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ABSTRACT

The acquisition model of a 3D x-ray imaging system can be
understood as the combination of two known techniques: to-
mography and ptychography. First, x-rays go through a 3D
object producing a set of 2D tomographic projections at dif-
ferent angles. Then, a detector captures the magnitude of a
diffraction pattern produced by the interaction of these pro-
jections with a finite-sized coherent beam spot (also called
probe). In 2D ptychography, in order to solve this phase re-
trieval problem, the observations have to be captured with
a large overlap between them. However, this constraint can
be relaxed in 3D x-ray imaging, due to the fact that most
of the required redundant information is acquired thanks to
the combination of tomography and ptychography. In this
work, we address the so-called ptycho-tomography problem
and introduce a 3D reconstruction method that uses the gra-
dient descent algorithm. In the experimental section, the pro-
posed method is evaluated and compared against state-of-art-
methods.

Index Terms— Ptychography, Tomography, Recon-
struction Algorithms, Three-Dimensional Image Processing,
Phase retrieval

1. INTRODUCTION

Ptychography is an emerging and powerful coherent diffrac-
tion imaging (CDI) technique which is aimed at overcoming
the resolution limitations of traditional lens-based microscopy
techniques [1, 2]. In ptychography, diffraction patterns are
recorded at the detector in the far-field by scanning a large
2D object with a finite-sized coherent beam spot (also called
probe) [2, 3]. The signal acquired by the detector at each po-
sition of the scanning only preserves information of the mag-
nitude of the diffraction pattern; the phase is lost. Overlap-
ping in the scanning positions is enforced to compensate for
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Fig. 1: Illustration of the conventional and proposed tomo-
graphic acquisition settings of diffraction images in [4]. (a)
In a traditional setting, ptychographic overlap areas (shown
in darker blues) between adjacent probe positions are required
for the phase-retrieval problem. (b) In the proposed setting,
different projections of the object around a vertical axis inher-
ently provide overlaps (shown in darker blue). Thus, ptycho-
graphic overlap requirements will be relaxed.

the missing information and solve the phase retrieval prob-
lem. Combining the recorded diffraction patterns leads to
high-resolution reconstructions of the original 2D object.

Conventional ptychography, however, only yields infor-
mation of the wavefront, which represents the integral over
the complex index of refraction. To obtain interior structural
information, tomographic methods have been applied by ro-
tation of the 3D object around a rotation axis [5]. Recon-
structions in this ptychography-tomography setup (also called
ptycho-tomography) are usually done in a two-step approach.
First, 2D projections are recovered using phase-retrieval algo-
rithms, and second, tomographic reconstructions are used to
recover the 3D object from the reconstructed 2D projections.
This approach has been successfully used in different areas
such as integrated-circuit imaging [6, 7], microscopic organ-
ism imaging [8–10] and material science [11, 12]. However,
decoupling ptychography and tomography, does not take ad-
vantage of the redundant information available due to the to-
mographic scan, which could be exploited to reduce needed
ptychography overlaps, which would lead to a reduction of
the acquisition time. Gürsoy [4] demonstrated that tomo-



graphic setup inherently captures part of the redundancy re-
quired in ptychography to solve the phase retrieval problem
(see Fig. 1). This relaxes or, in some cases, avoids the overlap
constraint in ptychographic scans and significantly decreases
the data acquisition time.

Several approaches have been proposed in the literature
to solve the joint ptycho-tomography problem. Gürsoy [4]
proposed to iterate between phase-retrieval and tomography
which was experimentally verified by Kahnt et al. [13]. Later,
the Alternating Direction Method of Multipliers (ADMM)
method was explored for efficient optimization [14], which
was further augmented with Total Variation regulariza-
tion [15, 16]. Other approaches propose the use of dif-
ferent techniques to minimize a joint ptycho-tomography
objective function. For instance, [17] proposes the use of
the Levenberg-Marquardt algorithm, and [18] makes use
of automatic differentiation methods to minimize a joint
ptycho-tomography cost function. For reconstructing thick
objects, multi-slice ptychography approaches are proposed
in [19–21].

In this work, we address the 3D reconstruction problem
for joint ptycho-tomography. As in [4], we aim to exploit
the large redundancies introduced during the joint acquisition
process, which translates into a more efficient scanning of the
3D object. We model the joint ptycho-tomography acquisi-
tion process and derive a cost function that is minimized using
gradient descent (GD).

The rest of the paper is organized as follows. In section
2, we model the joint ptycho-tomography acquisition process
and propose a new algorithm to solve the 3D reconstruction
problem. In section 3, we evaluate the proposed method and
compare it with previous methods in the literature. Finally,
section 4 concludes the paper.

2. JOINT PTYCHOGRAPHY AND TOMOGRAPHY
RECONSTRUCTION

In this section, we formulate the acquisition model for joint
ptychography and tomography, and propose an algorithm to
solve the 3D reconstruction inverse problem.

Let x 2 CN3⇥1 be the unknown 3D complex object of
size N ⇥N ⇥N written as a column vector. Each component
of x is a complex number � + j�, where the real part � and
the imaginary part � are the so-called decrement of refractive

index and absorption index, respectively, and they depend on
the material to be scanned. The first part of the acquisition
process, calculates the tomographic projections of the object
at S different angles
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represents the Radon Transform at an-
gle ✓ written in matrix form, � is the wavelength of the x-ray
and exp(·) is the element-wise complex exponential function.

Then, for each of the resulting projections o✓, the pty-
chography acquisition process is modeled as
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where di,✓ 2 RM⇥1 represents the intensity data acquired
by the detector at angle ✓ at the i-th scanning position, Pi 2
CM⇥M is a diagonal matrix containing the values of the probe
at the i-th scanning position, F 2 CM⇥M is the Fourier trans-
form operator expressed in matrix form, and | · |2 represents
the element-wise squared magnitude of a complex vector.

A reconstruction of the 3D object can be obtained by solv-
ing the following non-linear least squares problem
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However, in this work we follow the formulation pro-
posed by Yeh et al. [22], who demonstrated that solving the
problem for the amplitudes instead of the intensities, leads to
a better solution of the reconstruction problem, that is,

x̂ = argmin
x
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To minimize the objective function in Eq. (4), we propose
the use of the gradient descent algorithm. Although other
solvers such as the second-order Newton method in [17] or
ADAM [23] could be used, we want to show that a simple
optimization approach such as gradient descent can produce
results comparable to recent state-of-the-art methods.

We can show that the expression of the gradient of the
objective function in Eq. (4) is given by
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The proposed method is summarized in alg. 1. We initial-
ize the unknown 3D object as a zero vector. The step size of
GD, ↵, is initialized as 0.01 and it is updated at each iteration
of the algorithm following a time-based step-size schedule,
that is, ↵(n+1) = ↵

(n)
/(1 + ✏n), with ✏ = 10�6.

3. EXPERIMENTAL RESULTS

In this section, we show reconstruction results from our simu-
lations, the convergence of the method and a comparison with
a state-of-the-art ptycho-tomography method.



Algorithm 1 GD for 3D Ptycho-tomographic Reconstruction

Require: n = 0, di,✓, x(0) = 0 and ↵
(0) = 0.01.

1: repeat
2: Calculate the gradient rx�(x(n)) using Eq. (5).
3: Update x(n+1) = x(n) � ↵

(n)rx�(x(n))

4: Set ↵(n+1) = ↵(n)

1+✏n
5: n = n+ 1;
6: until convergence

3.1. Simulation Setup

In this experiment we simulate observations of the ptycho-
tomography acquisition model, from a 3-D phantom data set
provided by the authors of [4]. The 3D object is of size 64⇥
64⇥64 voxels, where each voxel has a resolution of 10 nm. It
can be described as a set of interlaced wires of four different
materials: two strongly absorbing (gold [Aa] and platinum
[Pt]) and two weakly absorbing materials (zinc oxide [ZnO]
and titanium dioxide [T iO2]). The densities of these four
materials are 9.32, 21.45, 5.606, and 4.23 g/cm3, respectively.
A representation of the 3-D object and a 2D cross section can
be seen in Fig. 2.

To generate the observations, we set the size of the detec-
tor to 63⇥63 pixels in far-field, and the energy of the beam is
set to 5 keV. The size of the probe function is 15 pixels (150
nm) diameter with a circular shape and constant phase. In our
experiments we consider two step sizes for the probe, 4 pixels
(40 nm) and 10 pixels (100 nm) which correspond to 30% and
70% of overlap, respectively.

In the tomography setting, the object is rotated between
0 and 2⇡ radians with equal distances between the rotation
angles. In order to see how the number of projections affects
the reconstructions, we simulate observations with 100 and
400 projections. The starting point of the ptychographic data
acquisition is shifted by 1 pixel (10 nm) in order to achieve a
spiral scanning pattern to reduce border artifacts.

Diffraction patterns are simulated by applying Eq. (1) to
obtain first the tomographic projections, and then Eq. (2) to
generate the detected intensities. Then we take the square
root in order to solve the amplitude based problem in Eq. (4).
The tomographic reconstruction toolbox TomoPy [24] is used
for the Radon transform forward operator and its adjoint.

In Fig. 3 we plot the RMSE between the ground truth
3D object and the reconstruction provided by our algorithm
against the number of iterations. We observe that the RMSE
is smaller than 10�9 in 1000 iterations in all cases. For the
absorption index, Fig. 3 (a) we observe that the method con-
verges faster when the overlap is 70% and the number of to-
mographic projections 100. However, for the decrement of
the refractive index, we observe that the method converges
faster for overlap of 30% and number of projections eqaul to
400.

The reconstructions of the 3D object obtained by the pro-

Fig. 2: Render of 3D object (left) and its 2D cross-section
(right).

Fig. 3: RMSE between ground truth 3D object and the recon-
struction provided by the proposed method against number
of iterations.(a) Imaginary part which is the absorption index
(�), and (b) real part which is the decrement of the refractive
index (�).

posed method are shown at the bottom row of Fig. 4. Notice
that we only show one slice of the imaginary and real parts.
The three columns from left to right correspond to the cases
of 30% overlap and 100 projections, 30% overlap and 400
projections, and 70% overlap and 100 projections. We ob-
serve that for the case of 30% overlap and 100 projections,
the imaginary part (�) looks much noisier than the imagi-
nary parts of the other two cases. Furthermore, the circles
corresponding to weakly absorbing materials are hardly dis-
tinguished from the background. By contrast, the proposed
method reconstructs the refractive decrement (�) without sig-
nificant visual differences between the three simulation se-
tups.

The proposed method is also compared against other
ptycho-tomography reconstruction methods in the literature.
At the top row of Fig. 4 we show the results obtained by
the base line approach, which first does ptychography recon-
struction and then tomography in a separate step. We refer to
this method as Sequential. We also compare with the recent
state-of-the-art method introduced by Aslan et al. in [14],
which makes use of the ADMM framework to couple the
ptychography and tomography problems. Since, it also uses
gradient descend for inner iterations, we refer to this method
as ADMM-GD.

We observe a significant difference between the recon-
structions obtained by Sequential and the two other meth-
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Fig. 4: Visual comparison between the sequential [4], ADMM-GD [14] and the proposed reconstruction algorithm for the
absorption index (�) and decrement of the complex refractive index (�).

ods that solve both ptychography and tomography problems
jointly. For the case of 30% overlap and 100 projections, the
3D object can be barely recovered. However for ADMM-GD

and the proposed method the reconstructed object is more vis-
ible and does not show as many artifacts as Sequential recon-
structions.

Furthermore, although the reconstructions for high probe
overlaps are similar for the refractive decrement (�), the
artifacts for the Sequential method do not appear in either
ADMM-GD or our reconstructions. Similar to the low over-
lap percentages, having a low number of angles (100) with a
high overlap percentage (70%) creates tomography artifacts
in the attenuation image (�), which can be seen as spiral-
ing effects. However, ADMM-GD and the proposed method
minimize them. Despite having similar reconstructions, the
ADMM-GD approach and our method generate different ar-
tifacts. As can be seen in the first and second columns of
Fig. 4, ADMM-GD introduces more radial artifacts inside the
object that are not apparent in the proposed method. On the
other hand, the proposed method introduces different arti-
facts as can be seen in the last row of Fig. 4 at fourth and
sixth columns. It suggests that depending on the idiosyn-
crasies of each specific problem, a manual choice of the best
reconstruction method may be required.

The differences between the three considered methods are
more prominent in the imaginary part (�) reconstructions in
Fig. 4. However, for real part (�) reconstructions, the differ-
ences between the three methods are less significant.Whereas
reconstructions from ADMM-GD method show ringing arti-
facts and artifacts towards the outer regions of the object for
both real and imaginary part, these artifacts are less appar-

ent in the proposed reconstruction method. However, the pro-
posed method also introduces a different artifact than ADMM-

GD as can be seen in the last row of Fig. 4 at fourth and sixth
columns. On the other hand, most of the information from
low absorption materials is lost in ADMM-GD reconstruction;
however, the proposed method is able to recover most of the
information that ADMM-GD cannot.

4. DISCUSSION AND OUTLOOK

We have introduced a novel approach to reconstruct the
3-dimensional index of refraction from ptychographic diffrac-
tion images based on the gradient descent. In comparison to
other algorithms that decouple phase-retrieval and tomo-
graphic reconstruction, our approach avoids this intermediate
step by computing the full gradient of the full forward model.
This avoids the propagation of phase-retrieval artifacts into
the tomographic reconstruction and vice-versa.

The proposed approach performs significantly better than
the naive sequential reconstruction [4], because the redundant
information inherent in the tomography setting is now ex-
ploited. Moreover, the method performs comparable to more
sophisticated algorithms such as ADMM-GD [14].

Future work will include a comprehensive analysis be-
tween full-gradient approaches, such as ours, and algorithms
that eventually split into the two separate steps of phase-
retrieval and volume reconstruction. This will include anal-
ysis regarding probe overlap ratios, angular under-sampling,
truncation artifacts and influence of noise.
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