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Pilbara rock art: laser scanning, 
photogrammetry and 3D photographic 
reconstruction as heritage management tools
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Abstract 

Recording techniques such as laser scanning, photogrammetry and photographic reconstruction are not new to 
archaeology. However as technology evolves and becomes more readily available such methods are being more 
regularly employed within a cultural heritage management context, often by people with little experience in using 
these technologies for heritage applications. For most cultural heritage management practitioners, the awe and lure 
of technology and the ease with which it can bring archaeology to life can distract from the end game of managing 
the site on the ground. This paper examines the advantages and disadvantages of laser scanning, photogrammetry 
and photographic reconstruction in recording, managing and interpreting rock art sites with an emphasis on its prac-
tical applications to the field of heritage management. Using a case study from West Angelas in the East Pilbara region 
of Western Australia, we will examine how these technologies assist in the practical management of heritage sites, 
and the significant outputs achieved for Aboriginal stakeholder groups in remote access to, and the interpretation of 
indigenous heritage sites.
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Background
In the last two decades, a large number of hardware and 
software solutions have become available that enable the 
3D reconstruction of heritage features in the form of a 3D 
coloured point cloud or textured mesh of objects based 
on laser scanner data and 2D imagery. As a result, 3D 
reconstruction has become a popular and common tool 
in the field of archaeology and heritage management [1]. 
The number of available technologies for the reconstruc-
tion and management of cultural heritage continue to 
increase, but there has been a lack of critical evaluation 
of the potentials and limitations of these different record-
ing techniques. This paper reports on the outcomes of 
a high resolution digital recording project at three rock 
art sites located in the East Pilbara region of Western 
Australia (WA). Whilst the project’s primary aim was to 
produce a comprehensive, high-resolution, in-perpetuity 

record of known rock art, the methods used in the study 
also provided the opportunity to examine the advantages 
and disadvantages of these methods to rock art record-
ing, heritage management and community engagement. 
Whilst the case study is focussed on rock art the methods 
and results may be transferable to other types of archaeo-
logical evidence and cultural heritage management.

This paper provides background information includ-
ing a review of existing literature and an introduction to 
the study area. We present the data capturing and pro-
cessing methods discuss the benefits and disadvantages 
of each of these methods in detail. After describing the 
deliverables and products we discuss how the techniques 
deployed met the research and management goals of the 
project and make conclusions about the utility of these 
approaches in heritage management practise.

Technical background
The technology of deriving 3D measurements based on 
a set of overlapping images is traditionally referred to 
as the field of photogrammetry. Photogrammetry uses 
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organised and structured recording methods to capture 
the object of interest. A more recent development, using 
techniques originating in the domain of machine vision, 
is the reconstruction of full 3D models from a large col-
lection of overlapping photographs. Compared to pho-
togrammetry-based approaches which produce a more 
rigorous metric result, photographic 3D reconstruction 
approaches are usually undertaken in a less structured 
manner. A statistical analysis of the success of the 3D 
reconstruction rarely occurs and the reconstruction is 
considered a success if it “looks right”.

In the field of archaeology; software packages such as 
Arc3D, Photosynth/Bundler, AutoDesk PhotoFly and 
Photoscan are often used for 3D photographic recon-
struction [2–4]. Publications in this field to date have 
focussed on the intuitiveness of reconstruction soft-
ware, but the achievable accuracy within these systems 
is rarely assessed [2]. And yet, geometric accuracy of 3D 
reconstructions is very important when undertaken in a 
preservation/reconstruction context [6], to enable meas-
urements to be made reliably and accurately. Westoby 
et al. [5] captured a 3D point cloud using a laser scanning 
system and associated images and compared the point 
density of both sets of point clouds. However, the accu-
racy of this data was not considered in their review. There 
are two main methods of assessing the geometric accu-
racy of 3D reconstructions currently practiced in archae-
ology; namely comparison of the reconstructed data to 
real world measurements and comparison of data cap-
ture from multiple sources [4]. In the reconstructed data 
to real world measurements comparison, the distances of 
points in the 3D reconstruction result are compared with 
distances observed in the real world, i.e. directly with the 
object of interest. When Koutsoudis et al. [4] applied this 
method they found that the difference of the distances 
using this technique was small: less than 1  cm. In the 
second type of comparison test the point cloud created 
from the dense image reconstruction is compared with 
the point cloud captured from a terrestrial laser scanning 
(TLS) system which is used as the reference. This method 
revealed differences between methods that were much 
larger, greater than 5 cm [4].

A number of publications [7–9] have examined the 
combination of using laser scanners and images, how-
ever these projects only used images to colour the point 
cloud rather than for 3D reconstruction. Compared to 
the use of images, the use of laser scanners requires more 
equipment and software. Specific training in the opera-
tion of the scanners and a more careful planning of the 
capturing process is required, due to the complexity of 
the set up time and safety issues related to using a laser. 
A number of researchers have used MeshLab software 
to align the different scans taken from the different parts 

of the object of interest [7–9]. As with the photographic 
3D reconstruction software solutions, MeshLab does not 
provide any statistical values to indicate the precision or 
accuracy of the alignment of the point clouds. Further-
more, accuracy checks are often not performed in this 
type of work.

This project utilised traditional rock art recording 
techniques and three additional data collection meth-
ods: terrestrial laser scanning (TLS), photogrammetry 
and photographic 3D reconstruction. All solutions create 
dense 3D point clouds, with 3D reconstruction going one 
step further to create textured 3D meshes.

Terrestrial laser scanning
Terrestrial laser scanners (TLS) capture 3D information 
directly, and are used for a variety of applications [10]. 
TLS measures distances through the use of a laser rang-
ing system (based on time of flight using either pulsed or 
phase-based measurements), and combines them with 
the angular measurement to produce three dimensional 
information in the form of points, generating a point 
cloud over a field of view. The type of scanning technol-
ogy has an impact on the accuracy, maximum range and 
speed of acquisition. Traditionally, pulse systems operate 
over greater ranges, whereas phased-based systems have 
increased accuracy and capture speeds.

Whilst the scanner can only capture objects and struc-
tures in direct line of site from the laser position, scans 
from multiple locations can increase the coverage by 
being combined through a registration process. Laser 
scanning also captures returned intensity information, 
which is a function of the scanner geometry to the sur-
face and the surface properties such as reflectance and 
texture in relation to the laser wave-length. Other prop-
erties can be mapped onto the points such as colour (red/
green/blue), thermal, and hyper spectral data, either 
through an on board imaging systems or the registration 
of images from external sources. The generated point 
cloud can be processed further to produce meshed sur-
faces, models and/or drawings.

The costs for surveying grade scanners can range over 
an order of magnitude, from tens of thousands to hun-
dreds of thousands of dollars. Additional costs also 
include tripods, targets and data processing software, 
amounting to tens of thousands of dollars.

Photogrammetry
Photogrammetry enables precise 3D measurements 
using images [11]. Careful planning of the data capture 
is required depending on the required level of detail. To 
be able to extract precise measurements, the geometry in 
which the images are captured, the quality of the cameras 
and lenses used and the in situ calibration of the camera 
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are all important. The camera requires sufficient light 
to illuminate the scene (this can be natural light or spot 
lights). Homogenous illumination of the scene with no 
shadow or reduced shadow effects is desirable.

From the overlapping images of the object of inter-
est, the position of the camera can be determined. Using 
trigonometry the position of any object visible in at 
least three images can be calculated in 3D space. These 
measurements can be done for discrete points or alter-
natively a dense 3D point cloud can be created. The met-
rics related to these 3D measurements can then be added 
using global control points or a scale bar. The wavelength 
represented in the 3D model is defined by the wavelength 
sensitivity of the camera used [12]. The generated point 
cloud is then usually processed further to produce a 
meshed surface.

Photogrammetry costs include the cost of a medium 
to high range camera including a high grade lens, typi-
cally under AU$10,000, as well as suitable software which 
can range from open source to AU$25,000 with high cost 
software solutions normally offering better statistical 
measurements about the quality of the photogrammetric 
processing.

Photographic reconstruction
Whilst the techniques discussed above have a long and 
rich history, 3D reconstruction is a relatively new tech-
nology which is still seeing a steady improvement in the 
quality of the algorithms and subsequent outcomes.

As with the photogrammetric approach, photographic 
reconstruction employs images and an estimated posi-
tion of the cameras to derive a point cloud. It differs in 
that the algorithms employed benefit from a larger num-
ber of photographs and rather than stop at a point cloud, 
the goal is to create 3D meshes with a high texture qual-
ity. A reconstructed model has two components: the 
texture and the underlying geometry. The high quality 
textures can often lead to a perceived geometric resolu-
tion that may not be actually represented in the recon-
structed geometry. An important benefit of this approach 
is that every photograph is ideally captured from a dif-
ferent position: subject to access limitations this means 
that shadow zones can be kept to a minimum. Both pho-
togrammetry and 3D reconstruction don’t suffer from 
the parallax effects that arise from colouring point clouds 
from laser scanners where the camera is not coincident 
with the laser source.

It should be noted that such a reconstructed model 
generally is of arbitrary scale and orientation. Additional 
real world reference points or distances can be used to 
constrain the reconstruction, or applied to the model 
as a post-production stage in much the same way as for 
photogrammetry.

The costs for the camera system are similar to the cam-
era costs for photogrammetry, at most $10,000 for a cam-
era, tripod and quality prime lens.

Case study
The rock art sites that were the subject of this study are 
located at Rio Tinto’s West Angelas mine site in the East 
Pilbara, within the Yinhawangka native title claim area 
(Fig. 1).

Whilst currently being managed in situ the sites are at 
risk of indirect impacts from mining activity. One site, 
in particular is located within immediate proximity of 
an existing operational mine pit. Consultation with the 
Yinhawangka Traditional Owners determined that a 
comprehensive set of baseline information in relation to 
the sites and their key features was required to assist in 
their ongoing management. The proximity of these sites 
to mining activity meant that high resolution measur-
able data such as that which can be achieved from laser 
scanning will assist in monitoring site condition, and any 
potential changes in this, over time. Given the cultural 
significance of the sites to the Yinhawangka people, visu-
alisation and interpretation of the sites was also consid-
ered an important community output. In order to meet 
these combined requirements, traditional archaeological 
recording, laser scanning and 3D photographic recon-
struction methods were undertaken to provide a detailed 
baseline record of the rock art.

The three sites subject to the study are listed (Table 1).

Data capturing and processing
Field preparation
To carry out the data capture, an initial survey was con-
ducted by the Rio Tinto’s West Angelas mine surveyors. 
This was done to help combine the different data into a 
single coordinate system and to position this absolutely 
in reference to a global co-ordinate datum.

The first step was to introduce global coordinates to 
the site. For the purpose of this survey, relative accuracy 
was of more concern than absolute accuracy, so Global 
Navigation Satellite Systems (GNSS) observations were 
chosen. There are several methods for GNSS that could 
have been employed (Table 2), with different accuracies, 
however Real-time Kinematic (RTK) was used since the 
raw observations could be corrected by the observations 
from a base station operated on site to within a few cen-
timetres, and the coordinates could be calculated within 
seconds. If this base station was not available, then other 
methods such as Differential GPS (DGPS), and AUSPOS 
could be used to improve the raw data accuracy [14]. 
These control points could then be used to calculate the 
rotation and translation of the local system to the global 
system.
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For the local system, targets were placed around the 
area that both the imagery and laser scanners could 
identify and capture. The co-ordinates for these targets 
with respect to the control points were calculated using 
the TLS in a similar manner to how a traditional survey 
would be carried out using a total station. This created a 
network such that the positions of these targets could be 
used to calculate the rotation and translation between the 
different setups and the different methods of capture in 
order to put them in a common reference system, and for 
the photogrammetry to introduce scale information into 
the models.

Rock art recording
After locating the sites, the archaeologists conducted a 
fine-grained inspection of the sites’ walls and other suit-
able surfaces in order to identify any previously uniden-
tified motifs and to determine the scope of the required 
recording. This inspection revealed the presence of previ-
ously undocumented pigment and engraved motifs at all 

sites. All motifs/features were recorded in detail during 
the current exercise.

All field data was recorded onto iPads loaded with a 
FilemakePro13 database developed by CRAR+M for 
rock art in the Pilbara [15]. A Canon EOS 5D DSLR cam-
era with a 35-105 mm lens was used for digital photog-
raphy, as was a Canon G12 with the D-Stretch plugin 
loaded on its card [16]. D-Stretch image enhancement 
software on the camera in the field allows for full iden-
tification of faint motifs on panels, and ensures com-
plete photographic capture of faint motifs. Line drawings 
(sketches) of pigment art were done where required. A 
Dinolite digital microscope/camera was used to observe 
superimposition detail (where applicable) and pigment 
condition (see Fig. 2).

In addition to the archaeological recording, a detailed 
separate ethnographic consultation was also undertaken 
in relation to the cultural significance of the sites [17]. 
Senior and younger Yinhawangka representatives partici-
pated in all aspects of the project.

Fig. 1  Study area location
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Terrestrial laser scanning
The sites were captured using two different laser scan-
ning systems, the Leica C10 and the Trimble TX5. These 
two systems were chosen for their different properties 
(see Table  3). The Leica C10 is a pulse based system 
using a green laser. This is typically used for medium 
range survey applications. A larger spot size and slower 
capture rate means that it lacks resolution to capture 
fine detail, but its longer range enables it to capture 
larger scenes with good positional accuracies. The Trim-
ble TX5 is a phased based system using a near-infrared 
laser. It is more often used for shorter range scene cap-
tures, with faster sampling and higher point accura-
cies allowing it to capture finer resolutions (although 
the detail is still limited by the spot size). Both systems 
also have integrated imaging systems to colour the point 
cloud directly.

Two of the three sites (DF-SH1 and DE-SH2) were cap-
tured using both scanners, with data captured from the 
surrounding area and inside the rock shelters. Using the 
geo-referenced controls described above, the final coor-
dinates had an accuracy of 2–5 cm depending on condi-
tions (slope and vegetation).

To make use of the different capabilities of the two 
scanners, the capture was separated into different stages 
(Table 4). The C10 was used primarily to capture the large 
area surrounding rock shelters to take advantage of its 

longer range. Several setups were taken to scan the gully 
and surrounding areas, as well as scanning the inside of 
the rock shelter. This allowed the landscape to be cap-
tured to provide context to the rock shelter and the art it 
contained. On average, each scan from the C10 required 
between 12 min (1 cm resolution at a range of 10 m) to 
40  min (5  mm resolution at a range of 20  m). Several 
scans from the TX5 were then captured inside the rock 
shelter. Its higher resolution and accuracy allowed the 
capture of more detail inside the shelter. Each scan of the 
TX5 took an average of 7 min with a resolution of 2 mm 
at a distance of 10 m.

The different scans were registered into the common 
coordinate system using the Leica Cyclone software. This 
made use of the captured targets to calculate the transfor-
mation parameters between the scans, and the geo-refer-
enced control points. A cloud to cloud registration, based 
on the Iterative Closest Point (ICP) method [20] was also 
used for scans lacking targets and to improve the final 
registration by minimising the separation between over-
lapping point clouds. The final result was a point cloud 
with absolute positioning of ±2 cm, a relative positioning 
accuracy over the area of ±5 mm, and a point accuracy 
ranging from ±6 to ± 1 mm. Point spacing ranges from 2 
to 5 cm around the surrounding areas of the rock shelters 
to within 1–10 mm inside the shelter.

Due to the remoteness of site RR21 this location was 
captured only with the TX5. Capture here involved mul-
tiple setups, and the point clouds were registered based 
on cloud to cloud registration. Cloud to cloud registra-
tion is not as quick as the processes described using 
targets, and in this instance due to the lack of defined 
features and heavy vegetation, the process was diffi-
cult. Removal of vegetation would have assisted this to a 
degree, however the practicalities of vegetation removal 
needs to be considered, particularly in terms of other site 
management considerations.

Table 1  Site descriptions. Adapted from [13]

Site Situational context Rock art details

DE-SH2 (DAA 
20444)

Extensive rockshelter with an easterly aspect 
at the base of a low escarpment overlook-
ing a gentle colluvial slope

Four separate panels at the shelter: two in the main chamber, one on the exterior wall 
and the fourth in the second chamber. The art in the main chamber consists of a 
red hand print on the wall and a roof fall block on the floor with pecked pits and an 
engraved bird track. On an exterior wall between the two chambers is a faint yellow 
painted geometric motif (tally marks) and in the second chamber is another painted 
set of yellow tally marks

DF-SH1 Large shelter located above a small creek 
line

Five separate panels including pigment art and pecked pits. Engraved (pecked) pits 
are located on a large piece of roof fall. Pigment art consists of a large white geo-
metric motif at the front of the shelter, two other panel containing geometric motifs 
in white and red pigment

RR21 Site complex in an open gorge context with 
four vertical faces of pigment art and 2 
rockshelters containing art and/or ochre

Yellow and quite painted motifs (126) predominantly anthropomorphic figures: linear 
(stick) figures, solid figures, and groups of anthropomorphic figures. Geometric 
motifs include linear geometrics and parallel lines

Table 2  Global positioning methods [14]

Method Position accuracy Time

Raw data ±4 to 10 m <min

RTK GNSS ±20 to 50 mm <min

DGNSS ±1 m <min

Static baseline ±10 mm or better 15–20 min

Auspos ±0.1 to 0.01 mm 4 h minimum (8–24 h)
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Photogrammetry
A Canon EOS 6D DLSR was used to capture the 
data. This camera is a full frame camera that can take 
images of up to 20.2 MP resolutions with dimensions 
of 5472 ×  3648 pixels. A Canon EF24-70  mm lens was 
used in place of the stock lens. The camera was handheld 
with a scale bar mounted on a tripod and placed in the 
field of view of at least three images (Fig. 3). Photography 
involved taking images for all sites (Table 5; Fig. 4) keep-
ing the focal length for each of those shots constant.

A scale bar is a calibrated pole built out of a material 
with little thermal expansion where the distance between 
two markers (yellow arrows in Fig.  3) is known. The 

scale bar can be used to scale the measurements and the 
derived point cloud into the metric system (in metres). 
It is possible to transform this local system into a global 
system using the coordinates of the laser scanning con-
trol points which are also visible in the images (blue 
arrows in Fig. 3).

The image datasets were processed using the software 
iWitnessPro [21] for the photogrammetric process and 

Fig. 2  Right to left David Cox, Jo McDonald and Clayton Parker using the DinoLight for microscopic analysis of pigment art

Table 3  Summary of the two TLS systems used in this pro-
ject [18, 19]

Leica C10 Trimble TX5

Point spot size (mm) 4.5 3

Point accuracy (mm) 6 2

Model accuracy (mm) 2 0.6

Maximum distance 120 m (up to 350 m) 50 m (up to 120 m)

Scan rate (pts/second) 50,000 976,000

Scan type Pulsed Phased based

Wave length Green (532 nm) Near infrared (905 nm)

Table 4  Number of points in the TLS point clouds

Site DE-SH2 DF-SH1 RR21

Number of TLS setups

 Faro 4 5 9

 Leica 5 5 NA

Number of points

 Faro 1677,473,687 1721,479,841 3587,370,908

 Leica 19,869,392 87,637,839 NA

Average resolution

 Faro (mm) 1 2 4

 Leica (5 mm in 
shelter)

15 mm 15 mm NA

Area covered

 Faro 45 m × 46 m 23 m × 25 m NA

 Leica 105 m × 110 m 125 m × 128 m 130 m × 52 m
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SURE [22] as dense image matching software. Alternative 
available software solutions are Agisoft’s PhotoScanPro 
[23] and VisualSfM [24] which work in a similar man-
ner to iWitnessPro. In this process, points of interest are 
identified in each image of the dataset [25]. These points 

are then matched and corresponding points in the differ-
ent images are detected. This can be a time consuming 
process, where the computational complexity (processing 
time) is in the sum of O(n2), an exponential expression 
of time where n is the number of images to be matched. 
iWitnessPro offers the user the opportunity to match 
points manually between images whereas VisualSfM 
(using SIFT) and PhotoScanPro (using an personalised 
algorithm similar to SIFT) only allows automatic match-
ing. Based on the common points the images are oriented 
relative to each other applying a bundle adjustment. 
Compared to VisualSfM, iWitnessPro and PhotoScanPro 
allow the measurement of the scale bar or control points 
which are also included in the adjustment. If control 
points are included in the adjustment an absolute orien-
tation of the images can be done leading to a geo-refer-
enced point cloud in the following step. In order to scale 
the point cloud in VisualSfM purely an affine transforma-
tion in an extra processing step is performed. The bundle 
adjustment also allows a self-calibration of the camera. 
This is similar in all three software solutions. However, 
after the adjustment not only the camera parameters are 
known, also a sparse point cloud is created (Fig. 4).

As mentioned above, generally the 3D co-ordinates 
constructed from bundle adjustment are in the form of 
a sparse point cloud, where the number of points is at 
most in the region of several hundred thousand. Most 
modern packages allow for the construction of dense 
point clouds, either from the sparse point cloud and ori-
entation (such as VisualSFM and PhotoScanPro), or using 
only the orientation parameters (iWitnessPro in com-
bination with SURE). Unlike their sparse counterparts 

Fig. 3  Scale bar with two markers (yellow arrows) and laser scan 
targets (blue arrows) placed in the field of view of the image

Table 5  Number of points in the image based point clouds

Site Element Number of images Number of points 
in the 3D point cloud

DE-SH2 Engravings (cupule) 28 Not assessed

Pigment rock art 1 (ceiling, main shelter) Not recorded Not assessed

Pigment rock art 2 (outside) 14 Not assessed

Pigment rock art 3 (2nd shelter) 22 Not assessed

DF-SH1 Engravings (cupule) 14 Not assessed

Rock (worktop) 19 Not assessed

Pigment rock art 1 (entrance area) 12 Not assessed

Pigment rock art 2 (inside the shelter) 20 Not assessed

RR21 Site 1 (panel B/C) 18 70,680,764

Site 2 (panel D/E/F) 20 72,880,169

Site 3 (panel E/F/G) 19 84,213,262

Site 4 (panel G/H) 10 38,719,683

Site 5 (panel B–H) 7

Site 6 (opposite site) 24 60,136,355

Site 7 (opposite site) 17 63,136,874

Site 8 (opposite site) 12
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the dense point clouds can have over a hundred million 
points. The most common method for dense point cloud 
matching is called Semi-Global Matching (SGM) [26]. 
VisualSFM uses a package known as CMVS/PMVS2 [27] 
to generate dense point clouds, whilst PhotoScanPro’s 
technique is unknown, but based on pair-wise depth map 
computation [28].

Photographic reconstruction
The photographic reconstruction was performed using 
a different camera compared to the previous section, 
namely a Canon 5D Mark III DSLR camera. The main 
reason for using two cameras was to speed up the data 
capturing process as both datasets could be captured at 
the same time. Both cameras are suitable for both pho-
togrammetry as well as photographic reconstruction. For 
the reconstruction of the entire rock shelters a 28  mm 
prime Sigma lens was employed in order to limit the 
number of photographs needed for such a large structure. 
Depending on the shelter, a total of between 200 and 400 
photographs were taken. The time required depended 
on the shelter in question but typically between 15 and 
30  min. Other smaller items were photographed with 
a Sigma 50  mm prime lens. Between 30 and 50 photo-
graphs were taken of each of these more isolated objects. 

The 3D reconstructions were created using PhotoScan as 
well as an in-house pipeline based upon source compo-
nents (Bundler for feature point and camera pose estima-
tion PMVS2 for dense cloud and mesh creation) [29].

Processing times for the 3D reconstruction vary 
depending on the number and resolution of the images. 
It also varies greatly depending on various numerical 
parameters for each stage of the reconstruction process. 
Similarly, all stages of the reconstruction pipeline are well 
suited to parallel processing and take advantage of mul-
tiple cores both on the CPU and GPU. All processing for 
this project was conducted on an MacBookPro (2.3 GHz 
Intel Core i7, 16 GB Ram). First pass versions were per-
formed in the field so that the photographic capture 
could audited, and if necessary, be revisited if for some 
reason a reconstruction failed or had insufficient cover-
age or detail. Higher quality reconstructions were per-
formed on the same hardware and took in the order of 
a few hours each, up to 10 h for the largest photographic 
sets of the rock shelters.

Benefits and disadvantages
In order to determine which technique provides the best 
fit for the work, a basic understanding of the benefits and 
disadvantages of each of the methods is required. Table 6 
below provides a basic summary of the time, logistical 
considerations and approximate costs involved with each 
method. As these factors can be highly variable depend-
ing on the nature of the work a low to high scale has been 
used to differentiate between techniques. These are also 
further explored below.

Terrestrial laser scanning
One of the main advantages of using TLS is that it is 
capable of capturing large areas of survey-quality (accu-
racy and positional certainty) data. It has a consistent 
accuracy through the scene and the data is already in 
3D format without the requirement for further process-
ing. While the scanner can similarly capture large areas, 
the need for multiple setups and a higher resolution can 
result in a much longer field capture time than other 
methods. The time for each setup depends on the speed 
of the scanner and the resolution of the point cloud 
capture, but can range from 12 to 40  min in the case 
of the C10 on this project (from 10 mm down to 2 mm 

Fig. 4  Sparse point cloud with camera locations and the position of 
the scale bar (in red)

Table 6  Comparative times and costs associated with data capture methods

Method Field time Complexity of logistics Post-processing time Costs

Terrestrial laser scanning Low Medium to high Medium to high Medium to high

Photogrammetry Low Medium Medium Medium

Photographic reconstruction Low Low Medium Low
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resolution and captured over a distance of 10 m). This is 
offset by the fact that the data capture directly in 3D, and 
requires little extra processing to combine multiple set-
ups into a single point cloud.

The system utilises an active sensor, so it is completely 
independent from the requirement of an external light 
source (including the sun and any artificial light source). 
Furthermore, the wavelength in which the laser oper-
ates can be outside of visible spectrum in contrast to a 
large number of passive sensors such as a standard con-
sumer camera. Often scanners not only capture 3D read-
ings of their environment, but also to information on the 
reflected intensity of the returned signal to classify sur-
face features based on how strongly the surface reflects 
the wavelength being used. The reflected intensity infor-
mation is used in other fields of research such as remote 
sensing to classify vegetation data [30, 31]), and has the 
potential to reveal structure not visible to the human 
eye. Some applications of this method to rock art have 
been attempted but are largely untested [32]. It should be 
noted that the reverse can also be true; surfaces that may 
be visually different may not appear different because 
they may reflect the wavelength of the scanner in an 
identical manner. Similarly surfaces that reflect energy 
in parts of the visible spectrum may not reflect energy in 
the scanner wavelength.

Because the TLS it is an active sensor and takes dis-
crete measurements, an additional benefit is it can pen-
etrate vegetation more easily than passive sensors (in the 
gully the scanner was able to penetrate the spinifex and 
foliage to capture the ground and surrounding topogra-
phy). However, since the measurements are discrete, the 
sampling resolution means that the point cloud is sparser 
than other methods. The point resolution is restricted 
to the size of the laser beam spot size and cannot be 
increased by simply decreasing the distance to the object.

This specialised equipment requires a trained operator 
or experienced spatial professional to achieve task deliv-
erables and manage quality assurance. Access limitations 
can restrict the use of TLS. On this survey, scanning was 
restricted to the lighter TX5 on one occasion, as trans-
porting the bulkier C10 on foot up the 800 m rocky gully 
proved too difficult. While the open source software can 
be used, in most cases specialised software is required to 
extract, register and process the data.

With positional certainty, repeat measurements or 
reconstruction can be achieved, but the quality of the 
visualisation experience may be of a lower quality than 
photogrammetric approaches.

Photogrammetry
Photogrammetry is a powerful tool for rock art record-
ing at close range. Proximity to the object allows for high 

precision identification of all features and enables high 
resolution 3D point clouds to be created. Sub-millime-
tre accuracy is also possible under ideal conditions and 
through the use of a high quality sensor. Furthermore, 
additional spatial information and relationships can be 
extracted based on the images which can then be used 
to undertake further archaeological analysis of the rock 
art motifs. The time required to collect the images in the 
field is short (30–60 min). And the equipment is easier to 
carry in difficult terrain.

Compared to laser scanners, cameras normally cap-
ture wavelength within the visible light, i.e. mostly what 
a human eye can see. Some variations from this are pos-
sible and depend on the camera sensors’ sensitivity. Cam-
eras provide the opportunity to capture a more realistic 
and three dimensional view of the object. These images 
can also be easily further manipulated with programs 
such as D-Stretch to enhance the visibility of less visible 
and hard to spot rock art. In addition, the combination 
of such images with Laser Scanning information offers a 
great opportunity when analysed together as one method 
overcomes the other methods drawback [32, 33].

However, because photogrammetry is a passive sensor 
system, it requires an external light source to illuminate the 
scene; a major disadvantage is sensitivity to changing light 
conditions and a dependency on nadir or near nadir van-
tage points for field capture. Insufficient light means it will 
not be possible to capture meaningful images. While most 
cameras can adapt to the light conditions, they only can 
adapt to either the bright or the dark areas. So, while part of 
the rock art may be illuminated by the sun, it is not possible 
to capture the rock art located in a shaded area. It is pos-
sible to increase the light sensitivity by changing the ISO 
setting of the camera: a high ISO value means it is possi-
ble to capture images with information even at night times 
without having to use a light source. However, a higher 
ISO value also introduces noise into the images leading to 
a decrease of the precision of the derived 3D information.

Any vegetation in the scene will obscure the pho-
tographic exercise, unlike laser scanners which ‘see 
through’ a background covered by the vegetation. Veg-
etation often produces noisy 3D point clouds requir-
ing a time-consuming post data collection manual clean 
upas in most instances the vegetation cannot be simply 
removed.

Photographic reconstruction
Photographic reconstruction enables key archaeological 
features to be visualised at very high 3D resolution and 
enables further analysis and interpretation. This is possi-
ble as compared to the previous method a key focus is on 
rendering to create a visual realistic and appealing pic-
ture of the reality.
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The data capturing is fast, and the costs of the hardware 
(based upon standard cameras and lenses) are relatively 
low and limited training is required. The size and weight 
of the equipment also made it more logistically practical 
to take to the more remote sites that were recorded.

Photographic reconstruction is far less prone to miss-
ing geometry than laser scanning as each photograph 
is intentionally taken from a different position, and the 
positions chosen to maximise coverage and minimise 
concave areas. The photographs can deliberately target 
key features and can capture inaccessible areas such as 
crevices, holes and around and between rocks. In addi-
tion, the resolution of the reconstruction can be varied, 
for example areas of higher importance can be photo-
graphed more carefully and densely resulting in a more 
detailed mesh.

It is often claimed that an advantage of photographic 
3D reconstruction is that it does not need a skilled 
operator, but it is generally the case that the quality of 
the resulting model are highly dependent on the photo-
graphic techniques.

The collected photo data is amenable to visual outputs 
such as virtual reality, real-time navigation and interpre-
tive walkthroughs. Point cloud data is not well supported 
in mainstream virtual reality or gaming platforms and 
point clouds data suffers from a number of issues par-
ticularly with the loss of data resolution when zooming in 
on objects. The high quality textures of the photographs 
are also more visual representative of the surface of the 
object than those produced by a point cloud. Textured 
meshes, for example can be imported into all of the main-
stream 3D modelling, editing and animation packages.

The same drawbacks which exist for the photogramme-
try solution also are relevant for the photographic recon-
struction, i.e. namely the sensitivity against light. Another 
major drawback is that while the data look visual attrac-
tive it is not suitable to take 3D measurements due to the 
lack of metric information. This means that in contrast 
to laser scanning and photogrammetry spatial analysis 
starting with basic measurements of distances to further 
analysis such as the roughness of surfaces is not possi-
ble. In addition, while the point cloud based on photo-
graphic reconstruction may not show so many holes such 
as point clouds from laser scanners or photogrammetry, 
it does not mean that they are not there. They are more 
difficult to spot in the rendering because the human eye 
is able to interpolate where there maybe issues present.

Deliverables/products
Measurement/recording
One of the most important considerations of these 
approaches involves their ability to capture the desired 
data. This is closely followed by the need to interrogate 

and extract information and measurements from the 
data once you leave the field. This is vital given that the 
time on site is often limited, that many heritage sites are 
remote and that repeated visits are not always possible. 
Examples of the 3D data are provided in Fig. 5.

For simple measurements such as size and position 
of the rock art, all three techniques are equally reliable. 
Laser scanning offers a slightly better advantage for 
longer range measurements (i.e. distance between pan-
els, the locations of panels relative to the rock shelter 
and to the overall site topography). While it can also be 
used to record the shape and size of the rock art, pho-
togrammetry provides a better option for providing fine 
scale resolution. The resolution for the geometric infor-
mation from photogrammetry can be increased by sim-
ply decreasing the distance to the object of interest. An 
example is given of engravings and the characterisation 
of their depth (see Fig. 6).

An important aspect of rock art recording is informa-
tion on the pigmentation and texture of the art. In this 
case photographic imagery is best suited as it can be cali-
brated to correct for errors in the radiomimetic capture, 
and is automatically applied to the geometric information 
of the points and surface. The laser scanner lacks this res-
olution and relies on intensity data. While this allows for 
differentiation of the rock art to the background based 
on spectral reflectance strength, it does not allow for the 
adequate pictorial documentation and capturing (Fig. 7).

Photogrammetry and laser scanning can be used to 
map discrete rock art features. While identification in the 
laser scanning point cloud can be challenging, the visibil-
ity of the rock art in the images is easier. Rock faces can 
be quite irregular, so the identifying corresponding dis-
crete points in the image can be difficult (see Fig. 8). The 
digitised rock art can be imported into CAD software 
or any other site management software for this type of 
measurement.

Topographic mapping
Another important aspect of the data capture is the abil-
ity to map the surrounding locations and features. Not 
only does this allow plans and drawings to be generated of 
the site, but also the pigment art and engravings to be put 
into their landscape context. It can also show the effects 
of the local environment on the art: such as whether it is 
exposed to sunlight, whether there is a danger of erosion 
from water runoff or from exposure to the elements.

A laser scanning point cloud captures the entire site, 
enabling virtual survey and mapping of all site features 
and topology. The location of the art and the extents of 
the site and its surrounds can also be measured and dig-
itised (see Fig. 9: where the planar view and a rock shelter 
cross-section have been digitised).
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When mapping the elevation contours and some of the 
features, dense vegetation can cause issues with extract-
ing the ground and terrain surface (see Fig.  10 where 
the grass extends approximately 1 m about the ground). 
Because the laser scanner can penetrate such vegeta-
tion, all the points above the lowest points in region can 
be removed (Fig.  11), leaving only the ground points to 
model the terrain. It is more difficult to remove vegeta-
tion from the photogrammetry data than from the laser 
scanning point clouds. The removal of vegetation allows 

a better analysis of the rock art location in its local set-
ting. Based on the terrain information it is possible to 
assess if sites are in danger during heavy weather events, 
e.g. flooding, because water run-off can be assessed.

3D reconstruction
3D reconstruction is not limited to photographic recon-
struction but can also be achieved using point clouds 
derived from laser scanners and photogrammetry, as well 
as other potential sensors such as ultrasonic and radar. 

Fig. 5  Screenshot examples of 3D point cloud (here: DE-SH2)

Fig. 6  Cross section from pecked pits found at DE-SH2
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While photographic reconstruction is a fast photographic 
based recording technique resulting in highly versa-
tile textured meshes, photogrammetry and laser scan-
ning point clouds and mesh offer the opportunity of 3D 
measurements but are constrained by their lack of visual 
appeal. Because of the visual appeal of photographic 
reconstruction the resulting meshes are well-suited for 
integration into animation, visualisation and virtual real-
ity applications. Being photography based there is scope 
for dealing with variable lighting conditions. Multiple 
exposure high dynamic range (HDR) photography can be 
deployed using a tripod, although a consequence of this 
is longer recordings times.

With laser scanning, while the metric and geom-
etry of the captured objects can be derived and there-
fore are known, and an accuracy measure for any point 
in the point cloud can be derived, the texturing and 

visualisation will be poor due to the quality of the on-
board imaging sensor. This could be improved by map-
ping the images onto the point cloud and mesh. However, 
the point cloud from photogrammetry or photographic 
reconstruction already has good texture and visualisa-
tion properties. The disadvantage is that without good 
control to constrain the extracted surface, it may deform 
and warp away from the true surface representation. The 
scanner is more robust against this issue, and can be used 
to constrain the surface from the imagery (Fig. 12).

Representation/communication
As is often the case with most technologies communi-
cating the end product of the laser scanning and pho-
togrammetry to various stakeholders was challenging 
when limited time and budget was available for post-
processing and reconstruction. The expectation from all 

Fig. 7  Coloured intensity values captured by the TLS system (left) and the corresponding RGB image (right)

Fig. 8  Digitised rock art
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stakeholders was that the project would produce a read-
ily usable output for education and interpretation. While 
this is possible, delivering a polished end-product takes 
many weeks of work. This project required the input of 

spatial science experts and on site surveyors to produce 
a result that could be used for reconstruction. Without 
the support of these experts this project would have been 
difficult to deliver. The output produced from the laser 
scanning is not readily accessible by non-spatial experts 
without specialist software and required the use of video 
flythrough and screen shots to enable the data to be visu-
alised by the Traditional Owners. For this project video 
flythroughs were created showing the laser scan data 
however for the community this type of output was much 
harder to connect to the real landscape on the ground. 
Video of the reconstructed cave is provided in the Addi-
tional file 1 to this paper.

The true shape of the pecked pits and an engraved bird 
track found in one shelter is best visualised through a 
3D output, especially compared to traditional rock art 
recording methods. For this project the 3D models were 
integrated into unity to build a virtual walkthrough of the 
rockshelters and their archaeological features. This type 
of output enabled members of Yinhawangka that were 
unable to visit the site to virtually view the key archae-
ological features in detail at a meeting in Paraburdoo. 
This assisted the Traditional Owners in making deci-
sions in relation to the ongoing management of the sites 
(Fig.  13). The use of 3D visualisation and virtual reality 
during meetings about the sites’ management provided a 

Fig. 9  2D drawings of site DE-SH2 including a planar view of the rock shelters (left) and the cross sections (right) extracted from digital point cloud 
data

Fig. 10  Long grass captured by scanner
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realistic recreation of the site and enabled key commu-
nity decision makers to make informed decisions about 
their management.

Discussion
For this project the pairing of high resolution scanning, 
with photogrammetry, photographic reconstruction and 
rock art recording enabled a detailed and comprehensive 
picture of the rock art of West Angelas to be created. The 
visual outputs generated through these techniques cou-
pled with additional ethnographic surveys have assisted 
with interpretation and management of these sites. All 
of the methods outlined in these methods have enabled 

Rio Tinto to pro-actively engage with Yinhawangka Tra-
ditional Owners in relation to the ongoing management 
of the sites.

The laser scanning and photogrammetry data collected 
prior to the commencement of mining has established a 
spatially reliable baseline record for sites that are located in 
close proximity to mining operations and that are at poten-
tial risk of indirect impacts from blasting. This baseline 
data can be used in conjunction with other existing geo-
technical monitoring programs to measure changes over 
time when compared to data collected from additional 
scans over different time periods. For the Yinhawangka 

Fig. 11  Point cloud with vegetation (left) and without vegetation (right) in the gully of site DE-SH1

Fig. 12  Textured 3D surface reconstruction
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Traditional Owners however laser scanning data does not 
provide a real sense of place due to the lack of imagery.

The combination of photographic reconstruction, rock 
art and ethnographic data has provided the Yinhawangka 
people with significant opportunities for better under-
standing these sites and their regional context. The high 
textured outputs that 3D reconstruction and photogram-
metry can provide were embraced by the Yinhawangka 
Traditional Owners and a sense of being ‘virtually’ there 
was created. These outputs can be used to facilitate fur-
ther recording, management, research and interpretation 
of rock art in Yinhawangka country. The proximity of one 
of the case study sites to an existing mine pit means that 
regular access by the Aboriginal community is not possi-
ble due to safety issues. The high resolution baseline data 
can be used to create a complete digital and physical (e.g. 
3D print) reconstruction of the cave and its archaeologi-
cal features for the Aboriginal community.

Conclusion
Like traditional surveying, there is often a suite of tools 
and technologies required for a desired outcome and 
output. The operator must assess the most effective 
tool to meet the desires of the customer and end user 
requirements.

Digital image and laser based technologies are available 
to archaeologists and Traditional Owners to assist in the 
analysis, interpretation, visualisation and management of 
heritage sites. In a cultural heritage management context, 
the combination of laser scanning and photogramme-
try reconstruction can assist in the generation of spatial 

and visual records of heritage sites and their archaeo-
logical features. Spatial and visual technologies such as 
laser scanning and photogrammetry can assist research-
ers with accurate spatial and contextual data, Traditional 
Owners with visual and interpretive outcomes for their 
heritage using photographic reconstruction, and industry 
in the proactive ongoing management of site conditions 
within project areas. For highly significant heritage—
such as rock art sites—these technologies represent sig-
nificant opportunities for understanding, interpreting 
and managing the rock art as well as providing unique 
educational and community interpretive opportunities.

The technologies applied in this project may not be 
appropriate in all contexts. It is important to select the 
right technology for the job at hand. Interdisciplinary 
collaborations between archaeologists, technical special-
ists and heritage managers and the overarching interest 
from Traditional Owners will always produce the best 
outcomes.
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