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Abstract In this paper, we describe and discuss emergent digital technologies employed for monitoring the excavations at the 
archaeological site of Barranco León (Granada, Spain) between 2017 and 2020. The method entails the following material requi-
rements: a total station, a conventional camera, a computer and a software that integrates photogrammetry algorithms; in 
terms of human resources, the presence of an engineer for the first day of the excavation to set up the methodological process 
and trained excavation staff to perform said method on a daily basis is necessary. Here we present the daily workflow for mo-
nitoring archaeological excavations introduced at the site, followed by an estimation of the costs and a summary of the results 
obtained. The method introduced here is based on the height difference of Digital Elevation Models (DEMs) computed on suc-
cessive days using photogrammetric techniques. It is a non-invasive method, which requires less than 8% of the economic 
resources of the excavation and can be carried out in less than 15 minutes. This allows the excavation director to have an ac-
curate and visual idea of the excavation process in order to make appropriate decisions. In addition, from the results obtained 
in the method (differences in DEM of every two days), other derived results can be obtained such as the exact location of the 
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archaeological remains extracted based on their size. These features highlight the relevance and applicability of this approach 
to a wide range of archaeological sites.
Keywords Digital archaeology, Documentation, Excavation monitoring, Photogrammetry, Digital Elevation Model, DEM, Orce.

Resumen En este artículo, describimos y discutimos las tecnologías digitales emergentes utilizadas para la monitorización 
de las excavaciones del yacimiento arqueológico de Barranco León (Granada, España) entre las campañas de 2017 y 2020. El 
método implica el uso de los siguientes recursos materiales: una estación total, una cámara de fotos convencional, un 
ordenador y un programa que integre algoritmos de fotogrametría; referente a los recursos humanos, es necesaria la 
presencia de un ingeniero durante el primer día de la excavación para establecer el proceso metodológico y un excavador 
entrenado para llevar a cabo dicho método diariamente. Aquí, presentamos un flujo de trabajo diario para la monitorización 
de la excavación de un yacimiento arqueológico, seguido de una estimación de los costos y un resumen de los resultados 
obtenidos. El método presentado se basa en la diferencia de altura de los modelos digitales del terreno (MDT) calculados 
en sucesivos días utilizando técnicas fotogramétricas. Es un método no invasivo, que requiere menos del 8% del coste total 
de la excavación y se puede llevar a cabo en menos de 15 minutos. Esto permite que el director de la excavación tenga una 
visión precisa y una idea visual del proceso de excavación para tomar las decisiones adecuadas. Además, a partir de los 
resultados obtenidos en el método (diferencias en MDT de cada dos días), se pueden obtener otros resultados derivados 
como la ubicación exacta de los restos arqueológicos extraídos en función de su tamaño.
Palabras clave Arqueología digital, documentación, monitorización de una excavación, fotogrametría, Modelo Digital del 
Terreno, MDT, Orce.

1. INTRODUCTION

Archaeological excavations have traditionally been monitored daily through the use of 
notes on drawings or sketches (Baird, 2014; Carrocera Fernández et al., 2007; Gaulton et al., 
2015; Steen-McIntyre et al., 1981). Using current technology and photogrammetric algo-
rithms, it becomes possible to document and monitor an archaeological excavation in a 
smoother and more accurate way through the periodic generation of 3D point clouds (Cal-
lieri et al., 2011; Gaulton et al., 2015; Martínez-Fernández et al., 2020; Rinaudo et al., 2012). In 
the present case study, the monitoring was managed by creating three-dimensional real 
scenarios at the beginning and end of each campaign conducted by our team at Barranco 
León (Orce, Granada, Spain) between 2017 and 2020 (Reinoso-Gordo et al., 2020).

The generation of three-dimensional real scenarios is being applied to several fields 
of science. In the field of psychology, it is possible to recreate realistic scenarios to train 
patients to deal with their own reality (Bohil et al., 2011; Parsons et al., 2017; Parsons and 
Rizzo, 2008). In the field of clinical medicine, it facilitates data visualization and diag-
nostic tests (Bruckheimer et al., 2016; Fisher, 2013). In the fields of architecture and engi-
neering, it is possible to obtain the current state of any facade (Dhonju et al., 2017) any 
road (González-Quiñones et al., 2018), any bridge (León-Robles et al., 2019) or any dam 
(Sancho Gómez-Zurdo et al., 2021) with the necessary accuracy for its maintenance and 
conservation through aerial photogrammetry using drones or terrestrial laser scanners. 
In palaeontology and archaeology it is also being applied, for example, in order to map 
Pleistocene sites and to classify fossil-bearing surfaces (Armstrong et al., 2018). In archae-
ological prospection, it is been used to document fossils (Armstrong et al., 2018), to doc-
ument archaeological excavation (De Reu et al., 2014; Masson-MacLean et al., 2021; Peng 
et al., 2017; Wessling et al., 2014), to make topographic analyses (Hoffmeister et al., 2016), 
to analyse the tracing of engravings (Gil-Docampo et al., 2020), to represent underwater 
archaeological data (Repola et al., 2018), and to document rock paintings (Wang et al., 
2019). With regard to the tree-dimensional technological solutions applied to archaeo-
logical sites in Spain, we can highlight the study of the Panoria megalithic necropolis in 
Granada (López et al., 2016), the virtual reconstruction of the archaeological site of Cas-
tellet de Bernabé in Llíria, (Portalésa et al., 2017), the virtual reconstruction and analysis 
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of fieldwork at Cocina Cave in Dos Aguas, Valencia, (Castillo et al., 2017), the drone-led 
characterization of a Mozarabic church in Bobastro, Málaga (Enríquez et al., 2020), the 
pseudo-3D reconstruction using Ground Penetrating Radar of a complex Roman site in 
Lugo (Novo et al., 2010), the 3D monitoring of Paleolithic archaeological excavations using 
terrestrial laser scanner at Atapuerca, Burgos (Martínez-Fernández et al., 2020), the digi-
tal documentation in the Roman villa of Salar, Granada, (Henestrosa et al., 2022), and the 
use of Virtual Reality in the archaeological site of Fuente Nueva 3, Orce, Granada (Reino-
so-Gordo et al., 2020). Nonetheless, no publication has performed the kind of daily exca-
vation monitoring throughout a complete field season or assessed the cost of monitoring 
an archaeological excavation using 3D technology presented here.

Our research focuses on the affordances of digital photogrammetry. Digital photo-
grammetry is based on the knowledge of the projectivity of a series of overlapping pho-
tographs to establish the three-dimensional coordinates of a real scene (Mikhail et al., 
2001). Two main dimensions of digital photogrammetry are currently being applied to 
archaeology: 1) the Multiple View in Geometry and structure from motion approach Hart-
ley and Zisserman (2000) and 2) the Scale-Invariant Feature Transform (SIFT) algorithm 
developed by Lowe (2004). Multiple View approaches the problem of relative orientation 
from the field of projective geometry. The concept of an outlier is used to subsequently 
eliminate such points using Random Sample Consensus (RANSAC) techniques (Fischler 
and Bolles, 1981; Hast et al., 2013; Hollander et al., 2007), and the calculation of matrices 
with a large number of rows (number of homologous points) is accelerated using “sparse 
matrix” techniques (Lourakis and Argyros, 2009). The SIFT algorithm (Lowe, 2004), on the 
other hand, makes it possible to automatically identify homologous points in the over-
lapping areas of photographs (areas common to both photographs) with a formerly un-
attained hit rate. Regarding the digital photogrammetry process, four main phases can 
be discerned (fig. 1): 1) Homologous point identification (Gaulton et al., 2015; Leutenegger 
et al., 2011; Lowe, 2004; Obdržálek et al., 2010; Rublee et al., 2011). 2) Relative orientation 
by pairs of photos. In this phase the fundamental matrix, called F, is calculated (Elnima, 
2015; Heipke, 1997; Snavely et al., 2008). 3) Structure from Motion (SfM). This optimisa-
tion problem is known as bundle adjustment (Brown, 1976; Granshaw, 1980; Triggs et al., 
2000). 4) Absolute orientation or georeferencing. This is carried out with a simple affine 
transformation or similarity, which takes the coordinates established in the SfM phase 
(phase iii) to ground coordinates (usually a geodetic system).

Based on the generation of three-dimensional scenarios, it is possible to derive from 
them elements such as DEM (Digital Elevation Model), solid 3D models, pieces to print, 
etc. DEMs have been widely used in engineering and architecture, notably the drawings 
of topographic profiles, modelling of runoff flows, studies of slope slides, and the build-
ing of physical models (Costa-Cabral and Burges, 1994; Goodale et al., 1998; Hsieh et al., 
2016; Reinoso, 2010; Zhang and Montgomery, 1994). The gridded-model DEM (Maune, 
2007), employed in the present research, is currently the most widely used model. They 
serve as a regular rectangular matrix, with each subdivision storing an elevation value, 
enabling a high accuracy (Mesa-Mingorance and Ariza-López, 2020).

As such, we argue that it is possible to mobilise current techniques for the efficient 
monitoring of archaeological excavations. We demonstrate this potential through the 
results obtained in the digital documentation of excavations at Barranco León (BL) site, 
Spain, in the context of the BC.03.03/17 project funded by the regional government (Junta 
de Andalucía, Consejería de Cultura) between 2017 and 2020.
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Figure 1. Digital photogrammetry phases.

1.1. The Barranco León (BL) site at the Archaeological Zone ‘Orce Basin’

The present study focuses on the BL site (fig. 2), which is part of the ‘Orce Basin Archae-
ological Zone’ (OBAZ), located in the most north-easterly part of the Guadix-Baza Basin 
(GBB) (Granada province, southern Spain). The OBAZ covers an area of 5,784.396 m2 and 
includes some of the most prominent archaeo-palaeontological sites for the under-
standing of the first human settlement in Western Eurasia (Maldonado-Garrido et al., 
2020), notably BL (Anadón et al., 2015; Titton et al., 2020, 2021; Toro-Moyano et al., 2013; 
Yravedra et al., 2022).

The fieldwork at BL began in 1995 (Gibert et al., 1998) and has continued steadily 
to the present, notwithstanding a temporary interruption between 2006-2010. The site 
has 9 distinct stratigraphical levels (Oms et al., 2011) (fig. 3): level A, beige calcsiltites to 
calcarenites; level B, black and dark green feldspar quartz muddy sands; level C, beige 
calcsiltites to calcarenites; level D1, greyish gravels with a sandy matrix; level D2, greyish 
quartz-bioclastic sands, ending in whitish limestones; level E, fine-to-medium-grained 
quartz and feldspar sands, with reddish, brown and greenish colorations; level F1, black 
sandy mudstones; level F2, bioclastic sands of greyish quartz with small chalk nodules 
in the upper part; and level G which corresponds to beige-coloured sands.

D1 and D2 levels are the richest in archaeological and paleontological content with 
more than 32,000 records generated to date. These levels have outstanding elements 
such as the Homo sp. deciduous lower molar found in 2003 (Toro-Moyano et al., 2013) at 
the D1 level; based on a combination of ESR (Toro-Moyano et al., 2013), magnetostratig-
raphy (Oms et al., 2000) and biochronology (Agustí et al., 2015; Martínez-Navarro et al., 
2015), which date level D1 to 1.46 Ma, the Orce milk tooth may be the oldest human re-
main in western Eurasia. Also, these two levels contain a type of knapped lithic indus-
try called subspheroids (Titton et al., 2020), which pertain to the Developed Oldowan 
or Acheulean lithic assemblages. The dating of the BL subspheroids to c. 1.4 Ma makes 
these the oldest record of this type in Europe.

At present, 148 m2 of the BL study site have been excavated. The present research 
project centres on D1 and D2 l, in the southern sector of the site, an area containing 
an abundance of archaeo-palaeontological material. Excavation follows natural layers 
and all elements larger than 20 mm and smaller than 20 mm that are identifiable have 
been coordinated (x, y, z, orientation and slope). During the excavation campaigns from 
2017 to 2020, a total of 51 of 1 m2 each one were excavated 17 m2, 15 m2, 13 m2 and 6m2 
respectively.

In terms of palaeontology, BL is distinguished by the presence of a typical Epivil-
lafranquian large mammal assemblage (e.g., Martínez-Navarro et  al., 2010; Toro-Moy-
ano et al., 2013). In addition, a diverse group of microvertebrates (rodents, insectivores, 
amphibians and reptiles) is also represented (e.g. Agustí et al., 2015; Blain et al., 2016; 
Sánchez-Bandera et al., 2020).
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Figure 2. Archaeological Zone ‘Orce Basin’ (OBAZ), Granada, Spain.

Figure 3. Stratigraphic succession at the Barranco León site: a) Stratigraphy scheme. b) Stratigraphy photography.

2. MATERIALS AND METHODS
The OBAZ excavations by the current Orce Research Project took place between 2017 and 
2020. Four excavation campaigns were completed at BL; one campaign per year.

Understanding the requirements of monitoring an excavation demands knowing the 
human resources available and the monitoring method employed. Regarding human 
resources, in each excavation campaign a director, technical support, and a changing 
number of excavation staff worked together, depending on the campaign. Depending on 
the campaign, freehand sketches and photogrammetry were used for daily monitoring, 
while photogrammetry was the main global monitoring method used in every campaign 
(fig. 4). Table 1 provides specific information concerning the excavation campaigns.

The monitoring method for the excavation of an archaeological site (Section 2.1.) and 
the analysis of time, materials, and human costs required for the fourth excavation cam-
paign are provided below (Section 2.2).
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Figure 4. Photogrammetric survey of the excavation of the BL site in 2017.

Table 1. Data from each excavation campaign.

Start date End date Excavation staff 
[number]

Daily
monitoring

Monitoring
of the

entire campaign

Excavation 
campaign of 
2017

July 3rd 2017 July 22nd 2017 12 Freehand 
sketches

Photogrammetry,
3D model

Excavation 
campaign of 
2018

July 9th 2018 July 28th 2018 14 Freehand 
sketches

Photogrammetry,
3D model

Excavation 
campaign of 
2019

July 3rd 2019 July 22nd 2019 10 Freehand 
sketches

Photogrammetry,
3D model

Excavation 
campaign of 
2020

July 24th 2020 July 31st 2020 6 Photogrammetry,
3D model

Photogrammetry,
3D model

2.1. Monitoring an archaeological excavation during the pandemic period

The method for monitoring the excavation of the sites mentioned in this research was 
based on the determination of height differences between Digital Elevation Models 
(DEM) generated on successive days using photogrammetric techniques. The workflow 
consists on 5 phases, as shown in figure 5.
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2.1.1. Fieldwork
During fieldwork, documentation took the form of accurate photogrammetric surveys. 
The instruments used were a Leica TS02 total station with 3’’ angular accuracy and 1.5 
mm ± 2 ppm spatial accuracy and a Sony A5100 photographic camera with an Exmor APS- 
CMOS sensor, 23.5 x 15.6 mm and 20 Megapixels.

Figure 5. Workflow.

Firstly, 14 GCPs (Ground Control Points) were established at the site for the time of 
the excavation campaign. A number greater than 8 GCPs was chosen, this being the 
minimum number established by Nagendran et al. (2018), to ensure a reliable photo-
grammetric output. The GCPs were distributed along the edges and within the site in a 
stratified way (fig. 6), following Martínez-Carricondo et al. (2018). The GCPs were fixed to 
the terrain using nails to prevent displacement because the archaeological site is heav-
ily frequented by staff members during excavation; each GCP had a nail in the centre of 
the drawn target. Then, the total station was used to establish the coordinates of the 14 
GCPs in a local reference system.

Once the system was set up, a series of photographs of the excavation (n = c. 130) 
were taken with an overlap of more than 87.5% (Eisenbeiss, 2009) were taken on each 
excavation day for subsequent photogrammetric restitution. Photographs were taken at 
a distance of approximately 1.5 to 2.0 m from the ground surface, parallel to the surface. 
Therefore, we took some photos with the camera in a nadiral position (parallel to the 
ground) and some with the camera in an azimuth position (parallel to the wall), guaran-
teeing the overlap mentioned above. Regarding lighting, the archaeological site is open 
on two sides, which limits the presence of shadows, and the photographs were taken at 
a time of day when sharpness was maximum. For this research, photographs were taken 
on the 4 specific days of the 2020 BL field season that excavations could take place, on 
22, 27, and 29 July, 2020.
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Figure 6. S Sector of the Barranco León archaeological site, Orce (Granada). The blue flags correspond to the GCPs. 
As shown in the figure, they are distributed over the entire surface, with GCPs at different heights and around the 

entire contour.

2.1.2. Desk work
For the desk work, the following two software programs were used: Agisoft Metashape 
for photogrammetry and QGIS 3.14 to process the DEM raster. Thus, with each set of 
130 photographs per day and the coordinates of the 14 GCPs fixed, a dense cloud of 
points (n = c. 18 million) was generated in the local reference system using Agisoft 
Metashape. The process for generating the point clouds in a local reference system 
entailed the following workflow (fig. 7): 1) Align photos. This process begins with the 
alignment of the photographs. The output of this step is to establish the relative po-
sition of all the photos with respect to a single reference photo, randomly selected by 
the program, and a sparse point cloud. 2) GCP importation and identification. This step 
involves importing the GCP coordinates from a txt file into the software and then man-
ually identifying the GCP points present in each photograph. 3) Build a dense cloud. 
In this step, the software generates a dense point cloud within the GCP-defined local 
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reference system. 4) Build the DEM. The desired Digital Elevation Model is generated, 
after which the level of detail of the raster can be chosen together with the spatial 
accuracy or the size of terrain that each pixel represents. In Agisoft Metashape the 
variable is called “pixel size” in the DEM menu export. In our case, all the rasters were 
generated with a 0.007m cell size.

At the end of the second day of excavation, we generated the DEM of the first day 
and the DEM of the second day in order to define the difference between the two DEMs 
at the pixel level, generating a differential elevation raster, in which each pixel con-
tained the height value difference between both DEMs (ΔDEMi), as shown in Eq. 1 and 
figure 8. To do that, we employed two Qgis functions. The first one was the clipping of 
the DEMs (Raster->Extraction -> Clip Raster by extent). For the clip, the same clip points 
were used for all the DEMs since each DEM come from a point cloud that is in the same 
local reference coordinate system that was established in 2017 at the beginning of the 
excavation works of the project on which finance this research. The next function used 
was DEM difference. To carry out this function, we employed Qgis raster calculator 
(Raster-> Raster Calculator). Once the above was done, and at the end of each day, we 
returned to the workflow point II (fig. 5) and the whole process described was repeated 
from that point on. In this way, a ΔDEMi raster was created for each day of excavation 
of the deposit - 1.

ΔDEMi = DEMi-1 - DEMi
i being the actual excavation day

Eq. 1

Figure 7. Workflow in Agisoft Metashape to generate a DEM.
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Figure 8. The DEM difference results ΔDEM.

2.2. Method costs

A cost analysis is useful to assess the method’s viability as well as its advantages and 
disadvantages. Firstly, a cost unit was assumed for each of the resources required in an 
excavation in order to estimate the cost of the proposed method with respect to the full 
cost of an excavation campaign. In this way, table 2 of equivalences was considered for 
the resources needed in an excavation. These equivalences are based on the authors’ 
experience directing archaeological excavations.

Table 2. Assumption of the excavation resources cost units.

HUMAN RESOURCES MATERIAL RESOURCES

Resource Cost Unit/day Resource Cost Unit/day

Excavation director 10 Excavation tools 5

Engineer 4 Total station kit 3

Technical support staff 2 Camera 1

Excavation staff 1 Agisoft Metashape 2

Qgis 0

On the basis of the data presented in table 2, it is possible to estimate the full cost of 
a potential excavation in the established cost units. Thus, in the case of some excavation 
campaigns, a time of 10 working days was used, with 1 excavation director, 1 engineer, 1 
technical support staff, and 10 excavation staff together with 10 sets of excavation tools, 
1 complete station kit, 1 camera, and 1 Agisoft Metashape license. Thus, the cost of the 
total excavation was 757 cost units (tab. 3).
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Table 3. Breakdown of the resources required for some excavation campaign and their costs in cost units.

Resource Number of 
resources

Number of 
days

Cost unit/
day

Cost
[Cost units]

Human 
resources

Excavation director 1 10 10 100

Engineer 1 1 4 4

Technical support staff 1 10 2 20

Excavation staff 10 10 1 100

Material 
resources

Excavation tools 10 10 5 500

Total station kit 1 1 3 3

Camera 1 10 1 10

Agisoft Metashape 1 10 2 20

TOTAL 757

Table 4 breaks down the time spent on each phase as well as the material and hu-
man resources required for the method presented in this paper.

In terms of time spent in each process of the proposed method (fig. 5), the I. GCP 
was estimated to take an average of 2 hours, this estimate being made only once, i.e. at 
the beginning of the excavation campaign. During the excavation campaign, it was not 
necessary to carry out phase I., GCP, unless several GCPs were accidentally moved. As for 
phase II., PHOTOGRAPHS, this process serves to determine the volumetric state of that 
instant in time. The completion of the set of photographs should not take more than 15 
min. Regarding the desk processes (phase III., POINT CLOUD; phase IV., DEM; and phase V., 
HEIGHT DIFFERENCE), a variable amount of time may be needed, depending on the pro-
cessing capacity of the microprocessor, the graphics card, the RAM memory, etc. (Barrile 
et al., 2017; Kingsland, 2020). The time estimated in table 4 corresponds to a computer 
assembled with the following components: Intel Core i7 4790, NVIDIA Geforce GTX 1060 6 
Gb, and 32 Gb of RAM, respectively.

Table 4. Table of human resources, material resources, time spent in each of the method phases. (*) It is a time in 
which the computer workstation is processing autonomously. It only requires 10 minutes of dedication from one 

person.

Phases Time spent Human resources Material resources

I. GCP 120 minutes 1x engineer y 1x technical 
support staff

Total station kit and 
camera

II. PHOTOGRAPHS 15 minutes per day 1x technical support staff

III. POINT CLOUD 120 minutes per day (*) 1x technical support staff 
o

Agisoft y Qgis

IV. DEM 5 minutes per day 1x technical support staff

V. HEIGHT DIFFERENCE 5 minutes per day 1x technical support staff

With regard to human resources, the phase I., GCP, required an engineer and a tech-
nical support staff. For the other phases (II., III., IV., and V.) a trained technical support 
staff member may suffice to carry out each of the processes. The cost units represented 
by these human resources are outlined in table 5.
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In terms of material resources, a total station kit and a series of targets were required 
to complete phase I. GCP. Typically, a complete kit includes a prism, tripod, and a total 
station. For phase II., PHOTOGRAPHS, we used the camera described in Section 2.1.1. For 
desk-based processing, a computer workstation and two software programs, i.e. Agiosft 
Photoscan and Qgis, were necessary. The cost units represented by these material re-
sources are outlined in table 5.

Table 5. Breakdown of the necessary resources of the method proposed for an excavation campaign and their 
costs in cost units.

Resource Number of 
resources

Number of 
days

Cost unit/
day

Cost
[Cost units]

Human 
resources

Engineer 1 1 4 4

Technical support staff 1 10 2 20

Material 
resources

Total station kit 1 1 3 3

Camera 1 10 1 10

Agisoft Metashape 1 10 2 20

TOTAL 57

3. RESULTS

The first main output resulting from the method outlined above is a dense point cloud 
for each of the 4 sets of photographs corresponding to the 4 different days. The specif-
ic characteristics of each point cloud are presented in table 6. The average number of 
points in each dense cloud was 18,606,036, with an average mean square error (MSE) of 
5.85 mm. The MSE measures the average of the x,y,z errors and it was calculated over the 
GCP using Agisoft Metashape. DEMs for each point cloud were generated at a resolution 
of 7 mm. The number of pixels of the DEMs is 1363 x 481, thus covering an area of the 
ground plan of 9541 mm x 3367 mm. By computing the differences between consecutive 
daily DEMs (Eq. 1), we generated three raster time series (∆DEM_i) that document the 
progress over the four days in which excavation took place (fig. 9).

Table 6. Descriptive variables of each dense point cloud obtained.

Date Number of points Number of GCP Mean Square Error 
(MSE) [mm]

Day1 22/07/2020 22 438 901 14 4.7

Day2 27/07/2020 20 048 670 14 6.8

Day3 29/07/2020 15 803 913 14 4.8

Day4 30/07/2020 16 132 662 11 7.0

Average 18 606 036 — 5.85

The raster time series (∆DEM_i) could then be filtered or searched to detect and 
quantify excavation progress and colour in the digital model excavated areas on the 
basis of specified centimetre thresholds. This approach makes it feasible to quickly and 
accurately reference in three dimensions the most relevant archaeological remains, 
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filtering according to their dimensions. Some examples of the filters applied are shown 
in figure 10.

The costs of the proposed method with respect to the costs of a complete excavation 
campaign are reflected in the data from table 2 and table 5, showing that the total cost 
of a campaign was 757 cost units and that of the proposed method was 57 cost units. 
Thus, the percentage cost of the proposed method with respect to the cost of the total 
excavation was 7.5%.

Figure 9. ∆DEM_i obtained.

Figure 10. Examples of filters made on any ΔDEM for the detection of excavated areas with the desired centimeters.
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4. DISCUSSION

As explained in the Material and Method section, the excavation in the prepandemic 
campaigns (2017-2019) was monitored daily by means of drawings or sketches of specific 
areas in combination with the taking of images. The sketches were made mostly by the 
excavation staff under the supervision of the excavation director, who had the broadest 
overall vision of the campaign and knew which finds should or should not be invento-
ried in more detail.

The current COVID-19 pandemic obliged us to design a protocol for monitoring the 
excavation, taking into account mainly two major limitations: 1) a possible immediate 
halt of the excavation process by health authorities and 2) a reduced number of excava-
tion staff; 6 excavation staff in the 2020 campaign compared to 12, 14 and 10 in the 2017, 
2018 and 2019 campaigns, respectively. Therefore, we undertook a much more exhaus-
tive monitoring by means of practically daily photogrammetric surveys, anticipating an 
immediate cancellation of the excavation from one day to the next, eliminating the time 
spent preparing sketches and instead making photogrammetric surveys. In addition, the 
taking of images required the presence of a single person, thus reducing the chances of 
contracting the virus.

The current method and its results made it possible to monitor the excavation, pro-
viding the following advantages over the previous method: a) Reducing the personnel 
necessary to take and process the photographs to one trained technician. By contrast, 
the traditional method requires several excavation team members as well as the exca-
vation director to supervise the sketches made. b) Regarding time, our method required 
about 120 min for positioning and setting the coordinates of the targets as well as some 
30 min per day of work by the technical staff (15 min photographs + 15 min desk work). 
In the conventional method, a sketch requires approximately 45 to 60 min. c) Digitization 
notably improved the inventory of the data, its durability over time, and its ability to be 
shared with other researchers. d) Regarding the invasiveness and ease of the new meth-
od, as specified in Section 2., it would require only the placement of markers and the 
taking of photographs, so it can be considered an expeditious and non-invasive method. 
e) The spatial resolution of the ∆DEMs generated was 7 mm.

With this method, the first excavation day requires an engineer and a total station 
kit. The total station and the engineer could belong to the excavation team or could be 
hired on an ad hoc basis for that day. In any case, we recommend that they become 
part of the team due to problems that could arise from an unexpected movement of the 
GCPs, given that, in the study case, the archaeological site is heavily frequented by the 
staff during the excavation and thus vulnerable to unexpected movement of the GCPs. 
The method takes the above into account since it places a number of GCPs greater than 
that recommended by Nagendran et al. (2018).

The results of the method were examined and analysed daily. On one occasion, it 
was noted that the ∆DEM was not consistent, since it presented unexcavated zones with 
height differences. After analysing the position of the GCPs, we found that some of them 
had been displaced by a few mm, so the next morning, just before the beginning of the 
excavation, we repositioned the GCPs and repeated the photos.

Knowing the position where archaeological remains have been found and their size 
on each of the axes, it is possible to filter on ∆DEM_i to highlight areas whose DEM 
difference corresponds to the measurement of the archaeological remains on its axis 
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perpendicular to the ground plane. In this way, it is possible to know exactly from where 
they have been extracted. An example of filtering is shown in figure 10.

Most of the photogrammetry application for archaeological documentation are usu-
ally applied to archaeological sites with complex morphology and often deep strati-
graphical sequences, mostly created or influenced by human activity. In the case of this 
research, the morphology is not very complex, but the application of photogrammetry is 
still useful, since it provides much more information than traditional methods, such as 
sketches.

Discussing the contributions of the excavation monitoring method described in 
this document in relation to the current methods that use photogrammetry algo-
rithms; Callieri et al. (2011) makes a first approach of what can be achieve using pho-
togrammetry in an archaeological site but does not develop any DEM from the 3D 
models obtained; Rinaudo et al. (2012) obtains just a point cloud and a DEM from the 
archaeological a Roman archaeological village located in Aquileia, but does not pe-
riodically monitor the excavation in the way proposed by this method; Waagen (2019) 
performs periodic DEMs but does not obtain the difference of DEM since his study 
focuses on different issues than those raised in this paper; Martínez-Fernández et al. 
(2020) makes a very in-depth analysis of the excavation monitoring by means of the 
DEM difference and by volume differences of the 3D models obtained, but does not 
carry out a daily or weekly monitoring as proposed by the presented method. So, the 
focus of this contribution is a method for daily monitoring of an archaeological exca-
vation so the director(s) can visualise DEM differences on a daily basis to efficiently 
inform any relevant fieldwork decisions.

5. CONCLUSIONS

The method presented here allows the monitoring of an archaeological excavation in an 
expeditious, non-invasive way, with spatial and temporal accuracy. These datasets offer 
relevant information to site directors, which can be used to inform relevant fieldwork 
decisions. Furthermore, the flexibility of the method enables a subset of photographs 
to be taken as necessary, to make complete or partial 3D models of specific parts of the 
site at any given time.

In addition, the method requires an engineer to take the coordinates of a series of 
GCPs in a timely manner and a technician to take the photographs and process the data. 
The time employed by the technician to take the photographs will not generally exceed 
15 min and data processing time is also often less than 15 min. Moreover, the method 
allows the results to be shared immediately with the excavation director and/or with 
other researchers. On the basis of our estimated cost analysis, implementing this meth-
od would only represents 7.5% of an excavation campaign’s budget.

Regarding the resulting output (an elevation difference raster presented as a time 
series [known as ∆DEM_i]) the excavation team can georeference any relevant archaeo-
logical remains found on two successive days by filtering the desired height difference 
in the daily ∆DEM_i raster. This assists the excavation team to monitor the retrieval of 
archaeological remains, pinpointing the position where an object is found and speeding 
the inventory process.
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