconstruction of the current image is 
completed. For example, in FIG.9A, the reconstruction of the 
second image F2 starts before the reconstruction of the first 
image F1 is complete. Thus, there is a time interval 910 over 
which two or more image reconstructions are being per 
formed simultaneously, i.e., two or more instances of the 
reconstruction algorithm are being executed simultaneously. 
In fact, if the reconstruction algorithm generates an image 
with maximum latency T, then up to 

Neceiling: Tax (M(1-r) Ts)} 

image reconstructions may be executing simultaneously at 
any given time. 
(0160. In some embodiments, the action of reconstructing 
the images of the image sequence includes invoking execu 
tion of a current instance of a reconstruction algorithm in 
order to reconstruct a current image of the image sequence 
before one or more previous instances of the reconstruction 
algorithm (corresponding respectively to one or more previ 
ous images of the image sequence) have completed execu 
tion. The current instance and the one or more previous 
instances of the reconstruction algorithm may execute at least 
partially in parallel. 
0161 In some embodiments, the input data set used for the 
reconstruction of the current image of the image sequence 
also includes a partially-reconstructed version of a previous 
image of the image sequence. As described above, the recon 
struction of a previous image may be still in progress when 
the reconstruction of the current image is started. However, 
the partially-completed previous image may nevertheless be 
useful information for the current image reconstruction, i.e., 
useful in decreasing the time to convergence for the current 
image reconstruction. 
0162. In some embodiments, the amount of overlap (be 
tween each consecutive pair of Subsets in the sequence of 
Subsets) may be set to achieve a target image rate for the 
image sequence. If the reconstruction of each image has 
maximum latency T. and each image reconstruction is 
started within a maximum latency of Ts after the corre 
sponding Subset of the sequence of measurements becomes 
available, then the image rate f of the reconstructed 
image sequence will be governed by the rate at which the 
measurement Subsets are generated, i.e., by the product 
(1-r)M and the measurement rate f: 

where r is the overlap ratio, and M is the number of measure 
ments in each measurement Subset. Thus, the image rate 
f is controllable by selection of the overlap ratio r and/or in age 
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the subset size M. In the extreme r-1-(1/M), the image rate 
f, equals the measurement rate f. In the opposite 
extreme r–0, the image rate f. fs/M. Any image rate 
between those two extremes may be achieved by appropriate 
choice of overlap ratio r. 
(0163. In some embodiments, the image rate f, may be 
set to a value Sufficiently large so that the displayed image 
sequence achieves flicker fusion, i.e., appears to be continu 
ous in time to the human observer. 

(0164. In some embodiments, the image rate f, may be 
set to a value Sufficiently large so that the displayed image 
sequence can be regarded as a video sequence. 
0.165. In some embodiments, the target image rate is 
dynamically controllable by user input. A user input device 
may be monitored to determine if the user has made any 
changes to a target image rate value. If so, the amount of 
overlap (or the overlap ratio r) may be changed dynamically 
in response to each Such change in the target image rate value. 
0166 In some embodiments, the method 600 may also 
include transmitting the sequence of measurements to a 
remote computer, where the action 620 of generating the 
Subsets and the action 625 of reconstructing the image 
sequence are performed on the remote computer. 
0167. Each of the subsets of the sequence of measure 
ments preferably has fewer measurements than the number of 
pixels in the respective image of the image sequence. Thus, 
each Subset comprises a compressed representation of the 
respective image. 
0.168. As described above, the reconstruction of each 
image of the image sequence from the corresponding Subset 
of measurements and the corresponding group of spatial pat 
terns may be performed with latency less than or equal to a 
maximum value T. In some embodiments, the reconstruc 
tion algorithm may output its current estimate of the image if 
the T deadline is reached before convergence has been 
achieved. In some embodiments, the latency bound T is 
determined by user input. 
0169. As described above, the incident light stream is 
modulated with a sequence of spatial patterns. The spatial 
patterns are preferably drawn from a measurement pattern set 
that is incoherent with respect to a dictionary of patterns in 
which each image of the image sequence is sparse (or com 
pressible). 
0170 In a playback mode (or replay mode), operations 
620,625 and 630 may be started after operations 651 and 615 
have completed (or alternatively, after operations 650 and 615 
have started). Thus, the sequence of measurements acquired 
by operation 615 may be stored in a memory for later access. 
In some embodiments, the method 600 may include: access 
ing the sequence of measurements from the memory (e.g., in 
response to a user request for playback of the image 
sequence); generating 620 the overlapping Subsets from the 
accessed measurement sequence, performing the reconstruc 
tion 625 on the overlapping subsets; and displaying 630 the 
reconstructed image sequence. The accessing, generating, 
reconstructing and displaying operations may form a pipeline 
process, where each operation continuously consumes the 
output of the preceding operation. The frame rate of the 
displayed image sequence may be controlled by adjusting the 
overlap ratio, e.g., in response to user input. 
0171 In some embodiments, the sequence of measure 
ments may be accessed from memory at a rate higher than the 
rate f at which the measurements were acquired from the 
light sensing device. This Super-speed access of the measure 
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ment sequence may be used to reconstruct and display the 
images of the image sequence at a rate higher than would be 
possible if reconstruction and display were performed in real 
time (i.e., while the modulation 610 was being performed.) 
0172. In one set of embodiments, a system 1000 for recon 
structing a sequence of images from compressively-acquired 
measurements of an incident light stream may be configured 
as shown in FIG. 10. The system 1000 may include a light 
modulation unit 1010, a light sensing device 1020, a process 
ing unit 1030 and a display device 1040. Furthermore, the 
system 1000 may include any subset of the features, embodi 
ments and elements described above in connection with sys 
tem 100, system realization 200 and method 600 and 
described below in the section “Rolling Reconstruction from 
a Mathematical Viewpoint and the section "Acceleration of 
Matching Pursuit”. 
0173 The light modulation unit 1010 may be configured 
to modulate an incident light stream L with a sequence of 
spatial patterns to obtain a modulated light stream MLS, e.g., 
as variously described above. The light modulation unit is 
configured to apply the spatial patterns to the incident light 
stream L. Successively in time. In some embodiments, the 
light modulation unit 1010 may be realized by the light modu 
lation unit 110 or mirrors 110M as variously described above. 
0.174. The light sensing device 1020 may be configured to 
acquire a sequence of measurements representing intensity of 
the modulated light stream MLS over time. Each of the mea 
Surements is acquired in response to the application of a 
respective one of the spatial patterns to the incident light 
stream L. In some embodiments, the light sensing device 
1020 may be realized the light sensing device 130 as variously 
described above. 

0.175. The processing unit 1030 may be configured togen 
erate a sequence of Subsets of the intensity measurements, 
e.g., as described above in connection with method 600. Each 
consecutive pair of the Subsets overlap by a nonzero amount. 
Each of the Subsets corresponds to a respective group of the 
spatial patterns. The processing unit 1030 may also recon 
struct a sequence of images, where each of the images is 
reconstructed from a respective input data set including a 
respective one of the Subsets of intensity measurements and a 
respective one of the groups of the spatial patterns. 
0176). In some embodiments, the processing unit 1030 
may be configured to execute up to N image reconstructions 
in parallel, where N is greater than one. For example, the 
processing unit may include N parallel processing channels 
(or pipelines), each configured to execute an image recon 
struction. The N parallel processing channels may be real 
ized by one or more processors that are configured to execute 
program instructions, by dedicated digital circuitry Such as 
one or more application-specific integrated circuits (ASICs), 
by one or more programmable hardware elements such as 
FPGAs, or by any combination of the foregoing. In one 
embodiment, the processing unit may include N processor 
cores each capable of executing an independent stream of 
program code. 
0177. The display device 1040 may be configured to dis 
play the sequence of images. The display device 1040 may be 
realized by any desired type of display technology. In some 
embodiments, the display device 1040 may be a computer 
monitor, or the display of a mobile device or handheld device, 
or a video projector, or the display of a laptop or notebook 
computer, or a head-mounted display. 
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0178. In some embodiments, system 1000 may be realized 
as a single integrated package, e.g., as a camera device. 
0179. In some embodiments, system 1000 may include the 
optical subsystem 105 described above in connection with 
system 100 and system realization 200. The optical sub 
system 105 may be configured to allow adjustable focus, e.g., 
in response to user input. In one embodiment, the processing 
unit 1030 may be configured to increase the amount of over 
lap (or the overlap ratio), and thereby, increase the image rate 
f, when the system 1000 is being focused. A user may 
prefer to have a higher image rate while adjusting the focus 
setting, especially in contexts where the baseline image rate 
(i.e., the image rate without any overlap) is on the order of 
Seconds per image. 
0180. In some embodiments, the processing unit 1030 is 
located remotely from the light modulation unit 1010 and the 
light sensing device 1020, in which case the system 1000 may 
also include a transmitter 1022 and a receiver 1024, e.g., as 
shown in FIG. 11. The transmitter 1022 is configured to 
transmit the sequence of measurements over a communica 
tion channel. The receiver 1024 receives the sequence of 
measurements and provides the sequence of measurements to 
the processing unit 1030. 
0181. In different embodiments, the transmitter 1022 may 
be configured to transmit respectively different kinds of Sig 
nals over respectively different kinds of communication 
channel. For example, in some embodiments, the transmitter 
transmits electromagnetic signals (e.g., radio signals or opti 
cal signals) through a wireless or wired channel. In one 
embodiment, the transmitter transmits electromagnetic sig 
nals through an electrical cable. In another embodiment, the 
transmitter transmits electromagnetic waves through free 
space (e.g., the atmosphere). In yet another embodiment, the 
transmitter transmits through free space or through an optical 
fiberusing modulated light signals or modulated laser signals. 
In yet another embodiment, the transmitter transmits acoustic 
signals through an acoustic medium, e.g., a body of water. 
The transmitter may be any type of transmitter known in the 
art of telecommunications. Likewise, the receiver may be any 
type of receiver known in the art of telecommunications. 
0182. In some embodiments, the amount of overlap (or the 
overlap ratio) may be set to achieve a target image rate for the 
image sequence. In some embodiment, the system 1000 may 
includes a user interface 1050 for receiving user input that 
controls the target image rate, e.g., as illustrated in FIG. 12. In 
one embodiment, the target image rate is dynamically con 
trollable by the user input. The user interface 1050 may 
include one or more mechanical input devices such a button, 
a slider or a knob and/or one or more graphical user interface 
(GUI) elements. 
0183 In some embodiments, system 1000 includes a 
Snapshot mode in which a single image is compressively 
acquired in response to the user's action of pressing a shutter 
button. (The button may be a mechanical button or a graphical 
user interface element/icon.) The user may wish to acquire a 
number of images in quick Succession, and thus, may press 
the shutter button repeatedly. The methods described herein 
for increasing the rate of image sequence acquisition and 
reconstruction are useful even when the sequence of images 
are acquired in the Snapshot mode. Each press of the shutter 
button may initiate the acquisition of a corresponding Subset 
of measurements for the reconstruction of a corresponding 
image. The overlap ratio between Successive images may be 
determined by the time between successive presses of the 
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shutter button. In some embodiments, the processing unit 
1030 (or processing unit 150 of system 100) may capture 
timestamps indicating times when the user presses the shutter 
button (or otherwise initiates the acquisition of images). Each 
timestamp may be used to control the start time of a corre 
sponding Subset of the sequence of measurements. The num 
ber of measurements in each Subset may be determined an 
image quality setting, e.g., one controlled by user input. 
0184. In some embodiments, the light sensing device 1020 
may include a plurality (e.g., an array) of light sensing ele 
ments. Each light sensing element may be configured to 
receive a corresponding spatial portion (or spectral portion) 
of the modulated light stream and to generate a corresponding 
electrical signal representing intensity of the spatial portion 
(or spectral portion) as a function of time. The light sensing 
device 1020 (i.e., A/D conversion circuitry of the light sens 
ing device 1020) may then sample each of the electrical 
signals to obtain a plurality of measurement sequences, i.e., 
one measurement sequence per electrical signal. In these 
embodiments, each of the measurement sequences may be 
treated as variously described above. In particular, each of the 
measurement sequences may be processed to reconstruct a 
corresponding image sequence representing a corresponding 
spatial portion (or spectral portion) of the field of view. The 
reconstruction of each image sequence may employ the over 
lapping-Subset methodology as variously described above. 
The plurality of image sequences may be concatenated 
together to obtain a global image sequence representing the 
entirety of the field of view. For more information on com 
pressive imaging systems including Such light sensing 
devices as just described, please refer to U.S. patent applica 
tion Ser. No. 13/197,304 (U.S. Pub. No. 20120038786), filed 
on Aug. 3, 2011, entitled "Decreasing Image Acquisition 
Time for Compressive Imaging Devices’, which is hereby 
incorporated by reference in its entirety. 
0185. Rolling Reconstruction from a Mathematical View 
point 
0186 Suppose that one is interested in obtaining compres 
sive measurements of a signal X'. Here the Superscript thigh 
lights the fact that the signal may be different at different 
moments of time. For simplicity, assume that the signal of 
interest is in the form of a column vector with Nelements. The 
column vectorx represents the light intensities of portions of 
the incident light stream incident upon the array of light 
modulating elements at time t. See the above discussion of 
modulation given in connection with system 100 and system 
realization 200. At time t, the signal of interest x' is measured 
by taking its inner product with a test functiona' (also referred 
to herein as a “spatial pattern') as variously described above. 
The test function a may be represented as a row vector of 
length N. The measurement y, is the scalar value resulting 
from this inner product plus a noise term. (Below we assume 
that the signals under discussion are real. However, the prin 
ciples discussed here naturally extend to complex-valued sig 
nals and measurements.) Mathematically, the measurement 
can be represented as 

where e, is the noise. 
0187 Assume that the acquisition system (e.g., system 
100 or system 1000) can take a measurement every T. sec 
onds. (T is the reciprocal of the rate f at which the light 
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modulation unit can apply the test functions, i.e., the spatial 
patterns.) The measurements may be continuously collected 
into a running list: 

{}}T - 'T'27's T, . . . . 

0188 Given this list of measurements, suppose that we 
want to use M of them to reconstruct the original signal/scene, 
or at least, a close approximation. Suppose that we supply an 
algorithm ALG with M measurements, and that it takes T. 
seconds for the algorithm to reconstruct an image. 
0189 Note: If we assume that the reconstruction algo 
rithm achieves the latency T. for each frame, then the 
reconstruction algorithm doesn’t affect the frame rate. (The 
“frame rate” referred to here is a synonym for the image rate 
f, referred to above in connection with method 600 and 
system 1000.) This is illustrated, e.g., in FIGS. 1A, 9A and 
9B. With this perspective the frame rate of reconstructed 
images is determined by the rate at which groups of measure 
ments are provided to the algorithm. 
0190. For k=1,2,..., the conventional compressive sens 
ing (CS) methodology gathers both the k" set of M measure 
ments 

and the corresponding set of M test functions 

and Supplies them to the reconstruction algorithm ALG to 
generate the k" image 

Moreover, since we have to wait for M new measurements to 
generate each new image, the frame rate f-1/(MT). 
This frame rate is the rate at which groups of measurements 
are delivered to the reconstruction algorithm. 
0191). According to the present invention, we can speed up 
the frame rate by removing the necessity of waiting for M 
completely new measurements. Suppose that we allow the 
sets of M measurements to overlap, or have redundancy r 
where Osrs. 1. This means we keep the most recent rM mea 
surements and then only have to wait for (1-r)M new mea 
Surements before reconstructing a new image. Now the frame 
rate has been increased to 

For larger, this can resultina significant increase in speed. We 
refer to this process as a “rolling reconstruction”. It is 
depicted, e.g., in FIGS. 9A and 9B. In general, the use of 
rolling reconstruction increases the frame rate by a factor of 
1/(1-r) as compared to the conventional reconstruction 
method. For example, in FIG.9B, the frame rate is increased 
by a factor of four since r=34. 
(0192. In rolling reconstruction, the k" set of M measure 
ments and the corresponding set of test functions can be 
represented, respectively, as 
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where, as before, the k" reconstructed image x'=ALG(y, 
A?). 
(0193 Because of the redundancy in eachy and A, we 
can accelerate the algorithm ALG (i.e., reduce T,) by Sup 
plying to it the last reconstructed image. Hence, the new 
reconstructed image X' will also be a function of the previous 
reconstructed image X', i.e., 

0194 The rationale here is that since the measurements 
and corresponding test functions between two Successive 
image reconstructions have much in common, then so too 
must the reconstructed images. Therefore, rather than have 
the algorithm start from scratch each time, it can be acceler 
ated by providing the previous reconstructed image as a good 
guess for a "warm start. Other aspects of the algorithm can 
also be optimized in a similar way (e.g., by saving certain 
tuning and convergence parameters for the algorithm, etc.). 
0.195. This acceleration technique may be instrumental in 
reducing T to less than a desired maximum latency. For 
example, it may be desirable for T, to be less than or equal 
to 1/f frame 
(0196) FIG.9B illustrates a scenario where T->1/f. 
In this situation a new set of measurements is ready to be 
delivered while the algorithm is still working on a previous set 
of measurements. By employing the acceleration technique, 
it may be possible to reduce Tao to less than 1/fe. 
0.197 We can generalize the acceleration technique 
described above to say that 

where K (Greek kappa) is a real-valued index, where K~k. 
This includes the case of K=k-1 described above, as well as 
other values of K. The case of K=k-2 would utilize the recon 
structed image from two frames before, etc. In particular, 
K=k-/2 describes the case where we take a “half-finished 
reconstructed image that the algorithm is still working on 
(from the previous frame), and feed that in as a best guess for 
the present frame based on the new set of measurements. 
Other, more complicated, scenarios are possible too. 
0198 
0199. In this section, we describe how the previous recon 
structed image (or partially reconstructed image) x' may be 
incorporated into the structure of a matching pursuit algo 
rithm to implement the above-described acceleration given 
by: 

Acceleration of Matching Pursuit 

(0200 Inputs: Current measurement vectory feR', spar 
sity basis I; measurement matrix A?; and the previous 
reconstructed image X'. 

15 
Jan. 3, 2013 

(0201 1. Initialize the residual vector roy-Ax' and 
the coefficient vector c=t('X'eRY. Initialize an iteration 
counter t=1. 
(0202 2. Select the vector 0, in the holographic basis 
0=At that maximizes the projection of the residual vector 
r onto 0, 

n1 = argmaX (r. 1, 6) 
t ||6 || 

0203 3. Update the residual vector and the estimate of the 
coefficient vector a using the maximizing vector 0. 

(r-1, (2) i = it-- 6. it - it ( |0|2 )" 

where o, denotes the elementatindex position n, of vectord. 
0204 4. Incrementt. If t<Tandrey, then go to Step 
2; otherwise go to Step 5. Parameters is a predetermined small 
positive constant. 
(0205. Note that the iteration limit T may be different in 
different applications or for different types of images. Fur 
thermore, T may depend on the amount of overlap r. In some 
embodiments, T may be set to 2K, where K is the sparsity of 
the images being reconstructed. While T is set to 2K, the 
average number of iterations through the loop comprising 
steps 2-4 is expected to be significantly smaller than K, due to 
the acceleration provided by use of the previous reconstructed 
image. 
(0206 5. Estimate the current image X' as x'='d. 
0207 Compressive Imaging System 1300 
0208. In one set of embodiments, a compressive imaging 
system 1300 may be configured as shown in FIG. 13. The 
compressive imaging (CI) system may include an optical 
system 1310, a spatial light modulator 1315, a set 1320 of one 
or more photodetectors, a set 1325 of one or more amplifiers 
(i.e., one amplifier per detector), a set 1330 of analog-to 
digital converters (one ADC per detector), and a processing 
element 1340. 
0209. The optical system 1310 focuses an incident light 
stream onto the spatial light modulator 1315, e.g., as vari 
ously described above. See the discussion above regarding 
optical subsystem 105. The incident light stream carries an 
image (or a spectral ensemble of images) that is to be captured 
by the CI system in compressed form. 
0210. The spatial light modulator 1315 modulates the inci 
dent light stream with a sequence of spatial patterns to obtain 
a modulated light stream, e.g., as variously described above. 
0211 Each of the detectors 1320 generates a correspond 
ing electrical signal that represents the intensity of a corre 
sponding portion of the modulated light stream, e.g., a spatial 
portion or a spectral portion of the modulated light stream. 
0212. Each of the amplifiers 1325 (e.g., transimpedance 
amplifiers) amplifies the corresponding detector signal to 
produce a corresponding amplified signal. 
0213 Each of the ADCs 1330 acquires samples of the 
corresponding amplified signal. 
0214. The processing element 1340 may operate on the 
sample sets obtained by the respective ADCs to reconstruct 
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respective images. The images may represent spatial portions 
or spectral slices of the incident light stream. Alternatively, or 
additionally, the processing element may send the sample sets 
to a remote system for image reconstruction. 
0215. The processing element 1340 may include one or 
more microprocessors configured to execute program 
instructions stored in a memory medium. 
0216. The processing element 1340 may be configured to 
control one or more other elements of the CI system. For 
example, in one embodiment, the processing element may be 
configured to control the spatial light modulator 1315, the 
transimpedance amplifiers 1325 and the ADCs 1330. 
0217. The processing element 1340 may be configured to 
performany subset of the above-described methods on any or 
all of the detector channels. 
0218 Compressive Imaging System 1400 
0219. In one set of embodiments, a compressive imaging 
system 1400 may be configured as shown in FIG. 14. The 
compressive imaging system includes the light modulation 
unit 110 as variously described above, and also includes 
optical subsystem 1410, a set of Llight sensing devices LSD, 
through LSD, and a set of L signal acquisition channels C 
through C, where L in a positive integer. 
0220. The light modulation unit 110 receives an incident 
light stream and modulates the incident light stream with a 
sequence of spatial patterns to obtain a modulated light 
stream MLS, e.g., as variously described above. 
0221) The optical subsystem 1410 delivers portions (e.g., 
spatial portions or spectral portions) of the modulated light 
stream to corresponding ones of the light sensing devices 
LSD, through LDS. 
0222 For information on various mechanisms for deliver 
ing spatial Subsets of the modulated light stream to respective 
light sensing devices, please see U.S. patent application Ser. 
No. 13/197,304, filed on Aug. 3, 2011, titled “Decreasing 
Image Acquisition Time for Compressive Imaging Devices'. 
invented by Woods et al., which is hereby incorporated by 
reference in its entirety. 
0223) In some embodiments, the optical subsystem 1410 
includes one or more lenses and/or one or more mirrors 
arranged so as to deliver spatial portions of the modulated 
light stream onto respective ones of the light sensing devices. 
For example, in one embodiment, the optical subsystem 1410 
includes a lens whose object plane is the plane of the array of 
light modulating elements and whose image plane is a plane 
in which the light sensing devices are arranged. (The light 
sensing devices may be arranged in an array.) 
0224. In some embodiments, optical subsystem 1410 is 
configured to separate the modulated light stream into spec 
tral components and deliver the spectral components onto 
respective ones of the light sensing devices. For example, 
optical Subsystem 1410 may include a grating, a spectrom 
eter, or a tunable filter such as a Fabry-Perot Interferometer to 
achieve the spectral separation. 
(0225. Each light sensing device LSD, generates a corre 
sponding electrical signal V(t) that represents intensity of the 
corresponding portion MLS, of the modulated light stream. 
0226 Each signal acquisition channel C, acquires a corre 
sponding sequence of samples {V,(k)} of the corresponding 
electrical signal V(t). Each signal acquisition channel may 
include a corresponding amplifier (e.g., a TIA) and a corre 
sponding A/D converter. 
10227. The sample sequence {V,(k)} obtained by each sig 
nal acquisition channel may be used to reconstruct a corre 
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sponding Sub-image which represents a spatial portion or a 
spectral slice of the incident light stream. The number of 
samples m in each sample sequence {V,(k)} may be less than 
(typically much less than) the number of pixels in the corre 
sponding sub-image. Thus, each signal acquisition channel C, 
may operate as a compressive sensing camera for a spatial 
portion or spectral portion of the incident light. 
0228. Each of the signal acquisition channels may include 
any Subset of the embodiments, features, and elements 
described above. 
0229. The principles of the present invention are not lim 
ited to light. Various embodiments are contemplated where 
the signals being processed are, e.g., electromagnetic waves 
or particle beams or seismic waves or acoustic waves or 
Surface waves on a boundary between two fluids or gravita 
tional waves. In each case, a space-time signal is directed to 
an array of signal-modulating elements whose transmittances 
or reflectances are individually varied so as to modulate the 
space-time signal with a time sequence of spatial patterns. 
The modulated space-time signal may be sensed by a trans 
ducer to generate an electrical signal that represents intensity 
of the modulated space-time signal as a function of time. The 
electrical signal is sampled to obtain measurements. The 
measurements may be processed as variously described 
above to reconstruct the image or sequence of images carried 
by the original space-time signal. 
0230. Any of the various embodiments described herein 
may be combined to form composite embodiments. Further 
more, any of the various features, embodiments and elements 
described in U.S. Provisional Application No. 61/502,153 
may be combined with any of the various embodiments 
described herein. 
0231. Although the embodiments above have been 
described in considerable detail, numerous variations and 
modifications will become apparent to those skilled in the art 
once the above disclosure is fully appreciated. It is intended 
that the following claims be interpreted to embrace all such 
variations and modifications. 

What is claimed is: 
1. A method comprising: 
modulating an incident light stream with a sequence of 

spatial patterns to obtain a modulated light stream, 
wherein said modulating includes applying the spatial 
patterns to the incident light stream Successively in time; 

acquiring a sequence of measurements representing inten 
sity of the modulated light stream over time, wherein 
each of the measurements is acquired in response to the 
application of a respective one of the spatial patterns to 
the incident light stream; 

generating a sequence of Subsets of the measurements, 
wherein each consecutive pair of the subsets overlap by 
a nonzero amount, wherein each of the Subsets corre 
sponds to a respective group of the spatial patterns; 

reconstructing a sequence of images, wherein each of the 
images is reconstructed from a respective input data set 
including a respective one of the Subsets of measure 
ments and a respective one of the groups of the spatial 
patterns; 

displaying the sequence of images using a display device. 
2. The method of claim 1, wherein the input data set for the 

reconstruction of a current image of the image sequence also 
includes a previously-reconstructed image of the image 
Sequence. 
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3. The method of claim 1, wherein the input data set for the 
reconstruction of a current image of the image sequence also 
includes apartially-reconstructed version of a previous image 
of the image sequence. 

4. The method of claim 1, wherein the amount of overlap is 
set to achieve a target image rate for the image sequence. 

5. The method of claim 4, wherein the target image rate is 
dynamically controllable by user input. 

6. The method of claim 1, wherein said reconstructing the 
images of the image sequence includes invoking execution of 
a current instance of a reconstruction algorithm for recon 
structing a current image of the image sequence before one or 
more previous instances of the reconstruction algorithm cor 
responding respectively to one or more previous images have 
completed execution, wherein the current instance and the 
one or more previous instances execute at least partially in 
parallel. 

7. The method of claim 1, further comprising: 
transmitting the sequence of measurements to a remote 

computer; 
wherein said generating and reconstructing are performed 

on the remote computer. 
8. The method of claim 1, wherein each of the subsets of the 

sequence of measurements has fewer measurements than the 
number of pixels in the respective image of the image 
Sequence. 

9. The method of claim 1, wherein said reconstruction of 
each image of the image sequence from the corresponding 
Subset of measurements and the corresponding group of spa 
tial patterns is performed with latency less than or equal to a 
maximum value Tax. 

10. The method of claim 9, wherein the latency T is 
determined by user input. 

11. A system comprising: 
a light modulation unit configured to modulate an incident 

light stream with a sequence of spatial patterns to obtain 
a modulated light stream, wherein the light modulation 
unit is configured to apply the spatial patterns to the 
incident light stream Successively in time; 

a light sensing device configured to acquire a sequence of 
measurements representing intensity of the modulated 
light stream over time, wherein each of the measure 
ments is acquired in response to the application of a 
respective one of the spatial patterns to the incident light 
Stream; 

a processing unit configured to: 
generate a sequence of Subsets of the measurements, 

wherein each consecutive pair of the subsets overlap 
by a nonzero amount, wherein each of the Subsets 
corresponds to a respective group of the spatial pat 
terns; and 

reconstruct a sequence of images, wherein each of the 
images is reconstructed from a respective input data 
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set including a respective one of the Subsets of mea 
Surements and a respective one of the groups of the 
spatial patterns; 

a display device configured to display the sequence of 
images. 

12. The system of claim 11, wherein the input data set for 
the reconstruction of a current image of the image sequence 
also includes a previously-reconstructed image of the image 
Sequence. 

13. The system of claim 11, wherein the input data set for 
the reconstruction of a current image of the image sequence 
also includes a partially-reconstructed version of a previous 
image of the image sequence. 

14. The system of claim 11, wherein the amount of overlap 
is set to achieve a target image rate for the image sequence. 

15. The system of claim 14, wherein the target image rate 
is dynamically controllable by user input. 

16. The system of claim 11, wherein said reconstructing the 
images of the images sequence includes invoking execution 
of a current instance of a reconstruction algorithm for recon 
structing a current image of the image sequence before one or 
more previous instances of the reconstruction algorithm cor 
responding respectively to one or more previous images have 
completed execution, wherein the current instance and the 
one or more previous instances execute at least partially in 
parallel. 

17. The system of claim 11, wherein each of the subsets of 
the sequence of measurements has fewer measurements than 
the number of pixels in the respective image of the image 
Sequence. 

18. The system of claim 11, wherein said reconstruction of 
each image of the image sequence from the corresponding 
Subset of measurements and the corresponding group of spa 
tial patterns is performed with latency less than or equal to a 
maximum value Tax. 

19. The system of claim 18, wherein the latency T is 
determined by user input. 

20. The system of claim 11, wherein the processing unit is 
configured to: 

access the sequence of measurements from a memory, 
wherein said accessing the memory is started after the 
light modulation unit has ended the modulation of the 
incident light stream and after the light sensing device 
has ended said acquiring the sequence of measurements; 
and 

generate the sequence of Subsets based on the accessed 
sequence of measurements. 

21. The system of claim 20, wherein the amount of overlap 
is controlled by user input. 

22. The system of claim 11, wherein the processing unit is 
configured to generate each of the Subsets in response to a 
corresponding user command to acquire a corresponding 
image. 


