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Object Depth Profile and Reflectivity Restoration
From Sparse Single-Photon Data Acquired in
Underwater Environments

Abderrahim Halimi, Aurora Maccarone, Aongus McCarthy, Steve McLaughlin, and Gerald S. Buller

Abstract—This paper presents two new algorithms for the joint
restoration of depth and reflectivity (DR) images constructed from
time-correlated single-photon counting measurements. Two ex-
treme cases are considered: 1) a reduced acquisition time that
leads to very low photon counts; and 2) imaging in a highly atten-
uating environment (such as a turbid medium), which makes the
reflectivity estimation more difficult at increasing range. Adopt-
ing a Bayesian approach, the Poisson distributed observations are
combined with prior distributions about the parameters of inter-
est, to build the joint posterior distribution. More precisely, two
Markov random field (MRF) priors enforcing spatial correlations
are assigned to the DR images. Under some justified assumptions,
the restoration problem (regularized likelihood) reduces to a con-
vex formulation with respect to each of the parameters of inter-
est. This problem is first solved using an adaptive Markov chain
Monte Carlo (MCMC) algorithm that approximates the minimum
mean square parameter estimators. This algorithm is fully auto-
matic since it adjusts the parameters of the MRFs by maximum
marginal likelihood estimation. However, the MCMC-based algo-
rithm exhibits a relatively long computational time. The second
algorithm deals with this issue and is based on a coordinate descent
algorithm. Results on single-photon depth data from laboratory-
based underwater measurements demonstrate the benefit of the
proposed strategy that improves the quality of the estimated DR
images.

Index Terms—ADMM, bayesian estimation, image restoration,
lidar waveform, MCMC, poisson statistics, underwater Lidar.

I. INTRODUCTION

ECONSTRUCTION of 3-dimensional scenes is a chal-
lenging problem encountered in many applications. For a
given pixel, the time-of-flight light detection and ranging (Lidar)
system achieves this goal by emitting laser pulses and recording
the round-trip return time and intensity of the reflected signal [1].
Single-photon Lidar typically uses a high repetition rate pulsed
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laser source in conjunction with a single-photon detector. The
advantages of the single-photon approach are its shot-noise lim-
ited sensitivity, and its picosecond temporal response which can
achieve millimeter-scale surface-to-surface resolution [2]. In
single-photon Lidar, the recorded photon event is stored in a tim-
ing histogram which is formed by detecting photons from many
laser pulses. The time delay and the amplitude of the histogram
are related to the distance and reflectivity of the observed object,
respectively, which allows the construction of the 3D scene.

In this paper, we consider a scanning system whose acquisi-
tion time is defined by the user and is the same for each pixel,
which leads to a deterministic and user-defined overall acqui-
sition duration. Consequently, the number of detected photons
can be larger than one for some pixels, whereas other pixels
may be empty (i.e., no detected photons). We also assume solid
target surfaces fabricated from opaque materials, so that only
one reflection is observed in an individual pixel [3]. The study
focuses on the following two extreme cases: (i) a reduced data
acquisition time and (ii) the use of an extremely attenuating
medium [4]. Both cases lead to a reduction in the number of de-
tected photons per pixel, which affects the estimation of depth
and target reflectivity. Indeed, taking underwater measurements
leads to a severe attenuation of the intensity with respect to
(w.r.t.) the target range, which makes the reflectivity estimation
difficult. With such challenging scenarios, the measurement can
be improved by, for example, increasing the laser power or the
data acquisition time [5], however this is not always practicable
in a field situation. To use the available sparse photon data most
efficiently, the alternative approach is to improve the processing
of the acquired signals using signal processing techniques [3],
[6]-[9]. Most of these approaches deal with images containing
a low number of photons per pixel on average (which is related
to our first objective (i)). For instance, [3], [7], [9] proposed
algorithms to restore very low light level Poisson images, how-
ever, these approaches are not designed to deal with a highly
scattering and attenuating medium and need to be generalized
in such a case. The authors [10] proposed a first-photon imag-
ing system, but to the best of our knowledge, it has not been
applied in extreme environments, such as the highly scattering
and attenuating medium used in this paper. In this work, we aim
at improving the estimated DR images for sparse single-photon
data in the presence of a highly attenuating medium, which
covers both objectives (i) and (ii) stated above.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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The first contribution of this paper is the use of a hierarchical
Bayesian model associated with the DR images. Using the Pois-
son distribution of the observed photon counts, and introducing
some approximations, lead to a log-concave likelihood distri-
bution w.r.t. each of the parameters of interest. The resulting
likelihood distribution is interesting for two reasons: it allows
the use of convex programming algorithms for parameter es-
timation and it is expressed w.r.t. preliminary estimates of the
DR images which avoids the use of cumbersome photon count
histograms during the refinement process. Using Markov ran-
dom fields (MRF), the parameters of interest are assigned prior
distributions enforcing a spatial correlation between the pixels.
More precisely, the depth image is assigned an MRF distribu-
tion equivalent to a total variation (TV) prior [11], [12], while
the reflectivity image is assigned a gamma-MRF prior [13].
The likelihood and the prior distribution are then used to build
the joint posterior distribution that is used for the parameter
estimation.

The second contribution of this paper is the derivation of two
estimation algorithms associated with the proposed hierarchi-
cal Bayesian model. The first algorithm generates samples dis-
tributed according to the posterior using Markov chain Monte
Carlo (MCMC) methods (such as the Gibbs sampler, and the
Metropolis-Hastings algorithm) [14]. These samples are then
used to evaluate the minimum-mean-square-error (MMSE) es-
timator of the DR images. This approach also allows the esti-
mation of the regularization parameters, (the hyperparameters),
associated with the MRF prior using the maximum marginal
likelihood approach proposed in [15]. Therefore, the MCMC
method is fully automatic in the sense that it does not require the
user to tune the model hyperparameters. However, the resulting
MCMC-based algorithm has a high computational complexity
which can be a significant limitation for real time applications.
The second algorithm deals with this limitation and approxi-
mates the maximum a posteriori (MAP) estimator by using a
coordinate descent algorithm [16], [17]. The latter is used to
sequentially update the different parameters to minimize the
negative log-posterior, which is convex w.r.t. each parameter. In
contrast to the reflectivity image that is updated analytically, the
depth image is updated using the alternating direction method
of multipliers (ADMM). This algorithm has shown good per-
formance in different fields, both for the estimation quality and
the reduced computational cost [9], [18], [19]. The proposed al-
gorithms are complementary and represent useful tools to deal
with different user requirements such as a reduced computa-
tional cost or an automatic hyperparameter estimation. Results
on single-photon depth data acquired from laboratory experi-
ments show the benefit of the proposed strategies that improve
the quality of the estimated DR images.

The paper is organized as follows. Section II introduces
the observation model associated with the underwater photon
counts. The proposed hierarchical Bayesian algorithm for DR
restoration is presented in Section III. Section IV introduces the
two proposed estimation algorithms based on stochastic sim-
ulation and optimization. Simulation results on synthetic data
are reported in Section V. Section VI presents and analyzes re-
sults conducted using data acquired by an actual time-of-flight

scanning sensor based on TCSPC. Finally, conclusions and fu-
ture work are reported in Section VII.

II. OBSERVATION MODEL

The Lidar observation y; ; ;, where (i,j) € {1,..., N, } x
{1,..., N.}, represents the number of photon counts within the
tth bin of the pixel (i, 7). According to [3], [20], each photon
county; ; , is assumed to be drawn from the Poisson distribution
P(.) as follows

Yijit ~ P(sijt) (1)
where s; ; ; is the average photon counts given by [4]
sije=rije gy (t—ti ;) +bi; 2)

and t; ; > 0 is the position of an object surface at a given range
from the sensor (related to the depth), r; ; > 0is the reflectivity
of the target, b; ; > 0 is a constant denoting the background and
dark photon level, o represents the attenuation factor related to
the transmission environment and assumed known in the rest of
the paper! and g, denotes the system impulse response assumed
to be known from the calibration step. In air, the attenuation
factor is &« = 0 and the model (2) reduces to that studied in [3],
[9]. This paper considers the case of transmission in a highly
attenuating environment in which o > 0. In this case, the mea-
sured reflected intensity of the objects decreases as a function of
their distance to the sensor which is valid for different scenarios
such as highly scattering underwater measurements. Indeed, the
single-photon depth images can be used underwater to localize
objects such as boat wreckage, pipelines, etc. The first objective
of this paper is to estimate the target depth and reflectivity im-
ages of a target underwater or in any other extremely attenuating
environment (while assuming known «). The paper second ob-
jective deals with the extreme case of a very low photon counts
per pixels. Under this scenario, it is possible to have missing
pixels which have no received photons, i.e., Zthl Yi g = 0.
These missing pixels bring no information regarding the depth
t;,; and reflectivity 7; ; and should be considered separately
from informative observed pixels as in [21].

I1I. HIERARCHICAL BAYESIAN MODEL

This section introduces a hierarchical Bayesian model for
estimating the target distance and reflectivity images of under-
water measurements. The Bayesian approach accounts for both
the statistical model associated with the observed data (likeli-
hood) and the prior knowledge about the parameters of interest
(prior distributions). This approach is interesting to alleviate the
indeterminacy resulting from ill-posed problems and has been
successfully applied to Lidar measurements in [3]. More pre-
cisely, if f(®) denotes the prior distribution assigned to the
parameter ®, the Bayesian approach computes the posterior
distribution of ® using the Bayes rule

f(8]Y) x f(Y]©)f(®) ©)

IThe coefficient o is measured from the attenuating environment using the
procedure described in [4].
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where o< means “proportional to” and f(Y'|®) is the likeli-
hood of the observation matrix Y gathering all the observed
pixels y; j ¢, Vi, j,t. The MMSE and MAP estimators of ® can
be evaluated by the mean vector and maximum of this poste-
rior. At this point, it is interesting to highlight the link between
the Bayesian and optimization perspectives. Indeed, the MAP
estimator can also be evaluated by minimizing the cost func-
tion obtained as the negative log-posterior function. From an
optimization perspective, this cost function is considered as a
regularized problem where the data fidelity term (likelihood)
is constrained using some regularization terms (prior distribu-
tions). The following sections introduce the likelihood and the
prior distributions (regularization terms) considered in this pa-
per.

A. Likelihood

Assuming independence between the observed pixels y; ; ;
and considering the Poisson statistics leads to the following
joint likelihood

yt,f

IT I @

P(Y|t,r,b) =
(i,j)eQ t= 1‘%17

where ¢,7,b are N x 1 vectors gathering the elements ¢; ;,
i, 5, bi j, Vi, V3 (in lexicographic order), with N = N, N, T
is the total number of bins, 2 gathers the indices of non-
empty pixels and s; ;;(t,7,b) has been denoted by s; ;, for
brevity. In a similar fashion to the classical estimation ap-
proach (see [3], [9] for more details), this paper assumes the
absence of the background level, i.e., b; ; = 0. Indeed, the un-
derwater measurements are often obtained in dark conditions
(in the laboratory in our case) which justifies this assump-
tion. Note, however, that the assumption is violated in pres-
ence of multiple scatterers, thus, its effect is studied when
considering synthetic data. In addition to this simplification,

we further assume a Gaussian approximation for the instru-
. 2 (tty, 5)? .
ment impulse response” go(t —t; ;) =ciexp 207  as in

[9], [22], and that the temporal sum of the shifted impulse
response ¢; = 31—, go(t — ;. ;) is a constant for all realis-
tic target distances ¢; ; (which is justified when assuming that
the observation time window is larger than the depth of the
observed object). Under these assumptions, the likelihood re-

duces to £ = [[; ;eq £i,; with (after removing unnecessary
constants)
1) o tMLO
7acerL°t ( j,) é’) 7627‘;»,’8}(1)( at ;)
MLO = ’
e cpr VD
Li ;= T ;" exp -
5
T
Lty T
where tML0 = Qi Wist) apq ri0 = L(3,_1 yi,jt) are the
o (i1 ¥ie) c2 - ’

maximum of this simplified hkehhood w.rt. t; ; and r; ; ob-
tained in the air (with o = 0). The likelihood (5) obtained is
interesting for two reasons. First, it does not include the Lidar

>The parameters ¢; and o2 can be estimated by fitting the actual impulse
response with a Gaussian using a least squares algorithm.

Fig. 1. The total variation neighborhood structure.

observation terms y; ;; explicitly, which means that our formu-
lation considers only the two observed images ’I"M?O and tMLO
instead of the N, x N, x T" matrix y; ;;. The computatlonal
cost is then drastically reduced when compared to the mod-
els studied in [3], [23] which considered the full N, x N, x T
data cube. Second, it is a log-concave distribution w.r.t. each
of the parameters ¢; ; and r; ; separately, that is suitable for
the application of convex programming algorithms. Note finally
that our approach can be interpreted as a joint depth-reflectivity
image restoration problem of the estimates }"5° and rM- that
are of poor quality especially in the limit of Very low photon
counts or when acquiring the data in a significantly attenuating
environment. The next section introduces the prior information
introduced to improve the estimated images from (5).

B. Priors for the Distance Image

The target distances exhibit correlation between adjacent pix-
els. This effect is accounted for by considering the following
MREF prior distribution

1
F(tln) = = expl ™) (©)
G(n)

where G(n) is a normalizing constant, 7 is a coupling param-
eter that controls the amount of enforced spatial smoothness,

V() =220 2 ineni |t denotes the total-
variation regularization and v (7, j) denotes the neighborhood
of the pixel (4, j). Note that the TV term can be easily replaced
with a quadratic penalization term, however, we selected the TV
since it is suitable for edge preservation [11], [12]. In this paper,
we consider a four neighborhood structure for v(i, j) as shown
in Fig. 1.

— tir g

C. Priors for the Reflectivity Image

The choice of a prior distribution is generally driven by two
factors, the available knowledge about the parameter of interest
and the tractability of the resulting posterior distribution. Re-
garding the first point, and similarly for the target distances, we
expect the target reflectivity to vary smoothly from one pixel
to another. The second point is often fulfilled by considering a
conjugate distribution for the parameter of interest, which is a
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Fig. 2.

Gamma-MRF neighborhood structure.

gamma distribution for 7. In our case, these two goals are sat-
isfied by introducing an auxiliary variable w (of size N, x N;)
and assigning a gamma-MRF prior for (r, w) as follows [13],
[24], [25]

f(w,TIC):% [T wl<
(4,§) EVap

(4¢-1)
X H 712'/“7‘/

(i',5") EVp
exp <_Crl'ﬂ'>’ (7
. wi. j

< I
((i,4).(7".5")) €

where Z(() is a normalizing constant, the partition 1, (resp.
v,.) denotes the collection of variables w (resp. 7), the edge set
& consists of pairs (i, j) representing the connection between
the variables and ( is a coupling parameter that controls the
amount of spatial smoothness enforced by the GMRF. This prior
ensures that each r; ; is connected to four neighbor elements
of w and vice-versa (see Fig. 2). The reflectivity coefficients
r;, ; are conditionally independent and the 1st order neighbors
(i.e., the spatial correlation) is only introduced via the auxiliary
variables w. An interesting property of this joint prior is that the
conditional prior distributions of r and w reduce to conjugate
inverse gamma (ZG) and gamma (G) distributions as follows:

wi j|r, ¢ ~IG (4¢, 4Cp1,4,(r)),
7i,jlw, ¢~ G (4, 1/(4¢p2.i j (w))) 3)
where
1 (1) = (rijj +ricay +rig-1 +ric-1)/4,

p2,ij(w) = (wzﬁ JFwﬂ-le JF“’Z}H +w;4-11,j+1)/4- )

D. Posterior Distribution

The proposed Bayesian model is illustrated by the directed
acyclic graph (DAG) displayed in Fig. 3, which highlights the
relation between the observations Y, the parameters ¢, r, w
and the hyperparameters 7, (. Assuming prior independence

Fig.3. DAG for the parameter and hyperparameter priors. For the optimization
algorithm, the user fixed hyperparameters appear in boxes.

between the parameter vector ® = (¢, r, w), the joint posterior
distribution associated with the proposed Bayesian model is
given by

F(O]Y,1,¢) < f(Y]|O) [ (®n, (). (10)

This posterior will be used to evaluate the Bayesian estimators
of ®. For this purpose, we propose two algorithms based on
an MCMC and an optimization approach. The first approach
uses an MCMC approach to evaluate the MMSE estimator of
©® by generating samples according to the joint posterior dis-
tribution. Moreover, it allows the estimation of the hyperpa-
rameters 7, ( by using a maximum marginal likelihood esti-
mation during the inference procedure (as detailed in the next
section). However, this MCMC algorithm presents a signifi-
cant computational complexity which can limit the applicability
for real time applications. The second optimization algorithm
deals with this issue and provides fast MAP estimates for ©.
This is achieved by maximizing the posterior (10) w.r.t. ®, or
equivalently, by minimizing the negative log-posterior given by
F = —log[f(®]Y,n,()]. Note however, that the hyperparame-
ters are fixed under this approach. The two estimation algorithms
are described in the next section.

IV. ESTIMATION ALGORITHMS

A. MCMC Algorithm

The principle of the MCMC approach is to generate samples
whose stationary distribution is the desired posterior distribu-
tion (10). The distribution (10) being difficult to sample, the
Gibbs algorithm can be used to iteratively generate samples ac-
cording to its conditional distributions [14]. Moreover, when a
conditional distribution cannot be sampled directly, sampling
techniques such as the Metropolis-Hasting (MH) algorithm can
be applied leading to a Metropolis-within-Gibbs sampler. In
this paper, we generate samples associated with the parame-
ters (61,05,03) = (t,r,w) and use them to approximate the
MMSE estimators given by

0, _E [9i|Y,f),q  fori=1,2,3

(11)
where the expectation E(.) is taken w.r.t. the marginal posterior
density f(6;]Y,7),() (by marginalizing 0;,7 # 1, this density
takes into account their uncertainty). In addition to these param-
eters, the hyperparameters 7, { are also estimated by considering
the method proposed in [15], which is based on the maximum
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marginal likelihood estimator, given by

(.¢) = argmax £ (¥n,0). (12)
neR* ,(eR+

This method provides a point estimate for the hyperparameters
that is used to evaluate the parameter MMSE as indicated in
(11). These approaches have two main advantages: (i) it allows
for an automatic adjustment of the value of (7, () for each
image which leads to an estimation improvement, (ii) it has
a reduced computational cost when compared to competing
approaches [26]. It should be noted that the resulting algorithm
is similar to [3] while the main differences relate to the different
estimated parameters, the different distribution expressions (due
to the underwater observation model), and to the discrete target
positions in [3] which are continuous in this paper. The next
subsections provide more details regarding the main steps of
the sampling algorithm.

1) Sampling the Target Positions: The conditional distribu-
tion of £ is given by

fr,Y) ocexp“), (13)
with
ti ; — MO 4 o2 ’
C(t) —_ ( 5> J Z‘Qiz ) +C2T7j7jexp(7atl'/>
(i,5)€Q cpr P

+ i, (t)+ 0TV (t) (14)

MLO
i
and t?/ﬂij and ig , (t) is the nonnegative orthant indicator func-

tion. Since it is not easy to sample according to (13), we propose
to update the target positions using a Metropolis-Hasting (MH)
move. More precisely, a new position is proposed following a
Gaussian random walk procedure (the variance of the proposal
distribution has been adjusted to obtain an acceptance rate close
to 0.5, as recommended in [27]). Note finally that the inde-
pendent positions (positions that are not directly related by the
MREF-TV structure) are sampled in parallel using a check-board
scheme, which accelerates the sampling procedure.

2) Sampling the Reflectivity Coefficients: Using (5) and (7),
it can be easily shown that r, and w are distributed according
to the following gamma and inverse gamma distributions

where the observations Y are introduced via the images

rijlw,¢ ~ G <4g ok rMO, 51 ) (15)
i, j
wi, j|r, ¢ ~ZG (4¢,4¢p1,i 5(7)), (16)

where ﬁ,‘ﬁj =4(paij (w) + Cgkihj eXp(io't"'“’), k‘y‘ﬁj = 0 if the
pixel is missing and k; ; = 1 otherwise (non-empty observed
pixel). As a consequence, sampling according to (15) and (16)
is straightforward.

3) Updating the MRF Parameters: The MRF parameters
maximizing the marginal likelihood f (Y|, ¢) are updated us-
ing the approach proposed in [15]. As reported in [3], [15], this
approach provides a good approximation of the MRF parameters
while requiring a reduced computational cost when compared
to alternative approaches [26]. At each iteration of the MCMC

Algorithm 1: MCMC Algorithm.

1: Input Ny, Nyc and the impulse response parameters

C1,O0 2

2: Initialization
3: Initialize parameters ¢(9), r(9) w () 5(0) and ¢(0)
4: Update parameters/hyperparameters
5: forn =1: Nyc do
6
7
8

Sample t(") according to (13) using MH
Sample (") according to (15)
Sample w™) according to (16)

9: if n < IVy,; then

10: Sample t' ~ K4 (t|t(“),n(”*1))

11: Sample (7', w') ~ K (r, w|r™) w™), ¢=1)
12: Update 7 using (17)

13: Update ¢ using (18)

14: end if

15: end for ‘

16: Output {t<”>,r(”>}::i

algorithm, n and ( are updated as follows
DD =Pl g {0 s [TV (80) =TV ()] } ()

¢+ =Py {<<n) +q, [¢ (,,<n>,w<n>> - ¢(r','wl)}}
(18)

where, =n=3/%, P, ; () denotes the projection operator of
in the interval [a, b], and ¢(r, w) = =437, .\c,. log(w; ;) +
4Z(i’.j’)eyr log(ryj1) — E((i,j)‘(i’,j’))eg (%) These expres-
sions originate from a projected gradient descent step in
which the intractable gradients a% log (Y™, ¢™)) and
a‘% log f(Y'|n'™),¢(™)) have been approximated by the bi-
ased estimators [TV (") — TV (t')] and [p(r™), w™)) —
&(r',w')]. These estimators use the current samples ¢(™), ("),
w'™) and other auxiliary samples ', 7/, w’ generated with ker-
nels Ky and Ky whose target distributions are (6) and (7), re-
spectively (see Algo. 1). Note also that the values obtained
are projected using the operator P to guarantee the positivity
constraints of 77 and ¢ and the stability of the stochastic opti-
mization algorithm (9max = (max = 20 in the following). Note
finally that the hyperparameters are only updated in the burn-in
period (n < Np;) and are fixed to their final values for the useful
samples Ny < n < Nyc. Finally we refer the reader to [3], [15]
for more details regarding this procedure.

B. Optimization Algorithm

This section describes an alternative to the MCMC algorithm
which is based on a fast optimization algorithm. The latter max-
imizes the joint posterior (10) w.r.t. the parameters of interest to
approximate the MAP estimator of ®. The resulting optimiza-
tion problem is tackled using a coordinate descent algorithm
(CDA) [16], [17], [28] that sequentially updates the different
parameters as illustrated in Algorithm 2. Thus, the algorithm it-
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Algorithm 2: Coordinate Descent Algorithm (CDA).

1: Input Nyax,c1,0%,1,¢
Initialization
Initialize parameters ¢(*), 7(9) w(®) and n — 1
conv«+— 0,
Parameter update
while conv= 0 do
Update t") using Algo. 3
Update r("™) according to (21)
9: Update w'™) according to (22)
10: Set conv«— 1 if the convergence criteria are satisfied
11: n«—n+1
12: end while

eratively updates each parameter by maximizing its conditional
distribution as described in the following subsections.

1) Updating the Target Positions: Maximizing the condi-
tional distribution of the target positions (13) is equivalent to
minimizing its negative logarithm C(t), given by (14). The latter
is a proper, lower semi-continuous, coercive and strictly convex
(since M50 > 0,7; ; > 0) function w.r.t. £, so that there exists
a unique minimizer of C(t) (see the Appendix). This problem
can be solved using many convex programing algorithms [18],
[19], [29], [30]. In this paper, we consider the ADMM variant
proposed in [12] that has shown good performance in several
fields [9], [31] while requiring a reduced computational cost.
This algorithm is theoretically ensured to reach the unique min-
imum of C(t). More details regarding this algorithm and its
convergence properties are provided in the Appendix.

2) Updating the Reflectivity Coefficients: Similarly to the
target positions, maximizing the conditional distribution of r
(resp. w) provided in (15) (resp. (16)) is equivalent to minimiz-
ing C; (resp. Co) given by

Ti i
Culr) = 3 (1= A€ = eaky ) og(rs ) + 22
i, ] i

Co(w) = 3 (4¢ + 1) log(uwr ;) + “L05(T)

irj i

19)

(20)

The minimum of these functions is uniquely attained and given
by

7 4C+62]€i,]"]"?%‘0—1
Tij = B
W)

— 4Cp1,i,(7)
" 4C +1

subject to 4¢ 4 corM-0 > 1 which is always satisfied for ¢ >
0.25. These solutions are used to update the parameters r and
w as shown in Algo. 2.

3) Convergence and Stopping Criteria: The [16, proposition
2.7.1] asserts that the limit points of the sequence generated by
the coordinate descent algorithm (®" for the nth iteration) are
stationary points of F = —log[f (®|Y", n, ¢)] provided that the
minimum of that function w.r.t. ® along each coordinate is
unique and that the function F is monotonically non-increasing
along each coordinate in the interval from 8! to @7 "', These

2 Vi, j 21

Vi, g (22)

conditions are satisfied for the parameters considered. Indeed,
the estimation of the target positions is a convex minimization
problem whose solution is uniquely attained by the ADMM
algorithm. Along the reflectivity coordinate, the function C;
is convex and has a unique minimum (for ¢ > 0.25). Along
the auxiliary variable coordinate, Co has a unique minimum
and is monotonically non-increasing on each side of the mini-
mum. These satisfy the conditions of the [16, proposition 2.7.1].
Moreover, note that the cost function F is not convex, thus, the
solution obtained might depend on the initial values that should
be chosen carefully. Therefore, the reflectivity and target posi-
tions are initialized using the result of the classical approach
(known as X-corr algorithm [3]). For each pixel, this approach
estimates the reflectivity by 7'-* and the depth by finding the
maximum of the cross-correlation of the histogram y; ; with
the impulse response gy (see [3] for more details regarding the
X-corr algorithm). With these initializations, the proposed al-
gorithm reached minima of “good quality” in the considered
simulations (see Sections V and VI).

Two stopping criteria have been considered for Algorithm 2.
The first criterion compares the new value of the cost function
to the previous one and stops the algorithm if the relative error
between these two values is smaller than a given threshold, i.e.,

F (®t+1) _]:(@t) | <oF (('“)t) , (23)

where |.| denotes the absolute value. The second criterion is
based on a maximum number of iterations N.x. These values
have been fixed empirically to (§, Npax) = (1072, 500) in the
rest of the paper.

V. SIMULATION ON SYNTHETIC DATA

This section evaluates the performance of the proposed
algorithms on synthetic data with a known ground truth. All
simulations have been implemented using MATLAB R2015a
on a computer with Intel(R) Core(TM) i7- 4790 CPU@3.60
GHz and 32 GB RAM. The section is divided into two parts
whose objectives are: 1) introducing the criteria used for the
evaluation of the estimation results, and 2) analysis of the
algorithms performance for different background levels.

A. Evaluation Criteria

The restoration quality was evaluated qualitatively by visual

inspection and quantitatively using the signal-to-reconstruction
[l
[l — [

depth or reflectivity image, Z is the restored image and ||z||?
denotes the ¢, norm given by =’ x. The returned values of
this criterion are in decibel, the higher the better. The reference
images are known for synthetic images. For real data, the esti-
mated images with the MCMC approach in clear water, and with
the highest acquisition time are considered as reference maps.
As a result of the assumption of the absence of background
photons, the proposed algorithms may be biased in a highly
scattering environment. This effect is evaluated by considering
the normalized-bias criterion given by N-Bias = ‘E‘[H'f ;”5” .

We also provide some measures that are used in tLe experi-
mental sections. We define one attenuation length (AL) as the
distance after which the transmitted light power is reduced to

error ratio, SRE = 10log;( ), where z is the reference
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Fig. 4. Synthetic depth and reflectivity images.

1/e of its initial value. If a target is located at range d from the
sensor, its stand-off distance expressed in AL can be computed
as AL = ad. This measure is commonly used to highlight the
attenuation affecting a given target [4], and will be considered
when processing real data. Similarly to [32], we consider two
other measures related to the background level. The first is the

rcy

signal-to-background ratio given by SBR = ~*. The second is

rCy

the signal-to-noise ratio given by SNR = oD

B. Effect of the Background

In a highly scattering environment or with reduced acquisi-
tion times, the background level might increase w.r.t. the useful
signal. This section evaluates this effect when considering syn-
thetic (computer-simulated) data. A synthetic data cube has been
generated according to model (1) with the following parameters
a=0,¢; =1000,0% =100,b; ; = 1,Yi,j, N, =100 pixels,
N, = 100 pixels, and 7" = 2000 time bins where a time bin
represents 2 picoseconds. The depth distance d corresponding
to 7" bins can be computed as follows d = QTT“;, where c is the
speed of light and n. is the refractive index of the propaga-
tion environment (n, = 1 for the air and n, = 1.33 for water).
The synthetic data contains ten depths in the range [12, 48] cm
and ten reflectivity levels in the interval 7; ; € [0, 1], as shown
in Fig. 4. The DR images are estimated using the proposed
MCMC and CDA algorithms. The CDA algorithm requires the
regularization parameters to be set manually. In this study, we
provide the best performance (in terms of SRE) of this algorithm
when testing the following values ) € [0.01,0.1,0.5,1, 2, 5] and
¢ €10.3,5,10]. The performance analysis is conduced w.r.t. the
SBR criterion that evaluates the ratio between the useful signal
levels r; jc; (whose variation depend on the reflectivity levels
shown in Fig. 4) and the background levels b; ; = 1,V4, j. Fig. 5
shows the obtained SRE for depth and reflectivity w.r.t. SBR.
Overall, the proposed algorithms provide similar performance.
For both depth and reflectivity, the figure shows a decreasing
performance when the SBR ratio decreases. However, the depth
SRE remains high even for SBR = 1. The reflectivity perfor-
mance decreases log-linearly w.r.t. the SBR ratio and attains
low SRE values for SBR = 1. This is mainly due to a reflectiv-
ity estimation bias in the presence of a high background level.
Fig. 6 highlights this behavior and shows the estimation bias
for depth and reflectivity. While the depth bias is always lower
than 10%, the reflectivity shows high biases for low SBR = 1
which explains the low SRE values. This bias can be corrected
when processing real data using a look-up-table, however, this
is beyond the scope of this paper. These results highlight the
sensitivity of the estimated reflectivity to the background level

SRE

——MCMC
——CDA

10° 10° 102 10°
SBR

Reflectivity

10° 10' 102 10°
SBR

Fig.5. SRE of depth and reflectivity with respect to the background levels for
the MCMC (in blue) and CDA (in red) algorithms.
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Fig. 6. Normalized bias of depth and reflectivity with respect to the back-
ground levels for the MCMC (in blue) and CDA (in red) algorithms.

while they confirm the good estimation of the depth image even
for low SBR.

VI. SIMULATION USING REAL DATA

This section evaluates the performance of the proposed
restoration algorithms by conducting two experiments. In both
cases, the targets were put underwater while varying the concen-
tration of Maalox? to change the attenuation and scattering level
(i.e., attenuation factor ) of the environment. The images were
acquired in June 2016 in the laboratory at Heriot-Watt Univer-
sity, using a time-of-flight scanning sensor, based on TCSPC.
The transceiver system and data acquisition hardware used for
this work are broadly similar to that described in [33]. The over-

3Maalox is a commercially available antacid medicine that strongly affects
scattering without inducing significant optical absorption.
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TABLE I
MEASUREMENT PARAMETERS

Supercontinuum
laser system

Laser system

Illum. Wavelength 690 nm
Laser Repetition Rate 19.5 MHz
Histogram bin width 2 ps

Target 1 2 reference targets

with reflectivity 99% and 10% (see Fig. 7)
Scanned area 5 x5 cm
Number of pixels 150 x 150

Acquisition time Per pixel: 10 ms
Total: ~ 4 minutes
Histogram length

Average optical power

500bins (after gating)
~ 670 nW

Target 2

(see Fig. 10)

Scanned area

Number of pixels
Acquisition time
Total: ~ 24 minutes
Histogram length
Average optical power

Pipe (=8 x 5 x 3.5 cm)
5 x5 cm
120 x 120
Per pixel: 100 ms

300bins (after gating)
see Table 11

0% 9% “
! [
--—»:c—vn-».
g 4 d

(@)

Fig. 7. (a) Scheme of the first experiment with d; = 1.57 m, do = 9.1 cm
and d3 = 5.1 cm. (b) The two Spectralon targets.

all system had a jitter of ~ 60 ps full width at half-maximum
(FWHM) while we describe the other main parameters in
Table 1. The section is divided into three main parts. The first
part highlights the reconstruction of the reflectivity obtained in
the highly attenuating and scattering environment. The second
part evaluates the restoration performance of the proposed al-
gorithms while varying «.. The third part studies the restoration
limits of the proposed algorithms while varying both o and the
acquisition time per pixel Z,cq.

A. Restoration of the Reflectivity Level

It is clear from (2) that if two objects are located in an atten-
uating environment, defined by «, at a different distance from
the sensor, they will be attenuated differently. This leads to the
reflectivity distortion effect that is highlighted in this section.
The experiment considers two reference targets (spectralon pan-
els) with known reflectance (10% and 99%), that are put inside
a tank of water (dim. 40 x 25 x 25 c¢cm). The 99% reflectance
spectralon panel is located at a longer distance from the sensor
than the one at 10%, as shown in Fig. 7. Five data cubes (with
150 x 150 pixels and 500 time bins) were acquired for differ-

= = 107
a=0.6 : 1 a=14.8 %
o 0.01 2
© 05
o 0.005 1
0 0 0
1 1 1
<
[m)] 0.5 0.5 0.5
(@]
0 0 0
1 1 1
(&)
. 05 05 05
=
0 0 0
Fig. 8. Reflectivity images (150 x 150 pixels) obtained for « € [0.6,

11.3, 14.8]. (top) classical XCorr approach, (Middle) proposed CDA algorithm,
(Bottom) proposed MCMC algorithm.

10! . T . . T .

10% | | | | | |
0 20 40 60 80 100 120 140

Fig. 9. Reflectivity lines (150 pixels) obtained for « € [0.6,5.2,11.3,
14.8,17.3] with the the classical XCorr approach (in dashed red lines), proposed
CDA algorithm (in continuous blue lines) and the proposed MCMC algorithm
(in continuous black lines).

ent attenuation levels « € [0.6,5.2,11.3,14.8,17.3] (obtained
by varying the amount of Maalox in water). Fig. 8 shows the
reflectivity images estimated by the classical and the proposed
algorithms. For clear water o = 0.6, the images show two levels
of reflectivity related to the two spectralon panels, and separated
by the edge of the spectralon which appears as blue vertical
columns in the reflectivity maps. However, as « increases, the
reflectivity levels of the classical algorithm decrease differently
in the two regions, until we obtain a uniform reflectivity map
(same level in the two regions) for « = 14.8. Indeed, the return
from the 99% reflectance spectralon panel is attenuated more
than the 10% reflectance one, since it is located at a longer dis-
tance. This distortion effect is corrected by the proposed CDA
and MCMC algorithms that recover the true reflectivity level
under the different conditions of attenuation, as shown in Fig. 8
(middle) and (bottom). Fig. 9 shows the average of the rows of
the reflectivity maps when varying «, for the three algorithms.
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Fig. 10.

TABLE II
ATTENUATION LEVELS FOR THE UNDERWATER PIPE MEASUREMENT

Fraction of Maalox (x10~*) 0 0.29 0.60 1 1.22 1.28
AL 0.9 2.5 4.1 6.7 7.5 8.1
SBR 2322 2576 2344 103 13 6
SNR 505 532 592 95 32 22
Average optical 0.5 11 235 850 850 850
power (11 W)

The concentration of Maalox is obtained by dividing the volume of Maalox by the
volume of the water (67 liters).

When increasing «, the classical algorithm (red lines) presents
decreasing levels that end-up to be the same for o = 14.8 and
slightly inversed for « = 17.3. The CDA and MCMC algorithms
provide almost the same reflectivity results under different lev-
els of a.. The observed small differences are mainly due to the
presence of a high background noise for large «, which affects
the restoration performance of the proposed algorithms.

B. Restoration of Underwater Depth and Reflectivity Images

This section evaluates the performance of the proposed
restoration algorithms when considering six real data cubes (of
size 120 x 120 pixels and 300 time bins) of a plastic pipe, put
at a stand-off distance of 1.68m in water. Fig. 10 presents the
experimental scheme and shows a picture of the plastic pipe
target. The scans were performed with an acquisition time of
100ms per pixel and different attenuation levels as shown in Ta-
ble II. The latter also shows the SBR and SNR levels estimated
experimentally using a spectralon with known reflectivity. We
provide these levels to link the analysis of this part to that on
synthetic data.

Table III shows the SRE obtained with the studied algorithms.
Since the classical approach does not consider the attenuation

1.76

Scheme of the second experiment showing a photograph of the plastic pipe target.

TABLE III
SRE (IN DB) OF THE RESTORED DEPTH AND REFLECTIVITY
IMAGES W.R.T. THE ATTENUATION LENGTHS (AL)

Attenuation lengths

0.9 2.5 4.1 6.7 7.5 8.1

Depth Class. 717 499 493 548 36.4 342

CDA 822 500 494 584 50.3 48.1

MCMC — 50.0 493  56.1 46.4 432

Reflectivity Class. 1.5 0.0 0.0 0.0 0.0 0.0
C.Class. 47.0 11.2 11.0 10.1 -0.3 —10.9

CDA 595 111 11.0  11.0 34 -7.5
MCMC - 11.1 1.0 109 2.7 —8.4

TABLE IV

PROCESSING TIME (IN SECONDS)

Attenuation lengths

0.9 2.5 4.1 6.7 75 8.1
CDA 21 21 21 21 18 17
MCMC 529 513 514 524 496 494

effect, and for fair comparison, we have also included a sophis-
ticated version that has a corrected reflectivity and is denoted by
“C. Class.” (reflectivity is corrected using the known coefficient
a and the estimated depth image). The algorithms proposed
in this paper outperform the classical approach except for the
reflectivity at the highest AL. In addition, the proposed algo-
rithms show similar performance with slightly better results for
CDA whose hyperparameters have been adjusted to provide the
highest SRE. Note that the MCMC algorithm also provide good
results while automatically adjusting the MRF hyperparameters.
However, this is achieved at the cost of significantly longer pro-
cessing time, as highlighted in Table IV. Figs. 11 and 12 show
examples of the obtained depth and reflectivity images with the
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AL=0.9 AL=2.5

AlL=4.1

Fig. 11.

AL=6.7 AL=7.5 AL=8.1

-

0.5

0.5

0.5

0

Depth images (120 x 120 pixels) obtained for different attenuation factors with (top) the classical XCorr approach, (middle) the proposed CDA

algorithm (bottom) and the proposed MCMC algorithm. The colormap is fixed for all images to [1.76,1.8] meters.

d;=0.1m d,= 1.68m
— __Water tank
To/from
target Target

Fig. 12. Reflectivity images (120 x 120 pixels) obtained for different at-
tenuation factors with (first row) the classical XCorr approach, (second row)
the corrected classical XCorr approach (corrected from the attenuation effect),
(third row) the proposed CDA algorithm (fourth row) and the proposed MCMC
algorithm. The colormap is fixed for all images to [0, 1.2].

algorithms for different ALs. The depths are restored well by the
two algorithms while it can be seen that CDA over-smooths the
pipe. The MCMC algorithm preserves more of the pipe contours
while retaining some noise. These effects are mainly related to
the estimated MRF hyperparameters that are different for the two
algorithms. Fig. 13 highlights the effect of the hyperparameters
on the depth images (obtained for AL = 7.5) when considering
the CDA algorithm. This figure clearly shows that high hyperpa-
rameter values lead to smooth images, while low values provide
noisy images. Considering the reflectivity images, the classical
approach is largely affected by the environmental attenuation

n =5, ¢=10

Fig. 13. Restored depth images using the CDA algorithm with different
hyperparameter values (obtained for AL = 7.5).

factor while the proposed algorithms and the corrected classical
(C. Class.) approach obtain acceptable results for AL < 7.5. For
higher attenuation lengths, the restored reflectivity images are
not satisfactory for two reasons: (i) the presence of a high back-
ground level and (ii) the measure of « is not accurate enough
because of the low signal level for these challenging scenarios,
which affects the algorithms performance.

C. Performance w.r.t. the Acquisition Times and the
Attenuation Factor

This section explores the performance of the proposed algo-
rithms when dealing with a reduced number of photons due to
a reduced acquisition time or a scattering and attenuating envi-
ronment. This evaluation is important to state the possible level
of attenuation that can be dealt with the proposed algorithms.
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TABLE V
PERCENTAGE OF USEFUL PIXELS W.R.T. tscq AND AL

Attenuation lengths

0.9 2.5 4.1 6.7 7.5 8.1

0.01 32.1 30.8 35.6 1.0 0.3 0.4
0.1 91.9 91.2 92.1 9.2 33 2.5
tacq (MS) 0.5 99.7 99.7 99.8 342 14.5 11.8
1 99.9 100.0 100.0 51.5 25.0 207
2 99.9 100.0 100.0 67.1 37.0 32.0
10 100.0 100.0 100.0 88.6 535 43.0
20 100.0 100.0 100.0 95.4 61.7 48.1
100 100.0 100.0 100.0 100.0 840 726
Depth
60
< L
5 40
o
20
—AL=0.9
0 A —AL=4.9
102 107 10° AL=6.7
—AL=7.5
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Fig. 14.  Depth SRE obtained w.r.t. the acquisition time per-pixel (fucq) for

different attenuation levels. (top) CDA, (bottom) MCMC.

In this experiment, we will consider the data used in the pre-
vious section with #,.q = 100 ms (see Fig. 10). Note however
that the data format of timed events allows the construction of
photon timing histograms associated with shorter acquisition
times, after measurement, as the system records the time of ar-
rival of each detected photon. Here, we evaluate our algorithms
for acquisition times ranging from 0.01ms to 100ms per pixel.
Table V reports the percentage of non-empty pixels W.r.t. tycq
and AL. As expected, this percentage is higher for high ,.q or
low AL. Figs. 14 and 15 show the SRE as a function of t,.q for
different attenuation lengths. First note that the MRF parameters
of the CDA algorithm have been adjusted to provide the best
SRE results, which explain why CDA outperforms MCMC in
some cases. As expected, the algorithms performance generally
decreases while reducing the acquisition times or increasing
the attenuation levels. As AL increases, the algorithms require
more acquisition time (i.e., more informative pixels) in order
to obtain an acceptable performance. The latter are generally
obtained for a percentage higher than 30% of non-empty pixels
and AL < 7.5. For example, when AL = 7.5, the CDA algo-
rithm requires that t,.q > 10 ms to reach a good performance
both for depth and reflectivity. Therefore, given an attenuating

30 Reergthlty
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8 10}
O
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10 | | ‘ —AL=4.9
102 107 10° 10 102 AL=6.7
—AL=7.5
30 ‘ T ‘ —— AL=8.1
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O
3 10f
=
of f\
-10 : : e
102 107 10° 10 10?
tacg (ms)
Fig. 15.  Reflectivity SRE obtained w.r.t. the acquisition time per-pixel (facq)

for different attenuation levels. (top) CDA, (bottom) MCMC.

environment defined by «, these results allow the setting of the
required acquisition times to obtain a given level of accuracy.

VII. CONCLUSION

This paper introduced a hierarchical Bayesian model and two
estimation algorithms for the restoration of depth and reflec-
tivity obtained in the limit of very low photon counts and in
a significant scattering and attenuating environment. The algo-
rithms were designed to provide the single-photon community
with useful, relatively fast, and practical tools for the image
restoration. Using some assumptions, a new formulation was
introduced leading to a log-concave likelihood that is only ex-
pressed using preliminary estimates of the DR images. The
restoration of these two images was achieved by considering
two MRF based prior distributions ensuring spatial correlation
between the pixels. The resulting joint posterior distribution was
used to approximate the Bayesian estimators. First, a Markov
chain Monte Carlo procedure based on a Metropolis-within-
Gibbs algorithm was used to sample the posterior of interest and
to approximate the MMSE estimators of the unknown parame-
ters using the generated samples. Second, a coordinate descent
approach using an alternating direction method of multipliers
algorithm was used to approximate the maximum a posteriori
estimators. Both algorithms showed comparable performance
while providing different characteristics, i.e., the MCMC algo-
rithm was fully automatic while the CDA algorithm required a
reduced computational time. Results on both synthetic and real
data showed the ability of the proposed algorithms to correct
the reflectivity distortion effect, and to restore the depth and re-
flectivity images obtained in highly attenuating environments.
Future work includes relaxing some of the assumptions of this
paper and estimating the attenuation factor o, which might lead
to better performance at the price of a higher computational cost.
Generalizing the algorithms to account for target with multiple
depth returns [20], [23] is also an interesting topic worthy of
investigation.
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Algorithm 3: ADMM for Depth Estimation.

1: Initialization

2: Initialize u(()j),dgj),Vj, w. Set k «— 0, conv«— 0
3: while conv= 0 do

for j=1:J do '
fi(cJ) - u}(cj) +d1<<])7

coercive, lower semi-continuous, and strictly convex for r?_’[%o >

0, and r; ; > 0 (which is satisfied). Since K is injective, we
obtain that C(t) = g, (Kt) + g2(t) + nTV(t) is proper, coer-
cive, lower semi-continuous, and strictly convex, thus, there is
a unique minimizer for C(¢) (see for example [16], [18], [34]).
The authors invite the reader to consult [12], [18], [19] for more
details regarding the ADMM algorithm and its convergence

4:
5:
6: end for .
7 thq — M} Zj:l (H(.j)) flgrj)’
8
9

for j=1:J do _
’l);].) — H<j>tk+1 - d](cj), .
10: ugjjl <—argmin%”m—'ugf)H2 +g; (m),
m
11: end for
12: for j=1:J do
: k+1 T G k1l = Upiq )

14: end for

15: k=k+1
16: end while

APPENDIX
ADMM ALGORITHM

Consider the optimization problem

J
argmin C (t) = argmin Z gj (H(j)t) (24)
t ¢

Jj=1

where t € RV*!, g; : R/ — R are closed, proper, convex
functions, and H () e RPN are arbitrary matrices. After de-
noting u'/) = HY) 2z € R and introducing the auxiliary vari-
able d'’) € R?s, the authors in [12], [18] introduced the ADMM
variant summarized in Algorithm 3 to solve (24). This algorithm
converges when the matrix M = [Z'j]:l (HY)T HU)] has full
rank, and the optimization problems in line 10 are solved exactly
or if their sequences of errors are absolutely summable [18]. In
our case, we have

(u(l) _ $MLO +a02)2
(1) i, ] i, ]
91 (uu) = 202

CQTMI‘;U

g2 (u®) = nllu® |1, and g5 (u?) =iz, (u?),
(25)

e )
—Qu,
+02r7;7jexp( RN

where HY = K isa Q x N binary matrix that contains a
single non-zero value (equals to 1) on each line to model
the loss of some image pixels and @) is the number of non-
empty pixels, H (2) denotes the TV linear operator as de-
scribed in [12], and H S ~ . These matrices lead to M =
Iy + K'K + H®7"H® which is a full rank matrix (K ' K
is a diagonal matrix whose values equal O in the position of
missing pixels and 1 otherwise). The updates of u(?), u(?®) in
line 10 of Algorithm 3 are straightforward and lead to ex-
act solutions. For u(!), the optimization problem has been
solved using few iterations of the Newton method [16]. Re-
garding the solution of (24), note that g; + g» + TV is proper,

characteristics.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]
(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

REFERENCES

M.-C. Amann, T. M. Bosch, M. Lescure, R. A. Myllylae, and M. Ri-
oux, “Laser ranging: A critical review of unusual techniques for distance
measurement,” Opt. Eng., vol. 40, pp. 10-19, Jan. 2001.

G. Buller and A. Wallace, “Ranging and three-dimensional imaging using
time-correlated single-photon counting and point-by-point acquisition,”
IEEE J. Sel. Topics Quantum Electron., vol. 13, no. 4, pp. 1006-1015,
Jul. 2007.

Y. Altmann, X. Ren, A. McCarthy, G. S. Buller, and S. McLaugh-
lin, “Lidar waveform based analysis of depth images constructed using
sparse single photon data,” IEEE Trans. Image Process., vol. 25, no. 5,
pp. 1935-1946, Mar. 2015.

A. Maccarone et al., “Underwater depth imaging using time-correlated
single-photon counting,” Opt. Express, vol. 23, no. 26, pp. 33 911-33 926,
Dec. 2015.

A. McCarthy et al., “Kilometer-range depth imaging at 1550 nm wave-
length using an InGaAs/InP single-photon avalanche diode detector,” Opt.
Express, vol. 21, no. 19, pp. 22 098-22 113, Sep. 2013.

A. M. Wallace, J. Ye, N. Krichel, A. McCarthy, R. Collins, and G. S.
Buller, “Full waveform analysis for long-range 3d imaging laser radar,”
EURASIP J. Adv. Signal Process., vol. 2010, no. 1, Dec. 2010, Art. no.
896708.

J. Salmon, Z. Harmany, C.-A. Deledalle, and R. Willett, “Poisson noise
reduction with non-local PCA,” J. Math. Imag. Vis., vol. 48, no. 2,
pp- 279-294, 2014.

D. Shin, A. Kirmani, V. Goyal, and J. Shapiro, “Computational 3D and
reflectivity imaging with high photon efficiency,” in Proc. IEEE Int. Conf.
Image Process., Oct 2014, pp. 46-50.

A. Halimi et al., “Restoration of intensity and depth images constructed
using sparse single-photon data,” in Proc. 24th Eur. Signal Proc. Conf.,
2016, pp. 86-90.
A. Kirmani et
pp. 58-61, 2014.
L.I. Rudin, S. Osher, and E. Fatemi, “Nonlinear total variation based noise
removal algorithms,” Phys. D, vol. 60, no. 1-4, pp. 259-268, Nov. 1992.
M.-D. Tordache, J. Bioucas-Dias, and A. Plaza, “Total variation spatial
regularization for sparse hyperspectral unmixing,” /EEE Trans. Geosci.
Remote Sens., vol. 50, no. 11, pp. 4484-4502, Nov. 2012.

O. Dikmen and A. Cemgil, “Gamma markov random fields for audio
source modeling,” IEEE Trans. Audio, Speech, Lang. Process., vol. 18,
no. 3, pp. 589-601, Mar. 2010.

C. P. Robert and G. Casella, Monte Carlo Statistical Methods. New York,
NY, USA: Springer-Verlag, 1999.

M. Pereyra, N. Whiteley, C. Andrieu, and J. Y. Tourneret, “Maximum
marginal likelihood estimation of the granularity coefficient of a Potts-
Markov random field within an MCMC algorithm,” in Proc. IEEE-SP
Workshop Statist. Signal Process., Jun. 2014, pp. 121-124.

D. P. Bertsekas, Nonlinear Programming. Belmont, MA, USA: Athena
Scientific, 1995.

J. Sigurdsson, M. Ulfarsson, and J. Sveinsson, “Hyperspectral unmixing
with [, regularization,” IEEE Trans. Geosci. Remote Sens., vol. 52,no. 11,
pp. 6793-6806, Nov. 2014.

M. Figueiredo and J. Bioucas-Dias, “Restoration of Poissonian images
using alternating direction optimization,” IEEE Trans. Image Process.,
vol. 19, no. 12, pp. 3133-3145, Dec. 2010.

M. Afonso, J. Bioucas-Dias, and M. Figueiredo, “An augmented la-
grangian approach to the constrained optimization formulation of imag-
ing inverse problems,” IEEE Trans. Image Process., vol. 20, no. 3,
pp. 681-695, Mar. 2011.

S. Hernandez-Marin, A. Wallace, and G. Gibson, “Bayesian analysis of
Lidar signals with multiple returns,” IEEE Trans. Pattern Anal. Mach.
Intell., vol. 29, no. 12, pp. 2170-2180, Dec. 2007.

al., “First-photon imaging,” Sci., vol. 343, no. 6166,



484 IEEE TRANSACTIONS ON COMPUTATIONAL IMAGING, VOL. 3, NO. 3, SEPTEMBER 2017

[21] M. Carlavan and L. Blanc-Feraud , “Sparse poisson noisy image de-
blurring,” IEEE Trans. Image Process., vol. 21, no. 4, pp. 1834-1846,
Apr. 2012.

Y. Altmann, A. Wallace, and S. McLaughlin , “Spectral unmixing of
multispectral lidar signals,” IEEE Trans. Signal Process., vol. 63, no. 20,
pp. 5525-5534, Oct. 2015.

S. Hernandez-Marin, A. M. Wallace, and G. J. Gibson, “Multilayered 3D
lidar image construction using spatial models in a Bayesian framework,”
IEEE Trans. Pattern Anal. Mach. Intell., vol. 30, no. 6, pp. 1028-1040,
Jun. 2008.

Y. Altmann, M. Pereyra, and S. McLaughlin , “Bayesian nonlinear hyper-
spectral unmixing with spatial residual component analysis,” IEEE Trans.
Comput. Imag., vol. 1, no. 3, pp. 174-185, Sep. 2015.

A. Halimi, P. Honeine, and J. M. Bioucas-Dias , “Hyperspectral unmix-
ing in presence of endmember variability, nonlinearity or mismodelling
effects,” IEEE Trans. Image Process., vol. 25, no. 10, pp. 4565-4579,
Oct. 2016.

M. Pereyra, N. Dobigeon, H. Batatia, and J. Tourneret, “Estimating the
granularity coefficient of a Potts-Markov random field within a Markov
chain Monte Carlo algorithm,” IEEE Trans. Image Process., vol. 22, no. 6,
pp. 2385-2397, Jun. 2013.

C. P. Robert and D. Cellier, “Convergence control of MCMC algorithms,”
in Discretization and MCMC Convergence Assessment, C. P. Robert, Ed.
New York, NY, USA: Springer-Verlag, 1998, pp. 27-46.

A. Halimi, C. Mailhes, J.-Y. Tourneret, and H. Snoussi, “Bayesian es-
timation of smooth altimetric parameters: Application to conventional
and delay/Doppler altimetry,” I[EEE Trans. Geosci. Remote Sens., vol. 54,
no. 4, pp. 2207-2219, Mar. 2016.

P. L. Combettes and J.-C. Pesquet, “A proximal decomposition method
for solving convex variational inverse problems,” Inverse Probl., vol. 24,
no. 6, 2008, Art. no. 065014.

L. Boyd, Sand Vandenberghe, Convex Optimization.
USA: Cambridge Univ. Press, 2004.

J. Bioucas-Dias and and M. Figueiredo, “Alternating direction algorithms
for constrained sparse regression: Application to hyperspectral unmixing,”
in Proc. IEEE GRSS Workshop Hyperspectral Image Signal Process., Evol.
Remote Sens., Jun. 2010, pp. 1-4.

S. Pellegrini, G. S. Buller, J. M. Smith, A. M. Wallace, and S. Cova, “Laser-
based distance measurement using picosecond resolution time-correlated
single-photon counting,” Meas. Sci. Technol., vol. 11, no. 6, pp. 712-716,
2000.

A. Maccarone et al., “Depth imaging in highly scattering underwater en-
vironments using time-correlated single-photon counting,” in Proc. SPIE,
vol. 9992, 2016, pp. 99 920R-8.

P. L. Combettes and V. R. Wajs, “Signal recovery by proximal forward-
backward splitting,” SIAM J. Multiscale Model. Simul., vol. 4, no. 4,
pp. 1168-1200, 2005.

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30] New York, NY,

[31]

[32]

Abderrahim Halimi (S’ 11-M’14) received the Eng.
degree in electronics from the National Polytech-
nic School of Algiers, El-Harrach, Algeria, in 2009,
and both the M.Sc. and Ph.D. degrees in signal pro-
cessing from the Institut National Polytechnique de
Toulouse, Toulouse, France, in 2010 and 2013, re-
spectively. From October 2013 to September 2015,
Y~ he was a Postdoctoral Research Associate with the
W N I University of Toulouse and the University of Tech-
W\\\\‘\\\\\\\\ mm” “m nology of Troyes, France, under the support of the

HYPANEMA ANR Project. Since November 2015,
he has been a Postdoctoral Research Associate with the School of Engineering
and Physical Sciences, Heriot-Watt University, Edinburgh, U.K. His research
activities focus on statistical signal and image processing, with a particular in-
terest in Bayesian inverse problems with applications to hyperspectral imaging,
satellite altimetry and single photon depth imaging.

Aurora Maccarone received the B.Sc. degree in
physical science from the Universit degli Studi di
Palermo, Palermo, Italy, in 2007, the M.Sc. degree
in physics from the Universit degli Studi di Palermo,
Italy, in 2011, and the Ph.D. degree in physics from
Heriot-Watt University, Edinburgh, U.K., in 2016.
Since 2016, she has been a Postdoctoral Researcher
with the Institute of Photonics and Quantum Sci-
ences, Heriot-Watt University. Her research interests
include underwater and multispectral time-of-flight
depth imaging, single-photon counting technologies,
and free-space and satellite quantum communication.

Aongus McCarthy (M’03) received the B.Sc. degree
from the University College Galway, Galway, Ireland,
in 1989, the Diploma degree in electronics engineer-
ing from the Institute of Technology, Carlow, Ireland,
in 1990, the B.Sc. degree in physical optoelectronics
from Essex University, Essex, U.K., in 1991, and the
Ph.D. degree in physics from Heriot-Watt University,
Edinburgh, U.K., in 2002. He worked in industry
from 1992 to 1997 as a Design Team Leader on the
development of a thermal transfer printing system.
He is currently a Research Fellow in the School of
Engineering and Physical Sciences, Heriot-Watt University. His research in-
terests include optical and optomechanical system design, time-of-flight depth
imaging, single-photon counting technologies, and microscope systems. He is
a member of the Optical Society of America and the IEEE Photonics Society.

Stephen McLaughlin (F’11) was born in Clydebank,
U.K., in 1960. He received the B.Sc. degree in elec-
tronics and electrical engineering from the University
of Glasgow, Glasgow, U.K., in 1981 and the Ph.D.
degree from the University of Edinburgh, Edinburgh,
\ U.K., in 1990. From 1981 to 1984, he was a Devel-
opment Engineer in industry. In 1986, he joined the
University of Edinburgh where he studied the per-
formance of linear adaptive algorithms in high noise
and nonstationary environments. In 1988, he joined
the academic staff at Edinburgh, and from 1991 to
2001, he held a Royal Society University Research Fellowship to study non-
linear signal processing techniques. In October 2011, he joined Heriot-Watt
University as a Professor of Signal Processing and the Head of the School of
Engineering and Physical Sciences. His research interests include adaptive sig-
nal processing and nonlinear dynamical systems theory and their applications to
biomedical, energy and communication systems. In 2002, he became a personal
Chair in Electronic Communication Systems at the University of Edinburgh.
He is a Fellow of the Royal Academy of Engineering, the Royal Society of
Edinburgh, and the Institute of Engineering and Technology.

k)

)

Gerald S. Buller received the B.Sc. (Hons.) degree
in natural philosophy from the University of Glas-
gow, Glasgow, U.K., in 1986 and the Ph.D. degree
in physics from Heriot-Watt University, Edinburgh,
U.K.,in 1989. He is currently a Professor of physics at
Heriot-Watt University. In 2002, he cofounded Helia
Photonics Ltd., based in Livingston, U.K. In 2015,
he received an EPSRC Established Career Fellow-
ship in Quantum Technology to research sparse pho-
ton imaging. His current research interests include
single-photon detection methods, particularly at in-
frared wavelengths, and applications involving the use of single photons. These
applications include single-photon depth imaging and novel quantum commu-
nications protocols. He is a Fellow of the Royal Society of Edinburgh, the UK
Institute of Physics, and the Optical Society of America.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


