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1.1. Introduction

Photography, aerial photography, satellite earth observation, and now the rapidly
expanding accessibility of unmanned aerial vehicles (UAV) based remote sensing
and smartphones  are  a  rich  source  of  potential  image time series  that  allow the
monitoring  of  a  wide  range  of  phenomena  across  a  broad  scope  of  scientific
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domains. Some recent advances in remote sensing hence renewed the tools for the
monitoring of 3-D change. This is particularly the case for the monitoring of sub-
metric 3-D changes such as geomorphic studies, vegetation, or erosion monitoring
(e.g., Marcus and Fonstad 2008; Brodu and Lague 2012; Eltner  et al. 2016). For a
long time, studies focusing on these scales relied on topographic ground surveys
which  are  very  cumbersome  and  costly.  Terrestrial  laser  scanner  successfully
fulfilled for dense topographic data usually acquired from a total station but still has
the drawback of being a ground-based technique (occlusions, implementation cost,
difficult coverage of large areas). Dense airborne laser scanner allows now to collect
such topographic data but the relative novelty of this technique results in a lack of
historical  depth.  Meanwhile,  the last decade saw the rapid expansion of methods
from  the  field  of  computer  vision  adopted  into  the  earth  sciences  community
(Westoby  et  al. 2012;  Fonstad  et  al. 2013;  Bemis  et  al. 2014).  Structure  from
Motion  (SfM)  photogrammetry  is  now  widely  used  to  provide  detailed  3-D
description of various natural and anthropogenic objects of interest or systems (see
for example reviews from Carrivick  et al. 2016; Eltner  et al. 2016 or Smith  et al.
2016).  Moreover,  Structure from Motion has allowed for  extracting new insights
from archival  aerial  imagery  (e.g.,  Verhoeven  2011;  Salach  2017;  Sevara  et  al.
2017) and hence have access to an unprecedented historical depth for the monitoring
of 3-D change. Still, in order to compare data acquired at different epochs, one must
ensure  that  multi-temporal  data  share  a  common  geometric  reference.  Co-
registration of data of different epochs is indeed - by nature - the prerequisite of
diachronic studies. In some experimental designs, permanent reference points can be
established  to  provide  common  registration  points  for  a  multi-temporal  study.
However,  there are a wide range of examinations for which it  is  not  possible to
establish reference points prior to imagery collection. For example, study areas with
difficult access or environmental sensitivity may preclude the establishment of semi-
permanent reference features. Furthermore, a wealth of temporal data already exists
in  archival  imagery  where  it  would  be  impossible  for  new  studies  to  establish
ground control references prior to imagery collection.

Archival  aerial  imagery  is  the  most  ancient  source  of  multi-temporal  Earth
observation data, with coherent archives that go back to the early years of the 20th
century (Cowley and Stichelbaut; 2012). Methods for processing time series of the
Earth’s surface were first focused on this kind of data. These methods can differ
according to the available data, but even for the most favorable cases - when all the
camera calibration and ancillary data is available - one may still need to perform
additional co-registration, as described by (Fischer et al. 2011). Two main strategies
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exist for co-registration of multi-temporal 3-D datasets. One approach relies on  a
posteriori co-registration of the final 3-D models whereas the other approach utilizes
a suite of ground control points that can be found in all images. The first category of
studies usually requires the user to have available external fine topographic data,
such as a lidar-derived topographic dataset. This is the approach used by (Bakker
and Lane; 2017),  who noticed that  the propagation of linear  errors  could not be
limited  during  the  SfM  processing  and  that  these  errors  resulted  in  spatial
differences between the digital elevation model (DEM) of the different epochs. In
such cases,  authors  perform co-registration with an a priori  knowledge of stable
zones. The “stable zones” approach has also been favorably used for UAV-based
studies (e.g., Haas et al. 2016). The second category of studies seeks to have or to
create a set of ground control points that may be unambiguously found in all images
of  the  multi-temporal  dataset.  This  strategy  seems  to  be  the  most  used  in  the
photogrammetric  community,  with  remarkable  recent  works  that  proposed  to
automatically determine stable linear features (Nagarajan and Schenk 2016), or more
recently, automatically derived multi-temporal ground control points (Giordano  et
al. 2018). 

Despite  the  remarkable  methods  proposed  by  these  previous  works,  a  non-
negligible amount of non-image information is needed, either in the form of external
data or in the form of photogrammetric expertise, which significantly reduces the
potential  for  a  broader  use  of  existing  multi-temporal  stereoscopic  data.  In  this
context, (Feurer and Vinatier 2018a; Feurer and Vinatier 2018b) proposed a new
method which allows a user to establish a unique geometric reference shared by all
images of a multi-temporal stereoscopic image dataset. This method takes advantage
of  the  invariance  properties  of  feature  detection  algorithms  such  as  the  Scale
Invariant  Feature  Transform  (SIFT,  Lowe  2004)  to  automatically  link  together
images of different epochs and is hence called Time-SIFT. The idea of the Time-
SIFT method has  its  roots  in  the breakthrough that  SfM algorithms proposed in
photogrammetry, with the provision of dense sets of matched feature points. Indeed,
as noticed by several authors (Westoby et al. 2012; Fonstad et al. 2013), the fact that
SfM processing  of  multi-view stereoscopic  imagery  relies  first  and  foremost  on
image  information  only  opens  new  possibilities  in  photogrammetric  processing.
Among these new possibilities, archival aerial imagery was a compelling candidate
because the ‘classical’ photogrammetric workflows require a lot of ancillary data
(calibration certificates)  in addition to the images themselves,  and images with a
specific geometric processing if scanned from analogue photography. The study of
(Feurer and Vinatier 2018a; 2018b) showed that the Time-SIFT method allowed for
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the  provision  of  stackable  multi-temporal  DEM  from  almost  image  information
only. Using imagery that  contains temporal  change to establish a multi-temporal
geometric reference seems counterintuitive as one might expect the change captured
between  epochs  to  contaminate  the  registration  or  reconstruction.  Therefore,  the
Time-SIFT method requires further testing using test cases with a range of spatio-
temporal  scales.  The  initial  paper  (Feurer  and  Vinatier  2018b)  focused  on  one
particular spatio-temporal scale and phenomena, the use of archival aerial imagery
to examine prior 3-D changes linked to human activity. The broader suitability of
the method for other spatio-temporal scales and other phenomena depends on the
ability of the invariance properties of the SIFT-like algorithm to provide consistent
results across varied implementations. This possible invariance is expected to result
in a trade-off between the spatio-temporal scale of the image data set and the spatio-
temporal scale of the studied processes.

In this context, our study aims to check the potential of the Time-SIFT method
on varied test cases with different spatio-temporal scales, from the millimeter/minute
to the kilometer/decade. The expected success criteria is the ability of the Time-
SIFT method to build a complete (with all images and all epochs) and consistent (all
data representing the same 3-D scene at the global scale) multi-temporal 3-D block,
as  well  as  provide  informative  3-D  data  allowing  for  the  description  and
characterisation of temporal change associated with the targeted phenomena.

Considering the relatively low effort required by the Time-SIFT method (which
at  a  minimum requires  only  image  data),  a  significant  gain  should  be  expected
relatively to other existing methods, either in terms of working and/or processing
time, when using ground control points or external registration data is feasible, or in
terms of achievable results when these data are not available,  which implies that
classical methods would not be applicable.

The chapter is divided into two sections. The first section provides a highlight
and a detailed description of the Time-SIFT method. The second section is dedicated
to the description of five different test cases, presented in five different subsections.
The chapter ends with a synthesis of the findings of these different test cases and
concluding remarks.
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1.2. The Time-SIFT method

1.2.1. General principle

The underlying hypothesis of the Time-SIFT method is that, given an object or a
scene, there may always be a space scale or a set of space scales for which different
images  taken  at  different  times  would  show  similar  local  features.  A  direct
consequence  of  this hypothesis  is  that  SIFT-like algorithms may be able to  find
homologous  points  in  images  of  the  same scene  taken  at  different  times,  hence
enabling  the  construction  of  a  multi-temporal  image  block  with  a  single  SfM
processing  of  a  whole  multi-temporal  photogrammetric  dataset.  The  immediate
effect of processing all images together in a single block is that they share the same
unique geometric reference. Hence the co-registration of multi-temporal data is done
from the beginning, and only necessitates image information. This limits the need
for external  registration data such as  ground control  points.  The principle of the
proposed method is depicted in Figure 1.

Figure 1. Principle of the Time-SIFT method: use of a single block which joins multi-
epoch images in the first step of the Structure from Motion processing. The whole

dataset shares the same unique geometry thanks to a single multi-epoch block
alignment. Each epoch is then separated while retaining orientation parameters so

that subsequent dense 3-D point clouds and Digital Elevation Models (DEM)
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maintain the same geometric reference.

The first step of the Time-SIFT method is to construct a single multi-temporal
image  block  (or  chunk).  In  this  unique  block,  all  images  of  all  epochs  are  put
together and image orientations are computed simultaneously for the whole dataset.
As a result, all image orientations are estimated within only one single geometric
reference  and  different  epochs  share  exactly  the  same  reference  system  by
construction. This drastically simplifies the comparison of the multi-epoch images
and may even eliminate the need for co-registration before comparing 3-D models of
different epochs.

1.1.2.  Existing  methods  for  multi-temporal  photogrammetric
processing

To the best of our knowledge, with the noticeable and very specific exceptions of
(Chanut et al. 2017) and (Vargo et al. 2017), prior multi-temporal studies utilizing
SfM methods  calculated  3-D models  and  image  orientation  estimates  separately
between epochs. There are then various strategies to ensure a good co-registration
between  the  dense  cloud  (or  the  DEMs)  of  the  different  epochs,  which  can  be
generalized as two groups. The first group of strategies relies on external data that
may  be  used  to  register  the  separate  blocks.  This  usually  implies  the  use  of  a
significant number of Ground Control Points (GCPs). The second group of strategies
relies on a posteriori co-registration of the different point clouds (or DEMs), either
by choosing a reference within the set of points clouds (or DEMs), either by using
an external reference point cloud (or DEM) on which all the others are registered.
This a posteriori registration is needed to tackle the lack of precise positioning data
and/or  the inaccuracies  and error  propagation in the photogrammetric  processing
(e.g.  Bakker and Lane 2017).  In these classical  approaches,  each epoch is hence
processed separately and an additional step of co-registration is used. The principle
of the classical approaches is illustrated on Figure 2 below. 
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Figure 2. Principle of ‘classical’ methods. Each epoch has its own geometric
reference and multi-epoch Digital Elevation Models (DEM) co-registration relies on

external data, such as ground control points during alignment, an external lidar DEM
or even external vector data.

1.1.3. Step-by-step description of the Time-SIFT implementation

The  whole  process  of  the  Time-SIFT  method  can  be  summarized  by  the
following three steps:

- Adjust all image orientations in a single multi-temporal block

- With image orientations fixed, split the block by epochs

- For each epoch, compute dense cloud, DEM and/or orthoimage
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At the end of  these three steps,  the resulting 3-D data or  orthoimages of the
different epochs are perfectly stackable given that block geometry was estimated in
a single step with all multi-temporal data and that this geometry was not changed
during the following steps of dense image correlation and image mosaicking. The
following sections details the Time-SIFT process.

1.1.3.1. Multi-epoch Image orientations in a single multi-temporal block

This first  step is the core of the Time-SIFT method. All images of the same
scene, taken at different epochs, are processed together to find homologous points
and estimate cameras orientations. SfM algorithms first detect salient feature points,
then match them and then eliminate outliers,  using RANdom SAmple Consensus
filtering (RANSAC, Fischler and Bolles 1981). With the image orientations, SfM
methods estimate and iteratively refine camera positions and angles, and resulting in
a sparse 3-D point cloud. The underlying prerequisite of the Time-SIFT method is
there  should  be  a  majority  of  feature  points  that  are  stationary  between  two
successive epochs, even if they are not found in other epochs of the study. There
probably is a relationship between space and time scales for stationary features as
they would probably be kept for longer time spans when the imagery is of coarser
resolution and covers larger spatial domains. When using the Time-SIFT method to
monitor  a  changing  phenomenon,  we  recommend  that  the  whole  image  dataset
covers an area containing enough stable zones and avoid a strong focus on the zone
of change only (see for example the “soil bulk density” case study, where images
were purposely taken to be processed with the Time-SIFT method).

As the final step, the image block geometry is refined (for instance with the use
of some ground control points in order to perform lens autocalibration) and - if not
already done - absolute orientation is estimated. At the end of this step the final
orientation of each image is obtained and will remain fixed for the whole workflow.

1.1.3.2. Split of the multi-temporal block into individual blocks (one block by
epoch, image orientations kept fixed)

Proper implementation of this simple step is critical for the application of Time-
SIFT method. The multi-temporal block is split into different blocks, one for each
epoch, which are then processed independently.  In other  words,  the image block
geometry must not be changed after  this step otherwise the datasets  of different
epochs would lose their intrinsic co-registration. In practice this results in a critical
bottleneck  in  the  workflow:  the  estimation  and  refinement  of  the  cameras
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orientations and lens autocalibration must be done before the multi-temporal block
split step and not changed afterwards.

1.1.3.3.  Dense  cloud,  Digital  Elevation  Model  (DEM)  and/or  orthoimage
computing for each epoch

Once  the  multi-temporal  block  is  split,  the  workflow  returns  to  a  classical
photogrammetric workflow: within each individual epoch, dense image correlation
is computed. This step allows to obtain a dense 3-D point cloud. The same process is
repeated for each epoch. Depending on the requirements,  these dense clouds, but
also interpolated DEMs and/or orthomosaics can be computed and exported. These
output dataset,  although coming from different  epochs, share the same geometric
reference and can thus be directly compared.

1.2. Case studies

To demonstrate the ability for the Time-SIFT method to produce coherent multi-
temporal dataset in various situations, we present five distinct case studies. These
studies  differ  in  many  ways,  but  are  selected  specifically  for  the  following
characteristics: (i) the spatio-temporal scales of the image datasets (Figure 3); (ii)
relative magnitude and spatial patterns of the expected changes; (iii) different data
sources; (iv) varied target phenomena.

For each case study, the following elements are given: aim of the study, dataset
description, results of the Time-SIFT method associated with its added value. For
the sake of simplicity, we used a single software editor (Agisoft packages Photoscan
Pro® version 1.2.6 and MetaShape Pro®  version 1.5.x) for applying the Time-
SIFT method to each case study. We hence  computed the very same processing
metrics for each dataset and were hence able to compare directly these metrics. This
said, it must be noted that the method can be implemented in any SfM software as
demonstrated for instance through the recent application of the Time-SIFT method
with MicMac by (Filhol et al. 2019), PhotoModeler by (Parente et al. 2021) or the
work of (Cook and Dietze 2019).
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Figure 3. Main characteristics of the case studies: A) locations and B) scales

1.2.1. La Peyne

1.2.1.1. Objective

This case study concerns the change in land management  in a Mediterranean
area due to anthropogenic activity, such as urban growth, civil engineering around
highways,  quarries  and  backfills.  The  process  of  land  use  change  followed
progressive loss in land and a growth of urbanisation over the past 50 years (Vinatier
and Arnaiz 2018). On a zone of several square kilometers studied by (Vinatier and
Arnaiz  2018),  77% changed within  fifty  years.  For  estimating  changes  in  urban
structures over this time span, a one-meter resolution DEM is used and a call to
archival aerial imagery for covering this long time period is needed. The process of
attributing ground control points to sets of aerial images is very time consuming,
making the use of Time-SIFT method appropriate  for  the documentation of past
changes.

1.2.1.2. Case description

This case was the first test of the Time-SIFT method and is reported with more
detail by (Feurer and Vinatier 2018a; 2018b). On a 170 km² rectangle corresponding
to the lower part of the Peyne catchment (Occitanie, southern France), investigated
earlier  in  (Vinatier  and  Arnaiz  2018),  a  part  of  the  aerial  imagery  archive  was
downloaded (43° 35′N, 3° 19′E). The French geographic institute (IGN) provides
free  access  to  this  archive  through  the  https://remonterletemps.ign.fr/ website.
Images are scanned with photogrammetric-grade scanners. The landscape is typical
of Mediterranean agricultural areas dominated by vineyards and to a smaller extent,

https://remonterletemps.ign.fr/
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forests.  Images  of  the  1971,  1981,  1990,  and 2001 aerial  campaigns  were  used.
Estimated Ground Sampling Distance of the images vary between 37 and 69 cm
(Table 1). Nine ground control points spread over the whole area were extracted
from  corresponding  orthorectified  imagery  available  online
(http://www.geoportail.gouv.fr) and manually picked in the images.

Epoch
(date)

Images
(#)

Focal
length
(mm)

Approximate
scale

Scan
resolution

(µm)

Ground
sampling

distance (cm)

1971/06/21 61 152 1:18000 21 37

1981/06/16 27 153 1:32000 21 66

1990/06/25 31 153 1:32000 21 69

2001/06/04 44 153 1:2600 21 55

Table 1: Parameters of scanned aerial images used in La Peyne case study

1.2.1.3. Application of Time-SIFT method

The  Peyne  case  study  was  processed  with  Photoscan  1.2.6  for  which  the
handling of fiducial marks was not yet possible. Archival aerial images were first
resampled with the Micmac software (Rupnik  et al. 2017) so that fiducial marks
were positioned in the corners in the resulting image. More details can be found in
(Feurer  and Vinatier 2018a; 2018b).  As a result,  pre-processed images share the
same geometry and internal orientation has been taken into account before the SfM
processing, which was realised with the parameters shown in Table 2.

Processing step Property Value

Alignment* Accuracy Highest

Pair preselection Disabled

Key point limit 100,000

Tie point limit 50,000

Adaptive camera model fitting No

http://www.geoportail.gouv.fr/
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Camera calibration Camera groups Split by epoch

Optimization Lens parameters f, b1, b2, cex, cy,
k1, k2, k3, k4, p1, p2

Marker accuracy (pix) 5

Marker accuracy (m) 20

Tie point accuracy (pix) 1

Dense cloud Quality High

Depth filtering Moderate

Mesh Surface type Arbitrary

Interpolation Enabled

Quality Medium

Depth filtering Moderate

DEM Pixel size (m) 1

Interpolation Enabled

Table 2: Time-SIFT parameters in La Peyne case study. *the sparse cloud is
obtained after the “alignment” step

1.2.1.4. Results

Application  of  the  Time-SIFT  method  resulted  in  4  stackable  DEMs  and
orthophotos, represented on the right of Figure 4. Quality of image orientations can
be assessed through the Root Mean Square (RMS) reprojection error values, which
fall  within  the  pixel  size  for  all  four  epochs  (Table  3).  Quality  of  DEM  co-
registration  can  be  investigated  by  comparing  topographic  profiles  (Figure  4,
bottom).

Epoch Dense Cloud
(points)

Dense Cloud
(pts/m2)

DEM
(m/pixel)

RMS reprojection
error (pixel)

1971 4.26 x 108 2.08 0.69 0.82

1981 2.20 x 108 0.61 1.28 0.59

1990 2.30 x 108 0.57 1.33 0.63

2001 2.01 x 108 0.87 1.07 0.68
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Table 3: Digital elevation models obtained with Time-SIFT for La Peyne

Figure 4. Full digital elevation model of the La Peyne test site (left) and zoomed-in
view (right). The black box on the right corresponds to the zone described on Figure

5 next

Several features are apparent on the topographic profiles (Figure 4). The left part
corresponds to an area where no civil engineering took place. It also seems, from
orthoimage analysis, that there were no major vegetation changes. This part can then
be  considered  as  a  stable  zone,  with  possible  minor  changes  due  to  limited
vegetation variation. This part of the profile allows to estimate the remaining noise
level : this noise is of several  meters. Moreover,  as already stated in (Feurer and
Vinatier  2018a;  2018b),  this  level  of  noise  is  confirmed  by  the  fact  that  new
buildings are clearly visible in the successive DEMs, some of them being single-
story. The right part of the profile focuses on an area that was strongly modified
through time, with the construction of a highway and an interchange. Coincidentally,
1990  images  were  taken  when  the  highway  construction  was  ongoing  and  the
north/south bridge was not present yet, which is clearly visible both on the 1990
DEM and orthoimage. The 1990 DEM seems to be a little more noisy than others.
This may be related  to the fact  that  this  DEM was built  from relatively coarser
images  (Tables  1  and  3).  Conversely,  the  part  of  the  2001  DEM  profile  that
correspond to the highway is relatively even, which indicates that the 2001 DEM is
less noisy.
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Figure 5. La Peyne test site. Zoomed-in views of the 4 digital elevation models and
orthophotos (top) with profiles extracted over the highway construction zone
(bottom). The highway construction is visible on the right part of the profile.

The most interesting finding of this test  case is  that,  with almost only image
information, one can virtually explore the whole archive of aerial imagery. In this
study,  only  nine  Ground  Control  Points  (GCP)  were  used  to  estimate  absolute
orientation and scale of the 3-D models produced from 27 - 61 images by epoch, but
it demonstrates that this work may be extended to wider areas and longer time spans,
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provided that the required imagery is available. As shown in (Feurer and Vinatier
2018a;  2018b),  the  only  requirements  are  that  images  were  scanned  with
photogrammetric-grade scanners and that fiducials marks are present in the images.
All the remaining processing can be done with image information only. Absolute
scaling and georeferencing may even be done afterwards.

1.2.2. Mount Rainier

1.2.2.1. Objective

The processes  and rates  of  glacier  retreat  and advance  depend on a complex
balance of environmental and climatic parameters. Even with the well-established
20th and 21st century general trend of glacial retreat,  regional climatic variations
and local site conditions have produced short-term glacial advances and changes in
mass balance.  The glaciated  active volcanoes  of  the  northwestern  United States,
including  Mount  Hood,  Mount  Rainier,  and  Mount  Baker,  provide  a  unique
opportunity to examine the relationship between decadal-scale climatic patterns and
local  site conditions,  such as aspect  and elevation.  Climate variability associated
with the Pacific Decadal Oscillation (PDO; Mantua and Hare 2002) exerts a strong
control on temperature and precipitation trends in the northwestern portion of North
America (e.g., Josberger et al. 2007), with the ‘warm’ phase of the PDO leading to
higher average temperatures and thinner cumulative snowpack and the ‘cool’ phase
leading to lower average temperatures and deeper cumulative snowpack. Over the
past 100 years, the PDO has exhibited a pattern of 20 to 30-year long periods of
being in either the warm or cool phase (Newman et al. 2016). In this time period, the
warm  phases  persisted  from  ~1925-1947  and  again  from  ~1977-1998,  with  an
intervening cool phase from ~1947-1977. Understanding changes in glacial  mass
balance  as  it  corresponds  with  these  climate  variations  will  improve  models  of
glacial response to future climate changes.

1.2.2.2 Case description

To improve the temporal availability of high-resolution topographic data for use
in measuring the mass balance of the glaciers across major shifts in the PDO, we
tested the Time-SIFT methodology on archival aerial image collections from Mount
Rainier, a 4,392 m tall glaciated volcano located in the state of Washington in the
United  States  (46.85°  N,  121.75°  W).  Mount  Rainier  has  26  major  glaciers
occupying its flanks and 93 km2 of permanent snowfield and glacier coverage. We
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selected Mount Rainier for this case study due to the availability of snowfall records
extending  back  to  1920,  previous  studies  of  glacial  mass  balance,  multiple
generations  of  publicly-available  aerial  images  extending  back  to  1955,  and  full
coverage by airborne lidar surveys in 2007-2008.

Using only aerial  images that provide full coverage of Mount Rainier and are
freely  available  (https://earthexplorer.usgs.gov/),  we  assembled  image  collections
from 1955, 1970, 1983, and 1984. Adding in the 2007/08 airborne lidar, topographic
data  from  these  time  spans  will  provide  several  important  qualitative  and
quantitative tests. For one, (Sisson et al. 2011) used digital elevation models based
on topographic maps derived from the 1970 aerial images and differenced these with
the 2007/08 lidar data to measure the elevation change of glacier surfaces across the
whole mountain. Measuring these elevation changes using the same datasets via the
Time-SIFT method will provide a key reproducibility test. Another test follows the
observed and expected trends of glacial advance and retreat, with 1955 and 1970
occurring in the middle of a cool PDO phase,  and 1983 and 1984 following the
transition from a cool to warm PDO phase. Accordingly, glacial volume increases
from 1955 to 1970 followed by volume loss from 1970 to 1983/84 and 2007/08
would be consistent with observations. Another test of reproducibility is the 1-year
interval  between  the  1983  and  1984 aerial  image  collections.  If  the  Time-SIFT
methods  are  producing  properly  scale  and  referenced  models,  the  elevation
differences between 1983 and 1984 should be proportionally small relative to the
longer time intervals.

Epoch (date) Image
s (#)

Focal
length
(mm)

Approximat
e scale

Scan
resolution

(µm)

Ground
sampling
distance

(cm)

1955/09/02*
1955/09/18*

16
10

153.69
153.69

1:66000
1:66000

25
25

158
158

1970/09/09#

1970/09/26#

12
31

152.45
152.45

1:38000
1:38000

25
25

150
150

1983/08/21 18 208.401 1:58000 25 142

1984/08/25 23 208.047 1:58000 25 154

Table 4: Parameters of scanned aerial images used in Mount Rainier case study.
*Both sets of 1955 images were collected 16 days apart by the same camera and are

https://earthexplorer.usgs.gov/
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processed in this study as a single epoch. # Both sets of 1970 images were collected
17 days apart by the same camera and are processed in this study as a single epoch

1.2.2.3. Application of Time-SIFT method

For Agisoft Metashape Pro, in order to recognize multiple images as being from
the same camera,  the  digital  images  must  have  the  same pixel  dimensions.  Our
images were delivered with small variations in pixel dimensions within individual
epochs.  Prior  to  loading  the  images  into  Agisoft  Metashape  Pro  (v.  1.5),  we
processed all images to trim excess pixels from the margins to ensure equal pixel
dimensions for all images in each epoch. Within Metashape Pro, we defined camera
groups, added calibrated focal  length data from the respective calibration reports,
masked the margins of the images, and then implemented the built-in fiducial mark
calibration features. For several 1955 images, we had to mask out large portions of
the image due to small  cracks in the source film that  is apparent  in the scanned
image.  To calibrate the photos,  we manually marked 4-8 fiducial  marks on each
image and calibrated each camera group individually. We did not perform fiducial
mark-based calibrations during our initial trials of this technique, and this produced
widespread topographic artifacts due to minor warping of the source film/images.

Following Time-SIFT procedures, we performed the alignment and optimization
of all images in a single multi-epoch block, using the parameters listed in Table 5.
With the availability of airborne lidar, we chose to use that dataset as the ground
control source in our study to facilitate direct comparison of the photogrammetric
DEMs with the lidar DEMs. We established 25 GCPs, using features identifiable
both on the lidar topography and on the aerial imagery. These GCPs were marked
manually on all images where they could be identified, and based on the size and
type  of  features  that  we used  as  markers,  we  estimate  that  their  locations  were
identified to within 4 m. Following the optimization step, the initial multi-epoch
block was duplicated to create separate image blocks for each epoch - 1955, 1970,
1983, and 1984, respectively. Both 1955 and 1970 epochs include images collected
on two different days, but because the collection was only ~2 weeks apart and taken
with the same camera and approximate scale, we combined both days as a single
epoch. We then produced dense point clouds,  orthomosaics,  and DEMs for each
individual epoch and calculated DEMs of Difference  (DoDs,  e.g.,  Chandler,  and
Brunsden 1995) in ArcGIS (Table 6). 
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Processing step Property Value

Alignment Accuracy Medium

Pair preselection Yes

Key point limit 100,000

Tie point limit 50,000

Adaptive camera model fitting Yes

Camera calibration Camera groups Split by epoch

Optimization Lens parameters f, b1, b2, cx, cy, k1-k3, p1, p2

Marker accuracy (pix) 5

Marker accuracy (m) 4

Tie point accuracy (pix) 2

Dense cloud Quality High

Depth filtering Moderate

DEM Pixel size (m) 4

Interpolation Disabled

Table 5. Time-SIFT parameters in Mount Rainier case study

Epoch Dense Cloud
(points)

Dense Cloud
(pts/m2)

DEM
(m/pixel)*

RMS reprojection error
(pixel)

1955 1.26 x 108 0.1 4 1.08

1970 2.18 x 108 0.279 4 1.10

1983 1.26 x 108 0.124 4 1.05

1984 1.37 x 108 0.105 4 1.04

* DEMs were initially built at the default resolution recommended by Agisoft Photoscan Pro
and later resampled to equal resolutions in ArcGIS

Table 6. Digital elevation models obtained with Time-SIFT for Mount Rainier
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1.2.2.4. Results

The visual derivative products from our Time-SIFT analysis on Mount Rainier,
including orthomosaics, shaded-relief maps, and slope maps, provide a simple, first-
order  check  on  the  quality  of  the  topographic  reconstructions.  When  viewed
sequentially, the glaciers are the only features moving horizontally on the landscape,
with the areas between glaciers remaining stationary through each time interval as
expected.  For  more  quantitative  assessments  of  reconstruction  accuracy,  we
examined DEMs of difference (DoDs) for different time intervals to compare our
Time-SIFT derived measurements of ice thickness change to other studies of ice
thickness change, known climatic patterns and geologic events, and the patterns of
measured elevation change associated with geologically stable regions.

To  compare  our  Time-SIFT results  to  the  (Sisson  et  al. 2011)  study  of  ice
volume change spanning 1970 to 2007/08, we created a DoD from the LiDAR DEM
and our 1970 DEM, clipping it to the outlines of the 2007/08 glacier extents and
visualizing  it  with the same color  scale  as  the previous  study (Figure  6 and 7).
Despite areas of missing data from the 1970 DEM in the higher elevations, general
patterns  of  glacier  advance/retreat  and  surface  elevation  changes  are  consistent
between datasets. One notable pattern from this whole mountain perspective is that
only  two  glaciers  on  the  northeast  slopes  of  Mount  Rainier  show  cumulative
advance from 1970 to 2007/08, the Winthrop and Emmons glaciers (Figure 6 and 7).
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Figure 6.  Comparison  of  ice  thickness  change for  all  glaciers  on  Mount  Rainier
between 1970 and 2007/08 as measured by previous study of Sisson et al. (2011)
which differenced digital elevation models digitized from topographic maps derived
from 1970 aerial images with airborne LiDAR collected in 2007 and 2008..
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Figure 7.  Comparison  of  ice  thickness  change for  all  glaciers  on  Mount  Rainier
between  1970  and  2007/08  as  measured  by  Time-SIFT-derived  digital  elevation
model from 1970 aerial  images and the same airborne LiDAR. Note the missing
regions near the summit where the 1970 epoch of our Time-SIFT analysis did not
resolve topography, likely due to high reflectivity and limited textural difference of the
snow-covered surfaces.

For a finer-scale view of glacier change through time, we take a closer look at
the Emmons Glacier (Figures 6, 7 and 8). Examining the DoDs for our four time
intervals,  1955-1970,  1970-1983,  1983-1984,  and  1984-2007/08,  the  glacier
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terminus  advanced  by  ~1  km from 1955 to  1983,  followed by  relatively  minor
retreat of ~0.1 km from 1984-2007/08. The timing of this significant glacial advance
is  consistent  with  the  1947-1977  cool  phase  of  the  Pacific  Decadal  Oscillation
(PDO).  Although the  Emmons  Glacier  does  not  show significant  glacier  retreat
during  the  subsequent  1977-1998  warm  PDO  phase,  it  does  exhibit  significant
thinning along the length of the glacier (Figure 8C and 8D) that is consistent with
the expected ice loss during a PDO warm phase. Another known elevation change
associated with the Emmons Glacier is the occurrence of a large rockfall event in
December 1963, where an estimated 11 million cubic meters of rock collapsed from
a peak  on the south side of  the Emmons Glacier,  sending debris  and mudflows
across the glacier and down the valley below (Crandell and Fahnestock 1963). The
effects of this event are clearly visible in the 1955-1970 DoD, where a dark red zone
on southern edge (Figure 8C) shows a focused zone of elevation loss located just
south of the glacier margin at a location consistent with the known rockfall origin.
Further evidence of this rockfall is located downstream from the glacier (northeast
corner  of  1955-1970 DoD, Figure 8C) where the rockfall  and mudflow deposits
partially  filled  the  main  valley  channel  and  partially  eroded  the  young  moraine
deposits on the valley margins (Crandell and Fahnestock 1965). The stable terrain
outside  the  glaciers,  and  in  particular  the  regions  above treeline  and  below late
summer  snowpack,  provide an estimate  of  the  ‘noise’  present  in  the Time-SIFT
DEMs of this case study. For example, a sparsely vegetated valley to the north of the
Emmons  Glacier  exhibits  topographic  noise  on  the  order  of  ~2  meters.  Steeper
terrain and vegetated regions exhibited higher variability, likely due to differences in
how trees are resolved or filtered in different epochs and variations in illumination in
high-relief zones. 

This  case  study  demonstrates  that  the  Time-SIFT  methodology  provides  a
valuable,  robust,  and efficient  strategy for the production of co-registered DEMs
from the wealth of archival aerial imagery over this large area (>400 km2). While
numerous  studies  of  glacier  mass  balance  have  documented  the  more  easily
measured  quantity  of  glacier  extent  from  archival  aerial  images  as  a  proxy  for
glacier mass balance, our results show that a glacier can experience significant mass
loss  through  thinning  without  a  remarkable  change  in  terminus  position.  This
observation emphasizes the potential of Time-SIFT in assisting, with the extraction
of richer 3D historical datasets, for quantifying historical geologic and geomorphic
change.
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Figure 8. Analysis of Time-SIFT derived digital elevation models of the Emmons
Glacier on Mount Rainier. (A) Slope-maps of the lower Emmons Glacier for each

Time-SIFT epoch and the 2007/08 LIDAR data. (B) Orthoimages of the lower
Emmons Glacier for each epoch. (C) elevation changes that occurred in the time
intervals between each Time-SIFT epoch and the LIDAR data. (D) Topographic

profiles of the Emmons Glacier surface for each epoch (left axis) and the
corresponding elevation difference between epochs (right axis). Triangles along the
x-axis denote the glacier terminus positions and are color-coded for the respective
epoch. The elevation changes illustrate significant glacial advance and thickening
below 1900 m elevation from 1955 to 1983. From 1984 to 2007/08, the terminus

experienced only minor retreat, but saw significant thinning along much of its length,
especially below 2000 m.
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1.2.3. Mornag’s orchard

1.2.3.1. Objective

In  the  technical  management  of  orchards,  farmers  need  to  optimise  both  the
quantities of water used for irrigation and the quantity of crop protection products.
These  quantities  directly  influence  tree  development.  One  of  the  widespread
indicators  used to monitor plant and tree development is  the Leaf Area Index, a
dimensionless  quantity  computed  as  the  ratio  between  leaf  area  and  the  related
ground area. Water demand is indeed directly related to the amount of foliage, with
evapotranspiration occurring through the leaf stomata. Similarly, the need for crop
protection product is directly related to the surface area of the foliage.

However, methods for estimation of Leaf Area Index only exist at the punctual
scale, either through dedicated measuring devices, by processing images obtained
with  hemispherical  cameras,  or  at  the  field  scale,  with  earth  observation  image
processing. (Mabrouk et al. 2017) report a study where a UAV was used to acquire
very high resolution 3-D data on a peach orchard in Mornag, Tunisia, in order to test
the ability of such data to provide Leaf Area Index time series.  This test case is
based  on  the  data  gathered  for  that  study.  In  the  original  study,  no  absolute
geometric reference was given to the 3-D dataset and only a relative orientation was
obtained. The 3-D models were given a correct  scale by using targets of known
dimensions, installed in the investigated scene. Each epoch was processed separately
and the 3-D point clouds were not stackable. The use of the Time-SIFT method may
therefore make it possible to monitor the tree and canopy growth at the scale of the
individual tree.

1.2.3.2 Case description

The farm is located in Khelidia, near Mornag, Ben Arous governorate, Tunisia
(36°39'50"N 10°12'32"E). This region has a semi-arid climate with mild winters and
hot summers. The field plot on which the experiment was conducted is a 0.77 ha
field planted in 2010 with peach trees of the Sweet Cap variety.

In total, 5 image acquisitions at 5 different epochs of the first semester of the
year 2015 were done. Flights plans were conducted at low altitude (between 10 and
30 meters) with nadir and oblique images in order to favor the rendering of the tree
crowns  (see  Table  7).  The ancillary  data  used  in  (Mabrouk  et  al. 2017),  which
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consisted  in  targets  of  known  dimensions  installed  at  different  places  for  each
acquisition, were not used for this case study.

Epoch
(date)

Images
(#)

Flying
height (m)

Focal length
(mm)

Approximate
scale

Ground
Sampling

Distance (cm)

2015/04/20 107 24.8 8.8 1:2818 0.61

2015/05/05 581 11.6 8.8 1:1318 0.32

2015/05/15 96 15.3 8.8 1:1738 0.31

2015/05/26 205 12.7 8.8 1:1443 0.33

2015/06/04 209 14.7 8.8 1:1670 0.33

Table 7. Image dataset parameters for the “Mornag’s orchard” study

1.2.3.3. Application of Time-SIFT method

For this test case, all images were acquired with the same UAV and the same
camera.  As a result,  all  images were  imported in a  single multi-temporal  block.
Unfortunately,  considering  both the  grass  growth  between the trees  and the tree
growth (mainly, leaf growth and increased leaf coverage), the first attempts resulted
in missed orientations for some of the images or epochs within the multi-temporal
block, depending on the tested parameters. Therefore, a trial-and-error approach was
adopted until a functional set of values for the Photoscan parameters was found. It
appears that increasing the number of desired tie points allowed for the success of
the orientation of all images of the multi-temporal block, which is depicted in Table
8.

Processing step Property Value

Alignment Accuracy High

Pair preselection No

Key point limit 40,000

Tie point limit 40,000

Adaptive camera model fitting Yes
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Camera calibration Camera groups Split by epoch

Dense cloud Quality High

Depth filtering Moderate

DEM Pixel size (m) 0.01

Interpolation Enabled

Table 8. Time-SIFT parameters in Mornag’s orchard case study

1.2.3.4. Results

Once the alignment of  the whole block was achieved,  alignment quality  was
found to be quite good, with reprojection error of approximately 0.5 pixel (Table 9).
These results were favored by the fact that oblique imagery was acquired at each
epoch, ensuring a better estimation of image block geometry (James et al. 2019). It
is  also  worth  noting  that  if  point  cloud  density  is  lower  (and  DEM  resolution
coarser)  for the first acquisition, done at  a higher altitude, the RMS reprojection
error stays within the same range as other epochs, which relates well with the multi-
scale robustness of the Time-SIFT method.

Epoch Dense Cloud
(points)

Dense Cloud
(pts/m2)

DEM
(m/pixel)

RMS reprojection
error (pixel)

2015/04/20 32.0 x 106 6 650 0.0120 0.53

2015/05/05 95.6 x 106 23 700 0.0065 0.50

2015/05/15 39.4 x 106 26 400 0.0065 0.43

2015/05/26 77.9 x 106 22 300 0.0067 0.47

2015/06/04 63.4 x 106 22 700 0.0064 0.51

Table 9. Time-SIFT results for Mornag’s orchard

In terms of thematic results, having perfectly stackable point clouds, DEMs and
orthophotos  allow for  a  detailed 3-D monitoring at  the  tree scale.  Indeed,  when
examining the DEMs at the tree level, one can clearly see the canopy development
through the growing season,  with branches  growing and being covered  by more
leaves through time (Figure 9). It is worth noting that no ground information was
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used to obtain these results.  Scale of  the 3-D models was provided by the GPS
position recorded onboard the UAV and apart  from this information, only image
information was used in the processing. This example proves that the Time-SIFT
method can be used to apply a very light protocol that allows to monitor tree crops at
the tree scale. In the previous studies based on the same dataset, (Mabrouk  et al.
2018)  showed that  this  kind  of  information  may be  favorably  used  to  pilot  the
irrigation and/or pesticide application scheme.

Figure 9. Monitoring of a single tree crown development. Plan views of a digital
elevation model (bottom left) with zoomed views at 3 dates (top) and extracted

profiles (bottom right). Tree development within this time period mainly consists of
foliage growth.

1.2.4. Soil bulk density

1.2.4.1. Objective

In soil studies, especially for the monitoring of hydrological processes, soil bulk
density is one of the major physical parameters. Among the existing methods, the
core sampling method relies on the use of a metal cylinder with a known volume
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(most often 100 cm3) that is hammered into the target soil horizon. The soil sample
is then dried and weighed in lab, with the bulk density calculate by dividing this
mass by the sample volume. This is the most common method due to its efficiency;
however, core sampling cannot be applied in all sediments, such as when the soil is
too pebbly. In these cases, pedologists rely on the use of other methods which are
based  on the  estimation of  soil  sample volumes.  These  methods share  the same
requirement:  volume estimation  must  be  done from the  top  of  the  soil  horizon,
which in turn requires the investigator to excavate the soil until the desired horizon.
We  investigate  a  new  method  for  estimating  sample  volumes  for  bulk  density
measurements using photogrammetry. In simple terms, the protocol is to create a 3-
D model of the investigated soil horizon before and after a sample is excavated, with
the volume of the soil sample being the difference between both models. In order to
minimize the need for external data, we implement the Time-SIFT method to obtain
a direct  co-registration of  both 3-D models.  Hence  the required  field material  is
limited to a camera and targets of known dimensions used to scale the 3-D models.

1.2.4.2. Case description

We  dug  a  soil  pit  on  2018/10/01  in  the  experimental  fields  of  the  French
National  Research  Institute  for  Agriculture,  Food  and  Environment  (INRAE,
formerly INRA) near Mauguio (43°36’30” N 3°58’56” E) and described the soil
profile  following  the  guidelines  for  soil  description  (FAO  2006).  The  soil
corresponds to a fluvisol (WRB 2015) and is mainly characterized by a sandy clay
loam texture, medium subangular blocky structure, and a high discernible porosity.

Our field protocol followed these steps: 1) fix four scales of known dimensions
around the investigated zone, 2) acquire convergent images spanning the target area,
3) excavate five separate samples from different locations on the target surface, 4)
acquire  a  second  set  of  convergent  images  was  done  (see  Table  10  for  the
acquisition parameters). The four targets of known dimension provide the scale to
the 3-D model and were not moved between image acquisitions. To validate our
results, we also collected 3 core samples to allow us to compare this method with the
traditional approach.
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Epoch
(time)

2018/10/01

Images
(#)

Acquisition
distance (m)

Focal
length
(mm)

Approximate
scale

Ground
Sampling

Distance (cm)

13:27 34 1 18 1:55 0.02

13:55 43 1 18 1:55 0.02

Table 10. Image dataset parameters for the “soil bulk density case” study

1.2.4.3. Application of Time-SIFT method

For this case,  the Time-SIFT multi-temporal  block contains  only two epochs
separated by 28 minutes. Agisoft Photoscan Pro automatically detected the targets
and we input scale information using these targets after image alignment. We split
the  aligned  block  into  separate  before  and  after  blocks  for  subsequent  dense
construction. The convergent acquisition favored accurate lens autocalibration. We
retained the default processing parameters; these are reported in Table 11.

Processing step Property Value

Alignment Accuracy High

Pair preselection No

Key point limit 40,000

Tie point limit 4,000

Adaptive camera model fitting Yes

Camera calibration Camera groups Split by epoch

Optimization Lens parameters f, cx, cy, k1-k3, p1, p2

Marker accuracy (pix) n/a

Marker accuracy (m) n/a

Tie point accuracy (pix) 1

Dense cloud Quality High

Depth filtering Mid

DEM Pixel size (m) 0.01

Interpolation Enabled
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Table 11. Time-SIFT parameters in Soil bulk density case study

1.2.4.4. Results

The Time-SIFT method produced high-resolution, accurate models for volume
calculation  without  any  need  for  cumbersome  parameter  tuning  or  additional
processes  to  co-register  3-D models.  We found that  systematic  image collection
across the full target zone, with a convergent imaging geometry is critical to capture
the  full  details  of  the  surface  and  to  support  the  accurate  estimation  of  lens
parameters, all of which is required for high-quality SfM results. The success in lens
auto-calibration is demonstrated by a reprojection error of 0.86 pixel (Table 12) and
a RMSE of 0.2mm, which is the same scale as the ground sampling distance.

Epoch time
(2018/10/01

)

Dense
Cloud

(points)

Dense
Cloud

(pts/cm2)

DEM
(cm/pixel)

RMS reprojection
error (pixel)

RMS reprojection
error on scales

(cm)

13:27
10.1 x 106 1065 0.214 0.86 0.021

13:55

Table 12. Time-SIFT results for Soil bulk density

The profile view illustrates the accurate registration of the stable surfaces and the
negligible  noise  at  this  scale  (Figure  10).  We  assessed  the  quality  of  volume
estimation with the Time-SIFT method by comparing with classical  soil  volume
estimation methods. Volumes measurements between 100 and 1400 cm3 made with
the  Time-SIFT  method  produced  an  RMSE  of  15  cm3 (full  study  details  in
Coulouma et al. 2021). The Time-SIFT methods produced mean soil bulk density of
1.53 with a standard deviation of 0.04 (n=5).  These measurements are consistent
with the mean bulk density of 1.59 with a standard deviation of 0.03 (n=15) obtained
from the core sampling methods (Coulouma et al. 2021).
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Figure 10. Profiles of the five excavations and close-up on a single sampling site.
Excavations were done in the vertical wall of the soil pit. At this scale, no difference

between the two profiles can be detected on the stable zones.

In the estimation of soil bulk density by photogrammetry, the Time-SIFT method
allows the operator to follow a simplified protocol. Indeed, once the scaling targets
set, the operator freely acquires a convergent set of images before and after the soil
sampling  without  any  constraint  but  the  full  stereoscopic  coverage  of  the
investigated horizon. The Time-SIFT method allows for a co-registration of the two
data sets which can then be compared to estimate sample volumes only with image
information and the use of scale bars.
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1.2.5. Benthic species in rocky-shore

1.2.5.1. Objective

In the last decade, with the improvement of photographic and video surveys, the
evaluation of species habitats at fine resolution scale (i.e., cm) has become a reality
(e.g.,  Laliberte  and  Rango  2011;  Ventura  et  al. 2018).  This  facilitates  better
comprehension about species habitat selection and behavior at the individual level.
In complex habitats, such as the rocky shore intertidal zone in coastal ecosystems,
the microtopographic features of the substrate potentially determine the population
dynamics and small-scale distribution of benthic species by interacting with seasonal
environmental  changes  (e.g.  temperature,  waves  action,  sand  coverage)  (Harley
2008; Gomes  et al. 2018) and by determining inter-specific interactions (Fletcher
and Underwood 1987).  Intertidal rocky shore ecosystems are extremely dynamic.
They are subject to many environmental factors across temporal scales from hours
(e.g.,  tide)  to  years  (e.g.,  climate-related  events).  To  better  understand
spatiotemporal  species  distribution  on  complex  habitats,  it  is  thus  imperative  to
represent the microhabitat structure by evaluating not only its static features such as
the substrate roughness (Meager et al. 2011), but also its dynamics. Here, we aim to
test the Time-SIFT methodology to evaluate its adequacy to study the population
dynamics of the mussel Mytilus sp. in a rocky-shore intertidal area in Brittany based
on  a  monthly  survey  using  high-resolution  aerial  images  taken  by  drone.  We
develop a time series of co-registered 3D models to address the following question:
how does the structure and dynamics of small-scale habitat influence the distribution
patterns and structure (e.g. individual size, density) of mussel population?

1.2.5.2. Case description

The monitored rocky-shore area is located in Le Petit Minou beach, close to the
semi-enclosed  coastal  Bay  of  Brest  (Western  Brittany,  France)  (48°20’19”N
4°37’03”W).  This  location  presents  diverse  features  and  is  influenced  by  the
dynamics  of  the  beach  environment,  which  changes  through time as  a  result  of
waves and tidal cycles. We used a DJI® Phantom 4 pro platform to take images at
low  altitude  every  1  second  approximately  (about  15-30  m  height,  ground
resolution: ~0.7cm, covered surface: ~7500m2) to obtain an overlap of about 80%
between consecutive images. All images were collected at low tide to reduce the
effect of water in the contrast and visualization of the rocky-shore. We selected four
months of drone-survey images for testing with the Time-SIFT methodology. We
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seek a perfect overlap of the geographic coordinates to identify potential topographic
dynamics and consequences on mussels’ 

Epoch
(date)

Images
(#)

Flying
height

(m)

Focal
length
(mm)

Approximate
scale

Ground
Sampling

Distance (cm)

2019/02/26 90 29.3 8.8 1:3330 0.7

2019/03/22 103 28.3 8.8 1:3215 0.7

2019/05/06 156 24.5 8.8 1:2785 0.6

2019/06/05 287 15.6 8.8 1:1775 0.4

distribution. Flight parameters are reported in Table 13.

Table 13. Flight parameters for the Rocky-shore case study

1.2.5.3. Application of Time-SIFT method

As for the soil bulk density test case (Section 1.2.4.), application of the Time-
SIFT method was straightforward, successfully producing co-registered 3D models
utilizing the default parameters in Agisoft Photoscan Pro (Table 14 below). This was
initially unexpected due to the seemingly high degree of change in portions of the
study area, including new sand deposits and areas inundated by the sea.

Processing step Property Value

Alignment Accuracy High

Pair preselection No

Key point limit 40,000

Tie point limit 4,000

Adaptive camera model fitting Yes

Camera calibration Camera groups Split by epoch

Dense cloud Quality High

Depth filtering Moderate

DEM Pixel size (m) 0.01

Interpolation Enabled

Table 14. Time-SIFT parameters in the Rocky-shore case study



34     Time-SIFT: Alignment of multi-temporal dat

1.2.5.4. Results

Accurate co-registration of individual epochs is illustrated by the topographic
profiles in Figure 11. This is possible because all epoch images were acquired using
the same planning and purpose and thanks to that each image covers both stable
(rock)  and  changing  areas  (sand,  mussels  and  sea-water).  Success  in  lens  auto-
calibration is supported by the corresponding small reprojection error (Table 15).

Epoch Dense Cloud
(points)

Dense Cloud
(pts/m2)

DEM
(m/pixel)

RMS reprojection error
(pixel)

2019/02/26 32.0 x 106 6 650 0.012 0.53

2019/03/22 95.6 x 106 23 700 0.0065 0.50

2019/05/06 39.4 x 106 26 400 0.0065 0.43

2019/06/05 77.9 x 106 22 300 0.0067 0.47

Table 15. Time-SIFT results for Rocky shore
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Figure 11. Multi-temporal digital elevation models and orthophotos showing
evolution of the mussel beds distribution (left) and geomorphologic changes (right

and bottom). Red circles on the orthoimages indicated the disappearance of mussels
in the selected area.
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The results show excellent performance of the Time-SIFT method to compare
temporal  variations,  from  centimeter  to  meter  scales  (Figure  11).  Significant
variations  occurred  in  the  accumulation  of  sand  between  the  rocks,  with
accumulation during spring time, reducing the surface area of rocky habitats (Figure
11, right and bottom). Because the sand burial or a heavy load of suspended sand
can stress mussels and cause mortality (Zardi et al. 2006), such sand inundation may
have significant  consequences  on the studied mussel  population. The geographic
overlap may permit a comparison of mussel’s distribution at scale of centimeters to
evaluate the dynamic of mussel patches coverage and to identify and quantify the
consequences of such sand mobilization on the mussel beds (orthoimages at left on
Figure 11). The Time-SIFT method allows the study area to be sub-sampled and
thus will provide the opportunity to compare contrasting habitats to assess whether
there is a direct relationship between the evolution of topography related to sand
mobilization and mussel beds distribution and evolution.

Although drone images bring an easy and cheap way to study local scale habitat
features  (cm) at  median spatial  scale (>100 m length),  typically  the number and
distribution  of  ground  control  points  determine  the  accuracy  of  the  topography
reconstruction  of  coastal  linear  landforms  using  Structure  from  Motion
photogrammetry (Jaud et al. 2018). However, in coastal areas, recording the ground
control  points  is  time  consuming  and  frequently  restricted  by  tides  and  coastal
topography. As a result, this setting is an important case study for the Time-SIFT
method. Under these conditions and as observed in this case of study, the Time-
SIFT approach facilitates high quality temporal comparison of the orthophotos and
3-D reconstructions where ground control opportunities are limited. This opens new
perspectives in using archival aerial imagery and/or collecting new drone imagery
for  monitoring  change.  Quantifying  the  dynamics  of  habitat  features  at  high-
resolution  is  essential  to  better  integrate  small-scale  processes  into  species
distribution modelling approaches, particularly in the context of climate change and
its effects on coastal ecosystems.

1.2.6. Test cases synthesis

With a successful application of the Time-SIFT method on five contrasting test
cases, we derive several conclusions about the potential of this method: First, 

Time-SIFT is able to handle a wide range of different spatio-temporal scales
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For our five varied spatio-temporal  cases,  Time-SIFT succeeded in obtaining
complete multi-temporal blocks. Considering that the Time-SIFT method is based
almost  on image information  only and  that  it  takes  advantage  of  the  invariance
properties  of  the SIFT-like algorithms, this  finding was expected.  Moreover,  the
spatio-temporal  sampling  was  adapted  to  the  spatio-temporal  variability  of  the
investigated  phenomena,  which  strongly  favored  the  success  of  the  Time-SIFT
method. In the first case, the high level of noise, still lower than the intensity of the
studied  phenomena,  should  be  reconciled  to  the  quality  of  the  archival  images.
However,  for  the  last  four  cases  and  despite  the  good  quality  of  the  images,
conditions  of  success  were  far  from optimal  considering  the  relative  amount  of
change in the image time series, whether the change affected large parts of glaciers,
of a cultivated orchard, of a soil pit wall with excavations or even a tidal shore with
significant sand deposits. Perhaps surprisingly, adjusting the processing parameters
through trial-and-error was only necessary for the Mornag’s orchard test site. The
reason may be that, for this test case, the change concerned not only the growing
trees but also the ground coverage between the trees, where grass grew during the
period of analysis. Perhaps the most remarkable result is the one obtained for the
rocky  shore  test  case.  Images  taken  near  the  sea  constitute  a  ‘worst  case’  in
photogrammetry, due to changes within epochs due to waves and that no ground
control points can be set on the ocean side of the images. Second,

Time-SIFT can mitigate limitations imposed by the lack of ground control points

The test cases for Mornag’s orchard (section 1.2.3.), soil bulk density (section
1.2.4.), and the rocky shore (section 1.2.5.) employed a processing routine where no
ground control points were used. These studies defined the scaling for  their 3-D
model through the use of either the UAV GPS data or the use of an object of known
dimensions in the images (soil bulk density test case). This may be one of the most
powerful features of the Time-SIFT method, considering that ground control points
may be difficult to obtain due to diverse factors such as the use of archival imagery,
for  which  ground  information  was  lost  or  never  collected,  or  due  to  a  limited
accessibility to the ground. Finally, as in the “rocky shore” test case, ground control
points may not be available on some parts of the covered domain simply because
there is no stable ground within the target area (foreshore and areas permanently
covered by the sea).

The  Time-SIFT  method  therefore  provides  an  unprecedented  potential  for
unlocking  the  processing  of  stereoscopic  imagery,  given  that  absolute  reference
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and/or  scale  can  be  given  to  the  multi-temporal  block  only  after  obtaining  the
relative orientation of the whole image dataset Third,

Time-SIFT produces robust co-registration of multiple image epochs

For all the test cases, reprojection error falls within the pixel size, or is at worst,
the order  of magnitude of the pixel. It  means that  intrinsic co-registration of the
image block can be done with a precision that is given by the pixel size. This result
is consistent with the known quality of the SIFT feature positioning - approximately
0.3 pixel, depending on the feature detection and matching algorithm (Appolonio et
al. 2014). In some cases this quality may not be sufficient, such as when the target
phenomena have a magnitude which is only slightly bigger than the pixel size. In
these cases, the approach of (Truong et al. 2018) using image correlation to refine
the positions of the SIFT points may provide favorably results.

Examining  2D  profiles  across  where  change  has  not  occurred  provides  an
extrinsic assessment of the quality of the results and an estimate of the order of
magnitude of  the noise in  the modeled digital  elevation models (DEM).  For the
Peyne test cases, this finding is supported by the fine DEM and coarse DEM error
values quantified in (Feurer and Vinatier 2018a; 2018b).

1.3. Conclusion

In this study we proposed five test cases to demonstrate the ability of the Time-
SIFT  method  to  provide  coherent  multi-temporal  3-D  and/or  2D  datasets  with
limited or even without external registration data. Our results show that the Time-
SIFT method consistently succeeds in the simultaneous orientation of all images of
different  epochs  within  a  significant  range  of  spatiotemporal  scales.  This  work
demonstrates that  the Time-SIFT method can be successfully  applied for  a  wide
variety of  cases  and illustrates  the range of  opportunities for  application of  time
series analysis of photogrammetrically-derived digital elevation models. Additional
work could further characterize optimal conditions and primary sources of error for
application of the Time-SIFT method. In particular, sensitivity analyses are required
to better determine  a priori  the required set of parameters that would enable the
success of the method and to determine the impact of the dataset characteristics such
as  the  number  of  images  by  epoch,  the  number  of  epochs,  or  the  image
characteristics of each epoch.
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We expect that the Time-SIFT method will help to unlock the existing multi-
temporal stereoscopic image archive for abroad range of change detection studies.
Candidate studies for testing the Time-SIFT method include: tracking large landslide
displacements  (Dewitte  et  al. 1998;  Lucieer  et  al. 2014),  seasonal  evolution  of
narrow landscape  elements  such as  ditches,  hedgerows,  channels  (Vinatier  et  al.
2018), and documentation of structured objects such as houses or buildings. Finally,
to support access to the Time-SIFT method, we plan to add it as a module to the
Agisoft Metashape® software.
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