N

N

Temporal Consolidation Strategy for Ground-Based
Image Displacement Time Series: Application to Glacier
Monitoring
Guilhem Marsy, Flavien Vernier, Emmanuel Trouvé, Xavier Bodin, William

Castaings, Andrea Walpersdorf, Emmanuel Malet, Blaise Girard

» To cite this version:

Guilhem Marsy, Flavien Vernier, Emmanuel Trouvé, Xavier Bodin, William Castaings, et al.. Tempo-
ral Consolidation Strategy for Ground-Based Image Displacement Time Series: Application to Glacier
Monitoring. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing,
2021, 14, pp.10069-10078. 10.1109/JSTARS.2021.3115231 . hal-04047812

HAL Id: hal-04047812
https://hal.science/hal-04047812
Submitted on 31 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04047812
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

10069

Temporal Consolidation Strategy for Ground-Based
Image Displacement Time Series: Application to
Glacier Monitoring

Guilhem Marsy “, Flavien Vernier, Emmanuel Trouvé

, Senior Member, IEEE, Xavier Bodin, William Castaings,

Andrea Walpersdorf, Emmanuel Malet, and Blaise Girard

Abstract—In this article, we present a method for combining
image-based displacements to build time series. This method takes
advantage of the redundancy of these displacements, which comes
from multiple possible combinations between images. The pro-
posed method combines common master series with a different
master date to construct a single time series of relative displace-
ments. We were able to test this method on displacements computed
using images from a stereo time-lapse device recording images
of the Argentiere glacier during the summer and fall of 2019.
Our method was compared to two other displacement aggregation
strategies: a simple common master approach and the classical
inversion method. In order to perform this comparison, displace-
ment data from four permanent GPS are used. The results show
that our method provides a more accurate time series of relative
displacements than those obtained with the other methods. The
higher accuracy of the proposed method makes the detection of
seasonal variations in glacier velocity possible.

Index Terms—Displacement measurement, glacier monitoring,
photogrammetry, time series analysis.

1. INTRODUCTION

N the fields of earth observation and geosciences, the use
I of images to calculate surface displacements is becoming
more and more frequent. There are mainly two types of image
acquisition plan: punctual campaigns, as airborne acquisitions or
with the help of unmanned aerial vehicle [ 1], or systematic acqui-
sitions at a given frequency, by using autonomous fixed cameras
or satellite images, for instance. The latter is chosen when the
variation of the studied surfaces’ displacements is the variable of
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interest. As an example, satellite images can be used to monitor
glaciers over a whole region of the world [2], or permafrost
deformation in a specific area [3]. More closely, fixed digital
cameras can also be used to monitor slope movements such as
glaciers, rock glacier, and landslides [4]-[6]. An advantage of
systematic image acquisition approaches is to provide redun-
dant displacement information: from a set of n images, up to
n(n — 1) combinations can be formed to calculate forward and
backward displacements. The most straightforward approach to
combine these images is the so-called common master (CM)
approach, which provides time series of relative displacements:
displacements are calculated between a reference image and
all the images in the series [4]. The second approach, called
leap frog, consists of calculating the displacements between
successive images, so if the images are separated by one day,
we obtain a chronicle of daily velocity.

However, with these approaches, only n — 1 combinations out
of n(n — 1) possible combinations are calculated, which does
not allow the use of redundant information to reduce noise or
gaps in observations. Indeed, the measurement of displacements
by images suffers from different sources of noise, independently
of the sensor used. For example, we can cite registration errors,
changes in the appearance of the surface to be monitored, noise
in the images, weather conditions, etc. To filter noisy displace-
ments, a median filter has been used to calculate yearly glacier
velocity on displacement calculated on images separated by one
year [2]. A similar approach has been used on landslide images
taken the same day [6], [7]. We can also note the use of a temporal
median filter applied on depth map differences for the detection
of change from stereo time-lapse images [8]. With this kind of
methods, only a few image combinations are used, thus, the
information redundancy is limited. To overcome this issue and
use many image combinations, methods based on the inversion
of all the measured displacements have been developed to con-
struct robust time series from Interferometric Synthetic Aper-
ture Radar images [9], optical satellite images [10], [11], and
from ground-based stereo time-lapse images [5]. Other methods
attempt to model the displacement by making assumptions of
linearity or oscillation [12], or by using physical models [13].
However, these methods are not easily transposed from one study
site to another.

In a previous work, we have presented a method for calculat-
ing time series of displacements, in the case of small temporal
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baseline: when it is possible to compute displacements between
all the images in the series. This method, based on the median of
multiple CM series referred to as MMCMS, has been validated
on the displacement series of the Laurichard rock glacier [14].
In this article, we propose to extend this method in the case of
larger temporal baselines: when it is not possible to compute
displacements between images that are too far apart in time.
In Section II, we start by briefly presenting the methods used to
compute displacement from images taken by a stereo time-lapse
device. Then, we review the MMCMS method and propose its
sliding extension (S-MMCMS) to adapt to longer baselines. To
evaluate the methods, we use displacement data of the Argenti¢re
glacier, computed from a stereo time-lapse device, and GPS
measurements for validation purposes. These data are presented
in Section III. In Section IV, we propose to detail the results of
a comparison between the S-MMCMS method and the CM and
inversion methods. Finally, Section V details how displacement
time series data can highlight variations in glacier velocity
during the measurement period and how a parameter of the
S-MMCMS method influences this detection.

II. METHODS

The proposed methods can be decomposed into three sub-
problems. The first one is the measurement of displacement.
Here, we propose to briefly present a method based on images
from a stereo time-lapse device. It should be noted that any
methods and displacement sources can be used to perform
MMCMS and S-MMCMS consolidation methods. The second
one is the time series calculation in the context of small temporal
baselines. Specifically, when the changes between the first and
the last image are small enough to allow the calculation of the
displacement between them. The third problem concerns the
calculation of time series over long periods of time when it is
not possible to calculate shifts between images due to important
changes between images. To answer these issues, we propose
the MMCMS method to address the first problem, and then we
extend it to the S-MMCMS method to solve the second.

A. Displacement From Stereo Time-Lapse Device

In previous work, we have shown that it is possible to compute
metric displacements on the surface of gravitational movements
using a stereo time-lapse device [15]. This device comprises
two fixed and autonomous cameras, recording images of the
studied motion automatically and from two different points of
view. Once the device is calibrated, the two views are used
to reconstruct in 3-D the geometry of the scene. This 3-D
reconstruction is calculated for each stereo pair.

In parallel, a sparse optical flow is calculated between two
images taken by the same camera but at two different dates. This
result is then projected in 3-D using the 3-D models obtained
at each date. Thus, a metric displacement on the surface of the
studied movement is obtained. It is important to note that, due
to the sparse nature of the optical flow used, displacements are
not always measured at the same locations. It is necessary to
average the displacement vectors over a small area in order to

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

ensure the presence of vectors for any date of the image series.
Hence, the displacement between two dates for an area of the
glacier is not symmetrical and different results may be obtained,
depending on the direction (forward or backward). Details on the
methods to calculate displacements using the stereo time-lapse
device can be found in [15].

To evaluate the quality of the measured displacement, we
propose to use three different metrics. The first one is the
quantity of displacement vector obtained in a zone. A low
number of vectors indicates a low textured area or a decorrelation
in time. The second indicator is the standard deviation of the
displacements norm within the zone. A large standard deviation
means more significant uncertainty in the calculation of the zone
displacement. Finally, the last indicator is the mean of the optical
flow error of each vectors within the zone. This error is given
by the minimum eigenvalue of the spatial gradient matrix in the
formulation given in [16].

B. Small Temporal Baseline Time Series

The first proposed method takes as input all possible relative
displacements between images in the series. The idea is to
build several relative displacement time series (RDTS) and then
combine them into one time series without outliers. We define
a RDTS by considering one reference date (the so-called CM),
which is used to compute displacement with all the other dates:
if the image time series has N different dates and we take
rj,j € [0, N — 1] as the reference date, the associated RDTS
is formed by the displacements between all the dates and the
date r; noted d i), @ri0) g i) g rN=1)

Let us note that, in the case of measurements without any
noise or errors, the difference between 2 RDTS is constant and
equal to the displacement between the two reference dates 7
and 7},

d i) = g _ gt e [0, N 1] (1)

Taking advantage of this property, it is possible to estimate
this offset with a simple mean difference between each point of
the two series

={ryme) 1 — 7(rig T(ry.i
d :Niz_;(d(;,)_d(xm)>_ )

Knowing the offset between two RDTS, we can align them to
a single reference series 7, by applying the offset given by (2).
We obtain two different measures at each point of the RDTS (see
Fig. 1), one directly from the RDTS which has r; as reference,
and one from the RDTS which has reference rj, corrected by the

offset estimated between r; and r, noted d_; (;7 1)

_'(’r" Z) _,( ) _,'»(ijrk') 3
dp,”” =d\"™Y — d Vi e [0, N —1]. 3)

We can repeat this for all possible reference pairs N and
choose one reference date .t on which all the series are aligned
using (3) to get [N measures at each point of the RDTS. The

results are a consolidated RDTS (noted C-RDTS), which stores
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Fig. 1. Time series consolidation principle: relative time series are computed
for all reference dates and are consolidated by estimating the offset between
them. After consolidation all dates have different measurement coming from
the different RDTS (C-RDTS), a unique RDTS is built by taking the median of
all measurements in a temporal window.
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To select the reference date 7.+ on which all the series will be
matched, we test all the RDTS as reference and select the one
which minimizes the following matching error:

DieN 2jeN ||d7'(re0f’l) - d?'(joyl) |
N2 '
Then, the marginal median vector (median of each vector
component), and the median absolute deviation (MAD) at each
date are calculated. A simple threshold on the vector values
based on the MAD and the median can be used to detect outliers
in the observations. The observations identified as outliers can
then be removed from the initial set of observations and the pro-
cedure of obtaining C-RDTS can be recomputed without these
observations. The offset between the series is more robustly
estimated by removing the outliers, leading to less dispersion in
the final C-RDTS. A median RDTS with only one measurement
per date can be constructed by taking the median of all the dis-
placements within a time frame of a given duration. The longer
is the time frame, the smoother RDTS will be. The principle of
this algorithm is summarized in Fig. 2 and Algorithm 1.

€rror =

“)

C. Long Temporal Baseline Time Series

When the temporal baseline is long and involves changes in
the images that are too large to calculate displacements between
them, it becomes impossible to obtain a reference time series
over the entire time period. Let Aty,x denotes the maximum
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Robust relative t
displacement time series

Fig. 2. Complete pipeline to build robust RDTS from redundant displace-
ments. The consolidation step is first applied to the initial set of measurements
(see Fig. 1), and then outliers are removed from the initial pool of measurements
and the consolidation is recomputed without them.

time between two images for which it is possible to calculate
a displacement. We propose to construct the reference series
incrementally by applying the MMCMS method on subseries.
Starting from a reference date rr in the series, and for each date
in the image series, we apply the MMCMS method to construct
a robust sub-RDTS (noted SRDTS) with displacements within
At nax. The first SRDTS initialize the beginning of the reference
C-RDTS. Then, the sSRDTS related to the date e 1 and 7 in
the series are built with the MMCMS method and are corrected
by estimating the offset with the reference series on the common
dates with (2). Then, the reference C-RDTS is updated with the
median of the corrected SRDTS and previous reference C-RDTS
values coming from previous sRDTS, for each displacement
d (=r:%) when the value is present in each series, or directly with
the corrected sSRDTS value when the displacement is not present
in the reference C-RDTS. This operation is repeated for each
date in the image series. The choice of the starting date of the
procedure influences the result: if the corresponding SRDTS is
affected by an important error, this has repercussions on all the
dates. Thus, the date is chosen so that the corresponding SRDTS
minimizes the error of (4). This sliding version of the MMCMS
algorithm is detailed in Algorithm 2.

It is important to note that if some displacement data are
missing, for example, due to snowfall masking the study surface,
the maximum time between images for which we calculate a
displacement must be greater than the interval without data.
Therefore, the parameter Aty is set according to the maxi-
mum duration without data so that the entire time series can
be reconstructed with the same reference date. This parameter
depends on the site and the dynamics of the studied movement
and on the method used to calculate the displacements. If the
time without data exceed Atax, €ach subtime series, before and
after missing data, should be processed separately. The metrics
described in Section II-A can be used to determine this parameter
in the context of a stereo time-lapse device. Section V-B proposes
to analyze the influence of this parameter on the result of the
S-MMCMS method.

D. Velocity Time Series

MMCMS and S-MMCMS methods make it possible to obtain
RDTS. In some cases, the variable of interest is the variations
of these displacements over time. It is, therefore, necessary to
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Algorithm 1: MMCMS Algorithm.
Data: DATA: array of [d")] Vi, j € [0: N|
Result: A RDTS : array of [d\*?] Vi € [0: N|;
Function buildCM (DATA: array of [dU-9)]
Vi,j€[0:N[):
foreach d;,_; € DAT A do
oMl < di,
end

return C'M;
End Function;
minscore < _1;
min;ge < —1;
CM = buildCM(DAT A);
fori < 0to N —1do
error < 0;
for j < 0to N —1do
error < error + calcError(CM[i], CMj])
(see Equation 4);

end

if mingeore = —1 or error < mingeor. then
MM gcore < ETTOT |

MMy — 1

end

end

for i < 0to N —1 do

o0 + offset(CM [idx ], CM]i]) (see Equation 2);
for j <~ 0to N —1do

| C-RDTS[j].add(CM][i][j] — o)

end

end

for i < 0to N —1 do

| RDTS][i] +-median(C-RDTSi]);
end

for i+ 0to N —1do

\ RDTSi] + RDTS]i] — RDTS[0];
end

obtain velocity time series from RDTS. Since RDTS displace-
ment measurements can be noisy, it is not always feasible to
use a simple discrete derivative that is too sensitive to noise.
We propose to use the RDTS to determine an average velocity
at each time step. This average velocity is calculated using a
linear regression on the displacements calculated over a centered
temporal window noted At. This temporal window can vary to
accentuate the smoothing: the higher At is, the more the velocity
is averaged.

III. EXPERIMENTAL DATA

A. Test Site

The method is tested on displacements calculated from stereo
pairs of images taken by a time-lapse device looking at the
Argentiere glacier (Mont-Blanc massif, France) between July
and October 2019. This glacier is one of the most studied
glaciers in the Alps, and mass balance measurements have been
carried since 1975 [17]. The glacier altitude extends between
3400 m a.s.l. and 1600 m a.s.l. Several transverse profiles are

Algorithm 2: The Sliding Version of the MMCMS Algorithm.

Data: array of [d"7)] Vi, j € [0: N[
Result: A RDTS : array of [d\%9)] Vi € [0: N[;
Function get SubSeries (array DATA of [d\*9)]
Vi,j € [0: N[, date, Atpaz):
foreach d'"/) € DATA do
if date — Atpar < i < date + Atyyaq and
date — Atypas < j < date + Aty,q, then
| SDATA.add(dU));
end
end

return sDAT A;
End Function ;

for i <~ 0to N —1do
sRDTS[i] + MMCMS(getSubSeries(i, Atyaz)) ;
errorsli] < sRDTS|i].error ;

end

mMinqe < indexOfMin(errors) ;

RDTS + sRDTS[min;qz] ;

j — maX(O» minidw'Atmaw);

for k + 0 to len(sRDTS[min;q.|)—1 do
C-RDTS[j].add(sRDTS[min;q.][k]);
jj+1

end

for i < min;q, +1to N — 1 do

j < max(0, i-Ataz);

o0 < offset(RDT'S, sRDTS[i]) (see Equation 2);
for k£ < 0 to len(sRDTS)—1 do
C-RDTS[j].add(sRDTS[k] — 0);
RDTS[j] +—median(C-RDTS[j]);
j—j+1

end

end

for i <+ min;qg, — 1 to 0 do

j — max(O, i_AtmaaL');

0 + offset(RDT'S, sRDTS[i]) (see Equation 2);
for k < 0 to len(sRDTS)—1 do
C-RDTS[j].add(sRDTS[k] — 0);

RDTSJj] +—median(C-RDT S[j]);
jj+1

end

end

studied along the glacier tongue with ablation stakes and GPS
measurement campaigns on a punctual or permanent basis. The
time-lapse stereo device is installed in order to measure the
displacements around one of the study profiles located at an
altitude of 2400 m a.s.l. The equipment’s characteristics, the
placement of the cameras and the methods are detailed in [15].
The availability of abundant measurements in this area and
during this period allows us to obtain comparative measurements
in order to evaluate the accuracy of the methods based on the
exploitation of the images from the stereo time-lapse device [18].

B. Displacements Data

Displacements vector fields are calculated by a stereo time-
lapse pipeline [15]. Five specific interest zones (4 on the glacier,
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Fig. 3. Localization of the 4 zones on the glacier (in green) and the validation
zone over fixed area (in red). The 4 zones are centered around GPS position in
the middle of the measurement period.

Fig.4. Same crop location of images taken in July (top) and October (bottom).
The glacier surface has considerably changed and only the biggest boulders are
recognizable.

about 10 meters large, and a larger one on a fixed area for
uncertainty evaluation) are selected on which a spatial mean
displacement vector is calculated for each vector field between
two dates. The localization of the zones is presented in Fig. 3. A
total of 131 images at different dates are available, but due to ice
melt and glacier dynamics, it is not always possible to calculate
displacements over a long time period, as illustrated in Fig. 4.
To overcome this limitation and apply the S-MMCMS method,
a maximum temporal baseline between two images has to be
set. There is a tradeoff between a short temporal baseline with
highly accurate displacements and a long baseline, which will
be more robust to missing images in the dataset.

C. GPS Data

Permanent GPS measurements of the glacier surface are used
as areference [19]. These GPS, which functioned over the entire
measurement period, are located on stakes anchored several
meters into the ice. Thus, only the horizontal displacement
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components are comparable since the GPS is not subject to
the glacier’s surface ablation. Each of the 4 calculation zones
corresponds to a GPS position. However, due to the melting of
the surface ice and the dynamics of the glacier, the stakes on
which the GPS are mounted must be reanchored in the ground
periodically to ensure stability. The maintenance of these GPS,
therefore, requires a significant amount of field work to ensure
continuity of measurement. Thus, there are a few days without
GPS data when maintenance could not be carried out.

IV. RESULTS
A. Stereo Displacements

During the ablation period (when the glacier is free of snow),
the displacement algorithms mostly track rocks at the glacier
surface. When a snowfall occurs, the snow can stay a few days
on the glacier surface before it melts, especially during autumn,
leading to changes in the texture. During those events, it is
not possible to calculate displacements with images before the
snowfall, and we have to wait until the snow has completely
melted, leading to gaps in the displacements series. If the gap
is longer than the maximum time between images to calculate
displacements, it will not be possible to build a full RDTS. In our
data set, the longest gap is 12 days at the beginning of September,
due to bad weather and persistent snow cover.

To determine the maximum time between images (Atyax),
we calculate all the possible displacements with the first image
and record the number of vectors, the standard deviation of the
norm and the optical flow mean error over time. A decrease
in vector number with a high standard deviation in the norm
and an increase in optical flow error are indicators of poor
displacements and can be used to choose the maximum time
between images. The results on mobile and fixed zones are
reported in Fig. 5. A maximal duration of 20 days seems a
correct threshold, above, the different indicators on the mobile
area differ from those on the fixed zone.

B. Consolidation Methods

To evaluate the method’s performance, we compare the results
of the RDTS computed from our S-MMCMS method, an inver-
sion method as described in [5] and a simple CM approach with
the first image of the series. The three strategies are tested on the
same displacement pairs. To quantify the differences, we focus
on the displacement over the known fixed zones and the physical
coherence of the observed glacier displacement. Indeed, the
glacier undergoes a downward gravitational movement, and
therefore, the RDTS is a monotonous function. A comparison
to GPS measurements is also proposed.

C. RDTS Comparison

In order to deal with the different areas, we chose to estimate
the best reference series independently for each of them. On
average, each subseries with a maximum deviation of 20 days
for each time step represents 1519 pairs of displacements. After
the consolidation of these subseries, the average residual error
(4)is 6 cm before filtering and 4 cm after, and the average number
of displacement pairs per subseries is 750.
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measurements, CM, inversion and sliding version of the median of multiple
common master series (S-MMCMS) strategies. Similar results are observed for
all zones situated on the glacier.

We propose several criteria to analyze the performance of the
three processing strategies. The first criterion is based on the
average displacement norm over the fixed area. It is important
to note that the fixed area does not have the same characteristics
as the glacier: it is located further away from the cameras, it
is less textured and has a different orientation. It is, thus, not
possible to extrapolate this average measurement error to the
glacier. The second criterion is based on the average velocity
of the glacier on the entire measurement period. As shown in
Fig. 6, at first order, the glacier is moving at a constant velocity.
Therefore, itis possible to compare the average velocity obtained
for each of the X and Y components with the three methods
and GPS measurements. This comparison indicates whether dis-
placement combination methods can measure first-order glacier
dynamics. Another way to evaluate the methods’ performance in
reducing measurement noise is to analyze the root mean square
error (RMSE) between the linear trend and the measurements.

To do this, for each area and for each measurement method,
we calculate the average velocity using linear regression over
the entire measurement period and then calculate the RMSE to
this linear trend. The RMSE should be comparable to the one
computed from the GPS RDTS. We then propose to evaluate the
concordance of the time series with the physical properties of
the glacier. The glacier is advancing continuously downstream,
so RDTS, which is a cumulative displacement sum, must be
a monotonic increasing function (when looking at the flow
direction). To check if this physical constraint is respected,
we propose to count the number of times the current relative
displacement is less than the day before, two days before and
up to four days before. The last criterion is based on direct
error measurements (RMSE) between GPS RDTS, and RDTS
computed from different consolidation methods. The results of
the comparisons according to the first three criteria (mean veloc-
ities, deviation from linear trend and monotony) are presented
in Table I. The RMSE for each consolidation methods and zones
regarding the GPS measurements are detailed in Table II.

In the CM case, the displacement over the fixed area is 65 cm,
for the inversion method 21 cm and 14.1 cm for S-MMCMS.
Our method presents less noise in this area, which is confirmed
by the average velocity calculation. Displacements from the
CM strategy do not allow the average velocity of the glacier
to be measured. The measurements are contaminated by many
outliers, which leads to an average absolute difference in velocity
compared to GPS over the 4 zones of 13.3 cm/day along X
and 9.8 cm/day along Y. On the other hand, inversion and
S-MMCMS methods are suitable to measure the average ve-
locity of the glacier over the season with centimetric precision.
An absolute difference with average velocity computed from
GPS data is measured along X of 0.7 cm/day and 0.4 cm/day
for inversion and S-MMCMS, respectively, and according to Y
1.4 cm/day and 0.5 cm/day. When looking at the RMSE of the
linear trend, the CM and inversion methods have a significant
error, ranging from a few tens of centimeters to several meters.
In the case of S-MMCMS method, the error according to X
is comparable to GPS (around 10 cm) and larger along Y
(around 20 cm). This more significant error according to Y
can be explained by the direction of the input displacements
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TABLE I
ANALYSIS OF RELATIVE DISPLACEMENTS TIME SERIES ON FOUR DIFFERENT
ZONES ON THE GLACIER FROM GPS MEASUREMENTS AND COMPUTED FROM
CM, INVERSION, AND SLIDING VERSION OF THE MEDIAN OF MULTIPLE
COMMON MASTER SERIES STRATEGIES (S-MMCMS)

Zone 1  Zone 2 Zone3 Zone 4
GPS Vmean X
(cm/day) -11.2 -11.6 -10.6 9.9
GPS Vmean Y
(cm/day) 8 8.3 8.3 7.7
CM Vmean X
(cm/day) -20.1 -12.4 -11.5 33
CM Vmean Y
(cm/day) 6.5 7.5 9.5 -27.5
Inversion Vmean X
(cm/day) -11.9 -11.8 -11.3 -11.1
Inversion Vmean Y
(cm/day) 6 6.9 7.2 6.4
S-MMCMS Vmean X
(cm/day) -11.8 -11.5 -10.9 -10.6
S-MMCMS Vmean Y
(cm/day) 7.2 7.7 7.9 7.2
GPS RMSE X 14.8 23.3 13.6 13.6
(cm)
GPS RMSE Y 11 132 136 136
(cm)
CM RMSE X 8717.5 915 19.7 1300
(cm)
CM RMSE Y 530.5 528.2 28.5 1300
(cm)
Inversion RMSE X 411 685 343 1125
(cm)
Ezrvrf)rs“’“ RMSE Y 2833 2544 2439 2094
S-MMCMS RMSE X 17.5 17.4 15.7 154
(cm)
S-MMCMS RMSE Y 27.9 22.7 22.9 18.7
(cm)
GPS ||do—i| < [|do—i—1]| 0% 0% 0% 0%
GPS Hd()_ZH < Hd()_z‘_QH 0% 0% 0% 0%
GPS Hd()_ZH < Hdo—i—?)H 0% 0% 0% 0%
GPS Hd()_ZH < Hd()_z‘_4H 0% 0% 0% 0%
CM H%,i\l < |ldo—i—1]| 28.2% 18.3% 9.9% 29%
CM ||do—i| < ‘|%7i72“ 19.8% 9.9% 7.6% 26.7%
CM ||do—i| < Hdﬁo,ing 16% 8.4% 3.8% 25.2%
CM ||do—i|| < Hdﬁo,i,4H 16% 8.4% 3.8% 25.2%
Inversion ||do—;|| < ||do—i—1]] 13.9% 8.1% 8.1% 2.3%
Inversion ||do—;|| < ||do—i—2]| 2.3% 1.2% 2.3% 0%
Inversion ||do—;|| < ||do—i—3l]| 1.2% 3.5% 2.4% 1.2%
Inversion ||do—;|| < ||do—i—a]| 0% 0% 2.7% 0%
S-MMCS ||do_:|| < ||[do—i_1]| | 2.8% 0% 0% 0%
S-MMCS ||do_i|| < ldo—i—2| | 0% 0% 0% 0%
S-MMCS ||do_i|| < ldo—i_3l | 0% 0% 0% 0%
S-MMCS ||do_i|| < |do_i_al] | 0% 0% 0% 0%

The average velocity (Vmean) calculated by linear regression on the entire period is
presented, as well as the RMSE to this linear trend. Monotonicity is assessed by counting
the number of times the norm of the current displacement is less than the displacement of
the previous days.

TABLE 11
RMSE (CENTIMETERS) TO THE GPS MEASUREMENTS FOR EACH RDTS
CoMPUTED FROM CM, INVERSION AND SLIDING MEDIAN OF MULTIPLE
COMMON MASTERS SERIES STRATEGIES (S-MMCMS)

Zone 1 Zone 2 Zone 3  Zone 4
CM X 1047 954 158 2279
CMY 753 684 428 2199
Inversion X 117 66 43 50
Inversion Y 87 72 63 65
S-MMCMS X | 22.7 22.7 17.5 254
S-MMCMS Y | 52.5 38.5 26.7 28.9

Bold entities correspond to the lowest RMSE of all methods
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that are more noisy according to this component. Indeed, the
displacements come from a time-lapse stereo system whose
cameras have viewing direction mainly oriented according to
the Y component. The uncertainty is higher according to the
viewing axes because of the triangulation in space whose error
increases quadratically with depth. Concerning the physical
consistency of the measured displacement, GPS measurements
and displacement computed from our S-MMCMS method, the
RDTS are indeed monotonic increasing functions for each area,
with one exception for an area with the S-MMCMS method. In
the case of the inversion and CM method, this property is not
respected. Finally, the RMSE to the GPS data averaged over
all areas is 1110 cm in X direction, 99 cm and 22 cm for the
CM, inversion and S-MMCMS approaches, respectively. In Y
the corresponding error is 1016 cm, 247 cm, and 37 cm.

V. ANALYSIS

A. Velocity Time Series Comparison

The results presented in Section IV-C allow an evaluation
of time series of relative displacements. In the first order, we
observe that the glacier velocity is constant over time and that
methods (inversion and S-MMCMS) based on the temporal re-
dundancy of the pairs of displacements are necessary to measure
this velocity. However, stereo time-lapse devices for monitoring
the glacier at daily time steps may be useful to highlight the
variations that may occur in second order. Thus, it is interesting
to determine whether temporal consolidation methods allow us
to observe variations in velocity during the summer and the
temporal order of magnitude of these changes: daily, weekly,
or monthly variations. The difficulty lies in the fact that these
variations, on different time scales, have different amplitudes.

In order to determine at which time scales the consolidation
methods can highlight variations in glacier velocities, we pro-
pose to compare the velocities obtained with the method de-
scribed in Section II-D and different levels of temporal smooth-
ing (At) between the consolidation methods and the GPS data.
This processing is applied to both GPS data and time series
obtained by inversion and the S-MMCMS methods for each
zone. The time series obtained using the CM strategy is not used
because of its noise level, which does not even allow the determi-
nation of the average speed over the entire measurement series
with precision. It is then possible to compare the velocity time
series by calculating the RMSE with the velocity series from the
GPS data. In order to obtain an indicator of the amplitude of the
velocity variations during the season and for the different levels
of smoothing, we use the difference between the minimum and
maximum velocity measured by the GPS. Thus, for a temporal
smoothing level, if the RMSE between the series resulting from
one of the two consolidation methods is less than this maximum
difference, it means that the temporal consolidation methods
can detect velocity variations on this temporal smoothing scale.
Thus, we can plot, for the inversion method and the S-MMCMS
method, the evolution of the RMSE and the maximum difference
in velocity in the series derived from GPS data as a function of
the maximum time between the time step considered and the
displacements used to perform the linear regression.
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Fig. 7. RMSE of velocity time series computed from inversion and
S-MMCMS series to GPS velocity for different temporal velocity smoothing
and for both X and Y components.

The results are presented in Fig. 7. These results show that
the S-MMCMS method gives velocities closer to those mea-
sured by the GPS than the inversion method for any temporal
smoothing. Moreover, the accuracy seems to be better on the X
component, whatever the smoothing is. This is in agreement with
the comparison data on time series of relative displacements.
Finally, in the case of the S-MMCMS method, the difference
between the RMSE and the maximum velocity difference be-
comes significant for a maximum range of 10 days, i.e., for a
speed calculated over a maximum of 20 days (10 days before
and 10 days after), for both dimensions. In the inversion method,
this difference is significant only beyond 40 days range for the
X dimension, whereas in the case of the Y direction the error
is greater than the maximum variation. Given the measurement
period of 135 days, only the S-MMCMS method seems to be
able to detect seasonal trends in velocity. Thus, Fig. 8 presents
the time series of speeds over Zone 2 from GPS data, using the
inversion and S-MMCMS methods, with a smoothing over a
maximum range of 15 days (smoothing over a maximum of one
month). The noise present in the inversion method results makes
detecting the glacier deceleration that occurs in fall impossible,
whereas it is perceived by the S-MMCMS method.

B. Sliding Window Size Influence

At the beginning of this section, we justified the choice of the
Atmax parameter at 20 days, by comparing the characteristics
of the displacements on the fixed and moving zones according
to the duration between the images. With the GPS data as a
reference, it is possible to evaluate this parameter’s importance
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on the deviation from the reference measurement. To do so, we
can perform the same analysis as shown in Fig. 7 for different
values of this parameter. This analysis is presented in Fig. 9.
It is interesting to note that the error on the average glacier
velocity value is not very dependent on this parameter: it varies
from 4.6 mm/day for a Aty,.x of 110 days, to 3.9 mm/day for a
Atmax of 20 days. In the case of weekly to monthly velocities,
similar differences are measured between the different values of
Atmax- The difference is only significant for a Aty of 10 days.
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This can be explained by the fact that the longest period without
measurements lasts 12 days due to the presence of snow on the
glacier. A Aty of 10 days is not enough to overcome such a
gap. It can, therefore, be concluded that the S-MMCMS method
is sufficiently robust to uncertain displacements and that the
maximum time between two images to calculate a displacement
has little influence on the resulting time series as long as it is
long enough to overcome long missing data periods.

VI. CONCLUSION

In this article, we proposed a sliding version of the median of
multiple common master series (S-MMCMS) method to com-
bine displacements measurements computed from long image
time series in order to build a robust time series of relative
displacements. The performances of the proposed method are
illustrated on a photogrammetric dataset over the Argentiere
glacier, where a simple common master approach is not suffi-
cient to determine the average glacier velocity with precision.
Comparison with the inversion consolidation method, using data
from permanent GPS, shows that our method produces a time
series of relative displacements with a better signal to noise ratio.
While both methods can determine with centimeter accuracy
the value of the average glacier velocity over the measurement
period, only our method can be used to detect seasonal velocity
variations. Indeed, the computation of a velocity time series from
the relative displacements time series requires a derivative that
is sensitive to noise. We were able to show that our method can
detect changes in velocity on a scale of about 20 days. Thus,
it is possible to observe the slowing down of the glacier that
occurs during the autumn. Future work could focus on using the
displacements computed from images over the entire glacier to
highlight possible spatial differences in the seasonal dynamics
of the glacier. Finally, the joint use of GPS and image data could
be used to calculate the evolution of the mass balance during the
season.
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