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Abstract: Archaeological GPR data from antennas of different frequencies allow the identification
of buried cultural heritage at different scales. Therefore, multi-frequency GPR systems are rec-
ommended for complicated subsurface archaeological conditions. GPR data fusion approaches,
automatically or semi-automatically, can integrate data measurements from different frequency
antennas, combine them into a single representation, and partially overcome the unavoidable trade-
off between penetration and resolution. We propose an adaptively weighted fusion method for
multi-frequency GPR data based on genetic algorithms (GAs). In order to evaluate the feasibility
and the effectiveness of the strategy for archaeological prospection, we tested the procedure on GPR
datasets acquired in two totally different archaeological conditions: rammed layers of an ancient
wall, in Henan Province, China, and complex and elusive prehistoric archaeological features within a
natural stratigraphic sequence on the volcanic Stromboli Island, Italy. The results demonstrate that
the proposed strategy can maximize the information content of GPR profiles, enhancing the GPR
interpretation possibilities in an automatic and objective way for different targets and in different
subsurface conditions.

Keywords: multi-frequency GPR data fusion; archaeological prospection; genetic algorithms

1. Introduction

Ground-penetrating radar (GPR) is a well-accepted near-surface geophysical tech-
nique to image and characterize subsurface targets, based on changes in the electro-
magnetic properties of materials. With relatively fast data acquisition, GPR has been
used to solve more and more subsurface problems in the field of archaeology efficiently
and accurately [1–3]. According to the propagation characteristics of the EM wave, higher-
frequency GPR signals offer higher resolution while lower-frequency GPR signals offer
greater depth of penetration. In order to avoid limitations in imaging, multi-frequency
GPR systems are often used for complicated subsurface archaeological conditions [4–10].
Particularly, GPR mappings for reconstruction of ancient landscapes associated with ar-
chaeological sites in a sequence stratigraphic context require a deeper sedimentary record
as well as enhanced high-resolution shallow imaging [11,12]. On the other hand, multi-
channel systems involving multi-frequency arrays have permitted an enormous increase
in survey efficiency and spatial sampling resolution, and have greatly improved the areal
coverage for large-scale archaeological fieldwork [13–16].

GPR data fusion approaches, automatically or semi-automatically integrating data
measurements extracted from antennas of different frequencies and combining them into
a single representation, are therefore proposed to overcome the unavoidable trade-off
between penetration and resolution, and to produce accurate, robust, and reliable estimates
of different subsurface structures [17–22]. Multi-frequency GPR data fusion has improved
imaging and interpretability compared to standard data processing and interpretation [21],
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and has attracted many researchers from academia and industry because of its foreseen
benefits, which include, but are not limited to, enhanced confidence and reliability of
measurements, extended spatial and/or temporal coverage, and reduced uncertainties,
such as those associated with surveys performed with a single frequency.

Within this context, most approaches focus on multi-frequency GPR data fusion
using statistical methods and probabilistic techniques, accomplished in time or frequency
domains [17]. In most studies, it is difficult to keep the smoothness of the transition in the
section obtained by merging high- and low- frequency profiles, and it is also inappropriate
when the overlap of the spectrum bandwidth is not good enough [19]. Moreover, there is
not a fusion algorithm which is suitable for any multi-frequency GPR surveys, due to the
complexity of application scenarios.

Therefore, we introduce genetic algorithms (GAs) to calculate the time-varying weight
factors for datasets to be fused, in order to keep the largest number of dominant compo-
nents from GPR profiles of different frequencies: the forward segment of the integrated
representation outcomes has more high-frequency components, while the backward one
has more components shifted to low frequencies. We also perform tests on multi-frequency
GPR datasets acquired in two totally different archaeological conditions, such as for a topo-
graphic surface, buried structures, age of archaeological remains, geological background,
and contrast between targets and surrounding materials, to evaluate the applicability and
the effectiveness of the proposed strategy for archaeological prospection and the attainable
improvements in the characterization of spatial distribution and internal structures.

2. Methodology

Genetic algorithms (GAs) simulate the evolution mechanism of natural organisms,
learning from the elimination rule of natural selection to search for the optimal solution [23].
The process of GAs is summarized as follows:

(1) Initialization: the initial population consists of a random generation of N number of
X individuals. Each individual (also called a chromosome) encodes the variables of
the problem:

XG
i =

{
XG

i,1, XG
i,2, . . . , XG

i,L

}
, i = 1, 2, . . . , N

where L denotes the number of the variables, and G is the generation.
(2) Assessment: formulate the objective function to calculate the fitness values of the

population in the current generation.
(3) Termination: end up at termination conditions.
(4) Genetic manipulation:

- Selection;
- Crossover operator;
- Mutation operator.

(5) Replacement: replace the worst individuals with the new children.
(6) Go back to step (2), and count G = G + 1.

The function of the crossover is to recombine and inherit excellent genes, while
an appropriate mutation rate can maintain the genetic diversity of the population. The
flow chart of multi-frequency GPR data fusion for the proposed strategy is reported in
Figure 1. In the application GAs to multi-frequency GPR datasets, the data from the
various antennas should be transformed into the same space–time coordinates. Moreover,
amplitude normalization and resampling of each single frequency dataset are necessary
before data fusion.
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Figure 1. Flow chart of multi-frequency GPR data fusion strategy exploiting genetic algorithms.

If Sh and Sl are the high- and low-frequency signals, respectively, the weighted fused
signal is

S f = W ∗ Sh + (1−W) ∗ Sl

where W is the weight factor to be solved by means of the GA.
We simulate the solving process of the optimal weight factor as species evolution.

Firstly, a population size equal to 500 is adopted in the model, and the length of n, i.e.,
the number of the weight factors, is set as the number of samples of the signal. Then,
500 models can be randomly generated as:

m = {w1, w2, . . . , wn}

The population can be described as:

pG
i =

{
mG

1 , mG
2 , . . . , mG

500

}
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In addition, we choose the least squares method to build the objective function:

F =
n

∑
i=1

(
S f (i)− d(i)

)2

n

where S f (i) denotes the amplitudes of the discrete fused signal, and the discrete fitted
signal d(i) is synthesized by the high- and low-frequency signals as:

d(i) =
{

Sh(i), i ≤ n0
Sl(i), i > n0

where n0 means the sample where the accumulated energy over time reaches a threshold
value with regard to the signal from the high-frequency GPR profile. Based on extensive
tests, the optimum threshold is around 90% of the high-frequency energy. The objective
function is used to minimize the difference between the fused signal and the fitted signal.

3. Results
3.1. Case Study I: Multi-Frequency GPR Data Fusion to Characterize Rammed Layers within an
Ancient Wall

Case study I focuses on 2D multi-frequency GPR surveys of the rammed earth wall of
the ancient Gong Site, located at Huixian, Henan Province, China, collected with combined
250 MHz and 800 MHz central-frequency antennas (Figure 2). Gong is an ancient vassal
state of the Western Zhou Dynasty (1046–771 BC), when dozens of vassal states were
distributed in the Central Plains of China. The rammed earth wall surrounding the ancient
city was built about 3000 years ago. Archaeological investigations highlighted that the
length of the wall is 1500 m and 1100 m in NS and WE directions, respectively. Only
some portions of the walls survive with a 60~70 m width at present. The surveyed area
is located on the eastern wall, with a residual height of about 6 m. After a conventional
GPR processing flow, the dual-frequency GPR profiles were combined with the proposed
data fusion strategy. Figure 3 provides the fitness value of the optimal individual in each
generation, which gradually converges as generations increase. We chose 2000 as the final
optimized generation value.
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Figure 4 shows the processed single-frequency profiles and the obtained fused profile.
We can see that high-amplitude continuities related to rammed layers can be clearly
identified, as the surface topography is almost flat and the subsurface conditions are not
complicated or challenging. In addition, the GPR data acquired with a 250 MHz frequency
(Figure 4a) have an overall deeper penetration, while 800 MHz data (Figure 4b) exhibit
higher resolution but information is limited to the shallower layers. The fused profile
(Figure 4c) has a more comprehensive characterization for inner layer distributions as
well as details of shallower structures. Figure 5 shows the signal spectra of 800 MHz,
250 MHz, and the fused profile, which are derived from the whole dataset. Compared with
single-frequency profiles, the fused profile demonstrates the bandwidth widening.

3.2. Case Study II: Multi-Frequency GPR Data Fusion to Characterize Archaeological Features
within a Natural Stratigraphic Sequence

Case study II focuses on 2D multi-frequency (i.e., 300 MHz and 500 MHz) GPR
archaeological surveys close to the village of San Vincenzo, on Stromboli Island, Italy.
The area is characterized by a rough topographic surface and geometrically irregular
targets with limited lateral continuity. Evidence of a prehistoric village, dating back to
the Early Middle Bronze Age (about 2300–1400 BC), was found in 1980, accompanied by
archaeological remains associated with different periods, including Classical, Hellenistic,
and Contemporary. We have published high-resolution GPR characterization results of
archaeological features obtained just considering 500 MHz antennas in the study area [1].
The penetration of radar waves and the overall signal-to-noise ratio are quite low due to the
chaotic background characterized by the superposition of ashes and lava flows mixed with
loose volcaniclastic debris. The data fusion offers a challenging opportunity to improve the
imaging and characterization of the subsurface. The same optimized generation value was
chosen as in the previous case study.

From the 500 MHz processed profile (Figure 6a), we can identify high-amplitude GPR
reflections/diffractions, some of them associated with potential archaeological features.
Further targets of potential interest can be identified below 90 ns in the 300 MHz section
(Figure 6b). The fused profile (Figure 6c) retains the shallow features as well as the deeper
ones, i.e., below the white dotted line. A topographic correction was applied to the fused
profile (Figure 7) using a mean EM velocity equal to 0.12 m/ns. Based on the preliminary
analysis [1], continuous layers ‘M’ and ‘N’ were tracked, which were associated with
volcanic ash layers. In addition, comparing GPR information with the first excavations, we
correlated the reflections close to layer ‘M’ to archaeological remains of the Classical period,
while reflections below layer ‘N’ are related to archaeological structures of the Bronze Age
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(Figure 8). In addition, a newly identified layer ‘F’ can be tracked from the fused profile
(Figure 7), associated with another geological unit, composed of pyroclastic products with
local alluvial and colluvial sediments and lava blocks.
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Figure 8. Photographs showing archaeological excavation site (a), excavated archaeological remains of the Classical period
(b), and archaeological structures of the Bronze Age (c).

4. Discussion and Conclusions

We proposed a novel multi-frequency GPR data fusion method based on an adap-
tively weighted mode by a GA. Our main purpose is to keep dominant components from
GPR profiles of different frequencies, not only to obtain high-resolution information in
the shallow part but also to take advantage of the higher investigation depths for the
low-frequency antenna. It is crucial to construct a suitable and effective objective function
during the data fusion for the GA and we thus chose the least squares method to minimize
the error between the fused signal and the fitted signal in the study, as it exhibits robust
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performances in a large range of conditions. Our proposed strategy, tested on two totally
different archaeological case studies, provides encouraging results and opens the route to-
wards further developments of multi-frequency GPR data interpretation for archaeological
prospection, including the fusion of more than two frequency surveys.

On the other hand, multi-frequency GPR data fusion represents an important step in
rapid GPR interpretation of large datasets, such as those acquired by the multi-channel
systems that are increasingly used in archaeology. Furthermore, the output of data fusion
is beneficial for further analysis of GPR data and automatic identification of potential sub-
surface targets. This is been driving an increasing interest in the GPR research community
in developing more sophisticated data fusion methodologies and architectures, including
integrated GPR attributes. Moreover, more fusion performance assessments, studying and
evaluating the behavior of multi-frequency GPR data fusion, will consequently be refined
and examined for further analysis to deal with challenging scenarios.
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