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Optical imaging applications often suffer from a combination of low
resolution images and expensive or bulky sensors. In traditional
imaging, images are only acquired in-focus, forgoing use of additional
out-of-focus information. We propose a method to increase the quantity
of raw data gathered by a limited number of sensors in a way that will
simultaneously allow us to make the most of this raw data when

Abstract
Simulation: Coherent Source Reconstruction

To re-use each detector to acquire multiple samples, the lens 
system is modified by either moving the lens, the object, or 
the detectors:
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For simplicity, all simulations were done with point sources, i.e. 
with objects sparse in the Cartesian object basis. Point sources 
were placed at discrete intervals lying on the reconstruction grid.

•For coherent light, out-of-focus lens configurations contributed 
information that was far more incoherent than did near-focus lens 
positions, making out-of-focus images more useful as compressive 
samples.
•Lens positions that were very close to each other contributed linearly 
dependent rows to the sensing matrix L, thus contributing redundant 

Location of Information
Compressive Sample Acquisition and Object 

Reconstruction Scheme

simultaneously allow us to make the most of this raw data when
reconstructing the object, assuming we know a priori that the object
contains redundant information and is sparse when expressed in some
basis. To maximize the quantity of raw data gathered by each sensor,
we acquire multiple pictures through-focus. The incoherent nature of
information acquired through-focus allows exploitation of object
sparsity through L1-norm minimization to achieve a resolution many
times the sampling rate. We demonstrate that it is possible to reconstruct
two- and three-dimensional objects, from either coherent or incoherent
light. We find that information about sparse objects is most highly
concentrated in completely out-of-focus planes for coherent light and in •It is possible to reconstruct sparse 2D and 3D objects with either 

ConclusionsThrough-Focus Imaging System as Linear Map

Resolution:

100x100 = 10,000 pixels

2D Object

# of samples:

4 detectors x 7 lens positions

= 28 samples  
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Objects are then reconstructed on the discrete points of the 
reconstruction grid.

information to the reconstruction.  This fact made it somewhat of a 
challenge to acquire both linearly independent and incoherent data for 
incoherent light: the lens positions needed to be far apart for incoherent 
light, yet the lens positions all had to be near the image plane.

concentrated in completely out-of-focus planes for coherent light and in
near-focus planes for incoherent light.
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incoherent or coherent light using far fewer samples, and even fewer 
detectors, than the resolution of the reconstructed image.
•Coherent light: useful information is most highly concentrated in 
multiple planes spread far apart from each other and far from the image 
plane.
•Incoherent light: useful information is most highly concentrated in 
multiple planes spread far apart from each other yet that are all near the 
image plane.

•Conventional imaging requires as many detectors as the desired image 
resolution
•Many imaging applications require expensive or bulky sensors, 
especially applications involving non-semiconductor sensors for light 

Motivation

If the object is a 2D plane, or if the object is a 3D self-
emitting light source, we can view a through focus imaging 
system as a linear map from the object to the detector plane3:

3D Object (Microscopy)
Resolution:

24x24x4 = 2304 voxels

# of samples:

16 detectors x 8 object positions

= 128 samples  

Magnification = 100x
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•Conduct simulations to determine whether it is possible to achieve a sub-
wavelength resolution in compressive through-focus microscopy.
•Experimentally verify viability of compressive through-focus imaging
•Reconstruct non-point objects by appending a change-of-basis matrix S
to the through-focus lens transformation matrix L.

•Incorporate non-superposition light propagation models for use in 
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Future Work

Simulation: Incoherent Source ReconstructionSparse Object Reconstruction from Under-
Sampled Data

especially applications involving non-semiconductor sensors for light 
outside the visible spectrum7

•Imaging hardware, (e.g. large telescopes), is often expensive: We wish to 
reuse imaging systems to maximize quantity of acquired data.
•In many imaging applications data must be acquired quickly and can be 
difficult to store (e.g. remote cameras, space telescopes): We wish to 
maximize the utility of difficult-to-acquire raw data in reconstructing a 
sparse image
•We wish to overcome inability of conventional microscopy to find a 
suitable focus for an entire 3D object, enabling use of otherwise wasted 
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Discretizing and expressing the linear lens system as a matrix L, 
we can use L1-norm minimization2 to reconstruct the object-
vector x in the basis, (denoted by the transformation matrix LS) 
in which the object is sparse, from the under-sampled detector 

2D Object
Resolution:

80x80= 6,400 pixels

Udetector(u,v) =         h(u,v;x,y,z;z1,z2) Uobject(x,y,z) dx dy dz∫
∫
∫
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•Through-focus imaging has previously been used to overcome the 
inability of conventional microscopy to focus on an entire 3D object.1

•Multiple samples have been acquired from a single detector using a 
digital micro-mirror device, for use in compressive imaging.7

•We use a reconfigurable optical lens system to compressively acquire 
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3D Object (Microscopy)

# of samples:

16 detectors x 8 lens positions

= 128 samples  

Resolution:

24x24x4 = 2304 voxels 
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multiple optical samples with each sensor and subsequently make sense 
of the information through data fusion.
•We use a reconfigurable optical lens system as a way to acquire 
incoherent data as compressive samples.
•Through L1-norm minimization,2 we reconstruct 2D and 3D objects 
from incoherent and coherent light using far fewer samples, and even 
fewer detectors, than the reconstructed image resolution (super resolution 
imaging).
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