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ABSTRACT:

Intertidal ecosystems have primarily been studied using field-based sampling; remote sensing offers the ability to collect data over large
areas in a snapshot of time which could compliment field-based sampling methods by extrapolating them into the wider spatial and
temporal context. Conventional remote sensing tools (such as satellite and aircraft imaging) provide data at relatively course, sub-meter
resolutions or with limited temporal resolutions and relatively high costs for small-scale environmental science and ecology studies. In
this paper, we describe a low-cost, kite-based imaging system and photogrammetric pipeline that was developed for constructing high-
resolution, 3D, photo-realistic terrain models of intertidal rocky shores. The processing pipeline uses automatic image feature detection
and matching, structure-from-motion and photo-textured terrain surface reconstruction algorithms that require minimal human input
and only a small number of ground control points and allow the use of cheap, consumer-grade digital cameras. The resulting maps
combine colour and topographic information at sub-centimeter resolutions over an area of approximately 100m, thus enabling spatial
properties of the intertidal environment to be determined across a hierarchy of spatial scales. Results of the system are presented for
an intertidal rock platform at Cape Banks, Sydney, Australia. Potential uses of this technique include mapping of plant (micro- and
macro-algae) and animal (e.g. gastropods) assemblages at multiple spatial and temporal scales.

1 INTRODUCTION

Plant and animal assemblages that live in intertidal regions such
as rocky shores are part of a complex, dynamic ecosystem, the
structure and functioning of which can vary across a cascade
of spatial and temporal scales (Underwood, 2000). Intertidal
ecosystems have primarily been studied using field-based sam-
pling (e.g. (Murphy et al., 2008)) at appropriate resolutions to
capture the spatial variability at which assemblages occur. Re-
mote sensing is the ideal tool to collect contiguous data over
large areas in a snapshot of time. Sensors on satellite and aircraft
platforms provide data at relatively coarse spatial (greater than
30cm/pixel) and temporal resolution and this constrains the use-
fulness of these data to test ecological models. Conventional re-
mote sensing systems do not provide information on topographic
variability at small scales (centimeters and meters), which is known
to influence the distribution of assemblages of plant and animal
species. The high costs of data collection further limit their effec-
tiveness in small-scale environmental science and ecology stud-
ies.

In this paper we develop data collection techniques and data pro-
cessing algorithms for constructing ultra-high resolution (sub-
centimeter) three-dimensional (3D) maps of intertidal rock plat-
forms with a low-cost kite-based mapping system using hundreds
of photographs over a broad area. Low-cost platforms such as
kites and balloons are an alternative means for collecting data
over small areas and have been used for aerial photography, for
example in agriculture (Aber et al., 1999, Aber et al., 2002, Arti-
gas and Pechmann, 2010), ecology (Guichard et al., 2000), hu-
manitarian applications (Sklaver et al., 2006) and archaeology
(Verhoeven, 2009) although typically to acquire a single or a
small number of photographs. For example, (Guichard et al.,
2000) developed a stereo photography rig carried by a helium
balloon for collecting stereoscopic image pairs over rocky shores.

Our method instead fuses information from hundreds and poten-
tially thousands of overlapping monocular images using modern
photogrammetry and bundle adjustment techniques (Frahm et al.,
2010, Agarwal et al., 2010), allowing for coverage over much
larger areas with high-resolution.

In this paper, we describe a photogrammetric pipeline that was
developed for constructing high-resolution, 3D, photo-realistic
terrain models using multiple low-altitude images collected from
a consumer-grade digital camera on-board the kite platform. The
data processing utilises automatic image feature detection and
matching strategies (Vedaldi and Fulkerson, 2008, Beis and Lowe,
2003) that minimise the number of ground control points required
during data collection and human-effort required in post-processing.
Matched image features were used to estimate the relative pose
between cameras and the 3D positions of image features (up-to an
unknown scale factor). Image pairs were combined incrementally
to form a complete 3D point cloud of the scene and relative cam-
era positions (up-to an unknown scale, rotation and translation)
using structure-from-motion and bundle adjustment (Snavely et
al., 2008). Multi-view stereo reconstruction (Furukawa and Ponce,
2010) was then used to create a dense, 3D pointcloud from which
a triangulated surface model was created. Finally, the surface
model was photo-textured using a band-limited blending of mul-
tiple image patches at each region of the surface and visualised
in 3D using a level-of-detail rendering system to capture sub-
centimeter details over the entire span of the map. The resulting
maps combine colour and topographic information, thus enabling
spatial properties of the intertidal environment to be determined
across a hierarchy of spatial scales. Potential uses of this tech-
nique include mapping of plant (micro- and macro-algae) and an-
imal (e.g. gastropods) assemblages at multiple spatial and tem-
poral scales.

Section 2 describes our approach to kite-based image acquisition
and map processing in detail. Results of the technique are demon-
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Figure 1: Examples of aerial images captured from the kite-based
imaging platform (taken from approximately 15m altitude).

strated from experiments at an intertidal rock platform at Cape
Banks, Sydney, Australia in Section 3. Conclusions and future
work are discussed in Section 4.

2 METHODOLOGY

2.1 Kite-based Image Acquisition

A kite-based imaging system was built that used a 2.7m wingspan
conynes-delta kite to lift a fixed, downwards-looking rig hold-
ing a consumer-grade digital camera. The conynes-delta kite was
chosen for its stability and lifting capacity in a wide range of wind
conditions. The camera was suspended from a Picavet rig which
attached to the line of the kite approximately 10m lower than the
kite to minimise the impact of wind gust-induced motion of the
camera. The Picavet provided mechanical levelling of the camera
during changes in the flying angle of the kite. The camera used
was a Sony NEX-3 with a 16mm pancake lens which provided an
imaging field of view of approximately 73-by-52o with a resolu-
tion of 4592-by-3056 pixels. The camera was chosen as a trade-
off between the image quality achieved from a full-frame sen-
sor digital SLR and the light-weight of a small-sensored compact
digital camera. Figure 1 illustrates example images captured by
the system at an altitude of approximately 15m from the ground,
with a coverage footprint of approximately 22-by-15m.

During data collection, the kite was used to hoist the camera rig
over the area of interest and the camera programmed to capture
images at a frequency of approximately one shot per second. The
kite could be flown at a variety of altitudes between approxi-
mately 10-100m, based on desired area coverage and ground spa-
tial resolution and limited by the length of the kite line. The de-
sired height was achieved using distance markers on the line and
by approximating the flight angle of the kite. The kite was then
slowly walked across the terrain allowing multiple overlapping
images to be captured of the entire area of interest.

2.2 Image Processing, Feature Extraction and Matching

After data collection, images were copied from the camera to
a desktop computer for processing. Images that were affected
by motion blur during wind gusts or large occlusions of the ter-
rain (for example images of people moving in the scene) were
removed manually before the processing began. Scale-Invariant
Feature Transform (SIFT) features (Vedaldi and Fulkerson, 2008)
were extracted in each image and matched across all image pairs

Figure 2: Steps in Terrain Reconstruction: (a) 3D point cloud
generated from multi-view stereo, (b) surface triangulation, (c)
final photo-textured surface model.

using a kd-tree (Beis and Lowe, 2003) of the features in each im-
age. Robust detection of feature match outliers was performed us-
ing epipolar constraints between images (Torr and Murray, 1997).
SIFT features correspond to distinctive points in the texture of
surfaces captured in images and were highly suited for use in the
rocky intertidal environment. Multi-core software implementa-
tions of these methods were developed in order to process images
in parallel, speeding up processing times.

2.3 3D Pointcloud Reconstruction

A structure-from-motion/ bundle adjustment software package
(Snavely et al., 2008) was then used to incrementally construct a
3D point feature map corresponding to the matched image fea-
ture points while simultaneously estimating camera poses and
the intrinsic and extrinsic parameters for the camera. The re-
construction provided a point feature map and relative camera
poses with unknown scale, absolute rotation and position within
a geo-referenced coordinate system. Ground control points corre-
sponding to distinct rock features that were identified in both the
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Figure 3: Study Site: (a) Cape Banks (shown in red box) at
Botany Bay, Sydney Australia, (b) existing aerial photography
of the area (courtesy of Google Maps), (c) ground-based photo
of the rock platform at low tide (photo taken week prior to data
collection).

3D point cloud and existing geo-referenced aerial photography
of the site were used via Horn’s method (Horn, 1987) to compute
a transformation of the pointcloud into 3D geo-referenced coor-
dinates with absolute scale. Alternatively, ground control points
could have been measured at the site for example using a hand-
held Global Positioning System (GPS) receiver.

A multi-view stereo reconstruction algorithm (Furukawa and Ponce,
2010) based on the correlation score of dense patches in the over-
lapping images was then used to produce a dense 3D point-cloud
corresponding to a higher spatial resolution than by using SIFT
features alone. This algorithm used the relative camera poses es-
timated during bundle adjustment to triangulate dense image fea-
tures and robustly remove outliers from the terrain point cloud.
The resulting 3D pointcloud had a spatial density that depended
on the level of texture in the environment and was usually within
a small factor of the image pixel size (i.e. approximately one 3D
feature for every 5-by-5 pixel patch on average).

2.4 Photo-textured Terrain Model and Visualisation

A triangulated terrain surface model was constructed from the
3D pointcloud using Delaunay triangulation (Barber et al., 1996).
For each face of the surface, the images corresponding to the
coverage of the face were identified using the estimated relative
poses of each camera. The images were ranked based on the
distance between the point in the environment and the camera
centre (and thus image resolution at this point). Each face was
then applied with a photo-texture using a band-limited blending
(Johnson-Roberson et al., 2010) of the closest four image patches
at the surface face. The final 3D model was visualized using a
level-of-detail rendering system (Johnson-Roberson et al., 2010)
(to capture sub-centimeter details over the entire span of the map)
and was used to additionally construct an orthographically recti-
fied photo-mosaic of the area.

The 3D model building process is illustrated in Figure 2. Figure 2
(a) shows the initial 3D point cloud after multi-view stereo recon-
struction is applied. Figure 2 (b) illustrates the 3D surface mesh
constructed from triangulation. Figure 2 (c) shows the final 3D

Figure 4: Photo-mosaic Reconstruction of an Intertidal Rockflat:
(a) Existing aerial photography of the area (courtesy of Google
Maps), (b) constructed photo-mosaic using kite-based images and
processing pipeline.

photo-textured model. The terrain reconstruction algorithms ben-
efited from the large degree of overlap in the imagery; the view
selection and band-limited-blending allowed for only the best im-
ages of a given surface to be used in the final model, providing
leeway for images taken from poor angles or with disturbances or
occlusions such as shadowing.

3 RESULTS AND DISCUSSION

3.1 Experimental Setup

Experiments were performed over an intertidal rock platform at
Cape Banks (34.000oS, 151.249oE) on the north edge of Botany
Bay, Sydney, Australia (see Figure 3). The site lies within a na-
tional park aquatic reserve and is host to various intertidal species
such as micro- and macro-algae, gastropods, snails and cunjevoi.
Data collection was performed during low tide on a clear sunny
day around midday to maximise image quality. Images were cap-
tured continuously at an altitude of approximately 15-20m as the
kite line was walked across a 100m-by-20m section of a rocky
platform. The time taken to acquire images across the platform
was approximately five minutes.

270 of the collected images were processed using the photogram-
metric processing pipeline described above. The entire process-

International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XXXIX-B8, 2012 
XXII ISPRS Congress, 25 August – 01 September 2012, Melbourne, Australia

245



Figure 5: 3D Photo-textured Reconstruction of an Intertidal Rockflat: (a) 3D oblique view of the rock platform, (b) medium-level zoom
oblique view of rock platform section, (c) full-zoom overhead view of individual rockpool. The level-of-detail visualisation system
allows for different model scales to be visualised in a single, continuous terrain model.

Figure 6: 3D Photo-textured Reconstruction of an Intertidal
Rockflat: Perspective view from the southern end of the 3D ter-
rain reconstruction with annotations illustrating landscape fea-
tures/habitat types at the site.

ing pipeline took approximately 4.5 hours running on a process-
ing server with two six-core, 3.3GHz processors with most time
spent performing image processing tasks such as feature extrac-
tion and matching. The same processing pipeline was performed
on a dual-core, 2.4GHz laptop for comparison, taking approxi-
mately 17 hours to complete.

3.2 Mapping Results

Figure 4 illustrates the final photo-mosaic of the intertidal rock
platform and existing manned aerial photography of the the Cape
Banks area for reference. Along the western limit of the map is
the waterline to the bay and along the eastern limit in the map is
a steep cliff-face which is permanently above the high tide water-
line.

Figure 5 shows the 3D photo-textured model of the terrain recon-
struction. The final 3D terrain map displayed a 3D topographic

resolution of approximately 0.25 points/square-cm and a photo-
texture resolution of approximately 2-4mm/pixel. Figure 5 (b)
and (c) illustrate zoomed-in views of the 3D model from medium
scale to fine-scale views. The level-of-detail visualisation system
allowed for different model scales to be visualised in a single,
continuous terrain model. The highest level of detail information
provides detailed structural information on individual rock pools
with colour information indicating the presence of micro-algae
coverage and assemblages of gastropods such as periwinkles and
limpets.

The site exhibits a number of habitats visible in the mosaic such
as rock pools, boulder fields and crevices between the rock (see
Figure 6).

3.3 Potential Applications in Intertidal Ecology

The presented mapping technique provides two primary types of
information of interest for the study of intertidal ecosystems with
a high level-of-detail over large areas that would be infeasible us-
ing traditional sampling methods. Topographic mapping allows
for high-resolution measurements such as rugosity, vertical posi-
tion on the shore with respect to tides and the slope and aspect
with respect to the sun over a large area. Photographic mapping
allows for the identification of intertidal species present during
imaging and has the potential to provide data on variables such
as chlorophyll/ algal biomass with the addition of near-infrared
images.

To reliably detect human and environmental impacts on plant and
animal populations it is necessary to sample populations at sev-
eral times and at appropriate spatial resolutions before and after
the impact (see (Underwood, 1994)). Often, it is not possible to
do this either for logistical or cost constraints, thus reducing the
reliability of the detection of change. Our low-cost method al-
lows for collections of data across a cascade of spatial scales and
potentially at extremely fine temporal resolution, allowing for ap-
propriate sampling to be made. This would be especially valuable
for example in distinguishing natural changes such as seasonality
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from human impacts such as construction, pollution or climate
change in a statistically robust way.

The method presented here is not limited to rocky intertidal sub-
strata but can also be used for various applications on intertidal
mud flats. Conditions on intertidal mud flats can change over an
interval of a few minutes - large changes in sediment properties
can occur including dewatering of the sediment and the migration
of microphytobenthos to the surface (Perkins et al., 2003). These
changes can have significant impacts upon sediment stability over
the course of a single tidal cycle. Due the dynamic nature of inter-
tidal mudflats combined with the relatively slow pace of conven-
tional field sampling make it impossible to make measurements
of sediment properties across space which are truly independent
of changes in time. Our method, by enabling large amounts of
data to be acquired in a snapshot of time, at specific times in the
tidal cycle, enables independent measurements to be made. Ap-
plications include the determination of impacts of structures on
sediment properties or the effects of spillage of contaminants e.g.
algicides, pesticides or fertiliser (Murphy and Tolhurst, 2009) on
phytobenthos.

4 CONCLUSIONS AND FUTURE WORK

In this paper, we have described a photogrammetric pipeline that
was developed for constructing high-resolution, 3D, photo-realistic
terrain models of intertidal areas using multiple low-altitude im-
ages collected from a consumer-grade digital camera suspended
by a kite platform. Dynamic intertidal ecosystems by their na-
ture can change rapidly at the scale of minutes to years making it
almost impossible to acquire data that describe changes which oc-
cur spatially independently of temporal changes using field-based
sampling. The methods presented acquire colour and topographic
information across a hierarchy of spatial scales in a very small
time interval, enabling changes in spatial distributions of assem-
blages to be determined independently of temporal changes.

The appropriate sampling of plant and animal assemblages in
highly dynamic ecosystems such as intertidal environments is an
enduring problem. Ongoing work is focusing on mapping and
registering multiple datasets collected over subsequent low tides
to track the dynamics of biota in the area over varying timescales.
Additionally, ongoing work is focusing on acquiring near-infrared
images using a modified consumer grade camera that will compli-
ment the visual images and provide additional data such as vege-
tation, chlorophyll and algal biomass indices.
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