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Abstract: We develop a model of coherent image formation that strikes abalance between
the simplicity of the light field and the comprehensive predictive power of Maxwell’s
equations, by extending the light field to coherent radiation.
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1. Introduction

The light field represents radiance as a function of positionand direction, thereby decomposing optical power flow
along rays. The light field is an important tool in incoherentimaging applications, where it is used to dynamically
generate different viewpoints for computer graphics rendering, computational photography, and 3D displays [1–3].
Coherent imaging researchers have recognized the value of decomposing power by position and direction without
the aid of a light field, because the complex-valued scalar field encodes direction in its phase, representing multiple
viewpoints in holography, ultrasound, and optical system modeling. Judging by these applications, coherent imaging
uses the scalar field to achieve results similar to those thatincoherent imaging obtains with the light field [4–6].

Our goal is to provide a model of coherent image formation that combines the utility of the light field with the
comprehensive predictive power of the scalar field. The similarities between coherent and incoherent imaging motivate
exploring how the scalar field and light field are related, which we address by synthesizing research in optics, quantum
physics, and signal processing. Our contribution is to describe and characterize all the ways to extend the light field to
coherent radiation to form quasi light fields, and to interpret coherent image formation using the quasi light fields.

The traditional light field for incoherent radiation acts asan intermediary between the camera and the picture,
decoupling information capture and image production: the camera measures the light field, from which many different
traditional pictures can be computed. We define an image pixel value as the powerP radiated by a patchσ on the
surface of the scene towards a virtual aperture (Figure 1). According to radiometry,P is obtained by integrating over a
bundle of light field rays [7]:

P =

∫

σ

∫

Ωr

L(r,s) cosψ d2sd2r, (1)

whereL(r,s) is the radiance at positionr and in unit directions, ψ is the angle thats makes with the surface normal
at r, andΩr is the solid angle subtended by the virtual aperture atr. The light field is constant along rays in a lossless
medium, so that we may infer the light field on the scene surface by remotely intercepting the desired rays. Thereby,
the images produced by many different conventional camerascan be computed from the light fieldL using (1) [8].

In order to generate coherent images using the same framework described above, we first determine how to measure
power flow by position and direction to formulate the quasi light fields (Section 2), and then capture quasi light fields
remotely so as to infer behavior at the scene surface (Section 3). Finally, we use (1) to produce physically correct
power values, so that we form images by integrating over quasi light fields (Section 4).

2. Formulating Quasi Light Fields

A quasi light field must produce physically accurate power transport predictions; thus the power computed from the
scalar field using wave optics must match the power computed from a quasi light field using the laws of radiometry.
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Fig. 1. We compute the value of each pixel in an image producedby an arbitrary virtual camera, defined as the power radiating
from a scene surface patch towards a virtual aperture, by integrating an appropriate bundle of light field rays that have been
previously captured with remote hardware.

Reasoning in this way, Walther identified the first quasi light field [9]
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whereU is the scalar field,k is the wave number, andr⊥ ands⊥ denote the projections ofr ands onto thexy-plane.
We synthesize research in quantum physics and signal processing to systematically generate and characterize all

coherent light fields. After recognizing (2) as the Wigner quasi-probability distribution, Agarwal et al. repurposed
the mathematics of quantum physics to generate a class of coherent light fields [10]. We express thesequasi light
fieldsas filtered Wigner distributions, which are known in the signal processing community as shift-invariant bilinear
forms ofU andU∗, comprising thequadratic classof time-frequency distributions [11]. The quadratic classcontains
all reasonable ways of distributing energy over position and direction, thereby containing all coherent light fields.
Members of the quadratic class have been extensively characterized, enabling us to select an appropriate quasi light
field for a specific application [11,12].

3. Capturing Quasi Light Fields

While the traditional light field is non-negative and typically captured directly by making intensity measurements at a
discrete set of positions and directions, many quasi light fields are negative or complex-valued, and therefore cannot
be similarly captured. Instead, we capture quasi light fields by sampling the scalar field with a discrete set of sensors,
and subsequently processing the scalar field measurements to compute the desired quasi light field. For simplicity, we
consider a two-dimensional scene and a linear array of sensors regularly spaced along they-axis.

Choosing a quasi light field is an exercise in managing tradeoffs, as no quasi light field has all the properties of the
traditional light field, which is non-negative in general and zero where the scalar field is zero [13]. We compare three
discrete quasi light fields; ignoring constants andsz, the spectrogramℓS is non-negative, the RihaczekℓR is zero where
the scalar field is zero, and the WignerℓW possesses neither property:
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ℓW(y,sy) = ∑
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U(y+nd/2)U∗(y−nd/2)exp(−ikndsy) . (3)

Different quasi light fields localize energy in position anddirection in different ways, so that the choice of quasi light
field impacts the potential resolution achieved in an imaging application, which we illustrate by simulating a plane
wave propagating past a screen edge and comparingℓS, |ℓR|, and|ℓW| (Figure 2). Each quasi light field encodes both
the position of the screen edge and the downward direction ofthe plane wave, but the spectrogram doesn’t resolve the
plane wave as well as the others. Since non-negative quasi light fields are sums of spectrograms, directly capturing
light fields by making non-negative intensity measurementsevidently limits energy localization possibilities.
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Fig. 2. Compared to the spectrogram, other quasi light fields, such as the Rihaczek and Wigner, better resolve a plane wave
propagating past the edge of an opaque screen. The ringing and blurring in the light field plots indicate the diffraction fringes
and energy localization limitations, respectively. We usea 10 cm rectangular window forT in (3).

4. Image Formation

We form images from quasi light fields for coherent applications similarly to how we form images from the traditional
light field for incoherent applications, by integrating bundles of light field rays to compute pixel values. This raises two
questions: how do we relate the choice of quasi light field to image formation, and is the resulting image physically
accurate? First, althoughpower radiating from a scene surface patch towards an aperture has a unique interpretation
for incoherent light of a small wavelength, it is ambiguous for coherent light according to the classical wave theory,
requiring a choice of quasi light field to the resolve the ambiguity and precisely define an image. Second, all quasi
light fields implicitly make the far-zone (Fraunhofer) diffraction approximation. To correct for inaccuracies in the
near zone, we may augment quasi light fields with a parameter to track the distance between the source and point of
observation along each ray.

Aside from the far-zone approximation, image formation from quasi light fields is accurate and generalizes the
classic beamforming algorithm used in sensor array processing [5]. For example, the pixel power according to the
Rihaczek light field in the far zonePR factors into the Hermitian product of two different beamformersg1 andg2,
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]

, g∗1g2, (4)

where the virtual aperture has widthA and lies along directions from the scene surface patch. Beamformerg∗1 ag-
gregates power contributions across the aperture using measurements of the conjugate fieldU∗ on the aperture, while
beamformerg2 isolates power from the scene surface patch using all available measurements of the fieldU . The tasks
of aggregating and isolating power contributions are cleanly divided between the two beamformers, and each beam-
former uses the measurements from those sensors appropriate to its task. Image formation with alternative quasi light
fields uses the conjugate field and field measurements to aggregate and isolate power in different ways.

[1] M. Levoy and P. Hanrahan, “Light field rendering,” inProceedings of ACM SIGGRAPH 96,(ACM, 1996), pp. 31–42.
[2] R. Ng, M. Levoy, M. Brédif, G. Duval, M. Horowitz, and P. Hanrahan, “Light field photography with a hand-held plenoptic camera,” Tech.

Rep. CTSR 2005-02, Stanford University, CA (2005).
[3] W. Chun and O. S. Cossairt, “Data processing for three-dimensional displays,” United States Patent 7,525,541 (2009).
[4] R. Ziegler, S. Bucheli, L. Ahrenberg, M. Magnor, and M. Gross, “A bidirectional light field – hologram transform,” inProceedings of Euro-

graphics 2007,(Eurographics, 2007), pp. 435–446.
[5] T. L. Szabo,Diagnostic Ultrasound Imaging: Inside Out(Elsevier Academic Press, 2004).
[6] M. J. Bastiaans, “Application of the Wigner distribution function in optics,” inThe Wigner Distribution: Theory and Applications in Signal

Processing(Elsevier, 1997).
[7] R. W. Boyd,Radiometry and the Detection of Optical Radiation(John Wiley & Sons, 1983).
[8] A. Adams and M. Levoy, “General linear cameras with finiteaperture,” inProceedings of EGSR 2007,(Eurographics, 2007).
[9] A. Walther, “Radiometry and coherence,” J. Opt. Soc. Am.58, 1256–1259 (1968).
[10] G. S. Agarwal, J. T. Foley, and E. Wolf, “The radiance andphase-space representations of the cross-spectral density operator,” Opt. Commun.

62, 67–72 (1987).
[11] B. Boashash, ed.,Time Frequency Signal Analysis and Processing(Elsevier, 2003).
[12] P. Flandrin,Time-Frequency / Time-Scale Analysis(Academic Press, 1999).
[13] A. T. Friberg, “On the existence of a radiance function for finite planar sources of arbitrary states of coherence,” J. Opt. Soc. Am.69, 192–198

(1979).


