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Abstract Tomographic particle image velocimetry is a recently-developed technique for three components
- three dimensional (3C-3D) velocity field measurements. Currently Tomo-PIV requires a high
computational cost for the determination of the particles distribution in the control volume. The process
implies the application of the iterative multiplicative algebraic reconstruction technique (MART) in order to
estimate the intensity of each voxel. The process can last several hours for each velocity field measurement;
e.g., the reconstruction of a 730 x 730 x 184 voxels is performed in about 1 hour (Scarano et al 2006) with
the standard method based on 5 MART iterations. In the present study an alternative approach to
tomographic reconstruction is proposed, founded on the fast determination of a reliable first guess for the
distribution of light intensities. Thanks to a multigrid approach (MG), a relevant reduction of both the
computational cost and the memory storage is obtained, with also a slight accuracy improvement. A
performance assessment is conducted by means of artificial images; the multigrid reconstruction technique
and standard MART method performances are compared on a 1000 x 1 x 200 voxels control volume. An
improved version of the technique based on the estimation of the first guess by means of Multiplicative Line
Of Sight (MLOS - Atkinson and Soria 2009) is also presented. The results show that, by using the MG
approach, the reconstruction is performed approximately 5 times faster with respect to the standard method
at the optimal seeding density of 0.05 particles per pixel for a 4 cameras setup, when the calculation of the
weighting matrix is not taken into account. The improved version MLOS-MG-MART, instead, performs the
reconstruction almost 7 times faster for the aforementioned value of seeding density. Furthermore, the
memory needed to store the weighting elements is reduced by approximately 4 times and 44 times for MGMART and MLOS-MG-MART respectively. Finally, an assessment of the algorithm performances on
volume reconstruction is illustrated, showing that the process can be performed with 19 and 5 times less
memory for MLOS-MG-MART and MG-MART respectively, being the seeding density of 0.025ppp on the
projections. The speed of reconstruction is increased by 8 times for MG-MART, and 12 times for MLOSMG-MART in the same configuration.

1. Introduction
Tomographic Particle Image Velocimetry (Tomo-PIV) relies on the tomographic reconstruction of
the diffraction light intensity distribution scattered by seeding particles into the fluid, recorded
simultaneously by multiple CCD cameras from different viewing directions. Tomo-PIV allows the
measurement of the fully 3C-3D velocity field, with higher seeding density with respect to 3D
particle tracking velocimetry (Maas et al 1993) and Digital Defocusing PIV (Pereira and Gharib
2001), and with a relatively simple experimental setup, if compared to Holographic PIV (Hinsch
2002). The technique has been mainly used for the investigation of turbulent flows for its reliability
in tracking the particle motion by means of spatial cross-correlation analysis (Schroder et al. 2008,
Scarano and Poelma 2009).
Currently the problem of reconstruction is commonly handled by means of iterative algebraic
reconstruction techniques (Herman and Lent 1976), well suited in configuration with limited data
and arbitrary viewing directions. The use of the Multiplicative Algebraic Reconstruction Technique
(MART) is particularly indicated for the problem of tomographic reconstruction of high contrast
objects, such as the diffraction-limited particle images. Unfortunately both the high computational
cost and the relevant demand in terms of memory storage make it difficult the spreading of the
technique as a common tool for 3C-3D velocity measurements.
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Several solutions have been developed in order to reduce the computational cost of Tomo-PIV
reconstruction. Worth and Nichels (2008) developed a multiplicative first guess (MFG) to
accelerate the process; however, an efficient use of MFG technique entails the storage of the entire
weighting matrix, introducing a relevant limitation in practical application. Atkinson and Soria
(2009) proposed a multiplied line of sight intersection approach, followed by the application of a
simultaneous multiplicative algebraic reconstruction technique (MLOS-SMART), obtaining a
reduction in reconstruction time by approximately 3.8 times for 0.05 ppp (particles per pixel).
However, this advantage quickly collapses with the increasing of the seeding density.
In the following a novel technique is presented, consisting in the initial reduction of the dimension
of the reconstruction problem by means of clustering pixels in 2x2 kernels, maintaining, at the same
time, a resolution ratio equal to one between voxels and pixels. The combination of the presented
multigrid approach with MLOS performs the reconstruction noticeably faster than the standard
method based on 5 MART iterations; a remarkable reduction in the memory needed to store the
weighting matrix is also obtained. Furthermore, with the same number of iterations, a slight
improvement in accuracy is observed.

2. Tomographic reconstruction
The distribution of the light scattered by the tracer particles, imaged instantaneously by multiple
CCD arrays or cameras from different viewing directions, is a function of three spatial coordinates.
The problem of tomographic reconstruction can be formulated as follows: given a finite set of
projections of an object function f(X,Y,Z), determinate the best estimate of it.
A wide variety of algorithms has been developed; currently the most adopted techniques in medical
and astronomical imaging involve convolution and Fourier transform. The main drawback is that
these techniques require a large amount of uniformly spaced projections; this optimal condition is
not achievable in the case of Tomo-PIV, in which the observed object is unsteady (also in case of
steady velocity field), and the number of optical access to the facility is usually limited.
Anyway, the algebraic reconstruction techniques (Herman e Lent 1976) showed to be well suited
for the reconstruction of diffraction limited particle images, involving high spatial frequencies. The
algebraic methods imply the discretization of the control volume as a 3D array of cubic voxels. A
cubic voxel element is a compact support function, centred in the physical space point of
coordinates (X,Y,Z), with a uniform non-zero value f(X,Y,Z) inside and zero elsewhere. The
imaging process is modelled as a set of linear equations, derived by weighted discrete integration of
the voxel intensity along each pixel’s line of sight, determining the values of the projections:
N vox

p( xi , yi ) = ∑Wi , j ⋅ f (X j , Y j , Z j )

(1)

j =1

where Nvox is the number of voxel adopted for the discretization, and p(xi,yi) is the i-th projection.
The weighting element Wi,j determines the contribution of the j-th voxel to the intensity recorded on
the i-th pixel, and is a function of the distance between the line of sight and the centre of the voxel
itself. Of course, the values of the weighting elements range between 0 and 1.
Several approaches have been adopted in literature for the computation of the elements of the
weighting matrix; e.g., a nearest neighbour criterion involves a unitary contribution if the voxel is
intercepted by the line of sight, and zero elsewhere. Anyway, this approach lacks in accuracy,
determining discretization artefacts. In the present study, the weighting elements are estimated with
a voxel/line of sight interception similar to that used by Elsinga et al (2006a), i.e. the contribution of
each voxel is determined as the intersecting volume between the line of sight (represented as an
equivalent cylinder, with cross sectional area equal to that of the pixel) and the voxel, modelled as a
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an equivalent sphere. The intersecting volume is then normalized with the volume of the voxel, and
it depends only on the resolution ratio (i.e. the diameters of the cylinder and of the sphere) and the
distance between the line of sight and the centre of the voxel (Lamarche and Leroy, 1990).
The linear system (1) is largely undetermined, i.e. a wide set of different solutions could be found.
The huge dimensions of the system of equations prevent the solution by means of the classical
optimization method, and several iterative algorithms have been developed. Anyway, each of them
solves the system under a different optimization criterion; an analysis of the reconstruction
algorithms showed that MART provides better performances with a smaller number of iterations
(Atkinson and Soria 2007), and for this reason it is widely used for Tomo-PIV. Anyway, the
reconstruction could be affected by artefacts, commonly defined ghost particles (Maas et al 1993),
due to unresolved ambiguities on the position of the particles along the depth direction at the
intersections of the lines of sight.
Starting from a suitable initial guess for the volume distribution f0(X,Y,Z), MART updates the
object function as follows:

⎛
⎞
⎜
⎟
p( xi , yi )
⎜
⎟
k +1
k
f (X j , Y j , Z j ) = f (X j , Y j , Z j )⋅ ⎜ N vox
⎟
⎜ ∑Wi , j f k (X j , Y j , Z j ) ⎟
⎜
⎟
⎝ j =1
⎠

µWi , j

(2)

where k is the iteration number, and µ is the relaxation parameter, chosen to be less than one in
order to satisfy the stability criterion of the technique (Herman e Lent 1976). One iteration implies
an external loop on the pixel values, and an internal loop with correction of each voxel by a factor
based on the ratio between the recorded pixel intensity and the projection of the voxel intensity
values along the line of sight. MART converges to the maximum entropy solution, i.e. the most
probable solution based on the recorded values.
This commonly used approach is characterised by two main bottlenecks:
1. At the state of art, the entire weighting matrix storage could not be achieved. E.g., for a
typical volume of 1000x1000x200 voxels, imaged by four cameras with 1 Mpixel , the
weighting elements require approximately 3200 Tb of memory, making it impossible the
storage of the entire matrix. Fortunately, each voxel contributes only to a small portion of
the recorded intensities, i.e. the weighting matrix is very sparse. If each voxel is supposed to
project onto a grid of 3x3 pixel for each camera (it is effectively checked if the resolution
ratio between voxel and pixel is approximately one, but it’s not exactly verified in case of
higher ratios), for the aforementioned configuration only 9 x Nvox x Ncam (Ncam being the
number of cameras) have to be stored, reducing the required memory to about 86Gb, again
well beyond the possibility of the actual workstations.
2. Algebraic methods are mainly affected by high computational cost requested in order to
achieve a satisfying solution of the problem. Adopting a sub-grid approach, similar to that of
Atkinson and Soria (2009), each MART iteration requires approximately np x Ncam x Nvox
operations, where np is the number of pixel influenced by the projection of a voxel. For the
aforementioned configuration, approximately 7.2 x 109 operations are requested.

3. The Multigrid reconstruction scheme
The proposed multigrid scheme aims to individuate an accurate first guess for the iterative
reconstruction process with MART. The idea is founded on two main observations:
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1. In a typical PIV setup the seeding density is set to about 10 particles for each 323 voxel
interrogation region; for the commonly adopted resolution ratio and optical setup, the
diameter of the particles is approximately 3 voxels, i.e. only 10 x 3 x 3 x 3 voxel intensities
are relevant in the reconstruction process, corresponding to about 1% of the voxels in each
interrogation region (Atkinson and Soria 2009). The multiplicative correction of the
equation (2) implies that voxel with zero intensity will be no more corrected, and the
calculation of the weighting elements relative to that voxel will be useless. Hence, the
identification of zero intensity voxel deals with the reduction of the number of operations
for the calculation of the weighting elements and for each MART iteration, and an
abatement of the dimension of the weighting matrix.
2. The MART solution depends upon the initial guess, i.e. different initial distribution can
result in different object functions. A commonly adopted solution is the uniform first guess
(Elsinga et al 2006a), but several alternative options have been proposed, such as the
Multiplicative First Guess (Worth and Nichels 2008) or the Multiplicative Line Of Sight
(Atkinson and Soria 2009), coupled with SMART (Simultaneous MART). However, the
main drawback is that these approaches alone provide no attenuation of the ghost particles.
This is the reason why MLOS-SMART requires 40 SMART iterations to reach
approximately the same accuracy of 5 MART iterations; because of this, MLOS-SMART
approach leaks in velocity, with increasing the seeding density, with respect to the classical
reconstruction process.
A multigrid approach, based on MART corrective procedure, can be implemented in order to
exploit the possibility of finding locations with zero intensity, and at the same time to obtain a
suitable first guess, with attenuated ghost particles with respect to that of MLOS and MFG
approaches.
The problem is reduced in its dimensions by adopting a coarser grid (in the present work a factor of
compression equal to 2 is chosen), lowering the number of the unknown intensity value of the
voxels. At the same time, a resolution ratio between voxels and pixels possibly equal to 1 is
maintained, in order to obtain the best performances in terms of the accuracy of the reconstruction
(Elsinga et al 2006a). Hence camera images are compressed by the same factor of the volume,
gaining simultaneously in terms of memory storage and computational effort in the calculation of
the weighting elements.
The structure of the algorithm is illustrated in Fig. 1. The main steps are summarised in the
following:
Step 1: compression of the camera images by means of clustering pixels in 2x2 kernels. The
corresponding intensities values of each pixel on the compressed projections are determined
through simple arithmetical average.
Step 2: calculation of the weighting matrix for the compressed configuration, by means of a subgrid method, i.e. each voxel projects onto a grid of 3x3 voxels, reducing the number of weighting
elements to 9 x Nvox x Ncam / 8, where Nvox is the number of voxels in the original configuration. The
compression implies a reduction of the memory storage by a factor 8; anyway, for the commonly
used volume dimensions, this device could not be enough to make it possible the storage of the
entire matrix. For this reason, the multigrid technique can be enhanced by coupling the method with
MLOS, further reducing the memory necessary for the storage of the weighting matrix of the
compressed configuration.
Step 3: one or more MART iterations are performed for the compressed configuration; typically
two iterations are sufficient to achieve a suitable first guess.
Step 4: the obtained distribution is interpolated onto the original grid, in order to determine the first
guess for the successive MART iterations. A nearest neighbour approach is not advisable, because
it can cause deletion of particle tails; in the present study linear interpolation is adopted. The effect
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of the interpolation method on computational cost and accuracy of reconstruction has not been
investigated yet.
Step 5: calculation of the weighting matrix on the original configuration. The process is
consistently accelerated by having found a relevant percentage of voxels with zero intensity; hence,
for this reason the memory usage is further reduced, the weighting matrix demanding only the
storage of 9 x Nnz-vox x Ncam elements (Nnz-vox is the number of non-zero intensity voxels).
Step 6: execution of the classical MART iterative process starting from the provided first guess.
The computational cost is reduced to up np x Nnz-vox x Ncam operations for each iteration.

Compression

Reconstruction

Interpolation

Fig. 1 Schematic representation of the working principle of the multigrid reconstruction technique
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4. Performance assessment
Similarly to the approach used in other studies (Elsinga et al 2006a, Worth and Nichels 2008,
Atkinson and Soria 2009), a two-dimensional object is reconstructed starting from several 1-D
projections 1020 x 1 from different viewing directions. Gaussian particle images in a 1000 x 1 x
200 voxels slice are generated at random locations by means of Monte Carlo technique. The
diameter d of the particle images is set to 3 voxels, and a resolution ratio between voxels and pixels
equal to 1 is adopted. The viewing directions are fixed in order to obtain a symmetric arrangement;
for the 3 cameras system (φ=-30°,0°,30°) the viewing angles are equally spaced with a step of 30
degrees, while for the 4 cameras and 5 cameras system (φ=-30°,-10°,10°,30° and φ=-40°,20°,0°,20°,40°, respectively) a step of 20 degrees is chosen. Cameras are placed at infinity, with
uniform magnification over all the field of view equal to 1. Particles are assumed to be equal, with a
maximum intensity of 75.
The particle seeding density ranges between 0.01 and 0.2 ppp, corresponding to density source
Ns=ppp·πd2/4 varying between 0.03 and 0.6.
The quality of the reconstruction is quantified in terms of the correlation between the reconstructed
intensity field fR(X,Y) and the virtually generated distribution of particles fG(X,Y):

∑ [ f ( X , Y ) ⋅ f ( X , Y )]
G

Q=

R

X ,Y

∑
X ,Y

(3)

f G2 ( X , Y ) ⋅ ∑ f R2 ( X , Y )
X ,Y

The relaxation parameter in (2) is set to 1, and two different choices for the initial distribution are
assumed: for MG-MART intensity is set to be 1 for all voxels; MLOS-MG-MART implies initial
distribution estimation by means of multiplicative line of sight.
The performances of two different processes are compared to each other:
1. MG-MART: initial uniform distribution set to 1 on the compressed configuration, followed
by 2 MART iterations; the process is concluded with further 3 MART iterations on the
original configuration; the weighting matrix is pre-calculated for the compressed
configuration.
2. MLOS-MG-MART: initial distribution on the compressed configuration obtained with
MLOS; the following steps of the process are the same of MG-MART. The weighting
elements are computed only for non-zero intensity voxels.
The reconstruction qualities for the proposed techniques are shown in Fig. 2. The performance of
the process with the standard method based on 5 MART iterations is included for comparison. The
results show a systematic slight accuracy improvement for MG-MART and MLOS-MG-MART;
this is due to the fact that a reduction of the volume resolution implies smaller particle images to be
reconstructed, and, consequently, a reduction of the number of ghost particles. The signal-to-noise
ratio (SNR) in the tomographic reconstruction can be expressed as the ratio between the number of
actual particles Np and the number of ghost particle Ng (Elsinga et al. 2006b):

SNR =

Np
Ng

=

1
ppp

N cam −1

(4)

ApN cam lz

where lz is the dimension of the volume along the depth in voxel units, and Ap is the particle image
area in pixel units.
Introducing a factor of compression C to the images and to the volume grid:
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(a)

(b)

Fig. 2 Effect of seeding density and number of cameras on the quality of the reconstruction of MART, MGMART and MLOS-MG-MART. a Seeding density effect for 4 cameras at φ = -30°, -10°, 10°, 30°. b
Effect of the number of cameras for ppp = 0.05.

⎛N ⎞
SNRC = ⎜ p ⎟ =
⎜N ⎟
⎝ g ⎠C C 2 ppp

(

1

)

N cam −1

⎛ Ap ⎞
⎜⎜ 2 ⎟⎟
⎝C ⎠

N cam

lz
C

(5)

The compression of the images implies an increase of the signal-to-noise ratio:

SNRC
=
SNR

ppp N cam −1 ApN cam l z

(C

2

ppp

)

N cam −1

⎛ Ap ⎞
⎜⎜ 2 ⎟⎟
⎝C ⎠

N cam

lz
C

= C3

(6)

The reconstruction speed of MG-MART and MLOS-MG-MART is quoted relative to that of the
standard method, Fig. 3. Time for the preliminary computation of the weighting elements is not
taken into account for MART and MG-MART in the step 2 (see Section 3). For the 4-camera setup,
the multigrid approach itself increases the speed of reconstruction of almost 5 times in the case of
ideal seeding density of 0.05 ppp, while the initial execution of MLOS on the compressed
configuration guarantees a speed improvement of about 7 times, as illustrated in Fig. 3a.
Furthermore, the increase of the number of cameras improves some more the speed of
reconstruction, because of the fact that, being constant the seeding density, the number of ghost
particles decreases, and the number of non-zero locations is reduced. It can be seen that MLOSMG-MART is faster than MG-MART at low seeding density, and it better profits by the increasing
of the number of cameras because of the remarkable reduction of the number of the reconstruction
artefacts; for this reason, a lower number of weighting elements have to be calculated also for the
compressed configuration (i.e. in step 2, see Section 3). It should be also noticed that MG-MART
and MLOS-MG-MART features higher reconstruction speed with respect to the standard method
also at the highest tested seeding density of 0.2 ppp. In Fig. 4 the memory storage reduction with
respect to the classical MART reconstruction approach is reported. The simple multigrid method
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requires the storage of the weighting matrix una tantum in order to obtain an efficient
implementation, with the increase of reconstruction speed illustrated in Fig. 3. For this reason,
memory storage can be reduced by at most a factor 4, i.e. the same factor of reduction of the voxels
number. Of course, in the real 3D volume configuration, the weighting elements for the compressed
configuration are only an eight of that of the classical approach. MLOS-MG-MART allows the
reduction of memory storage of about 44 times for the simulated setup at the seeding density of
0.05 ppp. The execution of the MART iterations on the compressed configuration involves the
individuation of a more accurate first guess, and a consequent slight memory storage reduction with
respect to the straightforward application of MLOS to determine the initial distribution with the
increasing of the seeding density. Anyway, for the lower tested seeding densities, the simple
application of MLOS guarantees a slight reduction in memory storage with respect to MLOS-MGMART, connected to the fact that the latter method results in smoother particle images because of
the interpolation step (see Sec. 3), involving a higher number of non-zero voxels.

(b)

(a)

Fig. 3 Reconstruction speed of MG-MART and MLOS-MG-MART relative to that of 5 MART iterations. a
Effect of seeding density for 4 cameras setup. b Effect of the number of cameras for ppp = 0.05.

(b)

(a)

Fig. 4 – Memory storage reduction with respect to the classic approach for a 4 cameras setup. a) MGMART. b) MLOS-MG-MART and MLOS.
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5. Volume reconstruction simulations
The performance of the proposed technique has been tested in the reconstruction of a series of 3-D
particle distribution with an in-house program. Gaussian intensity particles, with a 3 voxel diameter,
are randomly distributed in a 7 x 7 x 7 mm volume, or 140 x 140 x 140 voxels, with a resolution of
20 vox/mm. The distribution is imaged by four cameras with 200 x 140 pixels, disposed in a
common plane, orthogonal to the depth direction and corresponding to the median plane along the

(a)

(b)

(c)

(d)

Fig. 5 – Iso-contours of intensity distributions relative to 750 particles in 140 x 140 x 140 voxels
volume. a) Generated distribution. b) Reconstruction with 5 MART iterations. c) Reconstruction with
MG-MART. d) Reconstruction with MLOS-MG-MART.
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height direction, at angles -45°, -15°, +15°, +45°. The magnification factor is set to be 0.1,
approximately uniform throughout all the control volume; the resolution ratio between voxel and
pixel is maintained close to unity. The corresponding point of each voxel (Xj,Yj,Zj) on the camera
planes (xi,yi) is determined by means of a polynomial multi-dimensional mapping approach (Soloff
et al. 1997); no calibration error is introduced. Thresholding is applied in order to eliminate the
voxels with weaker intensity from the updating process and from the calculation of the
corresponding weighting elements.
The particles number ranges between 250 and 1250, resulting in seeding density on the cameras
ranging between 0.012 and 0.063 ppp; however, the obtained results are preferable expressed in
terms of the source density Ns, in order to take into account the portion of area occupied by the
particles onto the projections.
The performance of MG-MART and the improved version MLOS-MG-MART are compared with
that of the standard method, as in Sec. 4. A comparison between the original particles distribution
and the reconstructed intensity field by means of MART, MG-MART and MLOS-MG-MART is
illustrated in Fig. 5.

(b)

(a)

(c)
Fig. 6 – Effect of seeding density for a 4 camera setup. a) Reconstruction quality. b) Reconstruction speed
relative to 5 MART iterations. c) Memory storage reduction with respect to classic approach.
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The results of the performance assessment are reported in Fig. 6. One should note that a slight
accuracy improvement with respect to the standard method is confirmed both for MG-MART and
MLOS-MG-MART.
The results show that the relative speed of MG-MART and MLOS-MG-MART is increased by
respectively about 10 and 20 times for the lowest seeding density Ns=0.09, and by approximately 3
times for both the processes regarding the highest tested seeding density of Ns=0.45. Only the time
for the MART iterations performance has been taken into account, because an efficient approach in
the calculation of the weighting matrix has not been already investigated. Anyway, currently the
multigrid approach is expected to be faster than the standard method, the latest requiring the
calculation of the necessary weighting elements for each MART iteration because of the
unachievable storage of the entire matrix in case of wide control volumes, even with the
aforementioned sub-grid approach (Atkinson and Soria, 2009). Otherwise, the multigrid technique,
for relatively low seeding densities, could allow the storage of the weighting matrix, as illustrated in
Fig 6c; on the other hand, if the storage of the weighting matrix even in the compressed
configuration is not possible, the number of elements of the weighting matrix is considerably
reduced, owing the possibility to perform the iterative process with a remarkable reduction in
processing time. Hence, the impossibility to store the entire weighting matrix in the standard
method implies that the presented results represent an underestimation of the effective performance
of the algorithm in terms of computational cost.
The 3-D simulations confirm also that the calculation of a suitable first guess for the compressed
configuration with MLOS determines a noticeable reduction in memory storage; the dimension of
the weighting matrix is reduced by about 7 times and 56 times, for MG-MART and MLOS-MGMART respectively, at the lowest seeding density of Ns=0.09, while for the highest tested seeding
density the decrease is about 3 times for both method. Anyway, in the authors’ opinion, a source
density of Ns=0.18, corresponding to 0.025ppp, could be sufficient for 3D PIV processing, resulting
in average 11.6 particles for each of the 403 interrogation volumes. In this configuration MLOSMG-MART and MG-MART perform the reconstruction approximately 12 times and 8 times faster,
with a reduction of memory storage of about 19 times and 5 times respectively.
The straightforward application of MLOS exhibits an advantage in terms of memory storage
reduction with respect to both MLOS-MG-MART and MG-MART, for the reason mentioned in
Sec.4. Clearly the smoothing of the particle shape determines a more noticeable gap between
MLOS and MLOS-MG with respect to the two-dimensional simulations (see Sec. 4) because the
effect of interpolation affects a higher number of voxels. Anyway, the gap between the two
different approaches collapses with increasing of the seeding density because of the more intense
presence of ghost particles in case of direct application of MLOS.

Conclusion
A novel multigrid approach to tomographic reconstruction has been proposed. The performance has
been assessed by means of reconstruction of Gaussian generated particle distributions, both in 2D
slice and 3D volume configuration. For the typical adopted experimental configuration, with the
particle image diameters ranging between 2 and 4 pixels, the new technique has shown to obtain a
slight accuracy improvement. Furthermore, the speed of reconstruction is increased by a factor 5,
with respect to the standard method based on 5 MART iterations, for the 4-camera setup in the slice
reconstruction with a seeding density of 0.05ppp, and with about 4 times less memory storage. It
was also observed that coupling the multigrid approach with estimation of the first guess
distribution of the compressed configuration by means of MLOS can reduce further the memory
storage by approximately 44 times in the same conditions, and the reconstruction can be performed
even 7 times faster.
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Volume reconstructions show a less substantial memory storage reduction; MLOS-MG-MART
requires about 19 times less memory for the source density Ns=0.18, corresponding to average 11.6
particles for each 403 interrogation volume. The speed of reconstruction, instead, is increased by
almost a factor 12 and 8 with MLOS-MG-MART and MG-MART approaches respectively.
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