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ABSTRACT

We present a new two-stage method for parametric spatially variant blind deconvolution of full-field Amplitude Modulated
Continuous Wave lidar image pairs taken at different aperture settings subject to limited depth of field. A Maximum
Likelihood based focal parameter determination algorithm uses range information to reblur the image taken with a smaller
aperture size to match the large aperture image. This allows estimation of focal parameters without prior calibration of
the optical setup and produces blur estimates which have better spatial resolution and less noise than previous depth from
defocus (DFD) blur measurement algorithms. We compare blur estimates from the focal parameter determination method
to those from Pentland’s DFD method, Subbarao’s S-Transform method and estimates from range data/the sampled point
spread function. In a second stage the estimated focal parameters are applied to deconvolution of total integrated intensity
lidar images improving depth of field. We give an example of application to complex domain lidar images and discuss the
trade-off between recovered amplitude texture and sharp range estimates.

Keywords: Lidar, Blind Deconvolution, Depth From Defocus, Focal Parameter Determination, Depth of Field, Mixed
Pixels, AMCW

1. INTRODUCTION

Full-field range imagers work on the time-of-flight (TOF) principle, acquiring range data for every pixel simultaneously.
Whereas in the past imaging lidar devices have used actuated point sensors acquiring data sequentially,’ the use of full-
field sensors>* allows much simpler mechanical design and mass production leading to a reduction in costs. However the
use of full-field sensors comes at a cost; many new problem are created such as range-intensity coupling and finite depth-
of-field (DOF). Mixed pixels, also known as multipath interference, occur in full-field Amplitude Modulated Continuous
Wave rangers and are caused by a pixel integrating light from more than one source.>¢ This can be due to light scattering
within an optical system, defocus blur or unavoidably around the edges of objects. As a result the measured ranges are
erroneous, often appearing to have little or no connection to the range to the component light sources. While a number of
correction/separation algorithms have been proposed,’ in general mixed pixels remain a fundamentally unsolved problem.

As the resolution of sensors and the necessity for system flexibility increases, DOF issues become problematic. Firstly
there are calibration issues — commercial full-field lidar sensors come with fixed focal length wide aperture lenses because
if focal length were to change the calibration required to produce accurate point clouds would be invalidated. Additionally,
wide apertures result in greater ranging precision due to an increase in the signal-to-noise ratio. This means that when
imaging an object which is either very close to the camera or a long way away, the range image is out of focus. In practice
this results in a blurry amplitude image and the formation of a wide band of mixed pixels around the edges of objects; thus
much of the recorded range data is unreliable. Secondly, even if it were possible to change focus all optical systems suffer
from finite DOF — meaning that certain scenes will always suffer from some defocus. One way to mitigate this is to take
multiple images at different focal lengths and combining the most in-focus regions of each,'? instead in this paper we choose
to approach this problem by deconvolving range images to extend the DOF. In order to make our algorithm as flexible as
possible we determine the defocus parameters of the optical system from the captured range data — thereby allowing an
operator to freely refocus the range imager and even change the lens without needing to resample the point spread function
(PSF). While we do not deal with other aspects of automatic calibration, we believe that this level of flexibility is going to
become more important as full-field lidar technology develops further.
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1.1 Previous Work

Previous work on single frame blind deconvolution has primarily focussed on the isoplanatic case;!! this is largely because
the problem is ill-posed and it is difficult to quantify how blur changes across a single isolated image. Single image spatially
variant deblurring has generally involved complex blur calibration rather than blind deconvolution.'? In other applications
blurring issues have been avoided by use of special hardware such as adaptive optics for telescopes.'® In the case of limited
DOF, high quality restoration requires implicit range information of some sort.

The use of image sequences opens up a variety of new possibilities. For example'# used an isoplanatically blurred
image and a noisy image of the same scene to produce an unblurred denoised image and an estimate of the PSF. Other work
on atmospheric turbulence has involved either breaking anisoplanatic images into smaller isoplanatic regions or dewarping
the images before deconvolution in order to make the problem tractable,'> other work has included the deblurring of range-
gated lidar.'® In a similar manner, depth from defocus (DFD) methods measure the change in blurring across a pair of
images at different known focal settings in order to determine range to objects in a scene. In this paper we analyse the
spectral method of Pentland!” and the spatial S-Transform method of Subbarao.'® Once the amount of blurring at each
pixel across an image has been determined, the deconvolution problem becomes much simpler. Many other DFD methods
have been proposed:!*! one of the most promising is the use of coded apertures to make the deconvolution problem more
well-posed.??

There are several aspects which all previous DFD methods have in common: firstly they process positive intensity
images, they produce range estimates from blur by a complex camera calibration process and they require high levels of
scene texture/patterning in order to produce correct blur — thus range — estimates. In comparison, the method proposed in
this paper uses range images in the complex domain, determines focal parameters from a combination of range and blur
data, and can produce blur estimates in areas with no texture as long as there is adequate texture in other regions of the
image.

1.2 Overview

We present a new spatially variant parametric two-stage blind deconvolution algorithm. The first stage consists of a Maxi-
mum Likelihood based method for determining the focal parameters of a range imager optical system, including the amount
of blurring and the distance at which objects are in-focus, from pairs of range images taken at different aperture settings.
The algorithm works by reblurring an image taken with a smaller aperture to match an image taken with a large aperture
using range data. Whereas previous DFD algorithms have been able to determine the amount of blur at each pixel and
thus range from intensity image pairs, since full-field lidar systems also produce range data it is possible to dynamically
determine how defocus blur varies with range. Since images taken at small aperture settings are still limited by DOF, we
then estimate the amount of blur at each pixel and apply spatially variant deconvolution to extend DOF.

1.3 University of Waikato Range Imager

The examples in the paper were generated using the University of Waikato (UOW)* range imager. The UOW range imager
uses the time-of-flight (TOF) principle to produce 2 dimensional matrices of range, amplitude and total integrated intensity
data. A scene is illuminated with modulated laser light and the system measures the TOF induced phase shift in the illumi-
nation modulation, thus the distance to the objects in the scene. While commercial systems use modulated CMOS sensors,’
modulated image intensifiers currently offer higher spatial resolutions. The UOW range imager has a resolution of 512x512
whereas the highest resolution modulated CMOS sensor has a resolution of 204x204 pixels (PMD PhotonICs®41k-S). In
a heterodyne system, either the sensor or an image-intensifier is gain modulated with a signal at a very slightly different
frequency from the illumination modulation. This results in the formation of a much lower frequency beat waveform which
can be recorded over time by a CCD camera or CMOS device; this beat waveform shape is a correlation of the illumination
modulation waveform with the sensor/intensifier response waveform. By taking a temporal Fourier transform of the data,
it is possible to determine the phase and amplitude of the beat waveform for each pixel, which is the raw range data we
concentrate on in this paper.

1.4 Conventions

We represent convolution by *, spatially variant convolution by *g,. The Fourier transform of a function f(x) is notated in
capitalised form F(u).

To ensure clarity, the authors advise viewing images from this paper on a computer screen or printing in colour.
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2. RANGE DATA FORMATION
2.1 Range Data

We represent the ideal, unblurred range data by a vector @ € {9,,...,9,_,}, where n is the number of pixels in the 2D
image and @; € C is the the ith pixel. The range datum ¢ is formed by

9; = ae*In/e, (1)

where a; € R* is the amplitude, 7; € R* is the range to the object, f,, is the illumination modulation frequency, c is the
speed of light. For convenience, we define a function @ = A(a, r) that produces range data from vectors of amplitude and
range data respectively, which we utilise in section 4.1.

If we consider a model of active signal returns versus range for a pixel, f;(r) € R, we can regard a measurement
at a particular modulation frequency as sampling a particular spatial frequency of the model of signal returns i.e. ¢; =
Fi(—c/2f,,). Conventional processing estimates amplitude and range by

a = 1Zi] = loite+ Al @

c

reo= po-argB) = i arg(o+e+ o), )

where Z; is the recorded noisy data at pixel i, ¢; is noise and A is light from other objects — which results in mixed pixels.
Lenses, image intensifiers and reflective sensors tend to result in light scattering within full-field range imagers. This is
particularly important if an image has a high dynamic range as range-intensity coupling can result. The resulting errors
are one of the dirty secrets of the range-imaging community — it means that range measurements change depending on
reflectivity. A flat board can appear to be spread across multiple ranges because it is patterned. We now model the effect
that limited depth of field has on range data.

2.2 Depth of Field

The thin lens equation is

1 1 1

=t “

f do di
where f is the focal length, d, is the distance to the object projected onto the optical axis and d; is the distance to the image,
similarly projected. Since in most cameras the distance to the imaging plane is fixed, this means that the distance of the
correctly formed image from the imaging plane varies across an image depending on the distance along the optical axis of
camera to the object. While the focal length can be adjusted, it is impossible for multiple objects at different discrete ranges
to all be in perfect focus with a real physical camera, although a single flat object at an angle can be imaged according to
the Scheimpflug principle.* The properties of defocus blur are well understood; data subject to limited depth-of-field can
be regarded as being convolved with a spatially variant point spread function.

There are two commonly used theoretical models for defocus blur: the Gaussian and pillbox models. The Gaussian
model is more appropriate for systems where diffraction/aberration effects dominate, particularly at small aperture sizes.
The pillbox model is more representative of systems where the aperture size is larger and diffraction effects are less sig-
nificant. Whether the illumination is polychromatic or monochromatic can also impact on the suitability of a particular
model as the superimposed diffraction patterns at different wavelengths in white light can be approximated by a Gaussian.
In general, the PSF of the UOW range imager is best approximated by a pillbox model. While most previous work has
focussed on Gaussian blurs because of the nice properties in the Fourier domain, most algorithms can be applied to either
sorts of blurring with the inclusion of a correction factor.

We notate the blur radius at a particular point as g; € R*; unlike previous work, we avoid the awkward concept of
negative blur radii. We use the same symbol, g, for both Gaussian and pillbox blur radii. If we ignore the projection onto the
optical axis by assuming a sufficiently small field-of-view and instead approximate by using radial distance to the object,
from geometric optics it can be determined that
(6]

1 1 1
o ‘f di 1y
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where D is the aperture diameter.?! This approximation allows us to avoid the lens calibrations required to correctly project
onto the Z-axis. The equation can be rewritten as

1_F
Ti

) (6)

g, =

where a € R* is a scaling constant and 8 € R* is the distance from the camera at which objects are in focus. We consider
the tuple ® = (a, B,7) to be the focal parameters of a system, where r € {ro,...,r,_1} is the range to each pixel in the
scene. This information completely defines our spatially variant blur model; in general we can regard the image formation
process as

E=0Qx%s d(0) +¢ 7

where £ € C" is the recorded range data and € € C" is noise. In theory, given a good estimate of @ it ought to be possible
to restore a full-field lidar image subject to limited depth of field.

In our system a complicating factor is that there are additional optics, which we cannot account for with this model.
These optics couple the CCD camera to the image intensifier — since the Z-distance is fixed, this results in convolution by
an additional PSF, albeit very small. For the purposes of this paper, we ignore this effect.

3. DEPTH FROM DEFOCUS
3.1 Pentland’s Method

While prior work on depth-from-focus extends back much further, the original concept of DFD can be traced back to
Pentland.!” In this work he proposed two methods of depth recovery: one using sharp edges and one using two images taken
at different camera aperture settings. The second method is the ancestor of most modern depth-from-defocus algorithms;
we now analyse the isoplanatic case. In the Fourier domain convolving an image, y, by a Gaussian PSF with blur radius o
is equivalent to attenuation in the spatial frequency domain, viz

Z=y*0 S Z[u, ‘U] = Y[u’ v]eznz(u2+v2)02' (8)
where z is the blurred image. Given two images, z, and zg, of the same scene taken with different focal parameters, we
can measure the relative attenuation of the spatial frequencies of the image allowing us to estimate the relative amount of
blurring between the two images. For blur radii, o4 and o, the relative blurring is estimated by

1 1 |Zg[u,v]|
— 52 _ 52 — 1 B ) 9
§=0% 9% 412 Ag Z u? + v? n<|Zoc[u, V]| ©

(wV)ERy

where Ry is a region of the spatial frequency domain and A is the number of samples from the spatial frequency domain.
By applying knowledge of the focal parameters of the optical system, it is possible to recover o, and g individually. While
in the most general case this involves solving a quadratic equation, in this paper we restrict ourselves to the situation in
which the focal length is fixed and only the aperture size changes. For aperture diameters D, and Dg,

g
0a= — (10)
1-— £
D
DZ
ﬁ:ﬁﬁ. (11)

In the conventional case, given the blur relationships from section 2.2, the range to objects in the scene can be determined.
The implementation for this paper divides the image up into 16 by 16 pixel regions and Fourier transforms them — only a
small subset of the spatial frequencies are used as most tend to be too excessively attenuated to be useful. A blur estimate
is produced for each region using the method described above.
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Figure 1: Depth from defocus algorithm response versus parent data blurring and differential blur type. Key = parent data blur-
ring/differential blur type

3.2 Subbarao’s S-Transform Method

Using the S-Transform Subbarao created an alternative method that operates in the spatial domain.'® The S-Transform
models an n-dimensional image as the sum of m-order polynomials. By modelling a local region of an image as a cubic
polynomial, Gaussian defocus blur can be expressed as

2
z=yxo o 2 y] + V2% y] = ylxy) (12)

where the Laplacian is determined by a Chebyshev polynomial based smoothed differentiation filter. The size of the dif-
ferentiation filter is parametised by N € Z*, giving a filter of size 2N + 1 pixels. In a similar fashion to eqn. 9, we can
estimate g by

gi=4 Zyyer; Zalx,y] — zp[x, y)? (13)

Speyters (V22alx,y] + V2zg[x, y])*

where R, defines a spatial domain, rather than a spatial frequency domain. These blur estimates are then denoised via a
Parzen windowed histogram over a large spatial region. Although blur estimates can be computed for each individual pixel,
they are not statistically independent estimates; for this paper we have produced images at the same resolution as Pentland’s
algorithm.

3.3 Algorithm Response

In order to test the response of the two DFD algorithms we generated some noiseless test data. These parent data were
generated by filtering Gaussian white noise with a Gaussian filter of a particular specified width, thus simulating texture
at different spatial scales in the ideal unblurred scene. These parent data were then blurred by another blur function, either
pillbox or Gaussian, with a specified width, which we call the differential blur. The parent data and the differentially blurred
data were then passed to the algorithms as the unblurred and blurred data respectively and the algorithm response recorded.
The results are shown in figs. 1(a) and 1(b). The graph key refers to the Gaussian blur radius for the parent data and the
type of differential blur model.

Since texture scale is proportional to blur radius, fig. 1(a) shows that the Pentland algorithm is extremely sensitive to
the scale of texture. There is a systematic bias caused by attenuation of the higher spatial frequencies that pulls the estimate
of blur towards zero as the accuracy of the logarithmic term is limited by finite precision and noise. A simple example of
this effect is if a spatial frequency does not exist (or only noise is present) in the less blurred image, if this spatial frequency
is included in the spectral region being analysed then the blur estimate is erroneously pulled towards zero. More advanced
methods that dynamically determine the spectral region are possible, but are not dealt with here. Due to the extreme nature
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(a) Total integrated intensity (f/4.5) (b) Total integrated intensity (f/22) (c) Range (f/22, severe range-
intensity coupling)

(d) Pentland’s method (arbitrary (e) Subbarao’s method (N = 4) (f) Differential blur from range and
scaling) sampled PSF model (severe range-
intensity coupling)

Figure 2: Scene A depth from defocus results. Total integrated intensity images use y = 0. 1.

of this effect, Pentland’s algorithm appears to require the addition of an arbitrary scaling coefficient for comparison to
Subbarao’s algorithm.

Fig. 1(b) shows that the Subbarao Algorithm has a linear response in certain cases, and a non-linear response in others;
much of this is due to the spatial scale of the texture. For this experiment, N = 4, meaning that the Laplacian was calculated
using 9 pixel derivative filters. If the size of the derivative filter does not match the spatial scale of the texture, the algorithm
appears to give erroneous results. Parent data which have a much larger initial blur results in a much more linear response
gradient — which appears to be close to g in the pillbox case and % in the Gaussian case.

3.4 Depth From Defocus Results

Three range images were taken of different scenes, each with a different focal length. The complex domain range images
were then analysed using the two DFD algorithms and compared to blur estimates created using range data and the known
focal parameters. The only difference between processing intensity images and processing complex domain images being
that the absolute value of the Laplacian and relative error are taken in the Subbarao algorithm. The results are shown in
figs. 2, 3 and 4.

Scene A has an extremely high dynamic range; the total integrated intensity images have been highly gamma compressed
using ¥ = 0.1. This high dynamic range results in a problem known as range-intensity coupling,” where light scattered
within the range imager results in ranges that change depending on the reflectivity of the target object. Fig. 2(c) shows
range information, where red represents objects closer to the camera and blue/purple objects farther away. Figs. 2(a) and
2(b) show how decreasing the aperture size increases the depth of field, however even at the very small /22 the depth of
field is still finite and some objects appear quite blurry. Passing the range image of the scene to the DFD algorithms gives
figs. 2(d) and 2(e). Both algorithms struggle to accurately estimate the blur scale for objects in the background, however
Subbarao’s produces visibly better output. Pentland’s algorithm produced artefacts at several object edges, suffered more
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(a) Total integrated intensity (f/4.5) (b) Total integrated intensity (f/22) (c) Range (f/22)

ey

(d) Subbarao’s method (N = 1) (e) Subbarao’s method (N = 4) (f) Differential blur from range and
sampled PSF model

Figure 3: Scene B depth from defocus results. Total integrated intensity images use y = 0. 5.

from noise and while retaining the correct relative blur ordering across objects, did not maintain the same ratios. Subbaro’s
algorithm however performed creditably compared to the estimated actual blurring in fig. 2(f) (blue represents less blurring,
red more blurring). The blur estimates are slightly corrupted due to range-intensity coupling.

Scene B has a much smaller dynamic range than scene A; as a result the range data (fig. 3(c)) suffers much less range-
intensity coupling. However there are still minor erroneous ranges to the right/top of the rightmost box in the image. Figs.
3(d) and 3(e) show how the value of N affects the quality of range data returned by Subbarao’s algorithm. We are currently
unsure whether there is a good automated way to estimate the optimal setting. Notably, the textureless table region does
not produce accurate blur estimates.

In scene C no value of N was found to produce correct blur estimates from Subbarao’s algorithm. Fig. 4(e) shows a
blur estimate produced by the Maximum Likelihood method discussed in the next section.

4. DETERMINATION OF FOCAL PARAMETERS
4.1 Theory

Photon shot noise is Poisson distributed; in most imaging situations the mean intensity, y;, is sufficiently high that the
Poisson distribution can be accurately modelled by a Gaussian distribution where 02 = y;. In AMCW lidar noise variance
is not necessarily proportional to amplitude (67 ¢ |9;|) due to contributions from ambient lighting and partial cancellation
at mixed pixels. Instead the total integrated intensity at a pixel, x;, takes into account all light sources within a pixel

xi= o+ [ far, (14)
where ¢; is the contribution from ambient light at pixel i. This allows us to model the noise at a pixel, ¢;, as having a

zero centred circularly symmetric complex normal distribution, ¢; ~ N'¢(0, x;), resulting in the absolute error at a pixel,
|€;|, being Rayleigh distributed. In general, total integrated intensity images look very similar to amplitude images unless
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(a) Total integrated intensity (f/4.5) (b) Total integrated intensity (f/22) (c) Range (f/22)

(d) Subbarao’s method (N = 4) (e) ML focal parameter determina- (f) Differential blur from range and
tion sampled PSF model

Figure 4: Scene C depth from defocus results. Total integrated intensity images use y = 0. 5.

there is significant ambient light or partial cancellation at mixed pixels (all data for this paper were generated in a darkened
room).

If we model z,, and zg as a convolution of ideal unblurred range data, j = A(agp, ry), we can express the log-likelihood
of particular focal parameters and unblurred data as

1 .
La,p. 1o, aplzas 25, 2as Zg) = const — o (za — h(a, B,79)A(ay, 7o) 25" (2o — h(a, B, 79)A(ap, )

1 D D
- 5(23—h(aD{,ﬂ.r@)A(a@,r@))*z,;l(z;;—h(a;j,ﬂ.r@)/l(a@,r@)) (15)

where Xy and X are diagonal matricies consisting of the values from y, and xj respectively, and h: (R*,R*,R*™) -
R™™ is a function that returns the linear transformation matrix corresponding to a spatially variant convolution such that
h(a,B, 1)z =z *g, o(a, B, 7).

A single step approach might attempt to maximise this, most probably with the addition of some sort of regularisation.
Instead we assume that the least blurred range estimates rg are correct and approximate the relationship between z, and
Zp as a spatially variant convolution parametised in the same fashion as before, giving

1
L(e,B|za,2p, 20 2g) = const — Eln(det(Z'a + h(ta, B, 1) Zgh* (ta, B, 7)) (16)

—%(Za — h(za, B,15)zp)* (o + h(ta, B,75)Egh* (ta, B, r;;))fl(za — h(za, B,78)zp),

where 7 is a constant conversion factor. In an ideal case T would be confirmed experimentally, however for the purposes

of this paper we have assumed that T = %. By approximating the error covariance by 2%, we can further simplify the
problem, giving a constant, diagonal covariance matrix. An estimate of the remaining focal parameters (&, ) is found by
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Figure 5: ML focal parameter determination compared to depth from defocus methods and ground truth. Sampled PSF at /22 not shown.

numerically maximising

1 " _
L(a,f|za, zp, 2o) = const — E(Z“ —h(re, B,7p)zp)" (224) Y(zq — h(1a, B, T8)Zg). 17)
Given an estimate of the focal parameters, a spatially variant deconvolution operation can be performed as a second step.

4.2 Focal Parameter Determination Results

Results from application of the ML Focal Parameter Determination algorithm to the three scenes are shown in fig. 5. Fig.
5(a) shows some ground truth measurements of the PSF blur radius as a function of Z distance from the range imager;
measurements at £/22 and /4.5 were combined in order to estimate the differential blur which is used as a reference in each
of the following graphs. Fig. 5(b) shows how the DFD results compare to the actual differential blur and the results of ML
focal parameter determination. In this case, both DFD methods suffer from noise issues — although the range information
is corrupted slightly by range-intensity coupling, each discrete object should still have a consistent blur level, which they
do not. Both methods do appear to identify roughly the correct in-focus range. The ML estimate of focal parameters very
closely matches the sampled differential blurring. Fig. 5(c) contains the results from Scene B. The graph shows how N
affects the quality of blur estimates from Subbarao’s algorithm; in the N = 1 case the blur estimates are very close to the
actual differential blurring everywhere except for the featureless table region. Scene C results in an interesting problem with
the Subbarao algorithm; fig. 5(d) shows that the blur estimates appear to be offset by 2 pixels from the correct values. The
ML focal parameter determination algorithm, while not producing inordinately false results, has misestimated the in-focus
distance by ~ 30 cm.
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(a) Deconvolved (b) Subregion (f/22) (c) Deconvolved subregion

Figure 6: Scene A deconvolved total integrated intensity image

(a) Deconvolved (b) Subregion (f/22) (c) Deconvolved subregion

Figure 7: Scene B deconvolved total integrated intensity image

5. DECONVOLUTION OF LIDAR IMAGES
5.1 Theory

Deconvolution was performed by a spatial derivative regularised, variant Landweber algorithm.?* The Landweber algo-
rithm is an iterative Maximum Likelihood algorithm in the case of additive Gaussian noise, although it can be applied to
other noise distributions. Each iteration is defined by

P = Vi1 +ShT (@ B,rp) (25 — h(a B,7p)Yi 1) — ALY ), (18)

where ¥; is the ith estimate of the deconvolved data, { is gain, L is a Laplacian filter and 4 is a regularisation parameter.
We implement the spatially variant convolution by generating pillbox blur models at blur radii intervals of one-third of

(a) Phase, limited DOF (f/4.5)  (b) Deconvolved phase (from f/4.5) (c) Reference phase (1/22)

Figure 8: Scene C phase of deconvolved complex domain range image subregion
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a pixel and modelling intermediate blur radii by linear interpolation. This leads to efficient computation, although linear
interpolation is more suited to smooth functions. The transpose of the spatially variant convolution matrix, h” (e, 8,7¢)
corresponds to a spatially variant correlation operation which can be implemented in a similar manner to the spatially variant
convolution. A good overview of the implementation of spatially variant convolutions is provided by.2> Unfortunately, the
finite size of the image intensifier crops the images resulting in edge effects in deconvolved images.

5.2 Results

Figs. 6 and 7 show the resultant deconvolved total integrated intensity images from scenes A and B respectively. Using
total integrated intensity images instead of amplitude allows us to avoid any confounding effects of phase in the complex
domain. There is an improvement in depth of field, but with a difficult trade-off between recovering detail and noise
amplification. The high level of gamma compression in fig. 6(a) shows significant artefacts in regions where the blur scale
has been misidentified due to mixed pixels. For example, there is a region on the far right above the very bright defocussed
object where severe blur misestimation due to mixed pixels has resulted in irregular wave patterns.

Fig. 8 shows the results from attempting to deconvolve a complex domain range image. An image taken at f/4.5 (fig.
8(a)) is highly blurred due to limited depth of field — thus forming a large band of mixed pixels around the edge of each
object, each mixed pixel being an erroneous range measurement. Deconvolution reduces the size of the regions containing
mixed pixels (fig. 8(b)), however it also results in ringing — contributed to by the highly bandlimited nature of large pillbox
PSFs (Gibbs oscillations). A comparison image at f/22 is given in fig. 8(c). While there is some PSF misestimation,
similar ringing occurs if simulated isoplanatic data with a hard discontinuity is generated and deconvolved with the correct
PSF. Designing a good deconvolution algorithm involves determining how to synthesise these missing frequencies, without
which the image cannot be properly restored. These oscillations are very problematic; because the image is in the complex
domain, it contains both amplitude and range information. The range information is best regularised to ensure sharper
edges but less detail, yet at the same time we need to retain (and improve) the highly textured amplitude information. This
suggests that it may be necessary to develop a more advanced regularisation technique: for example, one that combines
Harr wavelet based regularisation in the phase/range domain and spatial derivative regularisation in the amplitude domain.
We leave this to future work.

Apart from the regularisation trade-off, the biggest problem with the current algorithm is mixed pixels. Range-intensity
coupling due to scattered light introduces nonexistent discontinuities in blur estimates for patterned surfaces and in dark
regions can result in completely erroneous blur estimates due to wraparound effects. Edge induced mixed pixels cause
similar problems, although are more predictable — resulting in artefacts around the edges of objects. Fundamentally, there
is no simple solution to this problem because each individual pixel can contain multiple component signal returns, each
with a different range and thus subject to a different amount of blur.

6. CONCLUSION

We have presented a new method for parametric spatially variant blind deconvolution of full-field lidar image pairs taken
at different aperture settings. The method allows estimation of focal parameters without prior calibration of the optical
setup and produces blur estimates which have better spatial resolution and less noise than previous depth from defocus blur
measurement algorithms under most circumstances. The estimated focal parameters were applied to deconvolution of total
integrated intensity images improving depth of field. Application to complex domain images of multiple objects requires
the development of more appropriate regularisation methods due to the trade-off between different levels of amplitude and
range texture in the same image. There remain issues with correct PSF determination, especially around the edges of objects
and in regions affected by range-intensity coupling.
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