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SYSTEMS AND METHODS FOR
MONITORED TOMOGRAPHIC
RECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 17/180,397, filed on Feb. 19, 2021, which
claims priority to Russian Patent App. No. 2020123432,
filed on Jul. 15, 2020, which are both hereby incorporated
herein by reference as if set forth in full.

BACKGROUND
1. Technical Field

The embodiments described herein are related to com-
puted tomography, and more particularly to monitored
reconstruction techniques that achieve higher mean recon-
struction quality for a given average number of projections.

2. Related Art

Computed tomography (CT) is a powerful non-destruc-
tive technique for constructing detailed images of internal
object areas. Computed tomography has important applica-
tions in such fields as industry, physics, chemistry, biology,
medicine, and others. Analysis of a three-dimensional inter-
nal structure of objects is required for the study of multi-
material components, for characterization of object’s prop-
erties, or to analyze nanostructures. More problem-specific
applications include archaeology, where computed tomog-
raphy is used for the analysis of precious artifacts, or to read
historical manuscripts that cannot be manually handled.
Increased international trade requires automatization of
cargo inspection, which could be performed using tomo-
graphic analysis, and there are studies of CT application for
airport luggage inspection systems. Medical CT scanning is
widely used to diagnose muscle and bone disorders, to
pinpoint the location of tumors, and to monitor the effec-
tiveness of certain treatments.

In conventional tomography, the target object is probed
with X-rays at different angles. The tomographic projections
are collected relying on the property of X-ray attenuation as
the projections traverse the matter. Attenuation is the reduc-
tion of the intensity of an X-ray beam, used to create an
image. The attenuation may be caused by absorption or by
deflection (scattering) of photons from the beam and can be
affected by beam energy and the atomic number of the
absorber.

Active studies continue to improve both the technical side
and the diagnostic side of medical CT applications. Along
with the development of techniques and protocols for the
study of stationary objects, another actively developed
application is the study of dynamic objects, or the so-called
4D-tomography. 4D reconstruction techniques in a medical
field allow studying organs that are in continuous motion,
such as lungs and heart.

Industrial applications of 4D tomography include moni-
toring of the development of porous networks, cracking
damage, local fluid flow, and more. An important issue for
conventional CT applications is the time required to obtain
X-ray projections and to perform the image reconstruction.
It is particularly relevant in the medical field, both for
diagnostic purposes and for more advanced applications
such as guiding surgical operations. Reconstruction speed
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requirement is also present in the industry, for such appli-
cations as quality control on assembly lines.

Another important issue for conventional computed
tomography is radiation exposure, since only a small class of
studied objects has radiation resistance. The decrease of
imparted dose during tomographic scanning is of great
importance, particularly in the medical field. Different appli-
cations of computed tomography grouped by the time and
radiation exposure requirements are presented in FIG. 1.

As can be seen, applications like 3D analysis in science/
industry: inspection of composition and morphological
structure for archaecology, material science, geophysics, etc.;
4D analysis in science/industry: development of porous
networks, cracking damage, local fluid flow, etc.; and appli-
cations such as assembly quality control, travel security
scanners, cargo handling and logistics, etc., have relatively
fewer dose and time restrictions, while application like 3D
analysis in medicine: brain, spine, soft tissues, dentistry, etc.;
and 4D analysis in medicine: heart, lungs, blood vessels,
etc., have relative more dose and time restrictions.

The amount of X-ray radiation that is absorbed during the
imaging process contributes to the object’s radiation dose. In
spite of there being an understood need to reduce the
absorbed radiation dose, within an ALARA concept (As
Low as Reasonably Achievable), there is no consensus
regarding how the dose should be expressed and measured.

Multiple approaches can be used to describe the CT-
delivered dose, the most relevant being absorbed dose,
effective dose, background equivalent radiation time, and
CT dose index (CTDI). The absorbed dose is the energy
absorbed per unit of mass and it is measured in grays (Gy).
The unit of measurement for the whole-body radiation dose
(called the “effective dose”) is the millisievert (mSv). Medi-
cal doctors use the “effective dose” when they talk about the
risk of radiation exposure of the entire body, as it takes into
account how sensitive different tissues are to the radiation.

The effective dose allows a rough comparison of different
CT scenarios and scanning techniques, but it provides only
an approximate estimate of the true risk. For more precise
risk estimation, the organ dose is the preferred measurement.
Organ doses can be calculated or measured using anthropo-
morphic phantoms. In anthropomorphic phantoms ALARA
can be considered on a local level to be met using the lowest
possible exposure with the available equipment and software
while maintaining diagnostic interpretability.

The radiation dose depends on a large number of factors.
The most important are the number of projection angles, the
X-ray tube current and voltage, the size of the object, the
axial scan range, the scan pitch (the degree of overlap
between adjacent CT slices), scanning time and the specific
design of the tomograph. Requirements for newer genera-
tions of tomography scanners are defined by advanced
measurement protocols that prevent reproductive and apop-
totic death of cells after radiation injury.

Along with the optimization of set-ups based on the use
of a gantry, conventional scanners are created with a con-
trolled collection of projections with an arbitrary angle. This
is implemented in two main ways: either X-ray beams are
registered by multiple source-detector pairs for data acqui-
sition or the X-ray source-point is swept electronically. It is
always the case that the relative noise in CT images will
increase as the radiation dose decreases, which means that
there will always be a trade-off between the need for
low-noise images and the desire to achieve low doses of
radiation. If the tube current and voltage are fixed, it is
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possible to decrease the radiation dose by decreasing the
exposure time or decreasing the number of projection
angles.

Overall, optimized protocols and procedures have been
introduced, based both on the new generation of tomo-
graphic scanners and on adaptive iterative reconstruction
software, in an effort to reduce the mean imparted dose;
however, the quality of the reconstructed images given the
same protocol can, and possible should be different for
different objects. And if all objects (e.g. all medical patients)
are scanned using the same protocol, then some will absorb
an optimal radiation dose (that is, in relation to the required
reconstruction quality), some—in excess, and some will get
a dose that is insufficient to produce an acceptable recon-
struction and will have to be subjected to a re-scan with a
modified setting.

SUMMARY

Systems and methods for monitored reconstruction, con-
structing stopping rules for various reconstruction quality
metrics and the experimental evaluation thereof are
described herein. Due to stopping at different times for
different objects, the systems and methods described herein
achieve a higher mean reconstruction quality for a given
mean number of X-ray projections. Conversely, fewer pro-
jections on average are used to achieve the same mean
reconstruction quality.

According to one aspect, a system for monitored tomo-
graphic reconstruction, comprising: an X-ray generator con-
figure to generate x-ray beams for scanning an object;
detectors configured to capture a plurality of projections for
each scan; at least one hardware processor; and one or more
software modules that, when executed by the at least one
hardware processor,

receive the plurality of projections from the detectors and
as each of the plurality of projections is received, generate
a partial reconstruction, and make a stopping decision with
respect to whether or not another projection should be
obtained based on a stopping problem and that defines when
a reconstructed image quality is sufficient with respect to the
expended cost as determined by a stopping rule.

These and other features, aspects, and embodiments are
described below in the section entitled “Detailed Descrip-
tion.”

BRIEF DESCRIPTION OF THE DRAWINGS

Features, aspects, and embodiments are described in
conjunction with the attached drawings, in which:

FIG. 1 is a diagram illustrating Computed tomography
applications in reference to the restrictions on time and
radiation dose;

FIG. 2 is a diagram illustrating an example of the full
model of a monitored tomographic reconstruction process in
accordance with another example embodiment;

FIG. 3 provides images illustrating reconstructed images
for evaluated 2D sections generated in the process of FIG.
2;

FIG. 4 provides images illustrating the partial reconstruc-
tion for the images illustrated in FIG. 3 performed using the
FBP method;

FIGS. 5A-C are graphs illustrating the convergence of the
partial reconstruction results to the last reconstruction result
R, if the functions RSRE (8), NRSRE (9), and S-RSRE (10)
are used to represent the error function &(R,, 0);
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FIG. 6 is a diagram illustrating the plotted distances
between the consecutive reconstruction results for all objects
presented in the images of FIG. 3;

FIGS. 7A-C are graphs illustrating the expected perfor-
mance profiles of constructed stopping rules for reconstruc-
tion, alongside the baseline methods which stops at a fixed
stage, using the RSRE, NRSRE, and S-RSRE metrics,
respectively;

FIG. 8 is a graph illustrating the expected performance
profiles of a constructed stopping rule for reconstruction,
alongside the baseline method which stops at a fixed stage,
using the SSIM quality metric; and

FIG. 9 is a block diagram illustrating an example wired or
wireless system that can be used in connection with various
embodiments described herein.

DETAILED DESCRIPTION

In an embodiment, systems, methods, and non-transitory
computer-readable media are disclosed for a CT scanning
procedure as an anytime algorithm. Anytime algorithms as
a way of thinking about algorithms with quantifiable goals
are useful when the cost of computation (whether in terms
of time or other quantities) is comparable, or at least
relevant, in relation to the cost of error. Intelligent systems
such as decision support systems and computer vision
systems use the model of anytime algorithms to represent
and manage the trade-off between the quality of the result
and the time required to obtain it. If the tomographic
procedure is not broken down into separate stages scanning
and reconstruction, the tomographic scanning cost can be
either expressed in terms of time required to collect the
projections, or in terms of radiation dose delivered to the
object. If the reconstruction process is monitored during the
process of obtaining projections, the decision to stop the
scanning process may be made when the sufficient recon-
structed image quality is achieved. We call this approach a
monitored reconstruction.

The embodiments described herein can be configured to
build a model of the monitored reconstruction process and
evaluate its feasibility, advantages, and disadvantages.

1. Framework

One of the most important properties of anytime algo-
rithms is monotonicity, which requires the quality of the
result to be a non-decreasing function of time (computa-
tional cost) and input quality. Putting aside the input quality,
if partial reconstruction in the tomographic imaging process
is considered, each based on a limited number of currently
acquired projections, it is natural to expect the reconstruc-
tion results to “improve” over time. Thus, such imaging
process can be considered an anytime algorithm. Such a
process can be considered as a monitored reconstruction
process. In this section, a model of such a process in
accordance with at least one example embodiments is
described and its properties analyzed.

A. Projections and Partial Reconstruction

Assuming the physical properties of the tomography setup
are fixed, including the protocol for acquiring projections,
dimensions, resolution, etc., then given a fixed experimental
setup consider a sequential tomographic imaging process of
an object 6E0 (the imaging target) can be considered.
During the process, we observe a sequence of projections
X=(X,; X5; ...)according to a fixed experimental protocol.
Each XX can be viewed as a random vector dependent on 6,
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which has a sample space x and encodes both the projection
and the angle with which this projection is acquired.
Given a sequence of projections (Xq; X,; . . . ; X)€%,
tomographic reconstruction can be performed, thus obtain-
ing a reconstruction result R, (X;; X,; . . . ; X,). For the
purposes of the constructed anytime algorithm model we
will assume that the reconstruction R,(x;; . . . ; X,) is
performed after each projection X,,=x,, is acquired. The final
goal is to obtain a reconstruction result with the lowest value
of the reconstruction error (R, (x,, . . ., X,,), 0), which is
defined for any object B ® and all possible reconstruction
results. In terms of anytime algorithms by defining an error
function E it is stated that the algorithm has the property of
measurable quality; however, this does not necessarily mean
that it has recognizable quality—the precise value of the
current reconstruction error £(R,(X;, . . ., X,,), 6) might not
be possible to determine at run time. The assumed property
of monotonicity implies that the value of e(R,,(x;, . . . , X,,).
0) decreases over time (that is, as n increases).
Considering the differences in the quality of partial recon-
structions implies that the acquired projections also have a
cost. The need to balance the error of the currently available
reconstruction result and the cost of obtaining it brings
forward the problem of optimal stopping—determining the
moment when the acquisition of projections should stop and
the current reconstruction result should be considered final.
It is important that if given a fixed error function E and a
fixed experimental setup the speed of the error value &(R,
(X4, - - - » X,,), 0) has the same decrease speed for all 8 ®,
then the stopping rules are not required at all—the number
of projections required to reach a certain level of error would
be the same. Thus, to even consider stopping rules that
would allow stopping at different process stages, depending
on the collected projections and tomographical reconstruc-
tion results, the following hypothesis is needed:
Hypothesis 1 (H1) The decrease speed of the error value
&R, (x;, . .., X,), 0) depends on the object 6.
B. Projection Cost and Stopping Rules
To reflect the cost of acquired projections, whether in
terms of time or dosage, and the cost of computation
required to perform partial reconstructions, a sequence of
real-valued cost functions can be defined: c=(c,, c,(X,),
c,(Xy, X5), . . . ). Each cost function c,, has a domain %" and
denotes the total cost of acquiring projections X,=x,, . . .,
X,=x,, and obtaining a reconstruction result R (x,, ..., X,),
relative to the cost of the reconstruction error. It can be
assumed that the cost of taking no observations at all is zero
(i.e. cy=0), taking additional observations always costs a
non-negative amount, i.e. ¢,(X;, . . . , X,)<C, (Xy, - . ., X,p0
X,.1), and the cost does not converge to any finite limit, i.e.
c,(Xy, ..., X,)—o with n—eco. The total loss L,(x;, . . . , X,,)
of acquiring n projections and taking R (x,, . . ., X,)) as the
final reconstruction result is a sum of the reconstruction
error and the cost of obtained observations:

LaGxy, oo, xn) == e (21, oo, Xn), O) + CalX1, e, Xn). M

A stopping rule is defined as a sequence of functions
0=(0g, 0,(X,), 0,(X,, X,), . . . ) with @, having a domain ¥"
and 0<Q,(x;, . . ., X,)<1 for all n. The value of @,
(X;, - . ., X,) represents the conditional probability of
stopping given that n projections has been acquired and
X=Xy, . .., X,=X,. The value @, is constant and represents
the probability of acquiring no projections. With a given
stopping rule ¢ a random variable N can be defined, which
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represents the random stopping time. Stopping rule ¢ and
random stopping time N are related as follows:

a1, o, X)) ==PWN =n|Nzn, X =x1, ..., X, =x,). 2

The probability mass function of N given the obtained
observations X,=x,, X,=X,, . . . is denoted as Y=y, ¥,
(X1), - - s WolXq, Xp, - - . ), Where

Vol - )=PN=nIX =X, K, =),

Yo (x,Xs, - - )=P(N=oolX =x,Xo=x5, . . ). 3)

The stopping time probability mass functions w are
related to the stopping rule ¢ as follows:

Yo = ¢o, @

n—1
Y= (1, 2 == Gans s 3] [(L= i, s ),

=0

Yoot X2y o ) = 1= DU, s s )
n=0

The stopping problem involves choosing a stopping rule
¢ which would minimize the expected loss V(©), which can
be expressed as follows:

= ©®)
V@) = E| ) X, e KL, e ),
n=0

where the “=e” indicates the summation over values of n
from O to o, including <. In terms of the random stopping
time N the expected loss can be expressed as follows:

V(Q=E@LMX, - . -, X)) 6

The stopping problem of the monitored tomographic
reconstruction entails the minimization of the expected loss
(6) across all possible stopping rules. The solution to the
stopping problem (6) defines the time when the monitored
reconstruction process should be stopped, i.e. when the
reconstructed image quality is sufficient with respect to the
expended cost.

The introduction of stopping rules concludes the full
model of the monitored tomographic reconstruction process.
The scheme of the constructed model is presented in FIG. 2.
As can be seen, a projection x; is received at block 202, an
example of which (204) is shown. The partial reconstruction
R, then takes place at black 206. Example partial reconstruc-
tions (208) are shown. The stopping decision is then made,
e.g., by solving the problem of minimization of expected
loss (6) in block 210 and the process is then stopped, or not
at block 212.

For the sake of clarity in the subsequent sections L, R,,,
c,, are treated as synonyms of L, (X;, ....X,), R,(Xy, ...,
X,), and ¢, (X,, . . ., X,,) respectively.

C. From Anytime to Anydose

By incorporating the time required to acquire the projec-
tions X, . . . , X, and the time required to produce a
reconstruction R,, using some fixed reconstruction algorithm
into the cost functions ¢, a model of the tomographic
imaging process can be obtained as an anytime algorithm in
its general sense. By solving the stopping problem the
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required level of the reconstruction error (in terms of the
function €) can be reached in the shortest time on average,
and, conversely, obtain on average the lowest reconstruction
error given the same measurement time.

Within the scope of anytime algorithms, the cost functions
c,, are mostly associated with measurement time, which in
this case includes the time required to collect the projections
and to reconstruct the image. If an integral reconstruction
technique, such as FBP (Filtered Back Projection), is used,
then the reconstruction time and projection collection time
could be considered commensurable, and the monitored
reconstruction process with FBP may be regarded as an
anytime algorithm, capable of delivering improved recon-
struction results over time, and with the ability of stopping
the process when the result becomes satisfactory.

Integral reconstruction techniques produce poor recon-
struction results if only a small amount of projections is
available, or if the projections have low contrast and poor
signal-to-noise ratio. Algebraic techniques have an advan-
tage in this regard, but they have a significantly higher
computational complexity. Algebraic methods are iterative
and the computational time for a single iteration is compa-
rable with FBP. Monitored reconstruction process with
algebraic methods is possible if the algorithms are modified
such that the iterations are resumed from the previous state
taking into account the newly acquired projections.

An interesting special case presents itself if the time
required to acquire the projections and to perform recon-
struction is disregarded, and focus instead on the radiation
dose alone. In this case, the process can be viewed as an
“anydose” algorithm, where the optimal stopping problems
deals with joint optimization of the reconstruction quality
and radiation dose required to obtain the algorithm. In the
simplest case if each projection imparts a fixed dose ¢>0 and
the exposure between projections is negligible, the cost
functions can be defined as follows:

N

The stopping problem (6) with the observation cost func-
tion (7) requires choosing a stopping rule that would allow
reaching the desired reconstruction quality with the minimal
average number of acquired projections, i.e. the minimal
imparted dose.

D. Error Metrics

Given a fixed experimental setup in order to consider the
optimal stopping problem (6) we need to define the recon-
struction error function €(R,, 0) for an arbitrary object 0.

Defining the reconstructed image quality is in itself a
separate topic of discussion, with a multitude of existing
approaches and with many task-oriented variations. Some of
the methods of describing the reconstructed image quality
include the analysis of its spatial resolution, noise level, or
characteristic reconstruction artifacts. Some image quality
metrics try to mimic the human perception and either predict
the perceived image quality or perceived similarity between
two images. This category includes such metrics as SSIM,
ISSIM, DVQ, and others. Each of these metrics estimate in
one way or another the expressiveness of object features in
the image.

How well the partial reconstruction results R, estimate the
“ideal” reconstruction result R* (8) can be analyzed in terms
of the absolute and relative estimation errors. Three error
functions can be considered, all of them based on an L., norm
in the space of reconstruction results, interpreted as single-
channel images with real-valued pixels:

Ca(xy, . x)=RC
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1) RSRE: root square reconstruction error, or an absolute
error in terms of the L, norm:

RSRE(R,,.0)=|R,~R*(®); ®)

2) NRSRE: a normalized version of RSRE, or a relative
error in terms of the L, norm:

IR, — R ®)ll,
T

®
NRSRE(R,, §) =

3) S-RSRE: a normalization of RSRE in relation to the
sum S(R* (0)) of pixel values of the “ideal” image:

IR, — R @)l
SE® ()

(10
S —RSRE(R,, ) =

While the comparison of reconstructed images using
RSRE error (8) is the most straightforward, employing
various normalization might be beneficial for the analysis of
the effects of image artifacts and noise. The most natural
normalization NRSRE (9) is defined in relation to the L, of
the target image. The downside of this normalization pres-
ents itself when the normalization parameter |[R* (8)|, needs
to be estimated at a given process stage with a limited
number of acquired measurements, as the currently obtained
projections cannot be used to calculate the L2 norm of the
target image, and some prediction algorithms need to be
involved (see subsection I[-E). For this reason we also
consider a second type of normalization (10) based on the
Radon invariant—the sum of all pixel values of the recon-
structed image. This value corresponds to the sum of signal
values in each projection, independent from the angle,
barring noise. Thus the value of S(R* (8)) can be estimated
on any stage of the process using the available projections.

When focusing on the anytime and “anydose” aspects of
the imaging process, regardless of how the reconstruction
error is defined, it always has two distinct components. The
first component is related to the scanning setup, the prop-
erties of the object, settings of the emitter and the detector,
and the algorithm which is used to reconstruct an image
using the collected projections. The second component is
related to the number of used projections—the fewer pro-
jections that are used, the higher the error value would be.
The monitored reconstruction process does not change the
factors which influence the first component: the scanning
protocol is fixed, as well as the reconstruction algorithm.
However, different solutions for the stopping problem (6)
will lead to a different number of projections used for
different objects.

Consider a partial reconstruction result R, which was
obtained during the monitored tomographic reconstruction
process, and which has low quality, i.e. there are artifacts
which render the image useless for further analysis, such as
medical diagnostics. Does that mean that the process should
continue, and more projections should be acquired for the
image to improve? Or does that mean that the process should
be stopped, and some other experimental parameters need to
be changed? To answer these questions, one has to consider
not the absolute image quality, but rather how much the
image would change if more projections are obtained.

In a traditional tomographical imaging process the num-
ber of projections which would be taken before the recon-
struction is known in advance. In the monitored reconstruc-
tion case, it can also be assumed that the capturing protocol
defines a natural stopping point at the stage n=T, where all
projections are acquired. Thus the last reconstruction result
R is the one obtainable with all projections scheduled in the
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experiment. In order to analyze the specific impact of the
stopping rules, one goal is to measure the error component
which is related to the number of used projections. To
achieve that, the last reconstruction result R, can be
regarded, instead of the ground truth for the stopping prob-
lem. This would mean that if the error function value reaches
zero, the obtained reconstruction result is as good as it can
get with a given measurement protocol.

If it is assumed that there is a stage n=T where the process
must stop regardless of the obtained result, the problem (6)
can be described as a finite horizon stopping problem.

E. Solving the Stopping Problem

For finite horizon stopping problems with known distri-
butions of X;, X,, . . . and known functions L, (1), the
general approach for finding an optimal stopping rule is
backwards induction. A special case of the optimal stopping
problems are monotone stopping problems, for which the
backwards induction approach leads to a formulation of a
family of optimal stopping rules denoted as k-stage look-
ahead rules.

For brevity, E,_(*) can represent the conditional expecta-
tion E(*IX,=x,, .. ., X,=%,,) of a random variable given that
the first n observations are taken. Let A, denote the event
{L,<E,(L,.)}. The optimal stopping problem is defined as
monotone if Vn20: A,<A,,, in other words, if at some
stage n the loss function is not higher than the expected loss
at the next stage, then this will be true for all future stages
as well. In the terminology of anytime algorithms, the
corresponding, though stronger, requirement is one of
diminishing returns, which assumes that the improvement in
quality is largest at the early stages of the process and
diminishes over time.

Using backwards induction it can be proven that for the
monotone stopping problems an optimal stopping rule has
the following form:

Nism=min{n=0:L <E (L, )} {an

The rule N, . (11) stops at the earliest stage when the
current loss becomes less or equal to the expected loss at the
next stage. It is called a “l-stage look-ahead” rule, or a
“myopic” rule. With the loss function (1) the myopic rule
takes the following form:

N|_y,=min{n20: &(R,.0)—E, (&R, .0)<E, (c,+1)—

¢} (12)
For the case of monotone stopping problems where the
error term of the loss function (1) is expressed as a distance
p from an obtained result to some “ideal” value, i.e., &R,
0)=p(R,,, R* (0)), approximation of the myopic rule (11) is
proposed. Instead of estimating the difference between the
current error and the expected error at the next stage it is
proposed to estimate the expected distance between the
current result to the result that would be obtained on the next
stage. By means of triangle inequality, the left-hand side of
the inequality in (12) is bounded by this value. Thus, an

alternative stopping rule is obtained:

Ny =min{n = 0: E,(p(Ry, Rue1)) < = En(Car1) = Ca)- 13)

As an approach for solving the optimal stopping problem
(6) with an error term in the loss function L, (1) expressed
as an approximation error RSRE (8) of the final re-construc-
tion result R, by the partial reconstruction result R, let us use
a variant of the stopping rule N, (13) under the following
assumption:
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Hypothesis 2 (H2) The distances between two consecu-
tive tomographical reconstruction results in terms of the L,
metric decrease over time.

Using triangle inequality it can be shown that under the
hypothesis H2 at the stage when the stopping conditions for
the rule (13) are satisfied, the stopping problem becomes
monotone starting from this stage and it is optimal to stop.
The rule (13) then takes the following form:

NEFE = minfn 2 0: By (IR, = Runll) = S En(can) =) (19

In the cases of NRSRE (9) and S-RSRE (10), the stopping
rule (14) can be used under the same hypothesis H2.
However, the expression on the right hand side of the
inequality needs to be multiplied by |[R*(0)|, and S(R*(8)),
respectively. Since from the perspective of a stopping rule
the best approximation of the ground truth is the reconstruc-
tion result R, on the last stage, the stopping rules for the
error functions NRSRE (9) and S-RSRE (10) can be
expressed as follows:

NSRE = minfn = 0: E,(IR, - Rus1ll) = (15)

< IRrlly - Eulnet) = )} ’

S—RSRE

A8 (16)

= min{n 2 0: E(IRy = Rustll) <
= SRP) - (EnlCas1) = en)}

F. Implementing the Stopping Rules
In the monitored reconstruction process on each stage n
we acquire an additional projection (or several projections)
and obtain a partial reconstruction result R,. In order to
apply the stopping rules constructed in the previous subsec-
tion, the following values need to be estimated:
1. The expected distance E,(|R,—R,,,ll,) between the
current reconstruction result and the next one.
2. The expected value E,(c,,. ) of the cost function on the
next stage of the process.
3. For implementation of the stopping rule (15), the
L,-norm of the last reconstruction result |[R,.
4. For implementation of the stopping rule (16), the value
of the Radon invariant S(R;), which can be calculated
by analyzing the obtained projections X;, X,, . . . , X,
The conventional method of modelling of the next result
is not applicable for the case of tomography (as the assump-
tion of the next projection x,,,, having the same value as one
of the previously acquired will lead to the same reconstruc-
tion result), thus in order to estimate the expected distance
E,(IR,—R,.,ll,) other methods should be used, such as
methods of time series forecasting. In certain embodiments,
the most basic estimation method was used where the target
expected distance is assumed to be close to the distance
between the two most recently obtained results:

ERAR [ )~IR =R - an

The method of estimating the expected cost function on
the next stage inevitably depends on the cost structure. In the
performed experiments it was assumed the “anydose” algo-
rithm model: each batch of acquired projections imparts a
fixed dose c>0, the exposure between projections is negli-
gible, the time required to perform reconstruction is disre-
garded, and the cost function is proportional to the number
of acquired projections (7). In this model, the difference
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between the expected cost function value on the next process
stage and the current cost function simply equals the con-
stant c:

18)

In order to implement the stopping rule (15) we assumed
the following dependence model between the reconstruction
result norm and the stage number n:

E,(Cp)c,=c.

ay+n

1Rx]l> ~

The model parameters a,, a,, and a, of the regression (19)
were determined at each stage n using the observed norms
IR 2 IR, - - - » |R,,|l, of the available reconstruction results
in the following way: a ternary search through the values of
a, on the outer level was used, then with a fixed value of a,
the values of a, and a, were determined using a simple linear
least squares fitting. Using the found parameters on each
stage we extrapolated the value of |[R|,.

Finally, to implement the stopping rule (16) the Radon
invariant S(R;) needs to be estimated. Its value does not
differ significantly from the values S(R,), S(R,), . . ., S(R,))
and from the sums of elements in each projection S(x,),
S(x,), . - ., S(x,,). To reduce the noise, all currently available
projections can be used to calculate:

1e 20)
SRp)~ - S
i=1

With the established framework the hypotheses can be
tested and the monitored tomographic reconstruction pro-
cess can be evaluated.

II. Experimental Evaluation

In this section the monitored reconstruction model evalu-
ation on tomographic data obtained using laboratory
microtomography setup in FSRC “Crystallography and pho-
tonics” of the Russian academy of sciences is presented.
Subsection II-A provides information about the evaluated
objects and their 2D sections, subsection [I-B is dedicated to
the evaluation of partial reconstruction errors and testing
hypotheses H1 and H2, and subsection II-C contains the
evaluation results for the implemented stopping rules.

A. Evaluated Objects

For experimental evaluation of the monitored tomo-
graphic reconstruction model described in Section I five 2D
sections of different objects were used, obtained using the
same laboratory X-ray tomography setup. Description of the
evaluated objects, their sections, and published works
related to the published imaging data, is presented in Table
1.

The sinograms are obtained using the same X-ray labo-
ratory microtomography setup developed in FSRC “Crys-
tallography and Photonics” RAS, with a high voltage source
GE ISOVOLT 3003, X-ray tube with molybdenum anode
and XIMEA-xiRay 11Mpix X-ray detector with pixel size 9
pm. There were no absorption filters between the X-ray
source and the object. All tomographic projections of all
samples were obtained with 20 mA current and 40 kV
voltage setting. The experimental characteristics which dif-
fered between the objects are listed in Table 2.
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TABLE 1

Object code Description

PG-CA Human pineal gland, section with visible calcification
PG-EM Human pineal gland, section without calcification
GB Gerbil bone section
HT Human tooth section with lead filling
PM Polylactide matrix section

TABLE 2
Charac-
teristic PG-CA PG-EM GB HT PM
Emitter- 1.3 m 1.3 m 1.2 m 12 m 1.2 m
object
dist.
Object- 0.02 m 0.02 m 0.05 m 0.05 m 0.05 m
detector
dist.
Exposition 10 s 10 s 5s 5s 25 s
Num. of 400 400 400 400 2000
projections
Angular step 0.5° 0.5° 0.5° 0.5° 0.1°

For all object sections, only the central square regions
with size 1024x1024 px were evaluated. Reconstruction was
performed using FBP method implemented in scikit image
0.16.2. Reconstructed images for the evaluated 2D sections
are presented in FIG. 3.

B. Evaluating Partial Reconstructions

For each object 360 projections in the angular range [0°,
180°) with the angular step of 0.5° were selected, sampled
at random without repetitions. The sequence of projections
is constructed once for each evaluated object and is used in
all further experiments with this object. Partial reconstruc-
tions were performed after adding five projections at a time
from the sampled sequence. The random projection collec-
tion protocol allows to demonstrate the monitored recon-
struction effects more clearly, while still remaining realistic.
For example, such a sampling protocol could be supported
with electron beam computed tomography (EBCT) set-ups.

After taking the next five projections the partial recon-
struction was performed using the FBP method. Examples of
partial reconstructions are presented in FIG. 4.

FIG. 5 illustrates the convergence of the partial recon-
struction results to the last reconstruction result R, if the
functions RSRE (8), NRSRE (9), and S-RSRE (10) are used
to represent the error function e(R,,, 0). It is clear that for
each error function the convergence speed is different for
different objects, the grouping of the objects by the conver-
gence speed is different for each error function, and no
grouping corresponds to the specific experimental charac-
teristics presented in Table 2. This data supports the hypoth-
esis H1, that the decrease speed of the error depends on the
object, at least for the error functions evaluated herein. Error
function values for the partial reconstruction results, corre-
sponding to the plots in FIGS. 5A-C are presented in Table
3.
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TABLE 3
Object RSRE (8) NRSRE (9) S-RSRE (10)
code 50 ang. 150 ang. 250 ang. 350 ang. 50 ang. 150 ang. 250 ang. 350 ang. 50 ang. 150 ang. 250 ang. 350 ang.
PG-CA 1.1240 0.5309 0.3023 0.0807 0.9175 0.4334 0.2468 0.0658 0.0017 0.0008 0.0005 0.0001
PG-EM 0.8594 0.4094 0.2287 0.0580 1.8198 0.8669 0.4844 0.1229 0.0035 0.0017 0.0009 0.0002
GB 1.5421 0.7257 0.4168 0.1101 0.9922 0.4670 0.2682 0.0709 0.0040 0.0019 0.0011 0.0003
HT 1.7632 0.8143 0.4529 0.1178 0.6263 0.2892 0.1609 0.0419 0.0015 0.0007 0.0004 0.0001
PM 0.5955 0.2858 0.1609 0.0405 2.0225 0.9705 0.5463 0.1375 0.0070 0.0034 0.0019 0.0005

To check the hypothesis H2, which is necessary to apply
the stopping rules (14), (15), and (16), derived in subsection
I-E, the L,-distances between consecutive partial recon-
struction results decrease as the number of acquired projec-
tions increases. The plotted distances between the consecu-
tive reconstruction results for all objects are presented in
FIG. 6, the corresponding distance values are presented in
Table 4. A general decreasing trend in support of the
hypothesis H2 can be observed, although some discrepan-
cies are present for object “HT”, mostly when fewer pro-
jection angles are considered.

TABLE 4
50 100 150 200 250 300 350
PG-CA 0.3680 0.1864 0.1282 0.0922 0.0785 0.0618 0.0602
PG-EM 0.3039 0.1454 0.0954 0.0719 0.0574 0.0473 0.0412
GB 0.4897 0.2552  0.1674 0.1427 0.1028 0.0895 0.0778
HT 0.6188 0.2864 0.1953 0.1448 0.1095 0.0944 0.0815
PM 0.1954 0.1000 0.0665 0.0510 0.0404 0.0340 0.0287

After the preliminary examination of the partial recon-
struction results is performed, of the constructed stopping
rules can be evaluated.

C. Evaluating the Stopping Rules

The application of the stopping rules to the process of
monitored tomographic reconstruction should allow achiev-
ing lower mean error level given a fixed mean number of
acquired projections, or, respectively, the lower mean num-
ber of projections for the same mean error level. In order to
evaluate and visualize that, it is convenient to analyze the
expected performance profiles of the stopping rules.

Such performance profiles are obtained by plotting the
mean error level (in this case it is expressed in terms of the
error function &(R,, 8) value averaged throughout the ana-
lyzed objects) of the partial reconstruction results against the
mean number of projections acquired before the stopping
condition is met, while varying the cost parameter c.

To provide a reference, in the same axes we can plot the
mean error level achieved by reconstructing the objects with
a fixed number of acquired projections. Such performance
profile gives a baseline stopping method—the one which
always stops at a fixed stage, i.e. after a fixed predefined
number of projections are acquired.

The expected performance profiles of the constructed
stopping rules, alongside the baseline methods which stops
at a fixed stage, are presented in FIGS. 7A-C. Each point of
the baseline plots is obtained by fixing the number of
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acquired projections and calculating the mean error function
value for the reconstruction results of all objects. Each point
of the stopping rule performance profile is obtained in a
different way: with a fixed value of the observation cost ¢ the
monitored reconstruction was performed for each object,
and the coordinates of the point were calculated by taking
the mean number of acquired projections (averaged through-
out the analyzed objects), and the corresponding mean error
level achieved at stopping time.

Consider points A, B, and C on FIG. 7A (corresponding
to the experiment with RSRE error function (8)). Point A
corresponds to the mean RSRE error level of 0.2627 which
is achieved if for all objects we acquired and processed
exactly 275 projection angles. Point B corresponds to the
monitored reconstruction with the stopping rule (14) and
observation cost value ¢=0.0684. According to this stopping
rule, the process stopped at different stages for different
objects—namely, it stopped after 285 projections for the
object “PG-CA”, after 220 projections for “PG-EM”, after
155 projections for the object “PM”, and it never stopped for
the objects “GB” and “HT” (which is to say that it stopped
after 360 projections were obtained). As a result, the mean
RSRE error level amounted to 0.1583. If all objects were to
stop at the same stage, 325 projections had to be processed
in order to achieve the same mean error level—on the
baseline plot it corresponds to point C.

The coordinates of points A, B, and C presented on each
subplot of FIGS. 7A-C along with the number of acquired
projections and the reconstruction error level at stopping
time for each object are presented in Tables SA-C.

It is evident that the performance profiles for the con-
structed stopping rules are positioned below the profiles of
the baseline method for all evaluated error functions, which
means that by making the stopping decision with monitored
reconstruction allows to achieve lower mean error levels
with the same mean number of acquired projections (i.e. the
same mean imparted dose) and, conversely, allows to obtain
the reconstruction result with the same mean error level by
taking fewer projections on average.

Table 6 shows the achieved mean error level (in terms of
the evaluated error functions) at stopping time, using the
constructed stopping methods, and with a restriction to the
mean number of acquired projections, which corresponds to
a restricted mean dose. The mean error values presented in
Tables 6A-C correspond to points of the stopping method’s
performance profile which yield the closest mean number of
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acquired projections without exceeding the limitation. It can
be observed, that the application of the stopping rule allows
lower mean reconstruction error levels to be achieved, than
the baseline for each evaluated error function and for each

16
TABLE 6A

a) RSRE (8) error function and N,®%E (14) stopping rule

5
restriction level. Stopping Limitation to the mean number of projection angles
TABLE 5A method =50 <100 <150 =200 =250 =300 =350
10
a) RSRE (8) error function and J,RRE (14) stopping rule Baseline 1.177 0771  0.553 0421 0312 0.211 0.081
N,SRE 1153 0739 0544 0399 0.259 0.128 0.024
Object Point A Point B Point C
15
code Angles Error Angles Error Angles Error TABLE 6B
PG-CA 275 0.2556 285 0.2382 325 0.1534 b) NRSRE (9) eror function and N SR (15) stopping rule
PG-EM 275 0.1909 220 0.2757 325 0.1120
GB 275 0.3416 360 0.0000 325 0.1984 20 Stopping Limitation to the mean number of projection angles
HT 275 0.3911 360 0.0000 325 0.2418
PM 275 0.1342 155 0.2778 325 0.0794 method =50 =100 =150 =200 =250 =300 =350
Mean 275 0.2627 276 0.1583 325 0.1570
55 Baseline 1276  0.832  0.605 0458 0341 0.229 0.088
N,VRSRE. 1228 0797 0582 0449 0206 0.138 0.025
TABLE 5B
b) NRSRE (9) error function and N,¥%E (15) stopping rule 10 TABLE 6C
Object Point A Point B Point C ¢) S-RSRE (10) error function and N,S%5%E (16) stopping rule
Error levels are multiplied by 1000
code Angles Error Angles Error Angles Error
Stopping Limitation to the mean number of projection angles
PG-CA 275 0.2086 245 0.2530 330 0.1176 35 hod % 100 150 200 %0 =300 <350
PG-EM 275 04042 360 00000 330 02185 meto = = = = =0 =0 =
GB 275 0.2198 245 0.2723 330 0.1182 Baseline  3.543 2309  1.684  1.276  0.951 0.635 0.244
HT 275 0.1389 160 0.2782 330 0.0757 N,SRSRE 3367 2162 1.504  0.893  0.595 0.226 0.087
PM 275 0.4558 360 0.0000 330 0.2472
Mean 275 0.2855 274 0.1607 330 0.1554 ] ] ]
The selection of the error function for the reconstruction
result may depend significantly on the practical application
and setup. As it was shown in subsection I-E, the construc-
TABLE 5C tion of the stopping rule requires for the structure of the error
¢) S-RSRE (10) error function and NS5 (16) stopping rule 5 function to be known,. and if other quality metr%cs are used,
Error levels are multiplied by 1000 the appropriate stopping rules should be specifically con-
) ) ) ) structed for them; however, for some quality metrics, the
Object Point A Point B Point C . . . .
stopping rules can provide good results without modifica-
code Angles Error Angles Error Angles Error tion. For example, if the structural similarity metric SSIM is
used, the stopping rule (14) outperforms stopping at a fixed
PG-CA 270 0.3939 160 0.7624 335 0.1012 0 ° pping (14) outp ppLag
PGEM 270 08170 335 0381 335  0.3851 stage (see FIG. 8 and Table 7), presumably due to a
GB 270 0.9545 360 0.0000 335 0.4477 correlation between SSIM and RSRE (8) on the analyzed
HT 270 0.3383 135 0.7507 335 0.1586 dataset. For calculation of SSIM metric we used its imple-
PM 270 1.6543 360 0.0000 335 0.7794 tation in scikit-i 0.16.2 with default . q
Mean 570 0.8316 570 0.3796 335 03924 mentation in scikit-image 0.16.2 with default parameters an
55 data range length of 1.0 for reconstructed images with
floating-point data type.
TABLE 7
Stopping Limitation to the mean number of projections
method =50 =100 =150 =200 =250 =300 =350
Baseline 0.9929 0.9968 0.9984 0.9991 0.9995 0.9998 1.0000
N RSRE 0.9944 0.9977 0.9988 0.9994 0.9998 0.9999 1.0000
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V. Conclusion

For the evaluation of a monitored reconstruction process
in an “anydose” model, five sinograms of object sections
were used, collected with the laboratory X-ray tomography
setup in a parallel scheme. Partial reconstructions were
performed in stages, where on each stage five new random
projections were drawn from the sinogram to update the
reconstructed image. FIGS. 5A-C illustrate the dynamics of
the error level, calculated in three different ways, with
regards to the process stage. Since the main experimental
parameters (projections collection protocol, tube current,
anode type, detector, etc.) were the same, the differences in
the error level curves signity the dependence of the dynamic
error behavior on inherent properties of the probed object.

It is worth to note that the ordering of plots in FIG. 5 by
the speed of the error decrease given a fixed experimental
setup and error function is interesting in itself, as it suggests
a method of objects classification by some inherent proper-
ties.

FIG. 6 shows the decrease of L,-distances between con-
secutive partial reconstruction results from stage to stage.
This decrease (referred to in the hypothesis H2) is required
in order for the constructed stopping rules to be consistent:
since these distances are thresholded in the stopping rules,
their decrease guarantees that if the stopping condition is
met, it will be met at the future stages as well (and thus it is
reasonable to stop at the current stage). Deviations from the
decreasing trend will impact the stopping rules as follows:
minor discrepancies, which lead to the observed distance
being higher than expected, such as the ones seen for the
object “HT” in FIG. 6, may lead to a delayed stopping;
however, if the measured distance will deviate in the other
direction (i.e. will be lower than expected), it could lead to
preliminary stopping before the desired reconstruction qual-
ity is reached. This could be mitigated by increasing the
number of projections added at each stage of the process.

FIG. 7 illustrates the averaged experimental profiles of
two types: reconstruction with stopping at a fixed stage (that
is, after a fixed given number of projections is collected),
and with stopping using the constructed stopping rules
(14)-(16). The presented results confirm that the monitored
reconstruction approach in an “anydose” model allows to
reduce the mean reconstruction error with a given mean
number of analyzed projections.

The experiments in Section III were conducted on 2D
sections; however, the monitored reconstruction framework
presented in Section I is applicable for a full 3D reconstruc-
tion as well. Moreover, even the results in 2D could be
relevant for practical applications, as it might be feasible to
make a stopping decision for 3D reconstruction by analyzing
partial reconstructions of one or several central sections.

One of the limitations of the monitored reconstruction
approach is the dependence on the protocol for acquiring
projections, as it is required for the partial reconstructions to
produce meaningful results, improving over time according
to a selected metric function. The random projections sam-
pling evaluated in Section II conforms to this requirement,
but may constrain the practical implementation.

A major disadvantage of the monitored reconstruction
process is the need to perform partial reconstructions in
order to estimate the change of the error level on the next
stage and implement the stopping rule. For an “anydose”
model the extra computational cost associated with partial
reconstructions is less relevant, as the main target of such
model is the reduction of the number of X-ray projections,
however it is relevant if scanning time or reconstruction time

10

15

20

25

30

35

40

45

50

55

60

65

18

is an important factor contributing to the observation cost
function (1). While for integral reconstruction methods such
as FBP the partial reconstructions can be updated after
obtaining new projection angles, in order to achieve the
same for the iterative methods, some special techniques
should be designed and implemented.

V1. Computer Environment

FIG. 9 is a block diagram illustrating an example wired or
wireless system 550 that can be used in connection with
various embodiments described herein. For example the
system 550 can be used as or in conjunction with or to
implement the processes described above, and may repre-
sent components of backend server(s), and/or other devices
used to perform the processes described. The system 550 can
be a server or any conventional personal computer, or any
other processor-enabled device that is capable of wired or
wireless data communication. Other computer systems and/
or architectures may be also used, as will be clear to those
skilled in the art.

Thus, such a server can comprise at least one hardware
processor; and one or more software modules that, when
executed by the at least one hardware processor perform the
processes described above, i.e., the process of receiving the
projections, generating eth partial reconstructions and mak-
ing the stopping decision as illustrated in FIG. 2. The
projections can be received from the scanner via I/O inter-
face 585 or possibly, communication interface 590, or even
the radio 615, which are described in more detail below.

The system 550 preferably includes one or more proces-
sors, such as processor 560. Additional processors may be
provided, such as an auxiliary processor to manage input/
output, an auxiliary processor to perform floating point
mathematical operations, a special-purpose microprocessor
having an architecture suitable for fast execution of signal
processing algorithms (e.g., digital signal processor), a slave
processor subordinate to the main processing system (e.g.,
back-end processor), an additional microprocessor or con-
troller for dual or multiple processor systems, or a copro-
cessor. Such auxiliary processors may be discrete processors
or may be integrated with the processor 560. Examples of
processors which may be used with system 550 include,
without limitation, the Pentium® processor, Core i17® pro-
cessor, and Xeon® processor, all of which are available from
Intel Corporation of Santa Clara, California

The processor 560 is preferably connected to a commu-
nication bus 555. The communication bus 555 may include
a data channel for facilitating information transfer between
storage and other peripheral components of the system 550.
The communication bus 555 further may provide a set of
signals used for communication with the processor 560,
including a data bus, address bus, and control bus (not
shown). The communication bus 555 may comprise any
standard or non-standard bus architecture such as, for
example, bus architectures compliant with industry standard
architecture (ISA), extended industry standard architecture
(EISA), Micro Channel Architecture (MCA), peripheral
component interconnect (PCI) local bus, or standards pro-
mulgated by the Institute of Electrical and Electronics
Engineers (IEEE) including IEEE 488 general-purpose
interface bus (GPM), IEEE 696/S-100, and the like.

System 550 preferably includes a main memory 565 and
may also include a secondary memory 570. The main
memory 565 provides storage of instructions and data for
programs executing on the processor 560, such as one or
more of the functions and/or modules discussed above. It
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should be understood that programs stored in the memory
and executed by processor 560 may be written and/or
compiled according to any suitable language, including
without limitation C/C++, Java, JavaScript, Pearl, Visual
Basic, NET, and the like. The main memory 565 is typically
semiconductor-based memory such as dynamic random
access memory (DRAM) and/or static random access
memory (SRAM). Other semiconductor-based memory
types include, for example, synchronous dynamic random
access memory (SDRAM), Rambus dynamic random access
memory (RDRAM), ferroelectric random access memory
(FRAM), and the like, including read only memory (ROM).

The secondary memory 570 may optionally include an
internal memory 575 and/or a removable medium 580, for
example a floppy disk drive, a magnetic tape drive, a
compact disc (CD) drive, a digital versatile disc (DVD)
drive, other optical drive, a flash memory drive, etc. The
removable medium 580 is read from and/or written to in a
well-known manner. Removable storage medium 580 may
be, for example, a floppy disk, magnetic tape, CD, DVD, SD
card, etc.

The removable storage medium 580 is a non-transitory
computer-readable medium having stored thereon computer
executable code (i.e., software) and/or data. The computer
software or data stored on the removable storage medium
580 is read into the system 550 for execution by the
processor 560.

In alternative embodiments, secondary memory 570 may
include other similar means for allowing computer programs
or other data or instructions to be loaded into the system 550.
Such means may include, for example, an external storage
medium 595 and an interface 590. Examples of external
storage medium 595 may include an external hard disk drive
or an external optical drive, or and external magneto-optical
drive.

Other examples of secondary memory 570 may include
semiconductor-based memory such as programmable read-
only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable read-only memory
(EEPROM), or flash memory (block oriented memory simi-
lar to EEPROM). Also included are any other removable
storage media 580 and communication interface 590, which
allow software and data to be transferred from an external
medium 595 to the system 550.

System 550 may include a communication interface 590.
The communication interface 590 allows software and data
to be transferred between system 550 and external devices
(e.g. printers), networks, or information sources. For
example, computer software or executable code may be
transferred to system 550 from a network server via com-
munication interface 590. Examples of communication
interface 590 include a built-in network adapter, network
interface card (NIC), Personal Computer Memory Card
International Association (PCMCIA) network card, card bus
network adapter, wireless network adapter, Universal Serial
Bus (USB) network adapter, modem, a network interface
card (NIC), a wireless data card, a communications port, an
infrared interface, an IEEE 1394 fire-wire, or any other
device capable of interfacing system 550 with a network or
another computing device.

Communication interface 590 preferably implements
industry promulgated protocol standards, such as Ethernet
IEEE 802 standards, Fiber Channel, digital subscriber line
(DSL), asynchronous digital subscriber line (ADSL), frame
relay, asynchronous transfer mode (ATM), integrated digital
services network (ISDN), personal communications services
(PCS), transmission control protocol/Internet protocol
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(TCP/IP), serial line Internet protocol/point to point protocol
(SLIP/PPP), and so on, but may also implement customized
or non-standard interface protocols as well.

Software and data transferred via communication inter-
face 590 are generally in the form of electrical communi-
cation signals 605. These signals 605 are preferably pro-
vided to communication interface 590 via a communication
channel 600. In one embodiment, the communication chan-
nel 600 may be a wired or wireless network, or any variety
of other communication links. Communication channel 600
carries signals 605 and can be implemented using a variety
of' wired or wireless communication means including wire or
cable, fiber optics, conventional phone line, cellular phone
link, wireless data communication link, radio frequency
(“RF”) link, or infrared link, just to name a few.

Computer executable code (i.e., computer programs or
software) is stored in the main memory 565 and/or the
secondary memory 570. Computer programs can also be
received via communication interface 590 and stored in the
main memory 565 and/or the secondary memory 570. Such
computer programs, when executed, enable the system 550
to perform the various functions of the present invention as
previously described.

In this description, the term “computer readable medium”
is used to refer to any non-transitory computer readable
storage media used to provide computer executable code
(e.g., software and computer programs) to the system 550.
Examples of these media include main memory 565, sec-
ondary memory 570 (including internal memory 575,
removable medium 580, and external storage medium 595),
and any peripheral device communicatively coupled with
communication interface 590 (including a network informa-
tion server or other network device). These non-transitory
computer readable mediums are means for providing execut-
able code, programming instructions, and software to the
system 550.

In an embodiment that is implemented using software, the
software may be stored on a computer readable medium and
loaded into the system 550 by way of removable medium
580, I/O interface 585, or communication interface 590. In
such an embodiment, the software is loaded into the system
550 in the form of electrical communication signals 605.
The software, when executed by the processor 560, prefer-
ably causes the processor 560 to perform the inventive
features and functions previously described herein.

In an embodiment, I/O interface 585 provides an interface
between one or more components of system 550 and one or
more input and/or output devices. Example input devices
include, without limitation, keyboards, touch screens or
other touch-sensitive devices, biometric sensing devices,
computer mice, trackballs, pen-based pointing devices, and
the like. Examples of output devices include, without limi-
tation, cathode ray tubes (CRTs), plasma displays, light-
emitting diode (LED) displays, liquid crystal displays
(LCDs), printers, vacuum florescent displays (VFDs), sur-
face-conduction electron-emitter displays (SEDs), field
emission displays (FEDs), and the like.

The system 550 also includes optional wireless commu-
nication components that facilitate wireless communication
over a voice and over a data network. The wireless com-
munication components comprise an antenna system 610, a
radio system 615 and a baseband system 620. In the system
550, radio frequency (RF) signals are transmitted and
received over the air by the antenna system 610 under the
management of the radio system 615.

In one embodiment, the antenna system 610 may com-
prise one or more antennae and one or more multiplexors
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(not shown) that perform a switching function to provide the
antenna system 610 with transmit and receive signal paths.
In the receive path, received RF signals can be coupled from
a multiplexor to a low noise amplifier (not shown) that
amplifies the received RF signal and sends the amplified
signal to the radio system 615.

In alternative embodiments, the radio system 615 may
comprise one or more radios that are configured to commu-
nicate over various frequencies. In one embodiment, the
radio system 615 may combine a demodulator (not shown)
and modulator (not shown) in one integrated circuit (IC).
The demodulator and modulator can also be separate com-
ponents. In the incoming path, the demodulator strips away
the RF carrier signal leaving a baseband receive audio
signal, which is sent from the radio system 615 to the
baseband system 620.

If the received signal contains audio information, then
baseband system 620 decodes the signal and converts it to an
analog signal. Then the signal is amplified and sent to a
speaker. The baseband system 620 also receives analog
audio signals from a microphone. These analog audio sig-
nals are converted to digital signals and encoded by the
baseband system 620. The baseband system 620 also codes
the digital signals for transmission and generates a baseband
transmit audio signal that is routed to the modulator portion
of the radio system 615. The modulator mixes the baseband
transmit audio signal with an RF carrier signal generating an
RF transmit signal that is routed to the antenna system and
may pass through a power amplifier (not shown). The power
amplifier amplifies the RF transmit signal and routes it to the
antenna system 610 where the signal is switched to the
antenna port for transmission.

The baseband system 620 is also communicatively
coupled with the processor 560. The central processing unit
560 has access to data storage areas 565 and 570. The central
processing unit 560 is preferably configured to execute
instructions (i.e., computer programs or software) that can
be stored in the memory 565 or the secondary memory 570.
Computer programs can also be received from the baseband
processor 610 and stored in the data storage area 565 or in
secondary memory 570, or executed upon receipt. Such
computer programs, when executed, enable the system 550
to perform the various functions of the present invention as
previously described. For example, data storage areas 565
may include various software modules (not shown).

Various embodiments may also be implemented primarily
in hardware using, for example, components such as appli-
cation specific integrated circuits (ASICs), or field program-
mable gate arrays (FPGAs). Implementation of a hardware
state machine capable of performing the functions described
herein will also be apparent to those skilled in the relevant
art. Various embodiments may also be implemented using a
combination of both hardware and software.

Furthermore, those of skill in the art will appreciate that
the various illustrative logical blocks, modules, circuits, and
method steps described in connection with the above
described figures and the embodiments disclosed herein can
often be implemented as electronic hardware, computer
software, or combinations of both. To clearly illustrate this
interchangeability of hardware and software, various illus-
trative components, blocks, modules, circuits, and steps
have been described above generally in terms of their
functionality. Whether such functionality is implemented as
hardware or software depends upon the particular applica-
tion and design constraints imposed on the overall system.
Skilled persons can implement the described functionality in
varying ways for each particular application, but such imple-
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mentation decisions should not be interpreted as causing a
departure from the scope of the invention. In addition, the
grouping of functions within a module, block, circuit or step
is for ease of description. Specific functions or steps can be
moved from one module, block or circuit to another without
departing from the invention.

Moreover, the various illustrative logical blocks, mod-
ules, functions, and methods described in connection with
the embodiments disclosed herein can be implemented or
performed with a general purpose processor, a digital signal
processor (DSP), an ASIC, FPGA or other programmable
logic device, discrete gate or transistor logic, discrete hard-
ware components, or any combination thereof designed to
perform the functions described herein. A general-purpose
processor can be a microprocessor, but in the alternative, the
processor can be any processor, controller, microcontroller,
or state machine. A processor can also be implemented as a
combination of computing devices, for example, a combi-
nation of a DSP and a microprocessor, a plurality of micro-
processors, one Oor more Mmicroprocessors in conjunction
with a DSP core, or any other such configuration.

Additionally, the steps of a method or algorithm described
in connection with the embodiments disclosed herein can be
embodied directly in hardware, in a software module
executed by a processor, or in a combination of the two. A
software module can reside in RAM memory, flash memory,
ROM memory, EPROM memory, EEPROM memory, reg-
isters, hard disk, a removable disk, a CD-ROM, or any other
form of storage medium including a network storage
medium. An exemplary storage medium can be coupled to
the processor such the processor can read information from,
and write information to, the storage medium. In the alter-
native, the storage medium can be integral to the processor.
The processor and the storage medium can also reside in an
ASIC.

Any of the software components described herein may
take a variety of forms. For example, a component may be
a stand-alone software package, or it may be a software
package incorporated as a “tool” in a larger software prod-
uct. It may be downloadable from a network, for example,
a website, as a stand-alone product or as an add-in package
for installation in an existing software application. It may
also be available as a client-server software application, as
a web-enabled software application, and/or as a mobile
application.

While certain embodiments have been described above, it
will be understood that the embodiments described are by
way of example only. Accordingly, the systems and methods
described herein should not be limited based on the
described embodiments. Rather, the systems and methods
described herein should only be limited in light of the claims
that follow when taken in conjunction with the above
description and accompanying drawings.

What is claimed is:

1. A method for monitored tomographic reconstruction,
the method comprising using at least one hardware proces-
sor to, for each of one or more iterations:

receive at least one projection from a detector, configured

to capture a projection for each scan of an x-ray
generator configured to generate x-ray beams for scan-
ning an object;

generate a partial reconstruction result using the at least

one projection and any previously received projections;
and

determine whether or not to obtain at least one additional

projection according to a current scanning setup based
on the partial reconstruction result.
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2. The method of claim 1, wherein the determination of
whether or not to obtain the at least one additional projection
is further based on a cost of obtaining the at least one
additional projection.

3. The method of claim 2, wherein the cost represents a
dosage of radiation of the x-ray beams to which the object
will be exposed.

4. The method of claim 3, wherein the cost of obtaining
the at least one additional projection in each of the one or
more iterations is fixed.

5. The method of claim 2, wherein the cost represents a
time for obtaining the at least one additional projection.

6. The method of claim 2, wherein the determination of
whether or not to obtain at least one additional projection
according to the current scanning setup is based on a
distance between the partial reconstruction result and an
expected reconstruction result that would be generated if the
at least one additional projection were to be received.

7. The method of claim 6, wherein determining whether
or not to obtain the at least one additional projection
comprises computing a loss based on the distance, between
the partial reconstruction result and the expected reconstruc-
tion result, and the cost.

8. The method of claim 7, wherein determining whether
or not to obtain the at least one additional projection further
comprises:

when the loss satisfies a threshold, determining not to

obtain the at least one additional projection according
to the current scanning setup; and

when the loss does not satisfy the threshold, determining

to obtain the at least one additional projection accord-
ing to the current scanning setup.

9. The method of claim 1, wherein the determination of
whether or not to obtain the at least one additional projection
is further based on an L,-norm of an estimated final recon-
struction result that would be generated if all projections
were to be obtained according to the current scanning setup.

10. The method of claim 9, wherein the L,-norm of the
estimated final reconstruction result is extrapolated based on
the L,-norms for all partial reconstruction results in a current
one and any preceding ones of the one or more iterations.

11. The method of claim 1, wherein the determination of
whether or not to obtain the at least one additional projection
is further based on an estimated Radon invariant of an
estimated final reconstruction result that would be generated
if all projections were to be obtained according to the current
scanning setup.

12. The method of claim 11, further comprising using the
at least one hardware processor to estimate the Radon
invariant S of the estimated final reconstruction result R as:

L
SRp)~ — S(x)
=1

wherein n represents a current one of the one or more
iterations, and x, represents the projection received in itera-
tion i of the one or more iterations.

13. The method of claim 1, wherein the partial recon-
struction result is generated using an integral reconstruction
technique.
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14. The method of claim 13, wherein the integral recon-
struction technique comprises Filtered Back Projection.

15. The method of claim 1, wherein the partial recon-
struction result is generated using an iterative algebraic
reconstruction technique.

16. A system comprising:

at least one hardware processor; and

software configured to, when executed by the at least one

hardware processor,

receive at least one projection from a detector, config-
ured to capture a projection for each scan of an x-ray
generator configured to generate x-ray beams for
scanning an object,

generate a partial reconstruction result using the at least
one projection and any previously received projec-
tions, and

determine whether or not to obtain at least one addi-
tional projection according to a cwrrent scanning
setup based on the partial reconstruction result.

17. A non-transitory computer-readable medium having
instructions stored thereon, wherein the instructions, when
executed by a processor, cause the processor to:

receive at least one projection from a detector, configured

to capture a projection for each scan of an x-ray
generator configured to generate x-ray beams for scan-
ning an object;

generate a partial reconstruction result using the at least

one projection and any previously received projections;
and

determine whether or not to obtain at least one additional

projection according to a current scanning setup based
on the partial reconstruction result.

18. A method for monitored tomographic reconstruction,
the method comprising using at least one hardware proces-
sor to, for an object:

for each of a plurality of iterations,

receive a plurality of projections from a detector,
configured to capture a projection for each scan of an
x-ray generator configured to generate x-ray beams
for scanning the object,
generate a final reconstruction result using all of the
plurality of projections, and
for each of a plurality of sets of one or more of the
plurality of projections,
generate a partial reconstruction result using the set
of one or more projections and any projections
that were captured before the set of one or more
projections, and
calculate an error between the partial reconstruction
result and the final reconstruction result; and
determine a minimum number of projections, required to
be obtained for the object to ensure that a desired error
level is not exceeded, based on the calculated errors
across all of the plurality of iterations.

19. The method of claim 18, wherein the error is based on
a root square reconstruction error.

20. The method of claim 19, wherein the error is a
normalized version of the root square reconstruction error.

* * * * *



