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Abstract: Subsurface targets can be detected from space-borne sensors via archaeological proxies,
known in the literature as cropmarks. A topic that has been limited in its investigation in the past
is the identification of the optimal spatial resolution of satellite sensors, which can better support
image extraction of archaeological proxies, especially in areas with spectral heterogeneity. In this
study, we investigated the optimal spatial resolution (OSR) for two different cases studies. OSR refers
to the pixel size in which the local variance, of a given area of interest (e.g., archaeological proxy),
is minimized, without losing key details necessary for adequate interpretation of the cropmarks.
The first case study comprises of a simulated spectral dataset that aims to model a shallow buried
archaeological target cultivated on top with barley crops, while the second case study considers an
existing site in Cyprus, namely the archaeological site of “Nea Paphos”. The overall methodology
adopted in the study is composed of five steps: firstly, we defined the area of interest (Step 1), then
we selected the local mean-variance value as the optimization criterion of the OSR (Step 2), while
in the next step (Step 3), we spatially aggregated (upscale) the initial spectral datasets for both case
studies. In our investigation, the spectral range was limited to the visible and near-infrared part of the
spectrum. Based on these findings, we determined the OSR (Step 4), and finally, we verified the results
(Step 5). The OSR was estimated for each spectral band, namely the blue, green, red, and near-infrared
bands, while the study was expanded to also include vegetation indices, such as the Simple Ratio
(SR), the Atmospheric Resistance Vegetation Index (ARVI), and the Normalized Difference Vegetation
Index (NDVI). The outcomes indicated that the OSR could minimize the local spectral variance, thus
minimizing the spectral noise, and, consequently, better support image processing for the extraction
of archaeological proxies in areas with high spectral heterogeneity.

Keywords: optimum spatial resolution; remote sensing archaeology; archaeological proxies;
simulation data; WorldView-2

1. Introduction

Since the launch of the first commercial high-spatial-resolution multispectral satellite sensor,
namely the IKONOS, archaeological prospection surveys systematically explored spaceborne
optical-based observations [1,2]. IKONOS, GeoEye, QuickBird, WorldView, Gaofen, and other
satellites are some of the sensors which have been used in the past, in different geographical regions of
the world [1,3–5].

To better understand an archaeological landscape, a particular focus that has attracted the interest
of the scientific community was the exploitation of such space-based observations for the detection of
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shallow buried remains. The latest can be achieved through the detection of archaeological proxies,
known in the literature as cropmarks [6–8]. Such archaeological proxies (cropmarks) detected in
satellite images can be used to map and detect subsurface archaeological remains at shallow depths.

Detection of cropmarks has been already studied in the past, mainly through the analysis of
medium and high-resolution satellite imageries [9–12], while multi-temporal satellite image analysis
has also been recently introduced [13,14]. Cropmarks are usually formed in areas where vegetation
overlay shallow-buried archaeological remains. The latest is responsible for retaining a different
percentage of soil moisture compared to the rest of the crops cultivated in an area. As [15] stated,
depending on the type of the buried archaeological features, crop vigor may be enhanced or reduced.

Several researches tend to agree that such archaeological proxies have been limited studied
mainly due to their complexity: several parameters should be taken into consideration, such as
the characteristics of the buried features, the burial depth of them, soil characteristics, climatic and
environmental parameters, cultivation techniques, etc. [16–18]. Furthermore, moisture availability and
the availability of dissolved nutrients to the crops (at crucial growing times and periods for the plant)
are also important parameters that need to be considered.

Traditionally, the selection of the most appropriate satellite sensor able to better detect subsurface
archaeological remains has relied mostly on budget restrictions and available funds, image availability,
cloud coverage, etc. Indeed, this is the current practice followed in many prospection surveys; however,
it is evident that each spaceborne sensor shares different spectral characteristics and spatial resolutions.
While the former has been already discussed in the literature concerning the detection of archaeological
proxies [19], studies dealing with spatial resolution are still lacking.

The observation scale, linked with the spatial resolution of an image (pixel size), is one of the
essential characteristics of the image processing chain (beyond the spectral resolution) followed in the
prospection surveys since it can support visual interpretation (as an interpretation key) and extraction
of archaeological proxies. Observation scale can vary according to the characteristics of each case study
area, due to its unique spatial and spectral characteristics. In areas, with high spectral heterogeneity,
the extraction of archaeological proxies can be problematic and challenging.

The importance of an optimum observation scale has long been studied in the literature, mainly
for environmental sciences and applications, also triggered by the increased capabilities of spaceborne
and airborne remote sensing sensors [20]. The term “scale” can have different meanings spanning from
the pixel resolution, the cartographic scale, the modeling scale and the geographic scale, while it has
also been misinterpreted with the spatial extent and the coverage of the area of interest. While optimum
observation scale is of fundamental importance for several scientific disciplines, in the domain of
archaeological prospection, there has been limited discussion on this. It is, therefore, not strange to
see a growing number of the exploitation of new high-resolution satellite imageries, thus providing
sub-meter resolution products, following the trend of the technological changes in the space sector.
Nevertheless, the use of high-resolution datasets is not always the optimum scale of observation, as
the variance of the datasets might also be increasing the noise and the outcomes of the products.

Studies for the selection of the appropriate observation scale (pixel size) has been already presented
in other disciplines, exploiting earth observation data [20,21]. For instance, optimal spatial resolution
for obtaining maximum coverage of algal blooms without losing key details necessary for adequately
monitoring bloom concentrations was presented in [22], while optimal spatial resolutions for the
detection and discrimination of coniferous classes in a forested environment can be found in [23].
However, similar studies for the detection of the optimum spatial resolution, capable of detecting and
discriminating archaeological proxies, for supporting archaeological prospections studies has been
incompletely discussed.

The identification of the optimal spatial resolution (OSR) can be defined based on image statistics
and local mean-variance values. The local variation value can act as the indicator of the optimal spatial
resolution in cases of spectral heterogeneity, as this has been already presented in the past [21]. The
local variance method, used as an indicator of the OSR, measures the relationship between the size
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of the targets under investigation (e.g., archaeological proxies) in a specific spatial resolution and
then calculates the mean value of the standard deviation on successively spatially degraded image
upscaling. This step is repeated to retrieve a new degraded image. Based on the results, the optimal
spatial resolution is set when the local mean-variance is minimized. Therefore, the OSR corresponds to
the observation scale (pixel size), which provides the minimal variance of the area under investigation.
While OSR is also linked with the spatial dimensions of each target (using as a rule of thumb the
half-pixel size according to the dimensions of the target), this needs to be investigated further, especially
when the area of investigation shares a spectral complexity (mixed pixels) [22].

As the estimation of the OSR value is related to the spectral characteristics of the area under
investigation, and the archaeological proxies’ properties, this study aimed to present the overall
methodology and framework, which can be transferred and implemented in other areas. For this
reason, the current study presents the results for the identification of the OSR for two specific case
studies. The first study concerns a simulation approach based on “pure” spectral libraries, while in the
second case study, the high spectral heterogeneity of a real application is evaluated. The following
section further explains the overall methodology and the steps that have been followed. The various
materials and overall results are also presented below.

2. Materials and Methods

The optimum spatial resolution was investigated in two different case studies: (a) using
ground spectral signatures over simulated buried archaeological targets (case study 1) and (b)
using high-resolution WorldView-2 optical image over an existing archaeological site (case study 2). In
both examples, the spectral resolution of the data was restricted into the visible and near-infrared part
of the spectrum (400-900nm).

The scope behind the selection of these two different examples was to initially investigate the
impact of the pixel resolution and the OSR working with “pure” spectral libraries, whereas noise and
mixed spectral signatures are minimum. This experiment will allow us to move in areas with high
spectral heterogeneity, such as the example of the second case study.

In the first example (case study 1), we used ground spectral signatures acquired from a hand-held
spectroradiometer over simulated buried archaeological features [23]. In detail, in an experimental test
site in the Alampra village, in Cyprus, different targets where physically buried and then cultivated
on top with barley crops. Spectral signature measurements of barley crops recorded over these
buried features were grouped as “archaeological proxies”, while spectral signatures taken at the
rest of agricultural field were grouped under the category of “healthy vegetation”. Ground spectral
signatures were taken during the whole phenological cycle of the crops; however, here we explore only
the datasets from the optimum temporal window: based on previous statistical analysis conducted
by [19], the optimum temporal window was determined during the beginning of the crops boot
stage, since during this period, the spectral distance between the archaeological proxies and the rest
cultivated area is maximized. For the collection of the ground spectral signatures, the GER-1500
(Spectra-Vista), a lightweight, single-beam field spectroradiometer measuring over the visible to
near-infrared wavelength range (350–1050 nm), was used.

The spectral profile of these two categories, along with their standard deviations, are depicted in
Figure 1. The line with red color indicates the spectral profile of the archaeological proxies (simulated
“archaeological site”), while the line with blue color indicates the mean spectral signature for the
healthy vegetation (“healthy site”). As shown, both spectral signatures have similar reflectance values
and trend in the visible part of the spectrum (approximately from 400 up to 650 nm), while spectral
differences can be observed in the near-infrared part of the spectrum, including also the red-edge part
(approximately from 650–900 nm). The spectral regions of 700 nm and 800nm have also been reported
in the literature [19] as the optimum spectral range for detecting archaeological proxies.
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Figure 1. Mean spectral signatures of archaeological proxies (archaeological site, red color) and 
healthy vegetation (healthy site, blue color) used in our study [19]. 

For the second case study, archaeological proxies have been identified within the archaeological 
site of “Nea Paphos”, Cyprus. In this case, a high-resolution WorldView-2 image (date of acquisition 
10th of May 2015, Figure 2a) was used. The specific archaeological site was examined, since it shares 
a high spectral heterogeneity, with significant spectral variance between the various features [22]. 
This spectral confusion prohibits, therefore, the overall interpretation of the area. In addition, the 
selection of a fixed pixel resolution based exclusively on the spatial dimensions of the targets under 
investigation (also refer to Table 1 below) is problematic. Various features can be found in the 
archaeological site of “Nea Paphos”, such as the floor mosaics, soil from excavations activities, 
backfilled excavation trenches, mosaics protected from the atmosphere and weather conditions that 
may have been carefully covered, etc. Moreover, local bushes and shrubs can be found in parts of the 
site, while in other parts, no vegetation cover is observed. 

 
Figure 2. The WorldView-2 multispectral image (2 m spatial resolution, date of acquisition 10th of 
May 2015) used for the second case study area. A general view and location of the various selected 
region of interests (ROIs) over the archaeological site of “Nea Paphos” are indicated in (a) ROI-1 
indicating an elliptical shape (amphitheater?) in (b); various linear crop marks indicating ancient road 
network (?) in (c) and various crop marks at the western part of the site in (d).  

In the archaeological site of ‘Nea Paphos’, three region of interests (ROIs) have been further 
processed, including an area with an elliptical shape at the southern part of the site (ROI-1, Figure 
2b), a north to south linear vegetation proxy, possible linked to ancient road network (ROI-2, Figure 

Figure 1. Mean spectral signatures of archaeological proxies (archaeological site, red color) and healthy
vegetation (healthy site, blue color) used in our study [19].

For the second case study, archaeological proxies have been identified within the archaeological
site of “Nea Paphos”, Cyprus. In this case, a high-resolution WorldView-2 image (date of acquisition
10th of May 2015, Figure 2a) was used. The specific archaeological site was examined, since it shares a
high spectral heterogeneity, with significant spectral variance between the various features [22]. This
spectral confusion prohibits, therefore, the overall interpretation of the area. In addition, the selection
of a fixed pixel resolution based exclusively on the spatial dimensions of the targets under investigation
(also refer to Table 1 below) is problematic. Various features can be found in the archaeological site
of “Nea Paphos”, such as the floor mosaics, soil from excavations activities, backfilled excavation
trenches, mosaics protected from the atmosphere and weather conditions that may have been carefully
covered, etc. Moreover, local bushes and shrubs can be found in parts of the site, while in other parts,
no vegetation cover is observed.
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Figure 2. The WorldView-2 multispectral image (2 m spatial resolution, date of acquisition 10th of May
2015) used for the second case study area. A general view and location of the various selected region of
interests (ROIs) over the archaeological site of “Nea Paphos” are indicated in (a) ROI-1 indicating an
elliptical shape (amphitheater?) in (b); various linear crop marks indicating ancient road network (?) in
(c) and various crop marks at the western part of the site in (d).
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Table 1. Properties of the selected Regions of Interest (ROIs) at the archaeological site of Nea
Paphos, Cyprus.

Name of ROI Characteristics of Archaeological
Proxies/Standing Monuments

Spatial Extent
(m)

Approximate Dimensions
Archaeological Proxies/Standing

Monuments
(Length/Width)

ROI-1 Elliptical shape (amphitheater?) 70 × 50 150 m/5–8 m
ROI-2 Straight lines (ancient road network?) 130 × 10 120 m/4–6 m

ROI-3 Polygon with various small-scale
linear archaeological proxies 170 × 10 10–15 m/4–8 m

In the archaeological site of ‘Nea Paphos’, three region of interests (ROIs) have been further
processed, including an area with an elliptical shape at the southern part of the site (ROI-1, Figure 2b), a
north to south linear vegetation proxy, possible linked to ancient road network (ROI-2, Figure 2c), and
a small linear and semi-circular archaeological proxies at the western part of the site (ROI-3, Figure 2d)
The spatial extent of these ROIs is provided in Table 1.

The overall methodology to detect the optimum spatial resolution (OSR) comprises the following
five (5) steps mentioned below, based on the work carried out by [20,21]:

1. Step 1: Definition of the geographical entities under investigation. In our study, two groups of
entities were investigated: (i) the simulated buried archaeological feature of case study 1 and (ii)
the three ROIs of case study 2. The definition of these geographical entities is the most critical step
of the overall methodology since the OSR results are linked directly with the selected features. A
different selection of other entities will probably lead to new OSR values.

2. Step 2: Determine the optimization criterion for the selection of the optimum spatial resolution.
As mentioned earlier in this study, the local mean-variance was used as an indicator for the
optimum spatial resolution. The OSR can be defined as the pixel size value was beyond that
the mean-variance is increased due to the phenomenon of mixed pixels, once the feature under
investigation starts to be integrated with the rest of the environment. Therefore, the minimal
variance was used as the indicator of the optimal spatial resolution as this was also used in the
past [23].

3. Step 3: Spatially aggregation of the spectral datasets. For the first case study, the simulated
dataset was gradually aggregated using a upscaling factor of 2, 3, 4, 5, and 10; for the second
study, the image was aggregated with a upscaling factor of 3, 4, 5, 10, 15, and 30.

4. Step 4: Identification of the optimum spatial resolution. Using the local mean-variance, the
optimum spatial resolution was selected for each case study, based on the criterion set in Step
2. In cases where different OSR is identified for each spectral band, while an overall OSR is
also estimated.

5. Step 5: Verification of the results. The latest step includes the interpretation of the OSR results
with the visual inspection of the aggregated images.

3. Results

3.1. Simulation Results—Case Study 1

Based on the spectral libraries from the handheld spectroradiometer, simulated computer-based
images were created in the MATLAB R2016b environment. Table 2 shows the blue, green, red, and
near-infrared bands of the simulated buried archaeological feature, drawn with a rectangular shape.
This simulated feature is indicated with a red square at the centre of the figures of Table 2. The initial
ground spectral signatures (Table 2, column a) were gradually aggregated to a pixel size of 2 (Table 2,
column b), then to pixel size of 3 (Table 2, column c), after to a pixel size of 4 (Table 2, column d), to a
pixel size of 5 (Table 2, column e), and finally to a pixel size of 10 (Table 2, column f).
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Table 2. (a) Blue, green, red, and near-infrared bands from simulated dataset pixel size 1; (b) blue, green,
red, and near-infrared bands from simulated dataset pixel size 2; (c) blue, green, red, and near-infrared
bands from simulated dataset pixel size 3; (d) blue, green, red, and near-infrared bands from simulated
dataset pixel size 4; (e) blue, green, red, and near-infrared bands from simulated dataset pixel size 5;
and (f) blue, green, red, and near-infrared bands from simulated dataset pixel size 10.

Resolution 1 2 3 4 5 10

Blue band
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Based on the visual interpretation of the Table 2, it is clear that the simulated buried target is
visible (to some extent) to all pixel sizes and for all spectral bands; however, not all images allow the
interpretation of the rectangular shape of the simulated archaeological feature. In addition, differences
between the wavelengths’ ranges do exist, since the red and the near-infrared bands (Table 2, row
3,4) tend to give the highest contrast between the buried feature and the surrounding area. This was
expected since, as mentioned earlier, this range of wavelength is the most appropriate for monitoring
vegetation cover [19].

Pixel sizes 5 and 10 tend to saturate the simulated signal of the buried feature with an exception
at the red band, while at higher spatial resolution (Table 2, column b–c), the spectral difference of the
buried target is efficient to discriminate the boundaries of the buried feature. Simulated images at
a pixel size of 4 do not provide clear outlines of the buried feature compared to pixel sizes 2 and 3;
however, these are sharper compared to pixel size 5 and 10.

Using the above-simulated figures, the mean-variance of the sample was calculated for each
wavelength range (i.e., band) and each upscaling factor. The mean-variance value was plotted against
the upscaling factor, as shown in Figure 3. In detail, Figure 3 shows the mean-variance for the blue
(Figure 3a), green (Figure 3b), red (Figure 3c), and near-infrared bands (Figure 3d). Using these graphs,
the optimum spatial resolution (OSR) is indicated with an arrow, which is the lowest value of variance
before this value begins to increase at a higher scale factor. As found, the OSR is set to a pixel size of 3
for the blue, green, and near-infrared bands and a pixel size of 4 for the red band. At these pixel sizes,
the mean-variance of the simulated buried feature is minimized.
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Figure 3. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and (d)
near-infrared band using the simulated datasets. Optimum spatial resolution (OSR) is indicated with
an arrow.

These findings are also compatible with the visual interpretation of the simulated figures, discussed
earlier (Table 2), indicating that the pixel sizes 5 and 10 provide high mean-variance values for all
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bands, while the figures of pixel sizes 3 and 4 tend to give the sharpest contrast between the simulated
buried target and the surrounding healthy vegetation.

The simulated results were further processed to estimate the optimal spatial resolution (OSR) for
different vegetation indices. While several indices do exist in the relevant literature, as also indicated
in [23], in this study, we focused only on three vegetation indices which are widely used for detection
of archaeological proxies. These indices have been examined for all upscaling factors and include
the Simple Ratio (SR), the Atmospheric Resistance Vegetation Index (ARVI), and the Normalized
Difference Vegetation Index (NDVI). The equations of these indices are provided below:

SR =
ρNIR

ρred
, (1)

ARVI =
(ρNIR − ρrb)

(ρNIR + ρrb)
, ρrb=ρred−γ (ρblue−ρred)

, (2)

NDVI =
(ρNIR − ρred)

(ρNIR + ρred)
, (3)

whereas ρNIR is the reflectance value at the near-infrared band, ρred is the reflectance value at the red
band, and ρblue is the reflectance value at the blue band.

The aggregated results of the SR, ARVI, and NDVI indices can be found in Figures 4–6, respectively.
In comparison with the spectral bands of Table 2, it is evident that all vegetation indices tend to provide
a higher contrast of the simulated buried archaeological feature in comparison with the surrounding
vegetation. This is valid for all upscaling factor values. However, similar observations to the one
reported in the spectral bands can also be stated here: lower resolution scales (namely pixel sizes 5
and 10) tend to saturate the boundaries of the buried feature, while higher spatial resolutions (pixel
sizes 2 and 3) tend to give a more evident outline border of the buried feature. From all vegetation
indices, the SR (Figure 4) gives the sharpest outline at all pixel resolutions in comparison to the other
indices. The statistical analysis of the OSR for SR (Figure 7a), ARVI (Figure 7b), and NDVI (Figure 7c)
index is shown below. The OSR is indicated with an arrow in the graphs (Figure 7). As noticed, the
optimum spatial resolution varies according to the vegetation product: for SR and ARVI highest spatial
resolution products are required (pixel size 3) for better spectral discrimination of the buried feature,
while for the NDVI index the OSR is set at factor 4. Once again, these findings from the statistical
analysis are consistent with the visual interpretation findings from the Figures 4–6.
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datasets pixel size 4; (e) simulated ARVI datasets pixel size 5; and (f) simulated ARVI datasets pixel
size 10.
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Figure 7. (a) Variance against upscaling factor for Simple Ratio (SR) index; (b) Atmospheric Resistance
Vegetation Index (ARVI); and (c) Normalized Difference Vegetation Index (NDVI), using the simulated
datasets. Optimum spatial resolution (OSR) is indicated with an arrow.
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3.2. WorldView-2 Image Analysis—Case Study 2

Following the simulation analysis of the ground spectroradiometric datasets, this section presents
the results from the archaeological site of “Nea Paphos” in Cyprus (case study 2), which consists of an
area with mixed spectral targets. Figure 8 presents the various pixel resolutions that are discussed in
this section. Figure 8a displays the archaeological site of “Nea Paphos” at a spatial resolution of 2 m
using the WorldView-2 NIR-R-G pseudo color composite; Figure 8b shows the same area resampled at
a pixel size of 3 m; Figure 8c shows the area aggregated at a pixel size of 4 m; Figure 8d shows the
upscaled resample area at a pixel size of 5 m; Figure 8e shows the archaeological site at a pixel size of
10 m, while Figure 8f shows the area resampled at a pixel size of 15 m. Finally, Figure 8g shows the
area at the lowest pixel resolution of 30 m. The upscaling process was based on the nearest-neighbor
resampling method as a fast computational algorithm. The aggregation process as mentioned by [21] is
preferred through the use of coarse resolution data since it reduces any spatial registration errors and
sensor noises, as well as removes part of the center-bias produced by the sensor point spread function.
The utility of the nearest neighboring approach to resampling the remote sensing imagery has been
also reported in other studies [24,25].

While no significant visual interpretation changes are evident between pixel resolution 3 m and
4 m, jagged edges can be observed at the next sampling level (pixel size 5 m), especially in the northern
part of the archaeological site. The rest of the pixel resolutions images gradually add further jaggedness
in the previously still images, while details of the archaeological site are no further visible at the lowest
scale of observation (30 m) (Figure 8g).

As mentioned in the previous section, three regions of interests were selected for this case study
(see also Figure 2 and Table 1). While the overall extent of these features is quite large, the archaeological
proxies do not have a similar (spectral) pattern, since the features are disturbed and mixed up with
other geographical entities of the area. Hence, the selection of the optimum spatial resolution (OSR)
may vary for each observation target (ROI) according to the needs of each study.
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An example of the interpretation detail at all pixel resolutions is given in the next figure. Figure 
9a shows the original 2 m spatial resolution of the elliptical feature at the south part of the 
archaeological site (see Figure 2b, ROI-1), while Figure 9b–g presents the same feature in the various 
upscaling images. As is evident, the elliptical feature is apparent only in the resample pixel 
resolutions of 3 and 4 m (Figure 9b,c, respectively), while for the rest of the pixel sizes, the overall 
shape of the feature is mixed with its environment, thus making the interpretation difficult.  

Figure 8. (a) WorldView-2 Near Infrared-Red-Green (NIR-R-G) pseudo color composite of the
archaeological site of “Nea Paphos” in Cyprus with a pixel size of 2 m; (b) resampled of (a) at a pixel
size of 3 m; (c) resampled of (a) at a pixel size of 4 m; (d) resampled of (a) at a pixel size of 5 m;
(e) resampled of (a) at a pixel size of 10 m; (f) resampled of (a) at a pixel size of 15 m; (g) resampled of
(a) at a pixel size of 30 m; and (h) WorldView-2 R-G-B pseudo color composite of the site.
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An example of the interpretation detail at all pixel resolutions is given in the next figure. Figure 9a
shows the original 2 m spatial resolution of the elliptical feature at the south part of the archaeological
site (see Figure 2b, ROI-1), while Figure 9b–g presents the same feature in the various upscaling images.
As is evident, the elliptical feature is apparent only in the resample pixel resolutions of 3 and 4 m
(Figure 9b,c, respectively), while for the rest of the pixel sizes, the overall shape of the feature is mixed
with its environment, thus making the interpretation difficult.Remote Sens. 2020, 12, 136 12 of 22 

 

 
Figure 9. (a) The elliptical shape observed at the southern part of the archaeological site of “Nea 
Paphos” with a pixel size of 2 m (see also Figure 2b); (b) the elliptical shape resampled of (a) at a pixel 
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resampled of (a) at a pixel size of 10m; (f) resampled of (a) at a pixel size of 15m; (g) resampled of (a) 
at a pixel size of 30m and (h) WorldView-2 R-G-B pseudo color composite of the site indicating the 
elliptical shape. 

This finding is again consistent with the OSR statistical analysis of the mean-variance, presented 
in Figure 10. The OSR for ROI-1 (elliptical shape) is indicated with an arrow in all spectral bands. The 
OSR was estimated at the pixel resolution of 4 m spatial resolution. Beyond this pixel size, the mean-
variance of the elliptical shape is increased for blue, green and red bands (visible part of the spectrum) 
and slightly increased for the near-infrared band. Similar findings were also reported for the rest of 
the areas under investigation (namely ROIs 2 -3). In general, the curves of the mean-variance show a 
different trend for the different ROIs. This was expected since each region shares different properties 
and spectral behavior; however, a general tendency for all ROIs can be observed.  

The results of the mean-variance according to the upscaling factor for the rest of the regions of 
interest are shown in Figures 11, 12 (ROI-2, Figure 2c and ROI-3, Figure 2d), respectively. The OSR 
for the blue, green and red bands is calculated at 5m spatial resolution for all ROIs, while for the near-
infrared band the OSR is estimated to 10m for ROI-2 and 4 m for ROI-3. The first threshold 
corresponds to the OSR where the vegetation proxy is homogenous, while beyond this pixel 
resolution (threshold), the vegetation proxy starts to be integrated in the rest of the environment. 

Figure 9. (a) The elliptical shape observed at the southern part of the archaeological site of “Nea
Paphos” with a pixel size of 2 m (see also Figure 2b); (b) the elliptical shape resampled of (a) at a
pixel size of 3 m; (c) resampled of (a) at a pixel size of 4 m; (d) resampled of (a) at a pixel size of 5 m;
(e) resampled of (a) at a pixel size of 10 m; (f) resampled of (a) at a pixel size of 15 m; (g) resampled of
(a) at a pixel size of 30 m and (h) WorldView-2 R-G-B pseudo color composite of the site indicating the
elliptical shape.

This finding is again consistent with the OSR statistical analysis of the mean-variance, presented
in Figure 10. The OSR for ROI-1 (elliptical shape) is indicated with an arrow in all spectral bands.
The OSR was estimated at the pixel resolution of 4 m spatial resolution. Beyond this pixel size, the
mean-variance of the elliptical shape is increased for blue, green and red bands (visible part of the
spectrum) and slightly increased for the near-infrared band. Similar findings were also reported for
the rest of the areas under investigation (namely ROIs 2-3). In general, the curves of the mean-variance
show a different trend for the different ROIs. This was expected since each region shares different
properties and spectral behavior; however, a general tendency for all ROIs can be observed.

The results of the mean-variance according to the upscaling factor for the rest of the regions of
interest are shown in Figures 11 and 12 (ROI-2, Figure 2c and ROI-3, Figure 2d), respectively. The
OSR for the blue, green and red bands is calculated at 5 m spatial resolution for all ROIs, while for
the near-infrared band the OSR is estimated to 10 m for ROI-2 and 4 m for ROI-3. The first threshold
corresponds to the OSR where the vegetation proxy is homogenous, while beyond this pixel resolution
(threshold), the vegetation proxy starts to be integrated in the rest of the environment.
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Figure 10. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and (d) 

near-infrared band over ROI-1 from the Nea Paphos archaeological site. Optimum spatial resolution 

(OSR) is indicated with an arrow. 
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Figure 10. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and
(d) near-infrared band over ROI-1 from the Nea Paphos archaeological site. Optimum spatial resolution
(OSR) is indicated with an arrow.
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Figure 11. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and
(d) near-infrared band over ROI-2 from the Nea Paphos archaeological site. Optimum spatial resolution
(OSR) is indicated with an arrow.



Remote Sens. 2020, 12, 136 13 of 21

Remote Sens. 2020, 12, 136 14 of 22 

 

Figure 11. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and (d) 

near-infrared band over ROI-2 from the Nea Paphos archaeological site. Optimum spatial resolution 

(OSR) is indicated with an arrow. 

 

Figure 12. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and (d) 

near-infrared band over ROI-3 from the Nea Paphos archaeological site. Optimum spatial resolution 

(OSR) is indicated with an arrow. 

The overall mean-variance diagram against the different upscaling factors demonstrates the 

general trend of the OSR for the archaeological site (Figure 13). It should be mentioned that the mean-

variance was estimated using the local variance values of all three ROIs studied here, and not the 

total mean-variance of the entire archaeological site. As it was found the OSR for the blue and green 

band was estimated at 4 m spatial resolution (Figure 13a,b, respectively), and for the red, and near-

infrared bands at 10m (Figure 13c,d, respectively). Above these thresholds, the variance starts to 

increase, which is linked to the mixel (mixture element) phenomenon, that change the overall 

homogenous spectral signature of the ROIs. Indeed, beyond that pixel resolution, the features under 

investigations start to be integrated into their environment, thus giving heterogeneous spectral 
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Figure 12. (a) Variance against upscaling factor for blue band; (b) green band; (c) red band; and
(d) near-infrared band over ROI-3 from the Nea Paphos archaeological site. Optimum spatial resolution
(OSR) is indicated with an arrow.

The overall mean-variance diagram against the different upscaling factors demonstrates the
general trend of the OSR for the archaeological site (Figure 13). It should be mentioned that the
mean-variance was estimated using the local variance values of all three ROIs studied here, and not
the total mean-variance of the entire archaeological site. As it was found the OSR for the blue and
green band was estimated at 4 m spatial resolution (Figure 13a,b, respectively), and for the red, and
near-infrared bands at 10 m (Figure 13c,d, respectively). Above these thresholds, the variance starts
to increase, which is linked to the mixel (mixture element) phenomenon, that change the overall
homogenous spectral signature of the ROIs. Indeed, beyond that pixel resolution, the features under
investigations start to be integrated into their environment, thus giving heterogeneous spectral profiles
and making the interpretation of the archaeological proxies difficult. Upon these findings, the OSR for
all bands can be defined at a pixel resolution of 4 m.
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further processed and interpreted in terms of detection and discrimination of archaeological proxies. 

For this reason, the WorldView-2 image of the archaeological site of “Nea Paphos” with a spatial 

resolution of 2 m was imported into a Geographical Information System (ArcMap v10.6) where 

further image enhancement techniques have been applied. The overall results, along with some 

considerations regarding the “differences” observed between the raw multispectral image (at 2 m 

spatial resolution), are presented below. 

The first row of Figure 14 illustrates the area at the highest spatial resolution (2 m), while the 

OSR of 4 m is demonstrated at the next row (second row). The results are shown for the near-infrared 

part of the spectrum since this spectral region is the most sensitive for detecting archaeological 

(a)                                   (b) 

(c)                                   (d) 

Figure 13. (a) Mean-Variance against upscaling factor for blue band; (b) green band, (c) red band;
and (d) near-infrared band over ROIs 1-3 from the Nea Paphos archaeological site. Optimum spatial
resolution (OSR) is indicated with an arrow.

4. Discussion

From the previous results, some general comments can be raised here. Firstly, it is evident that the
optimal resolution depends on the spatial properties of the targets under investigation, as this was
also reported in the past [26]. As it was also reported in [23] optimal spatial resolution is primarily
affected by the spatial and structural parameters of the targets. The spatial dimension of the features
(archaeological proxies) under investigation is not the unique criterion for the selection of the optimal
spatial resolution. This can be the case only in surveys where “pure” pixels are recorded in the remotely
sensed sensors. In practice, the spectral confusion of the areas under investigation needs to be taken
into consideration, as this has also been reported in other examples [21]. Indeed, the homogeneity of
the area under investigation can be a critical aspect for the identification of the OSR [21]. The OSR as
defined for the spectral bands is quite similar to other products derived from the same dataset, as in
the case of the vegetation indices. As it was found in the case study 1, the OSR of the spectral bands
was similar to the OSR of all three vegetation indices studied before.

In order to evaluate the final findings from the real experiment (case study 2), the OSR was further
processed and interpreted in terms of detection and discrimination of archaeological proxies. For this
reason, the WorldView-2 image of the archaeological site of “Nea Paphos” with a spatial resolution
of 2 m was imported into a Geographical Information System (ArcMap v10.6) where further image
enhancement techniques have been applied. The overall results, along with some considerations
regarding the “differences” observed between the raw multispectral image (at 2 m spatial resolution),
are presented below.

The first row of Figure 14 illustrates the area at the highest spatial resolution (2 m), while the OSR
of 4 m is demonstrated at the next row (second row). The results are shown for the near-infrared part
of the spectrum since this spectral region is the most sensitive for detecting archaeological proxies. In
detail, Figure 14a,d refer to ROI-1 at a 2 m and 4 m spatial resolution, respectively, while, in a similar
way, Figure 14b,e to ROI-2, and finally, Figure 14c,f to ROI-3.
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Figure 14. First row: WorldView-2 near-infrared band image at a spatial resolution of 2 m; second 
row: WorldView-2 near-infrared band image resampled at a spatial resolution of 4 m; (a) and (d) refer 
to ROI-1; (b) and (e) refer to ROI-2, and (c) and (f) refer to ROI-3). For the location of each ROI, refer 
to Figure 2. 

The profile of a linear transect over the elliptical shape at the southern part of the archaeological 
site (ROI-1) is given in the next figure (Figure 15). The location of the transect of a length of 90 m (45 
pixels of 2 m resolution) is shown at the bottom right part of Figure 15. The profile is given for the 
“true” RGB composite (red-green-blue) at a pixel resolution of 2-m spatial resolution -indicated with 
continues lines, and at a pixel size of 4-m (OSR) with dashed lined. As demonstrated, for all bands of 
the resample image of 4 m, the spectral variance along the transect is smoother in comparison with 
the initial transect. Fluctuations of the spectral profile at the initial image (2 m) are becoming smaller 
in the degraded image. This “filtering” is not however changing the overall trend and shape of the 
spectral profile, for instance, the highest peaks and lowest values, which are still visible in the 4-m 
pixel size resolution image (as the one indicated for the green band with arrow).  
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Figure 14. First row: WorldView-2 near-infrared band image at a spatial resolution of 2 m; second row:
WorldView-2 near-infrared band image resampled at a spatial resolution of 4 m; (a) and (d) refer to
ROI-1; (b) and (e) refer to ROI-2, and (c) and (f) refer to ROI-3). For the location of each ROI, refer to
Figure 2.

As shown in Figure 14a,d both pixel resolutions (i.e., the original 2 m and the OSR 4 m resolution)
visualize the outline of the elliptical shape (ROI-1). The highest spatial resolution (Figure 14a) provides
as expected a much clearer representation. However, when it comes to observing the inner space of the
elliptical feature, spectral confusion makes it difficult to set the boundaries of the elliptical shape at this
high-resolution image. In contrary, the OSR image inner details of the archaeological proxies can be
observed (Figure 14d, circled with yellow shape), since the local variance for this feature is minimized
at this spatial resolution. Similar findings can also be observed for the linear feature (ancient road(?),
ROI-2) at Figure 14b,e. Although the linear feature is visible in both pixel resolutions (original size 2
m and OSR at 4 m), the OSR minimizes the local variance along the feature, thus supporting visual
interpretation. One of the finest examples of the suitability of the OSR regards the area at the western
part of the site, namely the ROI-3. While 2 m spatial resolution (Figure 14c) partially shows some traces,
the OSR image (Figure 14f) visualizes several small-size linear and semi-circular features, pointed
with yellow arrows on the figure. This is an example where the high local variance of the highest
spatial resolution creates a local spectral confusion at the area under investigation, while the OSR
image provides a result with a low local spectral variance.

The profile of a linear transect over the elliptical shape at the southern part of the archaeological
site (ROI-1) is given in the next figure (Figure 15). The location of the transect of a length of 90 m
(45 pixels of 2 m resolution) is shown at the bottom right part of Figure 15. The profile is given for the
“true” RGB composite (red-green-blue) at a pixel resolution of 2-m spatial resolution -indicated with
continues lines, and at a pixel size of 4-m (OSR) with dashed lined. As demonstrated, for all bands of
the resample image of 4 m, the spectral variance along the transect is smoother in comparison with
the initial transect. Fluctuations of the spectral profile at the initial image (2 m) are becoming smaller
in the degraded image. This “filtering” is not however changing the overall trend and shape of the
spectral profile, for instance, the highest peaks and lowest values, which are still visible in the 4-m
pixel size resolution image (as the one indicated for the green band with arrow).
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Figure 15. Transect profile over the elliptical shape at the southern part of “Nea Paphos” (ROI-1,
Figure 2b) as recorded for the red-green-blue bands at a pixel resolution of 2 and 4 m.

To further visual interpretation and spectral profiles of the horizontal transect, the OSR and the
initial 2 m spatial resolution images were analyzed using four different quality image methods: (a) bias,
(b) image entropy, (c) RASE (relative average spectral error), and (d) RMSE (root mean squared error).
Bias metric is sensitive only to the difference in the mean values of the reference and the re-sampling
image (i.e., OSR image) [20], while image entropy metric provides the information content of the image
based on a probability distribution. Therefore, higher entropy values indicate a higher amount of
information present in the OSR image. In contrast, the global spectral quality of the image can be
evaluated using the RASE metric; lower values of RASE indicates better spectral quality [27]. Finally,
RMSE metric estimates the difference of the variation between the reference (initial pixel size) and
the OSR image. The OSR image is close to the reference image when the RMSE value is zero [28].
Their mathematical equations are listed below (Equations (4)–(7)), while more details regarding these
methods can be found in [29,30].

Bias = 1−
y
x

, (4)

Image Entropy (E) = −
∑

bc
i=1p ∗ log2(p), (5)

RASE =
100

x

√
1
N

∑
N
k=1RMSE(Bk)

2, (6)

RMSE =

√∑n
i=1(xi − yi)

2

n
. (7)

The OSR of the “Nea Paphos” archaeological site of a pixel resolution of 4 m, was directly
compared with the reference (initial) image of a resolution of 2 m. The process was performed in
the MATLAB R2016b environment, using the Graphic Unit Interface (GUI) “Image Quality—Index
Analysis GUI” accessible at [31,32]. Part of the results are demonstrated in Figures 16 and 17. Figure 16
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shows the results for the elliptical shape (ROI-1), while Figure 17 demonstrates the results from the
linear feature of ROI-2. The first row (a) of Figures 16 and 17 presents the results from the Bias
method, while the second (b) and third (c) rows of Figures 16 and 17 show the results of the RASE and
RMSE methods, respectively. Column ii–v are related to the spectral bands of blue, green, red, and
near-infrared, respectively. The first column (column i) indicates the RGB composite of the area at a
2 m and 4 m spatial resolution.
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Figure 16. Results after the image quality process for ROI-1 (elliptical shape) using the (a) bias, (b)
RASE (relative average spectral error), and (c) RMSE (root mean squared error) methods. The first
column (i) refers to pan sharpened and raw WorldView-2 image, while the second column (ii) refers to
the results for the blue band and similarly the columns (iii), (iv) and (v) to the results of the green, red
and near-infrared bands respectively.

As is evident in Figures 16 and 17, the quality indices indicate similar results for the different
spectral bands. The differences between the initial 2 m spatial resolution image and the degraded
4 m resolution do not follow the outlines of the edges of the elliptical shape (Figure 16) and the linear
feature (Figure 17). The differences observed between the OSR image (4 m resolution) and the initial
image (2 m resolution) do not affect the visual interpretation of the archaeological proxy per se but,
rather, the whole area of the image, as an expected outcome of the degradation process of the datasets.
So, the visual interpretation of the OSR image and the 2 m resolution image is not distorted in the
archaeological proxy’s area only but, rather, follow a uniform difference between the reference and the
resampled image.

The overall results from this quantitative analysis (i.e., comparison of the 2 m and the 4 m
spatial resolution images) are indicated in Table 3. The table summarizes the comparison results for
each quality image method (bias, entropy, RASE, and RMSE) for the different spectral bands. The
comparison was made using the whole area of the archaeological site of “Nea Paphos”. Values close
to zero (0) indicate identical images, with no significant spectral difference between the initial image
and the OSR image. In general, the results are quite similar for all spectral bands, for each method
used, while the best results are found on the blue band, which provide the lowest values. The overall
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low values from the Bias and Entropy method (close to 0) show that the degraded image of 4 m (OSR)
has similar spectral context as the raw 2 m spatial resolution image, indicating that no significant
spectral information was lost through the degradation process of the image. The low-value scores of
the Entropy metric indicate that the information of the OSR image at 4 m pixel resolution remains
almost the same as the one of the initial 2 m resolution image, despite the difference in the pixel size.
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Figure 17. Results after the image quality process for ROI-2 (linear feature) using the (a) bias, (b) RASE
(relative average spectral error), and (c) RMSE (root mean squared error) methods. The first column
(i) refers to pan sharpened and raw WorldView-2 image, while the second column (ii) refers to the
results for the blue band and similarly the columns (iii), (iv) and (v) to the results of the green, red and
near-infrared bands respectively.

Table 3. Quantitative analysis of original 2 m spatial resolution image against the OSR image (4 m).

Method Blue Band Green Band Red Band Near-Infrared Band

Bias 0.034 0.040 0.047 0.040
Entropy 0.006 0.006 0.006 0.006

RASE 1.850 2.725 8.625 2.696
RMSE 368.992 379.435 374.332 377.815

5. Conclusions

Spatial resolution is a critical characteristic of satellite-based investigations used for archaeological
prospections. This study aimed to make an introduction of the importance of the image resolution,
following examples from the existing literature, and then analyze the spatial resolution of images in
terms of defining the optimum observation scale for supporting archaeological prospection surveys,
especially in areas with high spectral heterogeneity. For this reason, a high-resolution WorldView-2
image was used, and then systematically upscaled, while calculating the mean-variance of the regions
of interest. The overall results indicate that higher spatial resolution is not always the optimum scale of
observation, especially in areas with high spectral heterogeneity. The examples of the elliptical shape
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and the small linear and semi-circular feature of the archaeological site (Figure 14a,d,c,f, respectively)
are some of the best examples of this argument. Quality analysis carried out between the raw image
(2 m spatial resolution) and the OSR image (4 m spatial resolution) also indicates high image relevance.
Thus, the aggregate image does not skip essential details (edges) from the initial dataset. Instead, it
smooths the spectral profile, as shown in Figure 15, and better supports visual interpretation.

While in our case studies in this paper, the spatial extent and size of the archaeological proxies are
a-priori known, in practice this is now always so straightforward. Indeed, the spatial resolution of
buried archaeological features is usually unknown prior to the satellite investigation, which, however,
can be retrieved from the existing archaeological knowledge and interpretation of the archaeological
evidence. This kind of analysis can be used so as to set the spatial properties of the potential
archaeological proxies, while other existing visible sites of the area under investigation and archive
prospection datasets can be used as a guideline for the satellite investigation. We should, therefore,
stress the point that archaeological prospection, in various forms, either from the ground or from space,
should always be driven from archaeological evidence and archaeological queries which set the proper
context for these technologies.

The choice of a simple degradation upscaling process, like the one implemented in our study,
was based on similar considerations raised by [25]. When the scope of the study is not to simulate all
conditions involved in remotely sensed data acquisition but to investigate the impact of a sampling
system on the measurement of geographical entities, a simple model (such as those of nearest neighbor)
can be used, assuming all other variables negligible. Of course, more sophisticated simulating
upscaling methods do exist in the literature. Complex simulation models which include biophysical
and atmospheric radiative transfer models can be found in [33], while spatial autocorrelation and
semivariograms methods have been implemented by [34]. Other researchers have developed and
utilized empirical statistical measures that express a relation between observed variance and spatial
resolution. More details regarding such statistical measures for the optimal spatial resolution can be
found in [35].

The overall findings of the current study are consistent with other similar studies working in
different—non-archaeological—environments. As [20] stated in their study, there is no single-pixel
size which would give the best interpretation result for all cases. Instead, there is an optimal pixel size
of its own for each case study.

However, as [35] argued, choosing a spatial resolution for a remote sensing investigation may be
a complex task if the area of interest contains a variety of targets with different land covers. Whereas
new satellite sensors, as well as other unmanned aerial vehicle (UAVs), can provide today sub-meter
and centimeter analysis products, the definition of the OSR is of critical importance when it comes to
large projects which require systematic measurements and regular flight observations. Future studies
will further aim to investigate the impact of both spectral and spatial resolution towards the detection
of archaeological proxies, expanding the study to other indices, as well as other parameters studied
here, such as the orientation of the subsurface remains.
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