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a b s t r a c t

Airborne Gamma Ray Spectrometry (AGRS) with its important applications such as gathering radiation
information of ground surface, geochemistry measuring of the abundance of Potassium, Thorium and
Uranium in outer earth layer, environmental and nuclear site surveillance has a key role in the field of
nuclear science and human life. The BroydeneFletchereGoldfarbeShanno (BFGS), with its advanced
numerical unconstrained nonlinear optimization in collaboration with Artificial Neural Networks (ANNs)
provides a noteworthy opportunity for modern AGRS. In this study a new AGRS system empowered by
ANN-BFGS has been proposed and evaluated on available empirical AGRS data. To that effect different
architectures of adaptive ANN-BFGS were implemented for a sort of published experimental AGRS
outputs. The selected approach among of various training methods, with its low iteration cost and non-
diagonal scaling allocation is a new powerful algorithm for AGRS data due to its inherent stochastic
properties. Experiments were performed by different architectures and trainings, the selected scheme
achieved the smallest number of epochs, the minimum Mean Square Error (MSE) and the maximum
performance in compare with different types of optimization strategies and algorithms. The proposed
method is capable to be implemented on a cost effective and minimum electronic equipment to present
its real-time process, which will let it to be used on board a light Unmanned Aerial Vehicle (UAV). The
advanced adaptation properties and models of neural network, the training of stochastic process and its
implementation on DSP outstands an affordable, reliable and low cost AGRS design. The main outcome of
the study shows this method increases the quality of curvature information of AGRS data while cost of
the algorithm is reduced in each iteration so the proposed ANN-BFGS is a trustworthy appropriate model
for Gamma-ray data reconstruction and analysis based on advanced novel artificial intelligence systems.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Airborne gamma ray spectrometry nowadays with fast, precise
and accurate outcome improves its various applications such as
identification of lithology, facies and depositional environment,
depth correlations and core-log integration, mineralogy,
geochemistry, cyclo-stratigraphic analysis, environmental moni-
toring, especially nuclear site surveillance and emergency response
[1]. Serious incidents and accidents at nuclear power stations
require immediate measurements of radiation dose or radionuclide
pollution within the widespread affected area [2]. Real time inter-
pretation of the results of radiometric evaluation will adequately
effect the assessments to control or reduce the subsequent of

exposure. AGRS is the most commonly used quantitative and
analytical method to accelerate the radiometric survey. Recently,
some new studies have been started to improve the accuracy of
AGRS by employing advanced computer science algorithms.

Improvement the outcome of radiation instrumentation based
on data reconstruction and analysis is the most focus point of this
manuscript. We have proposed a multilayer neural network for
AGRS to improve performance by advanced optimization algo-
rithms which are inherited from stochastic properties of gamma
radiation. This ANN was trained by an advanced numerical un-
constrained nonlinear optimization, the Broydene-
FletchereGoldfarbeShanno [3]. This training method is an
optimization algorithm in the family of quadratic optimization al-
gorithms that can solve unconstrained optimization problems. This
popular algorithm for parameter estimation in machine learning
with its weight sharing, the organization of the processing ele-
ments and the connection strategies is capable to resolve much
more complex problems than the conventional ANNs. The airborne
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radiometric survey [1,3] is a complicated task consists of many
variables which belong to intensity of a measured radiation, the
detector response, and the distance between the source and the
spectrometer, those all extremely affect themeasured spectrum [1].
The approach taken to calibration, therefore, is empirical. The
proposed approach was chosen based on this complexity and sto-
chastic behavior of derivative-free gamma radiation process [5,6].

This paper evaluates a real-time airborne gamma-ray spec-
trometry [1] on ANNs which may use in an automatic environ-
mental radiation surveillance network to be used on board a light
UAV. The proposed high resolution AGRS employed a ANN trained
by an adaptive quadratic optimization algorithm [3,4] for airborne
gamma ray spectrometry [3] evaluating in different altitudes. With
regard to the complexity of AGRS and to deal with stochastic
gamma radiation an implementation of the BFGS technique [3] has
been considered. To solve the problems of using gradient differ-
ences in BFGS algorithm [3] to update the Hessian approximations
[4] we explored the advanced BFGS based methods [5].

In neural network training, because of the number of parame-
ters, error minimization may provide numerical challenge.
Although, extremely powerful approaches for function minimiza-
tion is the most focused issue in recent developments in neural
networks, enhancement of data processing, neural network archi-
tectures or other machine learning tricks together with dimension
reduction approaches can improve the performance enormously
with respect to the application data behavior.

To this effect we have utilized an advanced neural network ar-
chitecture and tricks for AGRS to achieve the aforementioned goals,
based on gamma ray stochastic inherent trait. The second-order
stochastic Hessian or Hessian-free based optimization method
[4,5] for deep networks with negative curvature direction detection
has attracted attention recently which was used in this study for
training purpose. Hessian-free is a powerful optimization tech-
nique [4] which has two major components: First, it models the
quadratic optimization problem indirectly, the problem of mini-
mizing or maximizing a convex quadratic function, subject to some
linear constraints. This particular type of nonlinear programming
or Quadratic Programming (QP) was solved using Hessian-vector
products [4,5]; and second, it uses the generalized, truncated or
preconditioned conjugate gradient iterations for solving the sub-
problems, regarding the generalized dogleg method, where the
inexact quadratic optimization step is taken asymptotically. The
three strategies QP architecture and using asymptotical quadratic
optimization step in sub-problem resolving to reduce the numeri-
cal challenge of neural network are part of innovations of this study
which were integrated in stochastic quadratic optimization pro-
cedure for AGRS.

Recently, numerous stochastic quadratic optimization proced-
ures have been proposed for large-scale machine learning prob-
lems; LBFGS [5], RES [6], LM-CMA [7] and AProxCCCP [8] are some
of these procedures for QP optimizations. These approaches are
different in three main aspects: They may use the computation of
the quadratic optimization matrix or Hessian-vector products [5] in
updating rule for the curvature pairs to reduce the objective func-
tion [4]. The second aspect is the difference in their update rate. The
third andmost important aspect is the range of applicability of such
algorithms to nonconvex problems. All other above-mentioned
procedures were considered to solve convex optimization prob-
lems. The adaptive manner of proposed stochastic quadratic opti-
mization procedure in our work, leads to a robust approach which
is independent of quality of the curvature information. This adap-
tive approach, is the best quadratic optimization method for AGRS
due to the gamma spectrum characteristics [1]. The proposed class
of stochastic quadratic optimization approaches, uses a non-
diagonal scaling of the gradient, while retaining low per-iteration

cost to compute a second-order step by constructing an invertible
approximation of a neural networks’ Fisher information matrix in
real-time. The proposed stable quadratic optimization updating
may be utilized to perform classification, logistic regression and
neural network training, which has been used and tested in AGRS in
our work.

Various theoretical [9] and experimental works have been car-
ried out to guide intelligently the direction of photons originated
from the object in order to increase SNR. Although the ground ra-
diation measurement at low height to extract the standard radia-
tion map [2] is not pragmatic, due to its circumscriptions such as
low speed, long time operation, high cost for limited area and high
risk at nuclear accidents, AGRS is the most significant solution for
outdoor measurement and analysis for ground radiation maps and
radionuclides type and density estimation and evaluation [2]. The
conventional approaches to the acquisition and processing of AGRS
data is strongly dependent to survey parameters such as flying
height, profile separation, detector volume, energy window width,
standards, calibration and finally the approach of the data
processing.

All of the over mentioned elements lead to impossibility of
direct comparison of the outcomes of different assessment due to
their measurement parameter dependencies. In order to reduce
these dependencies, the neural network modeling be implemented
in our work. Neural networks are becoming increasingly popular,
thanks to their real-time output and ability to model complicated
systems such as AGRS on board an UAV. Many types of ANN usually
are used to implement tasks such as prediction, segmentation,
classification, visualization, evaluation, optimization, decision
making and unknown approximate functions. ANNs are inspired by
the manners of neural structure of the human brain.

Adaptive neural networks are suitable solution for modeling the
continuously changing environment which is usual for AGRS. The
nuclear science covers a large scope of applications including all
aspects of the theory and application of nuclear science and engi-
neering and the adaptive neural networks have contributed in
meaningful share of these aspects such as instrumentation for the
detection and measurement of ionizing radiation; particle accel-
erators and their controls; nuclear medicine and its application;
effects of radiation on materials [2], components, and systems;
reactor instrumentation and controls; and measurement of radia-
tion in space [2]. Recently neural networks with their different
learning algorithms and architectures such as Feed-forward [10],
Regulatory feedback, Radial basis function, Recurrent neural
network [11], Physical and etc. have been used in the nuclear sci-
ence and technologies. Some of these various neural architectures
being used, implemented and compared in our work and the
commonest type of them in practical applications.

To that effect the problemwhichwas considered for this study is
the gamma photon count evaluation based on AGRS data in
different altitudes. Various neural network architectures were
trained by different algorithms including adaptive quadratic opti-
mization procedures and the accuracy, validation, convergence
speed and computational complexity of them for AGRS data were
reported. The used dataset was taken by a 300 NaI detector and
recorded by a1024 Multi Channel (MC) [13]. The different experi-
ments and their results show that our proposed approach, the
artificial neural network trained by BFGS algorithm [3], is well
applicable for airborne gamma ray spectrometry [3] evaluation.

The rest of this paper is organized as follows; The proposed
training approach of ANN architecture is described and the ANN-
BFGS [3] based on stochastic gamma-ray photon attenuation
properties is developed in section 3. The experimental procedure
and results are given in section 4, followed by the conclusion in
section 5.
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2. Agrs and ann architectures

Airborne gamma ray spectrometry [3] nowadays is a technique
for mineral exploration, geological mapping, and environmental
monitoring. The proper decision, as the emergency response, is an
important early action to be taken based on collected radiation
information in the site and around that post nuclear accidents.
Gathering the radiation dose information on the ground after such
accident is a high risk measurement in terms of the human im-
munity and safety. AGRS is the only safe and fast solution for
gathering required information. Conventional and regular method
for AGRS implements using a heavy setup of equipment normally
utilize high volume scintillator crystals consist of three detectors as
different windows for main geochemical elements thorium, ura-
nium and potassium plus one detector for background and space
radiation. Such setup normally has more than 100 Kg weight and
requires a couple of operators. The flying measurement system
then require a two engine helicopter for safety of flight over cities
and demographic regions.

Recently, some new studies have been started to improve the
accuracy of AGRS by employing advanced computer science algo-
rithms. Radiation monitoring includes the measurement of radia-
tion dose or radionuclide pollution for reasons related to the
assessment or control of exposure to radiation or radioactive sub-
stances and the interpretation of the results [2,14]. Radiation
monitoring in serious incidents and accidents at nuclear power
stations is a demanding task [2]. Therefore, employing radiation
monitoring and data collection methods is necessary to carry out
high performance computing in the demanding task of responding
to nuclear accidents [2].

In this study we evaluate the proposed AGRS from the archi-
tecture and computational performance point of view, the
approach is detector relation free, so that other gamma spectrom-
eter configurations such as LaBr3 or HPGe detectors can be used
which will touch the measurement capabilities and the perfor-
mance of the AGRS [1]. In our work, among of all available scintil-
lators, the most widely used material, sodium iodide was chosen as
a detector because neither HPGe detector will result high perfor-
mance due to low energy deposition as its maximum possible size
subsequent nor LaBr3 is still cost effective in compare to sodium
iodide activated with thallium, NaI(Tl) commercially.

The problem that has been chosen for this study is the gamma
photon count evaluation based on AGRS data in different altitudes.
Three training approaches have been performed to investigate the
accuracy and the convergence speed of the proposed algorithms,
which were described in the previous section for AGRS data. The
proposed data set contains various data files taken with a 300 NaI
detector. This data set is listing the counts recorded channel by
channel in a 1028 MC for determining the attenuation coefficients
[13]. The gamma spectrum data with different absorbers between
the source and detector is considered in this study. The used source
was Cs137, which gives off a gammawith energy 662 KeV. The lead
absorbers of various thickness were used to attenuate the energy of
this gamma ray. This data allows us to determine values for the
attenuation coefficients of the mentioned gamma ray. All datawere
taken with the same source-detector geometry. The experimental
data for 662 KeV gamma raywith lead absorber can be summarized
as following:

1) The “no absorber” data set contains spectra data for the Cs137
source with no absorber. Collection time was two minutes. The
662 KeV photopeak is at around channel 390.

2) The file “absorber C” contains spectra data for the Cs137 source
with a lead absorber of thickness 2.651 g/cm2. Collection time

was two minutes. The 662 KeV photopeak is at around channel
390.

3) The file “absorber D” contains spectra data for the Cs137 source
with a lead absorber of thickness 4.451 g/cm2. Collection time
was two minutes. The 662 KeV photopeak is at around channel
390.

4) The file “absorber E” contains spectra data for the Cs137 source
with a lead absorber of thickness 7.194 g/cm2. Collection time
was two minutes.

5) The file “absorber C and E” contains spectra data for the Cs137
source with a lead absorber of thickness 9.845 g/cm2. Collection
time was two minutes. The 662 KeV photopeak is at around
channel 390.

For evaluation of proposed AGRS with the adaptive neural net-
works some experiments were conduct with. In examinations of
this study, three kinds of architectures were applied on AGRS data:

1) A feed-forward neural network (FNN) architecture [10] is the
way in which the neurons are linked together without cycles/
loops. The most widespread type of architecture in applied ap-
plications is a FNN where the information comes into the input
elements and currents in one direction through hidden layers
till each reaches the output components. Different kinds of
units, such as binary McCulloch-Pitts neurons, the simplest of
which is the perceptron can be used for construction of feed-
forward networks [10]. In this work the continuous neurons
with sigmoidal activation are explored in the context of
backpropagation.

2) Another applicable type architecture is a Recurrent Neural
Network (RNN) [11] where connections between units form a
directed cycle. Unlike FNNs [10], the internal memory of RNN
[11] leads this architecture to show dynamic temporal behavior.
By much more difficulty of training, RNNs [11] can process
arbitrary sequences of inputs. In this study the Hopfield network
as a form of RNN [11] with all symmetric connections which
serves as content addressable memory system with binary
threshold nodes was used in experiments. This architecture
needs stochastic stationary inputs to guarantee its converge.

3) The last examined type of neural architecture in this study is a
symmetrically-connected network, one in which the weights
are the same in both directions between two units. The theo-
retical treatment of such neural networks with strongly asym-
metric synapses is much easier than FNN [10]. Adding hidden
neurons to the Hopfield network forms a general computing
machines based on stochastic computational rules, they have
been called as Boltzmann machines [15]. The Restricted Boltz-
mann Machine (RBM) [15] which is used in this study, can be
supposed of as a noisy stochastic RNN [11] (andMarkov Random
Field). Our experimental results showed that the AGRS with
RBM [15] was at first slow to simulate, but the contrastive
divergence procedure speeds up training for AGRS data.

3. The AGRS and BFGS training

A sort of compensations and calibrations are required for
interpretation the collected airborne gamma ray data [3] to the
ground concentrations of K, U and Th or detection a radioactive
source on ground level. These elements deal with the data acqui-
sition methodologies and discrepancies resulted from different
effect of equipment, environmental parameters and reciprocal
photon behavior. The interpretation also requires a procedure of
quality control, to be indisputable the acceptable quality of
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radiometric data. Different variables need to be survived and
checked periodically. The instrumental variables include detector
gain settings, the spectral stability and the fidelity of digital records
are three important out of them. Operational parameters, such as
flight path and height, are similar to the operational factors of any
airborne geophysical survey [3]. The main environmental param-
eters which affect spectrometer surveys are weather conditions
which are necessary in the processing stage to be taken into ac-
count [1].

The important instrumental variables are spectrometer resolu-
tion, spectral stability (to compensate the drift if any), digital data
fidelity (to be sure all digital equipment are working well) and test
line (flying over water in case upward detector is not used). The
important operational parameters are flying height (to take the air
attenuation of gamma correction into account), flight pass spacing
and flying speed. Environmental parameters which are important
for interpretation include precipitation (the attenuation effect of
the rain and humidity in air and soil) and atmospheric radon
(especially in temperature inversion condition).

The novel BFGS training of ANN is described in details for AGRS
in this section, the key essential modifications between the sug-
gested training algorithm and existing ANNs are highlighted as part
of contribution of this study. The proposed ANN is a multilayer
network trained by an adaptive BFGS algorithm customized for real
time stochastic AGRS data. The proposed algorithm incorporates
the feature extraction and subsampling layers of Gamma-Ray
Count Map (GRCM). The GRCM is a matrix of N �M � S in which
N andM are geographical coordination points and S is the spectrum
of different gamma energy levels with their correspondent pho-
topeak counts gathered by AGRS in a particular altitude [1]. In ANN-
BFGS method which was used in our proposed AGRS, the con-
volutional and subsampling layers are merged into one layer, which
simplifies the network architecture and finally an adaptive Newton
technique was employed for its training.

The main contribution and innovation of this study is to declare
the challenge of incorporation of curvature information into sto-
chastic approximation approaches for AGRS data. As one can be
inferred from experimental results, noisy curvature estimations
that have destructive effects on the robustness of the iterations are
the mostly possible outcome of using “classical” quadratic optimi-
zation updating methods for AGRS optimization.

Recently some stochastic quadratic optimization techniques
(LBFGS [5], RES [6], LM-CMA [7], AProxCCCP [8]) those are efficient,
robust, and scalable are proposed and we customized them in our
AGRS application.

1) The first explored training approach, LBFGS [5],“employs the
classical BFGS update formula in its limitedmemory form, and is
based on the observation that it is beneficial to collect curvature
information pointwise, and at spaced intervals” [5].

2) The second examined training method, RES [6], is “a regularized
stochastic version of the BFGS Quasi-Newton method, to solve
strongly convex optimization problems with stochastic objec-
tives” [6].

3) The third recently used quadratic optimization technique, LM-
CMA [7], is “a stochastic derivative-free algorithm for numeri-
cal optimization of nonlinear, nonconvex optimization prob-
lems” [7].

4) The last chosen modified BFGS training method, AProxCCCP [8],
“relies on the fact that minimizing a rational function of mix-
tures of exponentials is equivalent to minimizing a difference of
convex functions” [8].

We were encountering the problems of the robustness of
training's convergence and excessive computational complexity

which were common troubles of traditional quadratic optimization
updating methods for AGRS optimization, these issues were
resolved utilizing an advanced neural network architecture and
tricks for AGRS, based on gamma ray stochastic properties, as a part
of innovation of this study.

4. Results and discussion

This section is for solving the unconstrained minimization
problem of AGRS which was taken by a 300 NaI detector and recor-
ded by a 1024 MC [13] using stochastic quadratic optimization
(LBFGS [5], RES [6], LM-CMA [7], AProxCCCP [8]) in different neural
network architectures (FNN [10], RNN [11], RBM [15]). Three
network architectures including feed-forward neural network [10],
recurrent neural network [11] and symmetrically-connected
network have been used for comparing the different quadratic
optimization training algorithms for AGRS evaluation.

To be fair in all of the examined neural networks with different
architectures and training methods of this study, after preliminary
tests on different combinations of activation functions and a com-
parison of performance based on validation, the activation func-
tions in the first hidden layer were selected to be hyperbolic-
tangent/exponential functions, whereas the logarithmic sigmoid/
exponential were the activation functions in the rest hidden layer,
and a linear function in the output layer. In AProxCCCP [8], the
receptive fields of size 5 � 5 were used all over the trained net-
works. In all architectures all the neurons have their own bias pa-
rameters as well as their own passive decay rate constants. The
parameters of all examined BFGS methods (LBFGS [5], RES [6], LM-
CMA [7], AProxCCCP [8]) were set or tuned to achieve best valida-
tion, these parameters lead the algorithm to minimize the search
direction as described in details in pervious section.

In our experiments (with any ANN architectures and modified
BFGS training methods), training stops when any of these condi-
tions occurs:

1) The maximum number of epochs (repetitions) is reached.
2) The maximum amount of time is exceeded.
3) Performance is minimized to the goal.
4) The performance gradient falls below the stopping criterion

MSE.
5) Validation performance has increased more than maximum fail

times since the last time it decreased (when using validation).

All the energy levels ofMC [13] were considered as input units of
the feed-forward neural network. The implemented FNN [10] has
more much hidden layers, so indeed the deep neural networks
were used in this section. This network computes a series of
transformations between measured GRCM and their related AGRS
altitudes for various gamma source.

As represented from our experimental results, the recurrent
neural networks [11] are much more effective than feed-forward
neural networks [10]. The RNN architecture [11] with its compli-
cated dynamics has directed cycles in its connection graph and
there are some difficulties in its training which were solved by
advanced quadratic optimization algorithms in this study. Gener-
ally finding efficient training methods of RNNs [11] for an appli-
cation, taking into account its properties, is important to utilize the
powerfulness of RNN [11] whichwas done for AGRS data as a part of
innovation of this study. The general recurrent neural network [11]
that has some of its hidden to hidden connection missing was used
in our work because it's a very natural technique to model
sequential data such as AGRS data. In spite of FNNs [10], RNNs [11]
use the same weights at every time step, for real time operation of
AGRS, RNNs [11] also get GRCM at every step, they provide their
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output at every time step as well. As the proposed BFGS training
approaches showed the excellent performance in our experiments
on top of that the RNNs [11] remember information in the hidden
states for a long time and pervious GRCM measurements, so one
can conclude the RNN-BFGS methods are mostly better selections
than FNN-BFGS approaches in AGRS.

In symmetrically connected networks such as restricted Boltz-
mann machine [15], the connections between units have the same
weight in both directions. RBM [15] that realized symmetric net-
works is much easier to analyze than conventional RNNs [11] based
on its energy function. Themodel cycles of restricted symmetrically
connected networks can be efficiently used in AGRS. In our pro-
posed approach the size of the GRCM is reduced by one quarter in
successive layers by choosing the stochastic RBM architecture [15]
based on the same structural concepts of local receptive fields,
weight sharing and subsampling.

Tables 1e4 present the statistical data for the accuracy, valida-
tion, convergence speed and computational complexity of our
selected modified BFGS training algorithms (LBFGS [5], RES [6], LM-
CMA [7], AProxCCCP [8]), which were tested on different ANN ar-
chitectures (FNN [10], RNN [11], RBM [15]) for the AGRS. All the
BFGS methods training algorithms met the stopping criterions, at
different training times, in all training trials and none of them failed
to converge. Theses modified BFGS algorithms require less
computation in each iteration and more storage than the conjugate
gradient methods mentioned in Section IV, although it generally
converges in fewer iterations.

Table 1
Evaluation of AGRS for LBFGS [5] with different neural network architectures.

FNN- LBFGS RNN- LBFGS RBM- LBFGS

Validation 2.8066eþ04 2.7971eþ04 2.8117eþ04
accuracy (MSE) 213.8093 211.0614 132.0877
Convergence speed 316 Epoch 415 Epoch 663 Epoch
Computational Complexity 0:37 0:47 12:04

Table 2
Evaluation of AGRS for RES [6] with different neural network architectures.

FNN-RES RNN-RES RBM-RES

Validation 2.7967eþ04 2.8005eþ04 2.8138eþ04
accuracy (MSE) 193.2818 321.9327 142.6135
Convergence speed 240 Epoch 67 Epoch 294 Epoch
Computational Complexity 1:53 0:30 9:36

Table 3
Evaluation of AGRS for LM-CMA [7] with different neural network architectures.

FNN- LM-CMA RNN- LM-CMA RBM- LM-CMA

Validation 2.8066eþ04 2.7946eþ04 2.8035eþ04
accuracy (MSE) 136.8210 178.1844 190.3684
Convergence speed 897 Epoch 443 Epoch 64 Epoch
Computational Complexity 6:01 3:01 2:06

Table 4
Evaluation of AGRS for AProxCCCP [8] with different neural network architectures.

FNN- APROXCCCP RNN- APROXCCCP RBM- APROXCCCP

validation 2.8164eþ04 2.8138eþ04 2.8112eþ04
accuracy (MSE) 130.3316 173.8663 153.4756
Convergence speed 344 Epoch 201 Epoch 127 Epoch
Computational Complexity 5:50 3:17 6:31

Fig. 1. The MSE for different ANN-BFGS methods.
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Using of stochastic gradient descent procedures in AGRS, as a
part of contribution of this study, has to tolerate the extensive
number of iterations in high dimensional problems such as spec-
trometry [1]. Also impracticable nature of second-order Quasi-
Newton approaches, which was inherited from excessive compu-
tational cost of Hessian inverses extraction [4], extremely increases
the demand of selecting and approximating it with modified BFGS
algorithm and its arguments robustly. These modifications, which
were used in this study, are based on introducing a Hessian
approximation matrix [5] computed from finite gradient

differences [4].
Using Hessian-vector products [4,5], the Limited-memory BFGS

(LBFGS) [5] controls the quality of the curvature estimates in spite
of the classical Quasi-Newton based approaches. The results
showed that this training approach is much successive with
compare to former Quasi-Newtonmethods. The implementation of
LBFGS, both first and second-order continuous optimization, can be
difficult where gradient information has to be estimated by nu-
merical approaches. The dependency of the accuracy of this esti-
mation to the AGRS data may affect the robustness of training's

Fig. 2. The Convergence speed for different ANN-BFGS methods.

Fig. 3. The Computational complexity for different ANN-BFGS methods.
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convergence.
The Limited Memory Covariance Matrix Adaptation evolution

strategy (LM-CMA) [7] has proposed as an alternative approach for
LBFGS to solve the problem of robustness of convergence, by using
different direction vectors chosen throughout the optimization
process. Our experimental results with AGRS data showed that LM-
CMA continuously converged even with too much variations of
spectrometry [1]. LM-CMA overtakes the LBFGS with a factor
increasing with problematic dimension which is common in AGRS.

The stochastic gradients as manageable computational costs, for
both the resolving of descent directions and the estimation of the

objective function's curvature were used in Regularized Stochastic
BFGS Algorithm, RES [6], which was used as the third AGRS training
method in our work. Inference of experimental results demon-
strates that the RES is realizable and takes the convergence rate
award among the other training approaches. The convergence time
has been extremely decreased by this method in compare to other
stochastic gradient descent algorithms, as reflected in Tables 1e4.

The Adaptive procedure for Proximal term added to ConCave-
Convex Procedure, AProxCCCP [8], is a new class of parameter
estimation approaches for log-linear models which was used in this
study. Minimizing a rational function of mixtures of exponentials

Fig. 4. The evaluation of feed-forward neural network [10] for AGRS.

Fig. 5. The evaluation of recurrent neural network [11] for AGRS.
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instead of the minimizing a difference of convex functions is the
main contribution of AProxCCCP [8]. The experimental results
showed that AProxCCCP is an operational and robust training
technique in practical AGRS. Our results demonstrate that
AProxCCCP [8] realize a much better validation value and less n-
cross validation MSE as compared to the LBFGS [5], RES [6], LM-
CMA [7]. All of the abovementioned training approaches have
more computational complexity than direct optimization of the
objective function by a first order gradient based approach or sto-
chastic gradient descent but the performance of AGRS is raised by
using these adaptive quadratic optimization approaches. The study
shows in the n-fold MSE point of view FNN-AProxcccp method has
the first and RNN- LBFGS has the second places, while from the
convergence speed perspective RBM-LM-CMA and RNN-RES have

first and second places respectively, meanwhile the computational
complexity grants the first place to RNN-RES followed by RNN-
LBFGS to second place.

We can even modify the parameters to customize the proper
method for AGRS to elicit the best possible results. The outcome of
these different architectures with different trainings, resulted
twelve sets of harvest which are compared by their MSE, conver-
gence speed and computational complexity and are shown in
Figs. 1e3 respectively. In Fig. 1, the training and testing MSE values
were obtained from different architectures for ANN-BFGS methods
are compared, the worse result was achieved by RNN-RES. The
other proposed methods have less than twice value of achievable
MSE, so one can conclude that the MSE is not a domestic parameter
constraint, if AGRS has to select one of the ANN-BFGS methods for

Fig. 6. The evaluation of restricted Boltzmann machine [15] for AGRS.

Fig. 7. Evaluated 3-D surface of count vs. height for all channels for all energies based on ANN-BFGS.
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real time implementation. Fig. 2 shows that the RES [6] and
AProxCCCP [8] training will robustly converge in any ANN archi-
tectures (included FNN [10], RNN and BRM) and LM-CMA [7]
probably leads the AGRS to an unstable mode from convergence
point of view. Fig. 3 illustrates that the FNN [10] and RNN [11] need
less computational resources in AGRS.

The evaluation results of different architectures for AGRS for all
channels of Cs137 were also depicted in Figs. 4e6. These evalua-
tions were examined for different thickness of lead absorbers
which were used to attenuate the 662 KeV gamma photon. The
evaluated results were compared with published experimental
data and they were represented in various color and shapes for “no
absorber” and for lead absorbers of different thicknesses 2.651 g/
cm2, 4.451 g/cm2, 7.194 g/cm2 and 9.845 g/cm2. Figs. 4e6 show
that the evaluations of proposed ANN-BFGSmethods are successful
in all architectures with different altitudes and the evaluated

function was well fitted when the complex BRM was used which is
obvious in Fig. 6. The counts of these experiments were collected in
120 seconds and the channel 392 which represents the 662 KeV
photopeak is completely simulated by proposed adaptive ANN-
BFGS methods.

The evaluated surface of GRCM for various thicknesses of
absorber was represented in Fig. 7. In this figure a 3-D surface of
evaluated counts for various altitudes for all channels and for all
energies demonstrates the proficiency of proposed ANN-BFGS
methods.

Based on presented prosperity in previous figures and tables,
the estimated GRCMs for the Cs137 in the 662 KeV photopeak
(channel 392), for LBFGS [5], LM-CMA [7], RES [6] and AProxCCCP
[8] training approaches were depicted and compared with the
original measured values in Figs. 8e11 respectively. Each experi-
ment consists of FNN [10], RNN [11] and BRM architectures. The

Fig. 8. The evaluation of the LBFGS [5] training approach.

Fig. 9. The evaluation of the LM-CMA [7] training approach.
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depicted results prove that when one of the advanced quadratic
optimization training algorithm such as AProxCCCP [8] was chosen,
the evaluation results of AGRS is independent to the ANN archi-
tecture selection. So that the sodality of any ANN architecture with
BFGS is the important issue. So, the outcome of radiation instru-
mentation, AGRS, was improved based on data reconstruction and
analysis using proposed ANN-BFGS.

5. Conclusion

In this study, several optimization methods along with neces-
sary modifications have been implemented for training a new class
of ANNs (ANN-BFGS) with AGRS data. Experimental results, based
on an AGRS task, showed that all implemented algorithms such as
LBFGS, RES, LM-CMA, AProxCCCPmay be used to train the proposed
ANN architectures as well as indicated that the new BFGS training
method of ANN has better Monte Carlo performance to the con-
ventional ANNs algorithm, andmuch lower computational cost and

memory storage. As the new ANN-BFGS method requires only
gradient information, it is very suitable for training networks with
large number of free parameters such as AGRS. In general, we can
conclude that when the weights of the output layer are further
adapted with the ANN-BFGS method, there are improvements in
both accuracy and convergence speed of training. This method in-
creases the quality of curvature information of AGRS data while
cost of the algorithm is reduced in each iteration.

Appendix A. Supplementary data

The numerical calculations of this paper as an Appendix is
available at address: https://files.fm/u/rqa36kbf.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2018.12.020.
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