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ABSTRACT
One of the main factors that make the conservation of heritage by 3D modeling inaccessible, especially in
developing countries, is the high cost of the terrestrial laser scanner. One alternative solution is close-range
photogrammetry, which is widely used as a less-expensive technique for the documentation of historical and
cultural heritage through usually high-resolution DSLR (Digital Single-Lens Reflex) cameras. While main
previous works have focused on the use of such high-end cameras, this paper studies the potential of the
recent entry-level phone camera for performing close-range photogrammetry as an affordable abundant
tool. To achieve this goal, Marinid Royal Necropolis from the UNESCO heritage city of Fez in Morocco were
photographed and 3D modeled using a smartphone and a DSLR camera. The results are compared to a set of
control points (CPs) collected using a total station and then evaluated through some statistical variables.
Also, to analyze the impact of several parameters, Cloud-to-Cloud (C2C) distance is calculated for each 3D
model. The mean C2C distance between 3D models and CPs clouds ranged between 6.8 mm and 11.6 mm
using a few CPs, and from 11 mm to 21 mm without using any CPs. All comparisons suggest that the
obtained results employing the smartphone camera are comparable, stable, and even slightly more accurate
than DSLR cameras in our case.
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1. INTRODUCTION
Today, the 3D modeling of cultural and archaeological sites has become a powerful tool. It changes
the traditional known workflow and offers many
benefits that were widely investigated (Tsiafaki and
Michailidou, 2015). It is a significant solution, for
many purposes such as preservation, documentation
and keeping a digital record of culture to support
maintenance and restoration operation in cases of
damage or loss (earthquakes, fires, wars) (Lerones et
al., 2010; Stylianidis and Remondino, 2016; Dominici,
Alicandro and Massimi, 2017). The terrestrial laser
scanner is the optimal standard for this purpose due
to its highly accurate results (Arayici, 2007;
Kwoczynska, Sagan and Dziura, 2016; Shanoer and
Abed, 2018) and its automated and practical process.
It can also be used under most weather and lighting
conditions (Prokop, 2008). However, it has some limitations when it comes to complex cultural and historical objects (Mulahusić et al., 2020), and it remains
a costly technique. This could prevent its use in
some developing countries. Therefore, the proposal
of low-cost and accurate alternative ways is necessary to support and enhance culture preservation in
such countries. The digital close-range photogrammetry technique has been known recently as an accessible promising alternative for laser scanner in
several fields. It is recognised as a major tool in cultural heritage and an added value to sustainability in
the interdisciplinary field of archaeometry for conservation-restoration purposes (Liritzis et al., 2020). It
can have been frequently used in conservation, restoration, documentation (Peña-Villasenín, GilDocampo and Ortiz-Sanz, 2017; Fioretti et al., 2020),
archaeology (Lerma et al., 2010; Haukaas and
Hodgetts, 2016; Al-Ruzouq and Abu Dabous, 2017;
Waagen, 2019; Jones and Church, 2020), construction
(Liu et al., 2009; Abdel-Bary Ebrahim, 2012; Zhang
and Hu, 2018), and extended realities (Hou et al.,
2014; Putra, Wahyudi and Dumingan, 2016; Murtiyoso et al., 2018). This success is due to the ease of
processing and high accessibility from most archaeological and researchers having limited budgets
around the world. However, most of the close-range
photogrammetry studies use an expensive digital
single-lens reflex camera (DSLR) to take photos to
the sites. Therefore, the optimization of costeffectiveness is necessary.
Numerous studies have investigated low-cost image-based digital close-range photogrammetry techniques for cultural heritage. The accuracy of many
datasets was evaluated with different complexity
degrees with using the control points and scale bars
as a bundle block adjustment, in order to derive the
potential of low-cost automated image-based 3D

modeling. The results indicated good accuracy when
ground control points were used (Remondino et al.,
2012). Low-cost image-based 3D modeling methods
for cultural heritage and archaeological for nontechnical users were also investigated, using cheap
or free instruments and software, with variable geometric accuracy level (Boochs et al., 2007; Kersten
and Lindstaedt, 2012).
Several studies have also evaluated the feasibility
of low-cost image-based modeling quality of cultural
heritage in comparison with a terrestrial laser scanner and/or CPs. A masonry arch bridge was 3D
modelled using the photogrammetry and dense
cloud as low-cost methods. Although the results
were evaluated through several parameters, the
number of used images and the processing time
were very high (Altuntas, Hezer and Kırlı, 2017). The
profits of low-cost image-based reconstruction of the
historical and cultural heritage of Nepal devastated
in an earthquake was investigated, using phone and
DSLR cameras. The obtained models were uncontrolled, i.e., the models were not in the real scale
(Dhonju et al., 2017). Otherwise, the parameters that
impact the accuracy of the obtained results according to the used software, the number of photos, and
ground control points using smartphone cameras
were analyzed by (Altman, Xiao and Grayson, 2017),
yet the achieved results were not always steady. The
potential of a cheap camera using tow solutions for
the bundle block adjustment was exploited by
(Elkhrachy, 2019). The first solution is using ground
control points, whereas the other one, the controlling
model employs scale bars. The obtained 3D models
were compared to a section of CPs and exhibit high
quality, mainly when CPs were used. Also, the effect
of the number of CPs on model quality was analyzed. Nevertheless, the case of study was perfect,
i.e., the building had no historical value and presented no architectural challenges.
The main goal of this article is to optimize the
cost-efficient, to conserve a high level of accuracy,
and to exploit the tools that already exist among archaeological, researchers, and also unprofessional
users. Today, the use of smartphones is widespread
worldwide. According to the Mobile Economy report, By the end of 2019, 5.2 billion people subscribed to mobile services, accounting for 67% of the
global population, with almost 3 billion smartphones
(Denis, 2019; GSM Association, 2020). The approach
proposes different solutions targeting two different
budget categories; by using two different digital
cameras. The first one is a DSLR camera, and the
second one is an entry-level smartphone camera,
and/or the control points. In order to challenge
those two technologies to the case of heritage
preservation, we have chosen one of the most valua-
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ble heritage and understudied monument: Marinid
tombs of the Marinid Royal Necropolis (built-in
1582). The monument is located in the old medina of
Fez in the north of Morocco, which was listed on the
UNESCO list of world heritage (Centre, 2020). The
building is in a bad situation, and it has lost a few
parts due to many reasons such as water erosion and
lack of maintenance.

2. STUDY AREA AND DATA
ACQUISITION
2.1. Marinid Tombs
Between the 13th and 15th centuries, the Marinids
were the kings of the Maghreb and the Iberian Peninsula. They built a large part of the old city of Fez,
"Fez el-Bali." They were the ones who made Fez the
cultural capital of the country. The medina, which
was listed in UNESCO in 1981, has become an icon
of architecture and history. The sultans were given
beautiful tombs after their hard work. The first was

buried in Rabat, in the necropolis of Chellah, the last
in Fez, in Marinid Royal Necropolis (Fig. 1 and 3).
After the fall of the Marinids, the following dynasties did not wish to maintain the tombs. The sites fell
into ruin, worn out by sun, wind, and weather Fig. 2.
Today, the Marinid tombs are dilapidated. There are
still a few structures on which beautiful motifs and
friezes can be seen, but it is evident that the site has
lost some of its splendor. That is why it is necessary
to work on the conservation of this dilapidated heritage in order to avoid losing it.
One tomb was chosen for the reconstruction. The
tomb also is in a bad situation, and it has lost some
of its parts, especially the roof and the corners. The
tomb dimension is approximately 9.5 m in height
and 7 m in width. The photographs were taken during the journey using three different sensor cameras.
Table 1 below shows the list of the cameras and their
sensor parameters.

Table 1. Characteristics of utilized DSLR and mobile phone cameras.
Sensor

Image size

Focal length (mm)

Canon EOS 800D
Xiaomi Redmi 7

6000 x 4000
3000 x 4000

18
3.84

2.2.

Taking Pictures

Photographs were captured using an entry-level
smartphone camera (Xiaomi Redmi 7) and DSLR
camera sensors (Canon EOS 800D). Thus, the sizes of
the images are dependent on the camera used. The
images were taken during the day and without a
tripod or any fixing tools with a concern to get as
close as possible to limited use conditions. The cam-

Number of used
images
7
7

ISO

Price points

100
100

DSLR (espensive)
Entry-level Budget

era settings were fixed according to sensor types,
including maximum f-numbers, fixed focus, and
minimal ISO to improve the quality of the images
and to reduce noise.
Two sets of several images with different resolutions were taken on different days, close to the building, but just seven from each set were chosen to
make the tests after elimination of redundancy.

Figure 1. Study area from Google Maps.
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Figure 2. Marinid tombs ruins (‘Les tombeaux des mérinides à Fès’, 2016).

Figure 3. Location of the site at the top of the hill overlooking the old medina of Fez

2.3. Reference data
Thirty-four control points (CPs) were measured
on several points over the building facade using
Leica TCRP 1203 R300 (Leica, 2008), as shown in Fig.
4. The total station measures the three coordinate
points based on the distance between the total station and the point concerned. The used coordinates

system was Merchich / North of Morocco. As an
alternative to coded targets, natural targets were
used, such as windows, corners, and holes existing
on the facade, as a CPs. The architecture of the facade made the choice of well-distributed targets difficult, wherefore the distribution of points was more
intensive at the top.
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Figure 4. (a): The position of the used total station. (b): The building facade and the chosen CPs.

3. METHODOLOGY
3.1. From images to point clouds
A point clouds is a set of points which represent
the 3D objects using the geometric coordinates system, each of the point clouds that forms the clouds
representation are defined by X, Y, and Z coordinates and by its color characteristics. The point
clouds are obtained by the identification of several
photographs. Therefore, the density is influenced by
the quality and quantity of the image sets. The point
clouds can extract much valuable information, such
as accuracy of points position and other metric information, by using several techniques and algorithms, including the used software. The processing
involves camera calibration, image orientation, and
finally generating the point clouds.

3.1.1.

Bundle adjustment

Bundle block adjustments (BA) have been conceived by the photogrammetric community in the
'50s, used to compute 3D coordinates through a
bundle adjustment method that was developed for
the first time by Brown in 1958. It is an optimization
problem on the sought 3D structure and camera parameters, such as position, orientations, and eventually internals, in order to estimate 3D reconstruction.
BA has become the standard solution for 3D reconstruction problems in the '80s.

In our experience, two different BA solutions were
proposed to make the comparison between different
cameras from different ranges. The first one is the
use of 12 CPs that were computed employing the
total station. The second one is to reconstruct the
object without using any CPs; the model was controlled by using scale bars. Agisoft Metashape Professional software (commercial software developed
by Agisoft Corporation) was used to build models
and to compute the residuals.

3.1.2.

Ground control points

Agisoft Metashape professional version allows
users to add additional measurements that could
improve the results such as CPs and the Scale Bars.
In this case, 12 CPs were chosen and measured using
a local coordinates system (Merchich/North of Morocco). Those points are already known on the facade of the building. It remains to match each point
in the photographs to its corresponding coordinates
obtained by the total station. The accuracy obtained
using the software for both of the cameras was computed by comparing the CPs coordinates from the
total station, and the CPs coordinates obtained using
the software. A second test was conducted by reducing the number of CPs to six and evaluating the impact on the accuracy, as depicted in Fig. 5. The third
test was about the creation of the models without
any CPs, and only scale bars were employed to control the models at that last test.
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Figure 5. Configuration of the 4, 6, 8, and 10 control points (green points) from 34 collected points (red points).
Clockwise from top-left

3.2.

Cloud-to-cloud distance and data
comparison

CloudCompare is a user-friendly open-source
processing software (Agisoft and R., 2018), oriented
mainly to calculate the distances between two dense
3D point clouds (Girardeau-Montaut, 2011). The
software has several tools to calculate the distances;
in our case, we used the cloud-to-cloud (C2C) dis-

tance tool. As shown in Fig. 6, it measures the difference between each photogrammetric point clouds
and a reference cloud. Several performing algorithms were used to calculate the distance, such as
iterative closest point (ICP) (Ahmad Fuad et al., 2018).
As shown in Fig. 5, CloudCompare take the nearest
point in the reference point clouds and computes
their C2C distance using the nearest neighbor distance algorithm.
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Figure 6. The nearest neighbor distance that cloud-to-cloud (C2C) distancing is based on

4. RESULTS AND ANALYSIS
The software used to obtain points and process
and create image-based 3D models of point clouds is
Agisoft Metashape professional version. The software extracts the tie points, before the external orientation of the camera is automatically calculated from

these points. For the camera calibration, Metashape
uses Brown's distortion model to simulate the distortion of the lens (Agisoft and R., 2018). As shown in
Fig. 7, the parameters of accuracy and number of the
tie point were set at the best configurations possible.

Figure 7. Initial using parameters in Agisoft Metashape

4.1. Comparison of the bundle block
adjustment for the cameras
In order to compare the two cameras, two different bundle block adjustments were used. The first
one was based on the CPs, and the second one used
only the software without using any CPs.

4.1.1.

BA accuracy based on using CPs

The statistical parameters of the Canon and the
Redmi cameras measured after georeferencing using
12 CPs are summarised in table 2. For the Redmi
camera, one CP was considered as an outlier as it

affects the results negatively; consequently, it was
removed. The RMS (Root Mean Square) values of the
two cameras were calculated spatially and along the
three spatial axes. For the canon camera: the observed RMS value along the x-axis was 24.99 mm,
RMS value along the y-axis was 22.08 mm, RMS value along z-axis was 15.27 mm, and the spatial RMS
was 35.12 mm. For the Redmi camera, the RMS value
along the x-axis was 9.75 mm, the RMS value along
the y-axis was 15.51 mm, the RMS value along the zaxis was 11.93 mm, and the spatial RMS value was
21.86 mm, which is more accurate than canon camera. As shown in the histogram and Q-Q plot for the
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canon camera Fig. 8, the residual data are typically
distributed. As can be seen, the central part of the
curve follows the straight line well (Fig. 8). The
skewness value is between -0.5 and 0.5, which means
an asymmetrical distribution of the data. The kurtosis value is negative -0.8, which means that the data
follows a platykurtic distribution with flat tails that
indicates the small outliers in distribution.
Fig. 9 and 10 show the histogram and Q-Q plots of
discrepancies of the Redmi camera before and after
the removal of the outliers. The histogram before
filtering shows that the distribution is not similar to
a normal distribution while it is highly positively

skewed. The positive excess kurtosis on its side indicates a leptokurtic distribution with a heavy tail,
which indicates significant outliers. As can be seen,
after removing the outlier, the tails of the residual
distribution are flat and close to the normal distribution while the standard deviation was improved to
6.86 mm from 10.99 mm, and the data follow a
straight line as shown in the Q-Q plot (Fig. 10).
On the other hand, the mean value of the Redmi
camera was around 2 cm and 3.5 cm for the Canon
camera, and their standard deviations were between
6.87 mm and 15.67 mm.

Table 2. Obtained statistical parameters of the Canon and Redmi 7 cameras results

X-direction

Y-direction

Z- direction

Spatial position
Skewness
Kurtosis

Mean (mm)
Standard deviation (mm)
RMS (mm)
Mean (mm)
Standard deviation (mm)
RMS (mm)
Mean (mm)
Standard deviation (mm)
RMS (mm)
Mean (mm)
Standard deviation (mm)
RMS (mm)
-

Canon

Redmi

0.00
24.99
24.99
0.00
22.07
22.08
0.00
15.27
15.27
31.75
15.67
35.12
0.42
-0.8

0.00
13.95
13.95
0.00
19.48
19.48
-0.42
12.25
12.26
23.4
10.99
25.66
1.63
3.03

Redmi (After outliers)
-3.01
9.72
9.75
3.55
15.83
15.51
0.38
12.50
11.93
20.86
6.87
21.86
0.63
-1.14

Figure 8. Histogram and Q-Q plot of photogrammetry using Canon and Total station residuals with normal
distribution
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Figure 9. Histogram and Q-Q plot of photogrammetry using Redmi phone and Total station residuals with normal
distribution (before outliers removing)

Figure 10. Histogram and Q-Q plot of photogrammetry using Redmi phone and Total station residuals with the normal
distribution (after outliers removing)

4.1.2.

Cloud-to-cloud comparisons

distances calculated by CloudCompare software,
which was used to compute the accuracy. The second one is the standard deviation, which was used
to take an idea about error margin, and the third one
is the RMS that gives high weight to large residuals.
As shown in Table 2, the mean C2C distances value
of the Redmi has a lower value (6.84 mm) than that
of Canon (11.66 mm). The residuals of the Canon are
more significant when compared to that of Redmi.
That is confirmed by standard deviation and RMS
values. In Fig. 11, the histogram on the right indicates that 91% of points were under 7.4 cm using the
Redmi Model, while the histogram on the left shows
that 91% of points were smaller than 11.4 cm in the
case of the Canon camera.

In order to compare the two proposed low-cost
cameras, we used 34 control points that were taken
using the total station as a reference instead of the
laser scanner point clouds. On the other side, two
models of points clouds of the two cameras were
extracted from Agisoft Metashape software. Each of
these models was compared with the reference model using CloudCompare as a comparison tool that
calculates the cloud-to-cloud distances (C2C) by taking each point from the compared model, finding its
nearest neighbor on the reference model and then
computing their distance. Table 2 summarizes the
results of several statistical variables of comparison
between the control points and point clouds models.
The first statistical variable is the mean value of all

Table 2. Achieved statistical results of C2C distances between compared models and point clouds of total station as a
reference
Reference model

Compared model

Mean (mm)

Standard deviation (mm)

RMSE (mm)

34 points

Canon
Redmi

11
6

31
18

93
54
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Figure 11. Histograms of C2C distances for Canon model (left) and Redmi one (right)

4.2.

Relative comparison between Canon and
Redmi

CloudCompare software allows making a relative
comparison between two models of point clouds.
Therefore, the achieved models using Agisoft
Metashape were compared by computing cloud-tocloud distances (C2C). Since the Redmi model was
found more accurate than the Canon one, it was selected as a reference, while the Canon model as a
compared model. As shown in Table 3, the mean
and the standard deviation values of cloud-to-cloud

distances were 2.25 cm and 2.7 cm, respectively, and
the RMS value was 3.15 cm.
The histograms shown in Fig. 12 indicate that for
90% of points, the mean of C2C distances is under
4.2 cm, while it is less than 15.17 cm for 99% of
points are less than 15.17 cm. Fig. 13 is a graphical
representation of the C2C distances between the reference and compared point clouds, where the blue
area indicates a lower distance (less than 5 cm), the
green area presents the distances around 12 cm.

Figure 12. Histograms of C2C distances of Canon camera using Redmi phone camera as a reference model
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Figure 13. C2C distances of Canon and Redmi relative comparison. Blue indicates low distances

Table 3. Achieved statistical results of C2C distances for relative comparison between Redmi as a reference and Canon
as a compared model
Reference
Redmi

4.3.

Compared
Canon

Mean (mm)
22

Bundle block without using CPs

The self-calibration proposed by Agisoft
Metashape allows automatic extraction of the tie
points without any CPs before the external and internal orientation was computed from them (tie
points). The obtained point clouds models were controlled by scale bars. The models were extracted
with the local coordinates system (Merchich/North
of Morocco), which were compared to the aligned
reference points using iterative closest points (ICP)
before computing C2C distances. The 34 CPs taken
by the total station were considered as a reference
model. The results of the statistical parameters are

Standard deviation (mm)
27

RMSE (mm)
35

summarised in Table 4. The mean value of the Redmi was always better (11 mm) than that of the Canon
(21 mm). The standard deviation and RMS of the
Redmi (32 mm and 94 mm, respectively) were less
than of the Canon (60 mm and 176 mm respectively),
and that means that the residuals of Canon were
more significant than that of the Redmi. As shown in
Fig. 14, over 73% of the points have a mean of C2C
distances within 10 cm for the Redmi camera, while
for the Canon camera, 85% of points have a mean of
C2C distances that is under 22 cm for the Canon
camera.
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Table 4. obtained statistical results of C2C distances between compared models (without using CPs) and point clouds of
the total station as a reference
Reference model

Compared model
Canon
Redmi

34 points

Mean (mm)
21
11

Standard deviation (mm)
60
32

RMSE (mm)
66
70

Figure 14. Histograms of C2C distances for Canon model (left) and Redmi one (right) without using CPs

4.4.

Effect of the number of CPs

In order to study the effect of the number of CPs
and their distribution on the accuracy of the results,
several tests have been conducted. Each test has given a reduced number of CPs. Combinations of 10, 8,
6, and 4 CPs have respectively been tested. Agisoft
Metashape Professional software has been used to
obtain the five models corresponding to the different
combinations above. The CPs were distributed, as
shown in Fig. 5. The obtained 3D models of each set

of points was compared into CloudCompare software to the laser total station model, which is used
as a reference model. The achieved results involving
accuracies, mean values, and standard deviation of
C2C distances are presented in Table 5.
The results suggested that both cameras exhibited
stable means distances and standard deviation, as
shown in Fig. 15 and 16 for the models obtained using CPs. Redmi models yielded accurate results (under 6 mm), better than Canon for all scenarios.

Table 5. Statistical results of the models as a function of CPs number
CPs number
0
4
6
8
10

Mean (mm)
21
11
10
10
10

Canon
SD (mm)
60
34
32
31
31

RMS (mm)
66
47
44
39
39

Mean (mm)
11
5
5
6
6

Redmi
SD (mm)
32
16
16
17
17
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Figure 15. Graph of mean variation as a function of CPs number

Figure 16. Graph of Standard deviation variation as a function of CPs number

5. DISCUSSION AND CONCLUSION
This paper presented an evaluation of the accuracy of two solutions for low-cost image-based 3D
modeling of the Marinid Royal Necropolis in Fez.
Redmi Smartphone camera and Canon DSLR camera
have been used through different configurations,
with or without CPs collected by a total station. The
aim was to investigate the impact of many parameters, such as camera type and the proposed bundle

block adjustment solutions. The 3D models were
obtained using Agisoft Metashape professional
software and were compared to a set of CPs.
The results indicate that the models obtained using CPs were generally more accurate, with mean
values of the C2C distances ranged between 5 mm
and 21 mm. When using 12 CPs, the highest accurate
model corresponded to the smartphone camera (5
mm), which results in a mean C2C distance equals to
6 mm mean. Otherwise, when four or more CPs
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were used, the outcomes indicated that the accuracy
was stable and showed almost no changes. The
smaller mean value of the C2C distances corresponded to 5 mm, and it was obtained when four or
six CPs and the Redmi camera were used. Although
the challenging task of CPs surveying and marker
location on such deteriorated historical heritage, explains the increase in standard deviation values, the
results were satisfactory.
The non-use of CPs has, as expected, negatively
affected the accuracy of the obtained 3D models for
both cameras. This is because of the known coordinates provided by CPs, which ensure that any points
in the model correspond accurately with the real 3D
coordinates. The only thing that helped the software
to control the 3D model was the scale bars. In spite
of that, the accuracies were acceptably close to the
obtained ones by using CPs. They were ranging between 11 mm and 21 mm. In this case again, the

smartphone camera, with an 11 mm C2C mean distance, was more accurate than the DSLR camera.
After analyzing the results obtained from this case
of study, it can be stated that 3D modeling of historical heritage using the smartphone cameras instead of
the DSLR cameras is reliable, stable, and effective for
many reasons such as accuracy, cost, and availability
of instruments. Therefore, this solution can be an
optimal close-range low-cost alternative. For obtaining more accurate results, the use of at least 4 CPs is
still recommended for a facade of approximately 60
m². In the case of non-availability of a total station
for CPs surveying, the use of a scale bar is widely
recommended. The working distance between the
smartphone camera and the captured monument is
relative to the size of the monument. The angle of
view should be adapted so that the monument occupies the maximum possible of the captured image.
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